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Preface
Nature.has.been.engaged.in.its.own.unfathomable.and.uncanny.nanotechnology.project.since.the.
dawn.of.life,.billions.of.years.ago..It.is.only.recently.that.humans.have.developed.their.own.tools.
to.observe.Nature.as.she.assembles.and.manipulates.structures.so.complex.and.purposeful.so.as.
to.defy.the.imagination..No.one.would.argue.that.all.molecular.biology.is.based.on.nanotechnol-
ogy..After.all,.these.structural.building.blocks.composed.of.ordered.elements.are.well.within.the.
100-nanometer.scale.that.is.generally.agreed.upon.as.the.physical.dimensional.ceiling.below.which.
nanotechnology.processes.occur..It.is.no.wonder.that.man.is.now.attempting.to.mimic.Nature.by.
building.analogous.structures.from.the.bottom.up.

A.few.words.about.the.book.title:.The.temptation.to.consider.“nanobiotechnology”.as.a.subset.
of.biotechnology.fails.to.pay.homage.to.the.gargantuan.impact.of.the.burgeoning.nanotechnology.
field—a.field.in.the.throes.of.revolutionary.growth..The.word.nanobiotechnology.feels.redundant,.
a.bromide.. In.distinction,. the. term.bionanotechnology.connotes.a. rapidly.evolving.sector.of. the.
nanotechnology.field.that.deals.strictly.with.biological.processes.and.structures..Many.refer.to.this.
synthesis.as.“convergence.”.As.will.be.demonstrated.in.this.monograph,.the.seeds.of.bionanotech-
nology.development.have.been.planted..Commercial.products.will. likely.be.on. the.marketplace.
well.before.the.next.edition.appears..Many.nanotech.soothsayers.predict.that.as.time.goes.on,.this.
convergence.of.biotechnology.and.nanotechnology.will.become.a.dominant.focus.area.for.techno-
logical.innovation.worldwide.and.will.impact.all.of.our.lives.on.a.daily.basis.

Naturally,.this.is.also.an.engineering.book..One.need.not.stretch.the.imagination.very.far.to.
appreciate.that.Nature.has.fundamentally.engineered.life.as.we.know.it,.culminating.in.our.own.
species.. This. fact. has. not. gone. unnoticed.on. the. part. of. nanotechnologists,.who. have. begun. in.
earnest. to.mimic.Nature’s.fundamental.engineering.processes. through. invoking.precise.controls.
over.her.building.blocks..Self-assembly,.a.key.construct.of.nanotechnology,.forms.the.backbone.of.
biological.processes..For.example,.exploiting.DNA.as.scaffolding.for.the.engineering.of.DNA-tem-
plated.molecular.electronic.devices.is.an.inspiring.example.of.our.newfound.ability.to.insinuate.our.
own.design.skills.at.the.nanoscale.level.in.living.systems..Using.this.approach,.it.is.possible.to.cre-
ate.self-assembling.electronic.circuits.or.devices.in.solution..Directed.evolution.based.on.repeated.
mutagenesis.experiments.can.be.conducted.at.the.nanoscale.level..Along.these.lines,.the.use.of.the.
solar.energy.conversion.properties.of.bacteriorhodopsin.for.making.thin-film.memories,.photovol-
taic.convertors,.holographic.processors,.artificial.memories,.logic.gates,.and.protein-semiconductor.
hybrid.devices.is.astounding.

Quantum.dots.are.tiny.light-emitting.particles.on.the.nanoscale..They.have.been.developed.as.a.
new.class.of.biological.fluorophore..Once.rendered.hydrophilic.with.appropriate.functional.groups,.
quantum.dots.can.act.as.biosensors.that.can.detect.biomolecular.targets.on.a.real-time.or.continuous.
basis..Different.colors.of.quantum.dots.could.be.combined.into.a.larger.structure.to.yield.an.optical.
bar.code..Gold.nanoparticles.can.be.functionalized.to.serve.as.biological.tags.

Nanomedicine.is.a.burgeoning.area.of.development,.encompassing.drug.delivery.by.nanopar-
ticulates,.including.fullerenes,.as.well.as.new.enabling.opportunities.in.medical.diagnostics,.label-
ing,.and.imaging..Quantum.dots.will.certainly.play.a.large.role.in.nanomedicine..Years.from.now,.
we.will.laugh.at.the.archaic.approach.to.treating.disease.we.presently.take.for.granted,.carried.over.
from.the.twentieth.century,.relying.on.a.single.drug.formulation.to.treat.a.specific.disease.in.all.
people.without.acknowledging.each.individual’s.unique.genetic.makeup..Nanocoatings.also.play.
an.important.near-term.role.in.the.lifetime.of.medical.devices,.especially.orthopedic.prosthetics..
Nanocrystalline. hydroxyapatite. is. far. less. soluble. in. human.body. fluid. than. conventional. amor-
phous.material,.thereby.anticipating.great.increases.in.its.service.life.

7528.indb   9 6/27/08   11:07:06 AM



x	 Bionanotechnology

It.is.not.the.intention.to.provide.a.comprehensive.treatise.on.bionanotechnology,.rather.I.hope.
to.provide.representative.reporting.on.a.wide.variety.of.activity.in.the.field.from.all.corners.of.the.
planet.(now.that.the.“world.is.flat”.it.has.corners)..I.have.attempted.to.assemble.chapters.that.are.
relevant.to.looming.product.opportunities.and.instructional.for.those.readers.interested.in.develop-
ing.the.bionanotech.products.of.the.future..To.that.end,.I.felt.it.appropriate.to.conclude.the.discus-
sion.with.a.chapter.that.reviews.the.patent.landscape.for.bionanotechnology,.which.is.presently.in.
a.state.of.great.flux..Now.more.than.ever,.intellectual.property.is.relevant.to.both.the.academic.and.
corporate.sectors,.and.as.such,.patents.are.being.ascribed.greater.value.and.importance..Bionano-
technology.commercialization.will.be.driven.by.the.increases.in.government.funding.as.well.as.the.
expiration.of.more.traditional.drug.patents.

Accumulating.author.contributions.from.experts.scattered.across.the.globe.acquired.a.life.of.
its.own.in.the.evolution.of.this.book..As.a.Technology.Pioneer.at.the.Annual.Meeting.of.the.World.
Economic.Forum.(WEF).in.Davos,.Switzerland,.I.was.privy.to.a.worldview.that.few.technologists.
are.able.to.enjoy..Klaus.Schwab,.WEF’s.driving.force,.has.observed.that.everywhere.in.society.and.
business,.the.power.is.moving.from.the.center.to.the.periphery..This.monograph.is.a.testimonial.
to.that.paradigm.shift..Authors.have.contributed.from.15.different.countries.in.cities.from.as.far.
as.Florianópolis,.Mumbai,.Ramat-Gan,.Pretoria,.Havana,.Tehran,.Glasgow,.Shenyang,.and.Kiev,.
just.to.name.a.few..Of.course,.this.diaspora.of.academic.excellence.is.largely.enabled.by.the.most.
pervasive.technological.innovation.of.our.time,.the.Web.

Chris.Anderson.has.postulated.a.compelling.new.economics.of.culture.and.commerce,.dubbed.
the.“Long.Tail,”.so.named.because.in.statistics,.the.tail.of.a.1/x.power.law.curve.is.very.long.rela-
tive.to.the.head..Long.Tail.economics.is.about.the.economics.of.abundance.(not.scarcity),.and.we.
now.see.quantum.shifts.in.customer.buying.habits.at.Amazon,.Netflix,.and.eBay,.as.well.as.shifts.
in.content.distribution.at.Wikipedia,.Google,.and.the.emerging.“Blogosphere.”.This.phenomenon.is.
also.playing.out.in.scientific.research.across.the.globe,.where.the.Long.Tail.has.now.made.possible.
world-class.creative.technology.advances.that.not.long.ago.were.unimaginable..This.monograph.is.
proof.in.spades.of.this.paradigm.shift..I.dedicate.this.book.to.all.the.authors.who.gave.their.valuable.
time.to.create.the.contributions.that.fill.this.volume..Many.of.those.authors.delivered.expert.chap-
ters.in.the.face.of.severe.obstacles,.some.even.endured.personal.hardship.and.loss.over.the.course.
of.their.writing..They.know.who.they.are,.and.I.thank.them..I.dedicate.this.book.to.the.singer,.not.
the.song.

David E. Reisner
The Nano Group, Inc. 

Farmington, Connecticut, USA
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Venture.Group.and.is.Chairman.of.the.Board.of.the.Connecticut.Technology.Council..He.was.a.
National. Aeronautics. and. Space. Administration. (NASA). NanoTech Briefs. Nano50. awardee. in.
2006.. For. his. efforts. in. the. field. of. medical. implantable. devices,. Reisner. won. the. 1st. Annual.
BEACON.Award.for.Medical.Technology.in.2004..He.is.a.member.of.the.Connecticut.Academy.
of.Science.and.Engineering.

Reisner.is.a.1978.University.Honors.graduate.from.Wesleyan.University.and.received.his.Ph.D..
at.MIT.in.1983.in.the.field.of.chemical.physics..He.was.recognized.for.his.historic.preservation.
efforts.in.1994.when.he.received.the.Volunteer.Recognition.Award.from.the.Connecticut.Historical.
Commission.and.the.Connecticut.Trust.for.Historic.Preservation..Dr..Reisner.is.known.nationally.
for.his.expertise.in.vintage.Corvette.restoration.and.documentation.
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�.�  IntroductIon

Nanotechnology.is.the.science.and.engineering.concerned.with.the.design,.synthesis,.characteriza-
tion,.and.application.of.materials.and.devices. that.have.a.functional.organization. in.at. least.one.
dimension.on.the.nanometer.(nm).scale,.ranging.from.a.few.to.about.100.nm..Nanotechnology.is.
beginning.to.help.advance.the.equally.pioneering.field.of.stem-cell.research,.with.devices.that.can.
precisely.control. stem.cells. (SCs).and.provide.nanoscaled-biodegradable.scaffolds.and.magnetic.
tracking.systems..SCs.are.undifferentiated.cells.generally.characterized.by.their.functional.capacity.
to.both.self-renew.and.to.generate.a.large.number.of.differentiated.progeny.cells..The.characteris-
tics.of.SCs.indicate.that.these.cells,.in.addition.to.use.in.developmental.biology.studies,.have.the.
potential.to.provide.an.unlimited.supply.of.different.cell.types.for.tissue.replacement,.drug.screen-
ing,.and.functional.genomics.applications..Tissue.engineering.at.the.nanoscale.level.is.a.potentially.
useful.approach.to.develop.viable.substitutes,.which.can.restore,.maintain,.or.improve.the.function.
of.human.tissue..Regenerating.tissue.can.be.achieved.by.using.nanobiomaterials.to.convey.signals.
to.surrounding.tissues.to.recruit.cells. that.promote.inherent.regeneration.or.by.using.cells.and.a.
nanobiomaterial.scaffold.to.act.as.a.framework.for.developing.tissue..In.this.regard,.nanomaterials.

�.The.authors.would.like.to.dedicate.this.chapter.to.the.memory.of.Dr..Saeid.Kazemi.Ashtiani..He.was.a.wonderful.col-
league,.a.great.stem.cell.biologist,.and.an.inspirational.advocate.of.human.stem.cell.research.in.Iran.
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such.as.nanofibers.are.of.particular. interest..Three.different.approaches.toward.the.formation.of.
nanofibrous.materials.have.emerged:.self-assembly,.electrospinning,.and.phase.separation.[1]..Each.
of.these.approaches.is.unique.with.respect.to.its.characteristics,.and.each.could.lead.to.the.develop-
ment.of.a.scaffolding.system..For.example,.self-assembly.can.generate.small-diameter.nanofibers.in.
the.lowest.end.of.the.range.of.natural.extracellular.matrix.(ECM).collagen,.while.electrospinning.is.
more.useful.for.generating.large-diameter.nanofibers.on.the.upper.end.of.the.range.of.natural.ECM.
collagen..Phase.separation,.on.the.other.hand,.has.generated.nanofibers.in.the.same.range.as.natural.
ECM.collagen.and.allows.for.the.design.of.macropore.structures..Specifically.designed.amphiphilic.
peptides.that.contain.a.carbon.alkyl.tail.and.several.other.functional.peptide.regions.have.been.syn-
thesized.and.shown.to.form.nanofibers.through.a.self-assembly.process.by.mixing.cell.suspensions.
in.media.with.dilute.aqueous.solutions.of.the.peptide.amphiphil.(PA).[2,3]..The.challenges.with.the.
techniques.mentioned.above.are.that.electrospinning.is.typically.limited.to.forming.sheets.of.fibers.
and.thus.limiting.the.ability.to.create.a.designed.three-dimensional.(3D).pore.scaffold,.and.self-
assembling.materials.usually.form.hydrogels,.limiting.the.geometric.complexity.and.mechanical.
properties.of.the.3D.structure..Another.class.of.nanomaterials.includes.carbon.nanotubes.(CNTs),.
which.are.a.macromolecular.form.of.carbon.with.high.potential.for.biological.applications.due.in.
part.to.their.unique.mechanical,.physical,.and.chemical.properties.[4,5]..CNTs.are.strong,.flexible,.
conduct.electrical.current.[6],.and.can.be.functionalized.with.different.molecules.[7],.properties.that.
may.be.useful.in.basic.and.applied.biological.research.(for.review.see.[8])..Single-walled.carbon.
nanotubes.(SWNTs).have.an.average.diameter.of.1.5.nm,.and.their.length.varies.from.several.hun-
dred.nanometers.to.several.micrometers..Multiwalled.carbon.nanotube.(MWNT).diameters.typi-
cally.range.between.10.and.30.nm..The.diameters.of.SWNTs.are.close.to.the.size.of.the.triple.helix.
collagen.fibers,.which.makes. them.ideal.candidates.for.substrates. for.bone.growth..As.prepared.
CNTs.are.insoluble.in.most.solvents,.chemical.modifications.are.aimed.at.increasing.their.solubility.
in.water.and.organic.solvents.

In.this.chapter,.we.aim.to.offer.a.basic.understanding.of.this.emerging.field.of.SC.nanoengineer-
ing.based.on.the.fusion.of.SCs,.tissue.engineering,.and.nanotechnology.

�.�  stem cells and types

Although.most.cells.of. the.body,.such.as.heart.cells.or.skin.cells,.are.committed.to.conduct.a.
specific.function,.a.SC.is.an.uncommitted.cell.that.has.the.ability.to.self-renew.and.differentiate.
into.a.functional.cell.type.[9–11]..Conventionally,.SCs.are.classified.as.those.derived.either.from.
embryo.or.adult.tissues.(Figure.1.1)..Embryonic.SCs,.embryonic.carcinoma.cells,.and.embryonic.
germ.cells.are.derived.from.the.inner.cell.mass.of.blastocysts,.teratocarcinoms,.and.primordial.
germ. cells,. respectively.. These. cells. are. pluripotent,. because. they. have. the. ability. to. entirely.
colonize. an. organism. and. give. rise. to. almost. all. cell. types,. except. extracellular. tissues. (e.g.,.
placenta)..SCs.found.in.adult.organisms.are.referred.to.as.adult.SCs,.and.are.present.in.most,.if.
not.all,.adult.organs.[12]..They.are.considered.multipotent,.because. they.can.originate.mature.
cell.types.of.one.or.more.lineages.but.cannot.reconstitute.the.organism.as.a.whole..What.deter-
mines.SC.potency.is.dependent.to.a.large.extent.on.the.genetic.makeup.of.the.cell.and.whether.
it.contains.the.appropriate.genetic.circuitry.to.differentiate.to.a.specific.cell.type..However,.the.
decision.to.differentiate.or.self-renew.is.often.regulated.by.the.SC.microenvironment,.also.known.
as.the.SC.niche..For.example,.changes.in.cytokine.gradients,.cell–cell,.and.cell–matrix.contacts.
are.important.in.switching.“on”.and.“off”.genes.and.gene.pathways,.thereby.controlling.the.type.
of.cell.generated.

1.2.1  Embryonic StEm cEllS

Embryonic. stem. cells. (ESCs). from. mice. were. first. derived. in. 1981. from. the. inner. cell. mass.
(ICM).of.developing.mouse.blastocysts.[13,14]..Human.ESCs.were.established.by.Thomson.and.
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colleagues.in.1998.[15]..ESCs.can.be.stably.propagated.indefinitely.and.maintain.a.normal.karyo-
type. without. undergoing. cell. senescence. in vitro. when. cultured. in. the. presence. of. leukemia.
inhibitory.factor.(LIF).(in.the.case.of.the.mouse).or.over.a.layer.of.mitotically.inactivated.mouse.
embryonic.fibroblasts. (MEFs),. in. the.monkey.and.human.systems.(Figure.1.2)..Upon. injection.
of.mouse.ESCs.into.blastocysts.[16],.their.progeny.is.present.in.all.tissues.and.organs,.including.
the.germ.line.of.a.chimeric.individual.(not.shown.in.human.ESC.due.to.ethics).and.can.contrib-
ute. in. the. formation. of. functional. gametes. [17].. The. transmission. of. genetically. manipulated.
ESCs.in vitro.can.thus.be.passed.into.chimeric.murine.offspring.and.provide.a.useful.approach.
for.studying.varying.genetic.aspects.related.to.ESCs..Homologous.recombination.has.become.a.
useful.transgenic.approach.for.introducing.selected.mutations.into.the.mouse.germ.line.[16,18]..
These.mutant.mice.are.useful.animal.models.for.studying.gene.function.in vivo.and.for.clarifying.
the.roles.of.specific.genes.in.all.aspects.of.mammalian.development,.metabolic.pathways,.and.
immunologic.functions.

Upon.removal.of.ESCs.from.feeder.layers.and.subsequent.transfer.to.suspension.cultures,.
ESCs.begin.to.differentiate.into.3D,.multicellular.aggregates,.forming.both.differentiated.and.
undifferentiated.cells,.termed.embryoid.bodies.(EBs)..Initiation.of.differentiation.may.also.be.
induced. following. the.addition.of. cells. into. two-dimensional. (2D).cultures. (i.e.,.on.a.differ-
entiation.inducing.layer.such.as.a.matrix.or.feeder.cells)..EBs.can.spontaneously.differentiate.
into.different.cells.and.the.type.of.voluntary.cells.increased.by.addition.of.inducing.substances.
or. growth. factors. in. their.medium,. including. rhythmically. contracting. cardiomyocytes,. pig-
mented.and.nonpigmented.epithelial.cells,.neural.cells.with.outgrowths.of.axons.and.dendrites,.
and.mesenchymal.cells. (Figure.1.2). [19]..Recent.studies.have.also.demonstrated.ESC.differ-
entiation.into.germ.cells.and.more.mature.gametes,.although.significant.unanswered.questions.
remain.about.the.functionality.of.these.cells.[20]..The.derivation.of.germ.cells.from.ESCs.in 
vitro. provides. an. invaluable. assay. both. for. the. genetic. dissection. of. germ. cell. development.
and.for.epigenetic.reprogramming,.and.may.one.day.facilitate.nuclear.transfer.technology.and.
infertility.treatments.
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FIgure �.�  Origin.of.different.stem.cells..Stem.cells.at.different.developmental.stages.appear.to.have.dif-
ferent.capacities.for.self-renewal.and.differentiation.
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1.2.2  Adult StEm cEllS

The.ability.of.adult.tissue.such.as.skin,.hemopoietic.system,.bone,.and.liver.to.repair.or.renew.indi-
cates.the.presence.of.stem.or.progenitor.cells..The.use.of.autologous.or.allogeneic.cells.taken.from.
adult.patients.might.provide.a.less.difficult.route.to.regenerative-cell.therapies..In.adult.soma,.SCs.
generally.have.been.thought.of.as.tissue.specific.and.able.to.be.lineage.restricted.and.therefore.only.
able.to.differentiate.into.cell.types.of.the.tissue.of.origin..However,.several.recent.studies.suggest.
that.these.cells.might.be.able.to.break.the.barriers.of.germ.layer.commitment.and.differentiate.in 
vitro.and.in vivo.into.cells.of.different.tissues..For.example,.when.bone.marrow.is.extracted.and.the.
cells.are.placed.in.a.plastic.dish,.the.populations.of.cells.that.float.are.blood-forming.SCs.(hemopoi-
etic.SCs.[HSCs]),.and.those.that.adhere.are.referred.to.as.stromal.cells.[21],.including.mesenchymal.
stem.or.progenitor.cells.(MSCs,.Figure.1.2).[22]..These.cells.can.replicate.as.undifferentiated.forms.
and.have.the.potential.to.differentiate.to.lineages.of.mesodermal.tissues,.including.bone,.cartilage,.
fat,.and.muscle.[23,24]..Moreover,.transplanted.bone.marrow.cells.contribute.to.endothelium.[25].
and.skeletal.muscle.myoblasts. [26].and.acquire.properties.of.hepatic.and.biliary.duct.cells. [27],.
lung,.gut,.and.skin.epithelia.[28].as.well.as.neuroectodermal.cells.[29]. Recently,.bone.marrow.was.
shown.as.a.potential.source.of.germ.cells.that.could.sustain.oocyte.production.in.adulthood.[30]..
Furthermore,.neural.SCs.(NSCs).may.repopulate.the.hematopoietic.system.[31],.and.muscle.cells.
may.differentiate.into.hematopoietic.cells.[32].

Jiang. and. coworkers. recently. demonstrated. a. rare. multipotent. adult. progenitor. cell. (MAPC).
within.MSC.cultures.from.rodent.bone.marrow.[33,34]..This.cell.type.differentiates.not.only.into.
mesenchymal.lineage.cells.but.also.into.endothelium.and.endoderm..Mouse.MAPCs.injected.in.the.
blastocyst.contribute.to.most,.if.not.all,.somatic.cell.lineages.including.brain.[33]..Furthermore,.mouse.
MAPCs.can.also.be.induced.to.differentiate.in vitro.using.a.coculture.system.with.astrocytes.into.
cells.with.biochemical,.anatomical,.and.electrophysiological.characteristics.of.neuronal.cells.[35].

Umbilical.cord.blood.(UCB).is.a.source.of.a.population.of.pluripotent,.mesenchymal-like.SCs.
[36].and.HSCs.for. transplantation..There.are.several. reports.of.MSCs.or.somatic.SCs.with.plu-
ripotent. differentiation. potential. from. various. sites. in. the. umbilical. cord. [36–38].. For. example,.
Buzanska.and.colleagues.[39].reported.recently.that.human.UCB-derived.cells.attain.neuronal.and.
glial.features.in vitro..Thus,.this.tissue.is.a.rich.source.of.SCs.that.may.be.useful.for.a.variety.of.

BA

DC E 

Ectoderm (neurons) Endoderm (hepatocytes) Mesoderm (cardiomyocytes) 

hESCs hMSCs 

FIgure �.�  Morphology.and.derivatives.of.embryonic.and.adult.stem.cells..Phase-contrast.microscopy.of.
(A).a.human.embryonic.stem.cell.(hESC).(Royan.H5).colony.cultured.on.mouse.embryonic.fibroblast.feeder.
cells.(see.Baharvand,.H.,.et.al.,.Dev. Growth. Differ..48,.117–128,.2006)..(B).Human.bone.marrow.mesenchy-
mal.stem.cells.(hMSCs)..Immunocytochemistry.of.differentiated.ESCs.with.(C).antineuron-specific.tubulin.
III,.(D).antialpha.actinin,.and.(E).anticytokeratin.18..(See color insert following page 112.)
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therapeutic.purposes..This.has.led.to.the.establishment.of.cord.blood.banks.and.the.increased.use.
of.UCB.for.transplantation.[40,41].

1.2.3  diffErEntiAtion of StEm cEllS In VItro

SCs.are.a.useful.tool.for.investigating.methods.relating.to.the.extraction.of.specific.cell.types.from.
mixed.cell.populations.or.heterogeneous.teratomas.and.to.perhaps.study.the.differentiation.events.
of.precursor.cells.toward.a.particular.cell.lineage..Feasible.methods.that.may.help.to.achieve.these.
include.the.addition.of.specific.combinations.of.growth.factors.or.chemical.morphogens;.changes.in.
physical.and.geometrical.properties.of.the.microenvironment;.coculture.or.transplantation.of.SCs.
with.inducer.tissues.or.cells;.implantation.of.SCs.into.specific.organs.or.regions;.and.overexpression.
of.transcription.factors.associated.with.the.development.of.specific.tissues..However,.to.date,.these.
strategies.have.not.yielded.a.100%.pure.population.of.mature.progeny..Therefore,.efficient.protocols.
for. purifying. cell. populations. are. required.. Methods. such. as. fluorescence-activated. cell. sorting.
(FACS).or.magnetic-activated.cell.sorting.(MACS).allow.such.purification.but.are.dependent.on.the.
cell.type.of.interest.expressing.a.surface.marker.that.can.be.recognized.by.a.fluorescent.or.magnetic.
microbead-tagged.antibody,.and.to.be.fully.effective,.the.marker.needs.to.be.cell-type.specific..In.
most.cases,.these.cell.markers.are.not.commercially.available..Thus,.sorting.methods.are.reliant.on.
genetic.modification.of.the.SCs,.especially.the.ESCs,.by.tagging.a.lineage-specific.promoter.to.a.
fluorescent.marker..Alternatively,.cells.could.be.transduced.with.a.drug-resistance.gene.instead.of.a.
marker.to.allow.for.preferential.selection.of.subpopulations.[19].

�.�  BehavIor oF cells on nanoBIomaterIals

Studies.of.the.interactions.between.substrate.topography.and.cells.have.encompassed.a.wide.vari-
ety.of.cell.types.and.substratum.features,.including.grooves,.ridges,.steps,.pores,.wells,.nodes,.and.
adsorbed.protein.fibers..Grooves.are.the.most.common.feature.type.employed.in.the.study.of.the.
effects.of.surface.structure.on.cells.[42–45]..Typically,.the.grooves.are.arrayed.in.regular,.repeat-
ing.patterns,.often.with.equal.groove.and.ridge.width..The.cross.sections.of.the.groove.are.often.of.
the.square.wave,.V-shape,.or.truncated.V-shape.[46]..In.general,.investigations.of.grooved.surfaces.
have.revealed.that.the.cells.aligned.to.the.long.axis.of.the.grooves.[44,47].often.with.organization.
of.actin.and.other.cytoskeletal.elements.in.an.orientation.parallel.to.the.grooves.[48,49]..The.orga-
nization.of.cytoskeletal.elements.was.observed.to.occur.in.some.cases.with.actin.and.microtubules.
aligned.along.walls.and.edges.[48,50]..Many.studies.have.found.that.the.depth.of.the.grooves.was.
more.important.than.their.width.in.determining.cell.orientation.[51],.because.the.orientation.often.
increased.with.increasing.depth.but.decreased.with.increasing.groove.width..Repeat.spacing.also.
played.a.role,.with.orientation.decreasing.at.higher.repeat.spacing.[52]..There.are.some.studies.inves-
tigating.the.behavior.of.cells.on.other.synthetic.features..Green.and.coworkers.found.that.nodes.of.2.
µm.and.5.µm.resulted.in.increased.cell.proliferation.compared.to.10.µm.nodes.and.smooth.surfaces.
[53]..Campbell.and.von.Recum.found.that.pore.size.played.a.larger.role.than.material.hydropho-
bicity.in.determining.tissue.response.[54]..The.behavior.of.cells.on.sandblasted.surfaces.has.been.
studied,.although.the.observed.trends.seem.less.clear.than.those.on.controlled.morphologies,.such.
as.grooves..In.general,.adhesion,.migration,.and.ECM.production.were.greater.on.rougher.surfaces.
than.on.surfaces.sandblasted.with.larger.grain.sizes.[55,56]..Studies.have.also.been.performed.in.
which.protein.patterns.were.used.to.guide.cues.for.several.cell.types,.including.neural.cells.[57,58]..
Isolated.tracks.were.found.to.provide.stronger.guidance.than.repeated.tracks.[57]..Goodman.et.al..
used.polymer.casting.to.replicate.the.topographical.features.of.the.ECM.[59].and.observed.endo-
thelial.cells.cultured.on.the.ECM.textured.replicas.spread.faster.and.had.appearance.more.like.cells.
in.their.native.arteries.than.did.cells.grown.on.untextured.surfaces.[59,60]..Advancements.in.elec-
tron.beam.lithography.technology.have.allowed.engineers.to.fabricate.well-defined.nanostructures.
down.to.a.possible.lateral.feature.size.of.12.nm.[61]..The.ability.to.fabricate.these.nanofeatures.has.
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enabled.biologists.to.look.at.the.effects.of.such.features.(which.are.of.a.similar.size.to.those.that.
surround.a.cell,.for.example,.the.66.nm.repeat.of.collagen).on.SCs.

When.a. cell. interacts.with. a.biomaterial,. it. senses. the. surface. topography.and.will. respond.
accordingly..If.a.suitable.site.for.adhesion.is.detected,.focal.adhesions.and.actin.stress.fibers.are.
formed;.later,.microtubules.are.recruited,.which.stabilize.the.contact.[61]..Recently,.it.was.reported.
that.regular.nanotopography.significantly.reduces.cell.adhesion.[62]..Gallagher.et.al..cultured.fibro-
blasts. onto. nanopatterned. ε-PCL. (polycaprolactone). surfaces. and. showed. that. cell. spreading. is.
reduced.compared.with.that.on.a.planar.substrate..Furthermore,.cytoskeletal.organization.is.dis-
rupted.as.indicated.by.a.marked.decrease.in.the.number.and.size.of.focal.contacts.[63]..Focal.adhe-
sion.contacts.are.of.great.importance.in.signal.transductive.pathways.[64]..The.signal.transductive.
events.originating.from.focal.contacts.can.affect.the.long-term.cell.differentiation.in.response.to.
materials.[61,65].

For.scaffolds,. it. is.generally.agreed. that.a.highly.porous.microstructure.with. interconnected.
pores.and.a.large.surface.area.is.conducive.to.tissue.ingrowth..For.bone.regeneration,.pore.sizes.
between.100.µm.and.350.µm.and.porosities.of.more.than.90%.are.preferred..For.example,.rat.MSCs.
that.were.cultured.on.highly.porous.electrospun.(PCL).nanofiber.scaffolds.migrated.more.rapidly.
and.differentiated.into.osteoblasts.in.rotating.bioreactors.[66]..It. is.also.believed.that.small.fiber.
diameter.and.the.overall.porous.structure.aid.in.the.adhesion.and.migration.of.cells.into.the.scaf-
fold.[66].

Nanofibrous. scaffolds. formed. by. electrospinning. are. highly. porous,. have. a. high. surface-
area-to-volume.ratio,.and.have.morphological.properties. that.are. similar. to.collagen.fibrils. [67]..
These.physical.characteristics.promote.favorable.biological.responses.of.seeded.cells.within.these.
scaffolds,.including.enhanced.cell.attachment,.proliferation,.and.maintenance.of.the.chondrocytic.
phenotype.[68,69].

Nanoparticles. can. also. affect.ECM.properties. and. cell. behavior..For. example,. carboxylated.
SWNT.can.be.incorporated.into.type.I.collagen.scaffolds..Living.smooth.muscle.cells.were.also.
incorporated. at. the. time. of. collagen. gelation. to. produce. cell-seeded. collagen–CNT. composite.
matrices..These.cell-seeded.collagen.matrices.can.be.further.aligned.through.constrained.gelation.
and.compaction,.as.well.as.through.the.application.of.external.mechanical.strain.[70].

�.�  extracellular matrIx enhancement

Tissues.are.complex.and.are.typically.organized.into.a.well-defined,.3D.structure.in.our.bodies..
This.architecture.contributes.significantly.to.the.biological.functions.in.the.tissues..Furthermore,.
it.provides.oxygen.and.nutrient.support.and.spatial.environment.for.the.cells.to.grow.[71]..In.this.
respect,. there.are.three.key.factors.to.be.considered.for. the.success.of. tissue.regeneration:.cells,.
scaffold,.and.cell-matrix.(scaffold).interaction..The.scaffold.plays.a.pivotal.role.in.accommodating.
the.cells..An.ideal.scaffold.for.tissue.engineering.application.should.mimic.the.natural.microenvi-
ronment.of.the.natural.tissue.and.present.the.appropriate.biochemical.and.topographical.cues.in.a.
spatially.controlled.manner.for.cell.proliferation.and.differentiation..When.a.cell.comes.into.contact.
with.biomaterial,.it.will.perceive.the.chemistry.of.a.surface.using.integrin.transmembrane.proteins.
to.find.suitable.sites.for.adhesion,.growth,.and.maturation..In vitro,.cells.will.readily.translocate.on.
the.material.surface.to.the.sites.of.preferential.attachment,.and.cells.will.produce.distinct.morpholo-
gies.when.motile.and.when.adhered.and.entering.the.S-phase.[72].

Tissue.structure.and.function.depend.greatly.on. the.arrangement.of.cellular.and.noncellular.
components. at. the. micro-. and. nanoscale. levels—featuring. a. higher. specific. surface. and. thus. a.
higher.interface.area—in.ECM.[73]..In.addition.to.providing.a.physical.support.for.cells,.the.native.
ECM.also.provides.a.substrate.with.specific.ligands.for.cell.adhesion.and.migration,.and.regulates.
cellular.proliferation.and.function.by.providing.various.growth.factors..A.well-known.feature.of.
native.ECM.is.the.nanoscaled.dimensions.of.its.physical.structure..In.a.typical.connective.tissue,.
structural.protein.fibers.such.as.collagen.and.elastin.fibers,.have.diameters.that.range.from.several.
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tens.to.several.hundred.nanometers..The.nanoscaled.protein.fibers.entangle.with.each.other.to.form.
a.nonwoven.mesh.that.provides.tensile.strength.and.elasticity,.and.laminin,.which.provides.a.spe-
cific.binding.site.for.cell.adhesion,.also.exists.as.nanoscaled.fibers.in.the.ECM..The.scaffold.should.
therefore.mimic.the.structure.and.biological.function.of.native.ECM.as.much.as.possible,.both.in.
terms.of.chemical.composition.and.physical.structure..It.is.reasonable.to.expect.that.an.ECM-mim-
icking.tissue-engineered.scaffold.will.play.a.similar.role.to.promote.tissue.regeneration.in vitro.as.
native.ECM.does.in vivo..Accordingly,.the.design.of.nanofeatured.tissue.scaffolds.is.novel.and.excit-
ing,.opening.a.new.area.in.tissue.engineering..Work.with.ECM.components.has.demonstrated.that.
the.physical.presentation.of.these.molecules.affects.morphology,.proliferation,.and.morphogenesis.
of.differentiated.cells.[74–76]..Culture.on.or.within.3D.as.opposed.to.2D.arrays.of.matrix.molecules.
promotes.cellular.phenotypes.that.display.more.in vivo-like.structure.and.function.[74,77,78].

These.observations.were.made. in. the.absence.of.added.ECM,.suggesting. that. the.geometry.
of.the.ECM.can.influence.cellular.phenotype.and.function.even.in.the.absence.of.chemistry..The.
understanding.of.how.the.microenvironment.can.influence.the.cell.behavior.will.aid.the.develop-
ment.of.the.next.generation.of.scaffolds.for.tissue.engineering.and.SC.applications.

1.4.1  ProlifErAtion of StEm cEllS

To. provide. a. more. topologically. accurate. and. reproducible. representation. of. the. geometry. and.
porosity.of.the.ECM/basement.membrane.for.SC.culture.[79],.Ultra-Web™.(Corning,.New.York),.a.
commercially.available.3D.nanofibrillar.and.nanoporous.matrix.produced.by.depositing.electrospun.
nanofibers.composed.of.polyamide.onto.the.surface.of.glass.or.plastic.coverslips,.was.used..Within.
these.scaffolds,.mouse.ESCs.had.enhanced.proliferation.with.self-renewal.in.comparison.with.tis-
sue.culture.surfaces.independent.of.soluble.factors.such.as.LIF..Significantly,.cells.did.not.adhere.to.
2D.films.composed.of.polyamide,.demonstrating.the.importance.of.the.nanofibrillar.geometry.for.
SC.proliferation..It.is.important.to.note.that.these.proliferation.measurements.were.performed.in.
the.presence.of.less.than.5%.of.the.original.feeder.MEFs,.which.remained.during.passage..Because.
MEFs.normally.provide.cues.that.promote.SC.proliferation,.these.results.suggest.that.the.3D.nanofi-
brillar.surfaces.can.compensate,.at.least.in.part,.for.the.absence.of.MEFs,.but.standard.tissue.culture.
surfaces.cannot.perform.the.same.synergistic.or.replacement.function.

This.was. the.first. report. in.which.ESCs.were.cultured.on.a.defined.synthetic.3D.nanofibril-
lar.surface.that.resembles.the.geometry.of.the.basement.membrane.and.in.which.a.relationship.is.
demonstrated.between.the.3D.nanotopology,.proliferation.with.self-renewal,.upregulation.of.Nanog,.
a.homeoprotein.shown.to.be.required.for.maintenance.of.pluripotency.[80],.the.activation.of.the.
small.GTPase.Rac,.and.the.activation.of.the.phosphoinositide.3-kinase.(PI3K)/AKT,.components.
of.the.PI3K.signaling.pathway..SCs.cultured.on.the.3D.nanofibrillar.surface.maintained.their.abil-
ity.to.differentiate.in.the.presence.of.differentiating.factors.such.as.retinoic.acid..Because.nanofi-
bers.influence.cellular.parameters.such.as.cell.shape,.actin.cytoskeleton,.and.fibronectin.deposition.
[77,78],.it.is.possible.that.they.influence.SCs.both.directly.and.indirectly.by.altering.the.phenotype.
of.the.feeder.cells..Moreover,.Ultra-Web.was.used.to.culture.NIH-3T3.fibroblasts.and.normal.rat.
kidney.cells. and.observed.dramatic. changes. in. cellular.morphology. [77,78]..These.observations.
more.closely.resembled.their.in vivo.counterparts.[77,78]..SCs.cultured.on.the.3D.nanofibrillar.sur-
face.maintained.their.ability.to.differentiate.in.the.presence.of.differentiating.factors.such.as.reti-
noic.acid..Because.nanofibers.influence.cellular.parameters.such.as.cell.shape,.actin.cytoskeleton,.
and.fibronectin.deposition.[77,78],.it.is.possible.that.they.influence.SCs.both.directly.and.indirectly.
by.altering.the.phenotype.of.the.feeder.cells..Moreover,.Ultra-Web.was.used.to.culture.NIH-3T3.
fibroblasts.and.normal.rat.kidney.cells,.and.dramatic.changes.were.observed.in.cellular.morphology.
that.more.closely.resembled.their.in vivo.counterparts.[77,78].

Recent.experiments.using.MSCs.demonstrated.an.important.role.for.mechanical.cues.in.regu-
lating.SC. fate. [81]..Li. et. al.. [68].were. the.first. to. examine. the. ability.of. an. electrospun.nanofi-
brous.scaffold.to.support.MSC.proliferation..Jin.et.al..also.reported.that.the.nanofibrous.scaffold.
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supported.MSC.adhesion.and.proliferation. [82]..Recently,.Kommireddy.et.al.. [83]. reported. that.
the.proliferation,.spreading,.and.attachment.of.mouse.MSCs. increased.after.deposition.of. layer-
by-layer.(LbL).assembled.titanium.dioxide.(TiO2).nanoparticle.thin.films.and.a.higher.number.of.
cells.attached.on.increasing.numbers.of.layers.of.TiO2.nanoparticle.thin.films..The.spreading.of.
cells.was.found.to.be.faster.on.surfaces.with.an.increasing.number.of.layers.of.TiO2.nanoparticles..
Therefore,.one.topic.for.future.work.is.directed.toward.promoting.osteogenesis.and.chondrogenesis.
of.MSC.on.TiO2.nanoparticle.thin-film.surfaces.for.possible.applications.for.soft.and.hard.tissue.
repair.and.reconstruction.using.the.LbL.nanoassembly.technique..In.a.related.study,.TiO2.thin.films.
were.shown.to.be.the.optimal.surface.for.the.faster.attachment.and.spreading.of.cells.compared.with.
other.kinds.of.nanoparticle.thin.films.[84]..Investigations.demonstrating.that.mechanical.signals.are.
transduced.to.the.cell.cytoskeleton.through.the.activation.of.Rho,.a.small.GTPase,.and.Rho.kinase.
[81].has.provided.important.evidence.that.SC.fate.may.not.only.depend.on.soluble.factors.but.may.
require.attachment.to.3D.ECM/bone.marrow.surfaces.whose.physical,.mechanical,.and.chemical.
properties.can.directly.or.indirectly.regulate.the.pathways.controlling.SC.fate.[85–88]..Recently,.
Engler. et. al.. reported. that. microenvironments. appear. important. in. SC. lineage. specification. but.
can.be.difficult.to.adequately.characterize.or.control.in.soft.tissues.[89]..Naive.MSCs.are.shown.
here.to.specify.lineage.and.commit.to.phenotypes.with.extreme.sensitivity.to.tissue-level.elasticity..
Soft.matrices.that.mimic.brain.are.neurogenic,.stiffer.matrices.that.mimic.muscle.are.myogenic,.
and.comparatively.rigid.matrices.that.mimic.collagenous.bone.prove.osteogenic..During.the.initial.
week.in.culture,.reprogramming.of.these.lineages.is.possible.with.the.addition.of.soluble.induction.
factors,.but.after.several.weeks.in.culture,.the.cells.commit.to.the.lineage.specified.by.matrix.elas-
ticity,.consistent.with.the.elasticity-insensitive.commitment.of.differentiated.cell.types..Inhibition.of.
nonmuscle.myosin.II.blocks.all.elasticity-directed.lineage.specification.without.strongly.perturbing.
many.other.aspects.of.cell.function.and.shape..The.results.have.significant.implications.for.under-
standing.physical.effects.of.the.in vivo.microenvironment.and.also.for.the.therapeutic.uses.of.SCs.

A.growing.body.of.evidence.also.suggests.the.importance.of.surface.chemistry.as.well.as.topo-
graphical.features.on.the.rate.of.HSC.proliferation.and.CD34+.cell.expansion.[90–94]..For.example,.
Laluppa.et.al.. [90].have.shown.that. the. type.of.substrate.used. in.culture,. ranging.from.polymers.
(polystyrene,.polysulfone,.polytetrafluoroethylene,.cellulose.acetate).to.metals.(titanium,.stainless-
steel).and.glasses,.can.significantly.affect.the.outcome.of.ex vivo.expansion.of.HSCs.[90]..Li.et.al..
have.shown.that.culture.in.3D.nonwoven.polyester.matrices.enhanced.cell–cell.and.cell–matrix.inter-
actions.and.expansion.of.stromal.and.hematopoietic.cells.[91]..Recently,.it.was.reported.that.cova-
lent.surface.immobilization.of.ECM.proteins.such.as.fibronectin.[92].and.adhesion.peptides.(CS-1.
and.arginine-glycine-aspartic.acid.[RGD]).[94].mediate.HSC.adhesion.to.the.substrate.and.increase.
HSC.expansion..RGD.is.the.best-known.peptide.sequence.for.prompting.cell.adhesion.on.synthetic.
material.surfaces..The.RGD.sequence.is.a.cell.recognition.motif.found.in.many.ECM.proteins,.such.
as.collagen,.laminin,.fibrinogen,.and.vitronectin,.that.bind.to.integrin.receptors.[67]..These.results.
suggest.that.biochemical.as.well.as.topographical.cues.could.be.actively.involved.in.dictating.the.
proliferation.and.differentiation.of.cultured.HSCs..Recently,.Chua.et.al..examined.human.umbilical.
cord.HSC.expansion.on.surface-functionalized.polyethersulfone.(PES).nanofiber.meshes.and.PES.
films.[95]..Among.the.carboxylated,.hydroxylated,.and.aminated.PES.substrates.and.tissue.culture.
polystyrene. surface. (TCPS),. aminated. PES. substrates. mediated. the. highest. expansion. efficiency.
of. CD34+.CD45+.cells. (3.5. times). and. colony-forming. unit. (CFU). potential.. Aminated. nanofiber.
mesh. could. further. enhance. the. HSC-substrate. adhesion. and. expansion. of. multilineage. colonies.
(CFU–granulocyte.erythroid.mieloid.[GEMM]).forming.progenitor.cells..This.study.demonstrates.
the.importance.of.culture.substrate.in.influencing.the.proliferation.and.differentiation.of.HSCs..One.
possible.mechanism.for.the.observed.effects.is.that.the.aminated.substrate,.being.positively.charged,.
could.selectively.enrich.certain.protein.components.from.the.medium,.which.then.contribute.to.the.
expansion.outcome.[96,97]..These.studies.have.shown.that.the.functional.presentation.of.adsorbed.
fibronectin.was.different.on.hydroxylated,.methylated,.aminated,.and.carboxylated.surfaces,.which.
consequently.led.to.variations.in.cell.adhesion.and.differentiation.[96]..It.is.possible.that.aminated.
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PES.surface.mediated.HSC.proliferation.by.a.similar.mechanism.by.binding.critical.cytokines.and.
growth.factors.from.the.medium,.and.presenting.them.in.a.more.effective.immobilized.form,.thereby.
mimicking.a.salient.feature.of.the.bone.marrow.HSC.niche.[98,99]..Another.possible.mechanism.
by. which. aminated. surface. enhanced. HSC. expansion. and. CD34+. phenotype. maintenance. is. by.
direct.interaction.with.the.HSCs.through.CD34.receptors..CD34.is.a.highly.sialylated.and.negatively.
charged.glycophosphoprotein,.and.its.expression.decreases.as.HSCs.become.differentiated.[100,101]..
Chua.et.al..therefore.postulate.that.a.positively.charged.‘‘ligand’’—in.this.case,.the.surface-bound.
amine.groups—could.bind.and.engage.the.negatively.charged.CD34.antigen,.and.the.engagement.of.
CD34.antigens.on.HSCs.might.activate.downstream.signaling.pathways.that.subsequently.influence.
fate.choices.upon.proliferation.[95,102]..It.was.also.shown.that.stimulation.of.undifferentiated.hema-
topoietic.(myeloblastic.leukemia.cell.line).KG1a.cells.with.anti-CD34.antibody.induces.homotypic.
cytoadhesion.[102]..Binding.of.aggregating.antibody.to.CD34.antigens.induced.tyrosine.phosphory-
lation,.cell.polarization.and.adhesion,.and.perhaps.cell.motility..Interestingly,.being.colocalized.with.
F-actin,.the.cross-linked.CD34.‘‘cap’’.is.quite.stable.and.persists.on.the.cell.surface.for.at.least.2.
days.after.stimulation,.whereas.many.other.cell-surface.molecules.are.rapidly.internalized.for.deg-
radation.or.recycling,.upon.stimulation..It.is.possible.that.the.aminated.PES.surface.serves.the.same.
role.by.engaging.cell.surface.CD34.antigen..Moreover,.it.is.generally.accepted.that.the.native.bone.
marrow.microenvironment.provides.a.complex.3D.meshwork.of.ECM.that.serves.as.a.SC.niche.to.
regulate.hematopoietic.stem/progenitor.cell.functions.such.as.self-renewal,.proliferation,.fate.choice,.
and.homing.[98,99]..It.has.also.been.demonstrated.that.integrin–ECM.interactions.within.a.specific.
tissue.niche.play.a.critical.role.in.the.self-renewal.of.NSCs.[103].

Nanotechnology.can.be.used.to.design.intelligent.bioreactors.to.direct.the.SC.behavior.with.high.
efficiency.for.regenerative.medicine..The.ability.of.bioreactors.to.support.the.development.of.multi-
cellular,.multilayer,.3D.tissue-like.constructs.has.been.attributed.to.the.low-shear.environment,.ran-
domization.of.the.gravity.vector,.and.colocalization.of.cells,.cell.aggregate,.and.microcarrier.beads.
within. the.bioreactor. [104]..Future.bioreactors. therefore.will. incorporate.appropriate.fluid.phys-
ics,.nanobiomaterials,.nanogeometry.of.environment,.and.automated.control.systems.into.its.tissue.
engineering.program.with.the.goal.of.generating.novel.bioreactor.designs.with.enhanced.transport.
and.appropriate.fluid.shear.properties.to.support.the.growth.of.complex.tissue.constructs.

1.4.2  diffErEntiAtion into oStEoblAStS

Bioengineered.scaffold.materials.for.the.growth.of.bone.have.been.the.focus.of.intense.research..
Ideally,. a. suitable. scaffold. material. for. bone. formation. should. provide. the. adequate. microenvi-
ronment.for.proliferation.and.differentiation.of.bone.cells.as.well.as.formation.of.a.mineralized.
matrix,. therefore.acting.as.a. template.. In. the.bioengineered.bone,.bone. formation.and. remodel-
ing.is.a.dynamic.process. that. involves.production.and.resorption.within.the.scaffold.material.. It.
has.been.demonstrated.that.osteoblast.adhesion,.proliferation,.alkaline.phosphatase.(ALP).activity,.
and.ECM.secretion.on.carbon.nanofibers.increased.with.decreasing.fiber.diameter.in.the.range.of.
60.to.200.nm,.whereas.the.adhesion.of.other.kinds.of.cells.such.as.chondrocytes,.fibroblasts,.and.
smooth.muscle.cells.was.not. influenced.[105,106]..It.has.been.suggested.that. the.nanostructured.
surfaces.affect.the.conformation.of.adsorbed.adhesion.proteins.such.as.vitronectin.and.thus.affect.
the.subsequent.cell.behavior.[107]..In.addition,.the.nanoscaled.dimensions.of.cell.membrane.recep-
tors.such.as.integrins.should.be.considered..Yoshimoto.et.al..[66].reported.osteogenic.differentia-
tion.of.MSCs.in.the.nanofibrous.scaffold,.and.Li.et.al..[67].described.the.support.of.chondrogenic.
differentiation.of.MSCs.in.the.nanofibrous.scaffold..Similarly,.it.was.shown.that.the.level.of.MSC.
chondrogenesis.in.the.nanofibrous.scaffolds.was.equivalent.to,.or.higher.than,.that.seen.in.high-den-
sity.pellet.cultures.of.MSCs.[87]..Nanofibrous.scaffolds.characteristically.have.a.high.surface-to-
volume.ratio,.thus.providing.a.favorable.3D,.porous.space.to.accommodate.MSCs.at.a.high.density,.
similar.to.that.in.high-density.cell.pellet.cultures,.and.promote.cellular.condensation.required.for.
chondrogenesis..Microscopic.images.of.the.nanofibrous.scaffolds.cultures.revealed.the.formation.
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of.a.thick,.cartilage-like.tissue.upon.transforming.growth.factor-β1.(TGF-β1).treatment,.also.seen.
in.similarly.treated.cell.pellet.cultures..Interestingly,.this.engineered.cartilage.produced.within.the.
nanofibrous.scaffolds.displays.zonal.morphologies.(that.is,.a.superficial.zone.at.the.surface.of.the.
culture.consisting.of.flat.cells,.a.middle.layer.of.round.cells,.and.the.bottom.zone.containing.small.
flat.cells.surrounded.by.abundant.ECM)..This.zonal.architecture.is.thus.reminiscent.of.the.superfi-
cial,.middle,.and.deep.zones.of.native.articular.cartilage.[67].

Recently,.Hosseinkhani.et.al..investigated.the.proliferation.and.differentiation.of.MSC.in.a.3D.
network.of.nanofibers. formed.by. self-assembly.of.peptide-amphiphile. (PA).molecules. [108]..PA.
molecules—that.is,.peptide-based.molecules.with.a.hydrophobic.tail.and.hydrophilic.head.group—
were.designed.to.self-assemble.into.a.network.of.nanofiber.scaffolds.only.when.present.in.physi-
ological.ionic.conditions.[2,109,110]..The.surface.of.the.nanofibers,.made.up.of.the.hydrophilic.head.
groups.of.aligned.PA.molecules,.consisted.of.physiologically.active.peptide.sequences.designed.to.
engage.in.cell.signaling.by.acting.as.ligands.for.cell.surface.receptors..The.PA.molecules.existed.in.
a.solution.of.water.until.they.encountered.physiological.concentrations.of.cations.such.as.calcium,.
which.triggered.their.self-assembly.into.nanofibers.that.“held”.the.water.molecules.in.place,.macro-
scopically.forming.a.gel-like.substrate..PA.was.synthesized.by.standard.solid-phase.chemistry.that.
ends.with.the.alkylation.of.the.NH2.terminus.of.the.peptide..The.sequence.of.RGD.was.included.
in.peptide.design.as.well..A.3D.network.of.nanofibers.was.formed.by.mixing.cell.suspensions.in.
media.with.dilute. aqueous. solution.of.PA..When. rat.MSCs.were. seeded. into. the.PA.nanofibers.
with.or.without.RGD,.a.larger.number.of.cells.attached.to.the.PA.nanofibers.that.contained.RGD..
In.addition,. the.osteogenic.differentiation.of.MSC.as.measured.by.ALP.activity.and.osteocalcin.
content.was.higher.for.the.PA.nanofibers.that.contained.RGD..In.another.study,.a.combination.of.
MSC-seeded.hybrid.scaffold.and. the.perfusion.method.was.used. to.enhance. in vitro.osteogenic.
differentiation.of.MSCs.and. in vivo.ectopic.bone.formation..The.hybrid.scaffold.consists.of. two.
biomaterials:.a.hydrogel.formed.through.self-assembly.of.PA.with.cell.suspensions.in.media,.and.a.
collagen.sponge.reinforced.with.poly-(glycolic.acid).(PGA).fiber.incorporation.

In.an.interesting.experiment,.Woo.et.al..compared.osteoblastic.properties.for.osteoblasts.seeded.
on.nanofibrous.3D.scaffolds.with. those.on.solid-walled.3D.scaffolds,.both.of.which.were.made.
from.the.same.material.(poly-L-lactic.acid.[PLLA]).and.had.the.same.macropore.structures.(inter-
connected. spherical.pores). [111]..The.most.notable.differences.between. the.nanofibrous.and. the.
solid-walled.scaffolds.were.in.the.extent.of.mineralization.and.in.changes.of.BSP.gene.expression,.
a.marker.for.the.osteoblast.phenotype..Collagen.fibers.are.known.to.mediate.mineralization.[112],.
and.bone.sialoprotein.(BSP).is.considered.to.promote.mineralization.in vitro.and.in vivo.[113,114]..
Similar.to.collagen.fibers,.nanofibers.of.the.PLLA.scaffolds.were.associated.with.mineralization..
Consistent.with.this.finding.was.a.much.higher.level.of.BSP.expression.in.cells.cultured.on.nanofi-
brous.scaffolds.versus.solid-walled.scaffolds..These.findings.suggest.that.synthetic.nanofibers.act,.
at.least.to.certain.degree,.in.a.manner.similar.to.natural.collagen.fibers,.and.that.nanofibrous.scaf-
folds.hold.promise.for.bone.tissue.engineering..Moreover,.CNTs.may.be.used.not.only.to.stimulate.
bone.regeneration.but.also.to.serve.a.permanent.mechanical.role..Zhao.et.al..reported.the.miner-
alization.of.chemically.functionalized.SWNTs,.a.class.of.nanomaterials.with.hydroxyapatite.(HA).
as.a.scaffold.for.bone.growth.[115]..With.the.purpose.of.finding.the.type.of.CNT.that.best.supports.
bone. formation,.Zanello.et.al.. [116].cultured. rat.osteosarcoma.ROS.17/2.8.cells.on.SWNTs.and.
MWNTs,.with.and.without.the.introduction.of.chemical.modifications..They.found.CNTs.carrying.
neutral.electric.charge.sustained.the.highest.cell.growth.and.production.of.plate-shaped.crystals..
There.was.a.dramatic.change.in.cell.morphology.in.osteoblasts.cultured.on.MWNTs,.which.cor-
related.with.changes.in.plasma.membrane.functions..Application.of.CNTs.to.bone.therapy.may.lead.
to.the.development.of.new.bone.graft.materials.and.techniques.

Supronowicz.et. al..demonstrated. that.novel.nanocomposites. consisting.of.blends.of.polylac-
tic. acid. and. carbon. nanotubes. can. effectively. be. used. to. expose. cells. to. electrical. stimulation.
[117]..When.osteoblasts.cultured.on.the.surfaces.of.these.nanocomposites.were.exposed.to.electric.
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stimulation,. there.was.a.46%. increase. in. cell. proliferation.after.2.days,. a.307%. increase. in. the.
concentration. of. extracellular. calcium. after. 21. days,. and. an. upregulation. of. mRNA. expression.
for. collagen. type.1..These. results.provide.evidence. that. electrical. stimulation.delivered. through.
novel,. current-conducting.polymer/nanophase. composites.promotes.osteoblast. functions. that. are.
responsible.for.the.chemical.composition.of.the.organic.and.inorganic.phases.of.bone..Moreover,.
collagen–CNT.composite.materials.sustained.high.smooth.muscle.cell.viability.[70].

1.4.3  diffErEntiAtion into nEuronS

When.human.MSCs.were.cultured.on.nanopatterns,.the.MSCs,.as.well.as.their.nuclei,.aligned.along.
the.direction.of.the.patterns..Gene.profiling.with.reverse.transcriptase-polymerase.chain.reaction.
(RT-PCR),.microarray.analysis,.and.real-time.polymerase.chain.reaction.(PCR).showed.significant.
upregulation.of.neuronal.markers. compared. to.nonpatterned. controls. [118]..The. combination.of.
nanotopography.and.biochemical.cues.such.as.retinoic.acid.created.a.synergistic.condition.for.the.
neuronal.differentiation,.but.nanotopography.showed.a.stronger.effect.compared. to.retinoic.acid.
alone.on.nonpatterned.surfaces.when.human.ESCs.were.cultured.on.the.nanogratings.[118]..With.
the.aid.of.nanotechnology,.Yang.et.al..explored.the.possibilities.of.the.fabrication.of.a.3D.PLLA.
nanostructured.porous.scaffold.by.a.liquid–liquid.phase.separation.method.[119]..The.in vitro.cell.
culture.studies.showed.that. the.3D.porous.scaffold.seeded.with.NSCs.plays.a.significant. role. in.
nerve.tissue.engineering.as.evidenced.by.the.support.of.NSC.differentiation.and.neurite.outgrowth..
These.findings.provide.the.feasibility.of.using.nanostructured.scaffold.in.nerve.tissue.engineering.
for.better. cell. adhesion.and.differentiation. in vitro..The. suitability.of. fabricating.aligned.PLLA.
nano-/microfibrous. scaffolds. for. the. NSC. culture. was. studied. in. terms. of. their. fiber. alignment.
and.dimension.[120]..It.was.found.that.the.NSCs.elongated,.and.their.neurites.grew.along.the.fiber.
direction.for.the.aligned.scaffolds,.whereas.the.fiber.diameter.did.not.show.any.significant.effect.
on.the.cell.orientation..On.the.contrary,.the.NSC.differentiation.rate.was.higher.for.nanofibers.than.
for.microfibers.but.was.independent.with.respect.to.the.fiber.alignment..As.expected,.the.aligned.
nanofibers.highly.supported.the.NSC.culture.and.improved.the.neurite.outgrowth..Based.on.these.
experimental.results,.this.study.suggested.that.the.aligned.PLLA.nanofibrous.scaffold.may.be.of.
great.value.as.a.cell.carrier.in.neural.tissue.engineering.

On.the.other.hand,.neural.progenitor.cells.or.neural.retinal.cells.are.able.to.be.encapsulated.in.
PA.gels.by.mixing.cell.culture.suspensions.with.PA.solutions,.trapping.the.cells.in.the.interior.of.
the.gels.[121]..Because.the.functional.peptide.sequence.formed.the.outer.surface.of.the.nanofibers,.
it.allowed.the.functional.signaling.of.encapsulated.cells.in.3D..Encapsulated.neural.progenitor.cells.
differentiated.faster.and.more.robustly.into.mature.neuronal.phenotypes.compared.with.controls..By.
days.1.and.7.in vitro,.30%.and.50%,.respectively,.of.the.neural.progenitor.cells.expressed.the.mature.
neuron.marker.β-tubulin.III.[122]..Moreover,.it.was.also.reported.that.few.astrocytes.were.found.in.
these.cultures.(less.than.1%.and.5%.at.1.and.7.days.in vitro,.respectively).[122].despite.the.multipo-
tent.nature.of.the.progenitor.cells..This.suggests.novel.approaches.for.limiting.the.effects.of.reactive.
gliosis.and.glial.scarring.after.traumatic.or.degenerative.events.by.transplanting.donor.cells.in vivo.
with.the.peptide.amphiphile.substrates..Similar.results.were.observed.with.encapsulated.retinal.cells..
The.ultimate.vision.is.for.the.peptide.amphiphile.solutions.to.be.(minimally.invasively).injected.ste-
reotaxically.in.combination.with.donor.cells,.have.the.nanofiber.network.form.in.situ.and.in vivo,.and.
then.provide.functional.cellular.signaling.to.both.donor.and.host.cells.while.at.the.same.time.limit-
ing.the.effects.of.reactive.gliosis..This.nanofiber.system.is.currently.being.explored.for.spinal.cord.
injury,.stroke,.and.degenerative.retinal.disorders,.including.age-related.macular.degeneration.[121]..
Moreover,.chemically.functionalized.CNTs.have.been.used.successfully.as.potential.devices.improve.
neural.signal.transfer.while.supporting.dendrite.elongation.and.cell.adhesion.[123–126]..The.results.
strongly.suggest.that.the.growth.of.neuronal.circuits.on.a.CNT.grid.is.accompanied.by.a.significant.
increase.in.network.activity..The.increase.in.the.efficacy.of.neural.signal.transmission.may.be.related.
to.the.specific.properties.of.CNT.materials,.such.as.the.high.electrical.conductivity.
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One.of.the.limitations.of.cell.culture.including.SC.culture.is.the.presence.of.chemical.spe-
cies.such.as.superoxide.(O2-.),.hydroxyl.(.OH),.peroxynitrite.(ONOO_),.and.peroxide.(H2O2).that.
produce.a.host.of.oxidative-mediated.deleterious.changes.in.cells,.including.DNA.fragmentation,.
peroxidation. of. cell. membrane. lipids,. decreased. mitochondrial. energy. production,. and. trans-
porter.protein.inactivation.[127,128]..A.potential.approach.to.remedy.this.problem.is.the.use.of.
carbon-60.fullerene-based.neuroprotective.compounds.[127,129–131]..Fullerenes.are.molecules.
composed.of. large.3D.arrays.of. evenly. spaced. carbon. atoms,. similar. to. the.pattern.produced.
by.the.rhombuses.on.a.soccer.ball..Fullerenols.are.hydroxyl.(i.e.,.OH).functionalized.fullerene.
derivatives.and.have.been.shown.to.possess.antioxidant.and.free-radical.scavenger.properties.that.
are.able.to.reduce.induced.excitotoxic.and.apoptotic.cell.death.[127,129–131]..The.mechanism.of.
fullerenol-mediated.neuroprotection. is.due.at. least. in.part. to. inhibition.of.glutamate.channels,.
because.neither.GABA.(A).nor.taurine.receptors.were.affected..In.addition,.fullerenols.appear.to.
lower.glutamate-induced.increases.of.intracellular.calcium.concentrations,.a.critical.mechanism.
of.excitotoxicity.in.neurons.[127,129–131].

�.�  stem cell laBelIng and trackIng

During.the.last.few.years,.SC.biology.has.experienced.a.rapid.advancement,.leading.to.rising.hopes.
that.SCs,.migrating.toward.the.lesion.target.area,.will.contribute.to.functional.improvement..There.
is.therefore.a.need.to.develop.noninvasive.methods.for.visualizing.transplanted.SCs.[132,133].for.
a. better. understanding. of. their. migrational. dynamics. and. differentiation. processes. and. of. their.
regeneration.potential.[134]..Single-cell.sensitivity.is.especially.important.in.a.new.field.such.as.that.
of.SCs,.because.the.pattern.of.migration.of.SCs,.even.after.local.injection,.is.unknown,.and.there.
is.a.distinct.possibility.that.single.SCs.scattered.diffusely.throughout.the.body.might.be.effective.
therapeutics.for.certain.disease.states..Because.no.single.contrast.agent/detector.pair.will.satisfy.
all.needs.of.SC.clinical. trials,.dual-.and.multimodality.contrast.agents,.which.combine. the.best.
features.of.each.technology,.have.been.developed.

An.ideal.imaging.technology.for.SC.tracking.during.clinical.trials.has.the.following.character-
istics:.biocompatible,.safe,.and.nontoxic;.no.genetic.modification.or.perturbation.to.the.SC;.single-
cell.detection.at.any.anatomic.location;.quantification.of.cell.number;.minimal.or.no.dilution.with.
cell.division;.minimal.or.no.transfer.of.contrast.agent.to.nonstem.cells;.noninvasive.imaging.in.the.
living.subject.over.months.to.years;.and.no.requirement.for.injectable.contrast.agent..At.present,.no.
imaging.technology.fulfills.the.criteria.presented.above.[135]..Examination.of.the.literature.thus.far.
shows.nanoparticles.are.feasible.as.imaging.contrast.agents.for.optical.and.magnetic.resonance.

1.5.1  mAgnEtic rESonAncE imAging (mri) contrASt AgEntS

Given.its.extraordinary.3D.capabilities.and.high.safety.profile,.MRI.is.the.imaging.modality.used.by.
most.research.studies.to.track.SCs.in vivo.[133,135]..Magnetic.resonance.(MR).molecular.imaging.
contrast.agents.take.many.forms,.but.nanoparticulate.systems.have.emerged.as.the.most.successful.
genre.to.date..In.general,.nanoparticulates.provide.enormous.surface.area,.which.can.be.function-
alized.to.serve.as.a.scaffold.for.targeting.ligands.and.magnetic.labels..In.regard.to.the.biophysical.
and.metabolic.properties.of.iron.oxide,.there.is.growing.interest.in.using.MRI.to.track.cells.after.
they.are.labeled.with.iron.oxide.contrast.agents.because.these.loaded.cells.have.long-term.viability.
and.growth.rate,.and.apoptotic.indexes.are.unaffected,.with.the.iron.payload.disappearing.after.five.
to.eight.cell.divisions.[136]..A.wide.variety.of.iron.oxide-based.nanoparticles.have.been.developed.
that.differ. in.hydrodynamic.particle.size.and.surface.coating.material. (dextran,.starch,.albumin,.
silicones).[137]..In.general.terms,.these.particles.are.categorized.based.on.nominal.diameter.into.
superparamagnetic. iron. oxides. (SPIOs). (50. to. 500. nm). and. ultrasmall,. superparamagnetic. iron.
oxides.(USPIOs).(<50.nm),.which.dictates.their.physicochemical.and.pharmacokinetic.properties..
Iron.oxide.particles.have.been.used.for.imaging.the.gastrointestinal.tract,.liver,.spleen,.and.lymph.
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nodes;.however,.USPIOs.are.also.useful.as.blood-pool.agents.for.angiography.and.perfusion.imag-
ing. in.myocardial.and.neurological.disease..Ultrasmall.dextran-coated. iron.oxide.particles.were.
developed. for.uptake. into. cells. to. allow.MRI. tracking..However,.dextran-free. anionic.magnetic.
nanoparticles.are.stable.in.colloidal.suspension.and.are.adsorbed.through.nonspecific.electrostatic.
interactions.with.the.membranes.of.most.cell.types,.followed.by.spontaneous.cell.internalization.
[138]..This.label.gives.magnetic.properties.to.the.entire.cell.body,.properties.that.potentially.allow.
for.the.detection.of.cells..Fluorophore-labeled.monocrystalline.iron.oxide.nanocrystals.(MIONs).
can.be.used.to.detect.SCs.using.optical.imaging.and.image.single.cells.in.pathological.specimens.ex 
vivo..Similarly,.because.of.the.magnification.effect,.MIONs.can.be.used.to.track.small.numbers.of.
SCs,.on.the.order.of.thousands,.at.high.field.strengths,.for.up.to.several.weeks.[132]..Frank.and.col-
league.labeled.MSCs.and.other.mammalian.cells.with.SPIO.(nanoparticles).MRI.contrast.agents..
They.showed.magnetic.labeling.of.mammalian.cells.with.use.of.ferumoxides.is.possible.and.may.
enable.cellular.MR.imaging.and. tracking. in.experimental.and.clinical. settings. [139,140]..Hoehn.
et.al..implanted.30,000.ESCs.labeled.with.green.fluorescent.protein.(GFP).and.with.the.dextran-
coated.iron.oxide.nanoparticles.of.Sinerem™.(Guerbet,.France).stereotactically.both.into.the.cortex.
(next.to.the.corpus.callosum).and.into.the.striatum.of.the.normal.contralateral.hemisphere.in.the.rat.
with.brain.stroke..After.3.weeks,.they.observed.cell.migration.in vivo.and.monitored.cell.dynamics.
within.individual.animals,.and.for.a.prolonged.time..Cells.migrated.along.the.corpus.callosum.to.
the.ventricular.walls,.and.massively.populated.the.border.zone.of.the.damaged.brain.tissue.on.the.
hemisphere.opposite.to.the.implantation.sites..Their.results.indicated.that.ESCs.have.higher.migra-
tional.dynamics,.targeted.to.the.cerebral.lesion.area,.and.this.imaging.approach.is.ideally.suited.
for.the.noninvasive.observation.of.cell.migration,.engraftment,.and.morphological.differentiation.at.
high.spatial.and.temporal.resolution.[134].

In.another.study,.implanted.rat.bone.marrow.MSCs.and.mouse.ESCs.labeled.with.iron-oxide.
nanoparticles.and.human.HSCs.(CD34+).labeled.with.magnetic.MicroBeads.in.rats.with.a.cortical.
or.spinal.cord.lesion.were.studied.[141,142]..Cells.were.grafted.intracerebrally,.contralaterally.to.a.
cortical.photochemical.lesion,.or.injected.intravenously..During.the.first.week.posttransplantation,.
transplanted.cells.migrated. to. the. lesion..About.3%.of.MSCs.and.ESCs.differentiated. into.neu-
rons,.while.no.MSCs,.but.75%.of.ESCs.differentiated.into.astrocytes..Labeled.MSCs,.ESCs,.and.
CD34+.cells.were.visible.in.the.lesion.on.MR.images.as.a.hypointensive.signal,.persisting.for.more.
than.50.days..In.rats.with.a.balloon-induced.spinal.cord.compression.lesion,.intravenously.injected.
MSCs.migrated. to. the. lesion,. leading. to.a.hypointensive.MRI.signal..Their. studies.demonstrate.
that.grafted.adult.as.well.as.ESCs.labeled.with.iron-oxide.nanoparticles.migrate.into.a.lesion.site.in.
brain.as.well.as.in.spinal.cord.[141,142].

NSCs.from.an.adult.rat’s.spinal.cord.were.loaded.with.superparamagnetic.gold-coated.mono-
crystalline.iron.oxide.nanoparticles.(Au-ION).as.contrast.agent.for.MRI..A.dose-dependent.attenua-
tion.of.MRI.signals.was.observed.for.Au-MION.down.to.0.001.µg.Fe/µl.and.for.nanoparticle-loaded.
clusters.of.only.20.cells..The.labeled.cells.were.infused.into.the.spinal.cord.of.anesthetized.rats.
and.tracked.by.MRI.at.1.hour,.48.hours,.and.1.month.postinjection..Histological.analysis.revealed.
that.MRI.signals.correlated.well.with.gold-positive.staining.of.transplanted.cells..They.showed.that.
Au-MION.exerts.powerful.contrast-enhancing.properties.and.may.represent.novel.MRI.labels.for.
labeling.and.tracking.the.transplanted.cells.in vivo.[143,144].

Huang.et.al..reported.a.cellular.labeling.approach.with.a.novel.vector.composed.of.mesopo-
rous.silica.nanoparticles.(MSNs).conjugated.with.fluorescein.isothiocyanate.(FITC).in.human.bone.
marrow.MSCs.and.3T3-L1.cells..FITC-MSNs.were.efficiently. internalized.into.MSCs.and.3T3-
L1.cells.even.in.short-term.incubation..The.internalization.of.FITC-MSNs.did.not.affect.the.cell.
viability,.proliferation,.immunophenotype,.and.differentiation.potential.of.the.MSCs,.or.the.3T3-L1.
cells..Finally,.FITC-MSNs.could.escape.from.endolysosomal.vesicles.and.retained.the.architectonic.
integrity.after.internalization..They.concluded.that.the.advantages.of.biocompatibility,.durability,.
and.higher.efficiency.in.internalization.make.MSNs.a.better.vector.for.SC.tracking.than.others.that.
are.currently.used.[145].
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SCs. can. also. be. labeled. with. antibody-bound. magnetic. nanoparticles. and. tracked. [146].. To.
examine. the. potential. of. ESCs. to. differentiate. into. dopamine. neurons. and. integrate. within. the.
host.brain,.Björklund.et.al..transplanted.ESCs.in.a.Parkinson.rat.model..For.tracking.they.used.the.
increased.relaxivity.of.the.iron-based.nanoparticles.[147].technique.with.monocrystalline.iron.oxide.
nanocolloid..Using.a.long-half-life. iron.oxide,.relative.cerebral.blood.volume.(CBV).can.be.esti-
mated.easily,.because.at.steady.state,.changes.in.local.tissue.relativity.are.directly.proportional.to.
changes.in.local.tissue.blood.volume.[148]..The.use.of.such.agents.increases.the.signal-to-noise.ratio.
such.that.at.low.and.intermediate.magnetic.field.strength,.CBV.provides.temporal.and.spatial.resolu-
tion.sufficient.to.detect.slowly.evolving.activation.induced.by.pharmacological.challenges.[149].

Rather.than.nonspecific.surface.coating,.Lewin.et.al..[150].labeled.NSCs.and.HSCs.(CD34+).
with.short.HIV-Tat.peptides.to.derivatize.superparamagnetic.nanoparticles..The.particles.are.effi-
ciently.internalized.into.hematopoietic.and.neural.progenitor.cells.in.quantities.of.up.to.10.to.30.pg.
of.superparamagnetic.iron.per.cell..Iron.incorporation.did.not.affect.cell.viability,.differentiation,.
or.proliferation.of.CD34+.cells..Following.intravenous.injection.into.immunodeficient.mice,.4%.of.
magnetically.CD34+.cells.homed.to.the.bone.marrow.per.gram.of.tissue,.and.single.cells.could.be.
detected.by.MR.imaging.in.tissue.samples..Localization.and.retrieval.of.cell.populations.in vivo.
enabled.detailed.analysis.of.specific.SC.and.organ.interactions.critical.for.advancing.the.therapeutic.
use.of.SCs. [150]..The. attachment.of.TAT.and. related. translocation. sequences. to.dextran. cross-
linked.iron.oxide.(CLIO).nanoparticles.has.been.improved.and.shown.to.increase.uptake.by.over.
100-fold..In.addition,.magnetism-based.interaction.capture.(MAGIC).identifies.molecular.targets.
on.the.basis.of.induced.movement.of.superparamagnetic.nanoparticles.inside.living.cells..Efficient.
intracellular.uptake.of.superparamagnetic.nanoparticles.(coated.with.a.small.molecule.of.interest).
was.mediated.by.a.transducible.fusogenic.peptide..These.nanoprobes.captured.the.small.molecule’s.
labeled.target.protein.and.were.translocated.in.a.direction.specified.by.the.magnetic.field..MAGIC.
is.also.used.to.monitor.signal-dependent.modification.and.multiple.interactions.of.proteins.as.well.
as.for.imaging.signaling.pathways.in.SCs.[151].

1.5.2  oPticAl lAbEling

Biological. probes. are. indispensable. tools. for. studying. biological. samples,. cells. in. culture,. and.
animal.models..Exogenous.probes.are.frequently.multifunctional,.having.one.component.that.can.
detect.a.biological.molecule.or.event,.and.another.component.that.reports.the.presence.of.the.probe..
Fluorescent.dyes.are.used.routinely.for.determining.the.presence.and.location.of.biological.mol-
ecules.in.cultured.cells.and.tissue.sections..Concise.evaluation,.accurate.quantification,.and.precise.
localization.with.ultimate.sensitivity.in.the.analysis.of.biomolecules.can.be.achieved.when.single.
molecule.microscopy.is.used.[152]..Classically,.studies.of.biomolecules.at.the.single.molecule.level.
often.involve.large.teams.of.specialized.biophysicists,.sophisticated.and.finely.tuned.equipment,.
and.long.periods.of.time.to.record.and.analyze.relatively.few.events..Moreover,.these.studies.also.
suffer. from. the. limitations.of. certain.organic.dyes,. such.as.photobleaching,. instability,. and. low.
quantum.efficiency.[153,154].

Recently,.semiconductor.particles.or.quantum.dots.(QDs).have.been.developed.as.a.new.class.
of.biological.fluorophore.with. easily. tunable.properties. and. significant. spectral. advantages.over.
conventional.fluorophores..The.QD.imaging.technique.has.a.higher.resolution.compared.to.many.
other.imaging.techniques.such.as.fluorescence..QDs.for.biological.environments.have.opened.the.
doors. to.an.expanding.variety.of.biological.applications,.such.as.serving.as.specific.markers.for.
cellular.structures.and.molecules,.tracing.cell.lineage,.monitoring.physiological.events.in.live.cells,.
measuring.cell.motility,.and.tracking.cells.in vivo.[155].

QDs.are.nanocrystals.of.inorganic.semiconductors,.typically.with.a.diameter.of.2.nm.to.8.nm.
(on. the.order.of.200. to.10,000.atoms)..Bulk-phase. semiconductors.are.characterized.by.valence.
electrons.that.can.be.excited.to.a.higher-energy.conduction.band..The.energy.difference.between.
the.valence.band.and.the.conduction.band.is.the.bandgap.energy.of.the.semiconductor..An.excited.
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electron.may.then.relax.to.its.ground.state.through.the.emission.of.a.photon.with.energy.equal.to.
that.of.the.bandgap..When.a.semiconductor.is.of.nanoscale.dimensions,.the.bandgap.is.dependent.
on.the.size.of.the.nanocrystal..As.the.size.of.a.semiconductor.nanocrystal.decreases,.the.bandgap.
increases,.resulting.in.shorter.wavelengths.of.light.emission.[152]..Dots.of.slightly.different.sizes.
fluoresce.at.different.wavelengths..For.example,.larger.dots.shine.red,.and.smaller.dots.shine.blue,.
with.a.rainbow.of.colors.in.between..Researchers.can.create.up.to.40,000.different.labels.by.mixing.
QDs.of.different.colors.and.intensities.as.an.artist.would.mix.paint..In.addition.to.coming.in.a.vast.
array.of.colors,.the.dots.also.are.brighter.and.more.versatile.than.more.traditional.fluorescent.dyes..
For.example,.they.can.be.used.to.visualize.individual.molecules..Indeed,.the.unique.properties.of.
QDs.not.only.provide.biologists.the.opportunity.to.explore.advanced.imaging.techniques,.such.as.
single.molecule.or.lifetime.imaging,.but.also.to.revisit.traditional.fluorescence.imaging.methodolo-
gies.and.extract.yet.unobserved.or.inaccessible.information.in vitro.or.in vivo..Investigators.have.
performed.a.variety.of.experiments.in.which.QDs.have.been.used.to.localize.molecules.in.cells.and.
tissues,.both.in.live.and.fixed.specimens.[156].

In.1998,.QDs.were.first.used.for.cell.labeling..Bruchez.et.al..demonstrated.dual-color.labeling.
of.fixed.mouse.fibroblasts.by.staining.the.nucleus.with.green.QDs.and.labeling.the.F-actin.filaments.
in.the.cytoplasm.with.red.QDs.[157]..In.2003,.QDs.were.used.for.the.first.time.to.visualize.cellular.
structures.at.high.resolution.[152]..Kaul.and.colleagues.[158].reported.immunofluorescence.labeling.
of.the.heat.shock.70.protein,.mortalin,.using.QDs.to.show.different.staining.patterns.in.normal.and.
transformed.cells..Yeh.et.al.. [159].also.described. the.application.of.QD.probes.for. the.fluorescent.
detection.of.DNA.sequences..The.process.can.further.our.knowledge.concerning.the.impact.of.DNA.
mutation,.damage.and. repair. information,.and.mechanisms. in. the.development.of.cancer.or.other.
genetic.diseases..It.might.be.possible.to.use.this.method.as.a.standard.technique.for.protein,.RNA,.and.
DNA.quantification,.because.new.QD.developments.will.draw.on.such.unique.biophysical.properties.
to.strengthen.the.quantitative.data.obtained.and.reduce.the.amount.of.processing.analysis.required.to.
compensate.for.photobleaching.[160]..This.procedure.has.been.used.in.fluorescence.in situ.hybridiza-
tion.(FISH).and.can.help.follow.transplanted.cells..QDs.are.ideal.probes.for.probing.structure.and.
locating.signal.transduction-related.molecules..Rosenthal.et.al..used.serotonin-linked.QDs.to.target.
the.neurotransmitter.receptor.on.the.cell.surface..The.QD.probes.not.only.recognized.and.labeled.
serotonin-specific.neurotransmitters.on.cell.membranes,.but.also.inhibited.the.serotonin.transporta-
tion.in.a.dose-dependent.manner.[161]..Although.one.to.two.orders.of.magnitude.less.potent.at.inhib-
iting.the.receptor.than.free.serotonin,.the.behavior.of.the.QD.conjugates.was.similar.to.that.of.free.
serotonin,.making.QDs.a.valuable.probe.for.exploring.the.serotonin.transportation.mechanism.[155].

Antibody-conjugated.QDs.have.been.used.for.labeling.and.tracking.single.receptors..In.addition,.
ligand-conjugated.QDs.retain.their.activity.and.bind.to.receptors..nerve.growth.factor.(NGF)-QD.
ligand.conjugates.as.well.as.antibody.against.tyrosin.kinase.A.(anti-TrkA)-QD.antibody.conjugates.
can.be.used.to.visualize.NGF-TrkA.spatiotemporal.dynamics.in.the.neuronal.PC12.cell.line.[162]..
Other.signaling.pathways,.such.as.epidermal.growth.factor.receptor.B/homologous.receptor.(erbB/
HER).receptor-mediated.signal.transduction,.have.also.been.examined.using.QDs.[163]..This.pro-
cedure.can.similarly.be.used.for.studying.the.signaling.pathways.in.SCs.

Although. the. imaging. of. fixed. cells. is. useful. and. sufficient. for. many. applications,. live. cell.
microscopy.is.ideal.for.visualizing.cellular.processes.but.is.considerably.more.difficult.[152]..Two-
photon.imaging.of.QDs.can.be.used.to.more.efficiently.image.thick.specimens..In.2003,.Larson.et.
al..injected.QDs.intravenously.into.mice.and.demonstrated.that.these.QDs.were.detectable.through.
intact.skin.at.the.base.of.the.dermis.(~100.micron).using.an.excitation.wavelength.of.900.nm.[164]..
To.optimize.the.conditions.of.in vivo.experiments.[165],.QDs.with.different.polymer.coatings.were.
tested.in vivo.using.various.imaging.techniques,.including.light.and.electron.microscopy,.on.tis-
sue.sections,.and. in.noninvasive.whole-body.fluorescence. imaging.[166]..Amazingly,. these.QDs.
maintained.their.fluorescence.even.after.4.months.in vivo..Although.the.QDs.showed.no.deleterious.
effects.upon.the.animals.in.these.studies,.a.more.detailed.evaluation.of.potential.QD.toxicity.in.the.
body.is.warranted.prior.to.their.long-term.usage.in.humans.
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As.mentioned.before,.QDs.are.extremely.bright.and.photostable,.and.they.can.be.used.as.cell.
markers.for. long-term.studies.such.as.cell–cell. interactions,.cell.differentiation,.and.cell. lineage.
tracking..Most.experiments.conducted.to.date.have.shown.that.QDs.do.not.interfere.with.normal.
cell.physiology.and.cell.differentiation.[167]..In.regard.to.properties,.QDs.seem.to.be.suitable.for.
studying.SCs..For.example,.NSCs.divide.to.generate.all.of.the.required.cell. types.of.the.mature.
brain,.but.the.mechanisms.controlling.this.process.are.only.partially.understood..One.reason.for.
this.lack.of.knowledge.is.the.inability.to.label.and.track.NSCs.in.their.intact.environment.for.long.
periods.of.time..Haydar.and.colleagues.used.highly.fluorescent.QD.nanocrystals.as.novel.labeling.
tools.to.better.understand.NSC.behavior.in vivo..They.demonstrated.that.NSCs.loaded.with.QDs.in 
vivo.retained.the.capacity.to.differentiate.into.neurons.[168].

�.�  evaluatIon oF toxIcIty oF nanomaterIals wIth stem cells

Despite. the.wide.application.of.nanomaterials,. there. is.a.serious. lack.of. information.concerning.
the.impact.of.manufactured.nanomaterials.on.human.health.and.the.environment..Typically,.after.
systemic.administration,.the.nanoparticles.are.small.enough.to.penetrate.even.very.small.capillaries.
throughout.the.body;.therefore,.they.offer.the.most.effective.approach.to.distribution.in.certain.tis-
sues..Because.nanoparticles.can.pass.through.biological.membranes,.they.can.affect.the.physiology.
of.any.cell.in.an.animal.body.[169]..SWNTs.in.suspension.in.the.culture.medium.were.incorporated.
into.the.cell.cytoplasm.by.macrophages.and.leukemia.cells.without.affecting.the.cell.population.
growth.[170,171]..It.has.been.shown.that.CNT.substrates.decreased.keratinocyte.[172],.glial.[173],.
and.HEK293.cell.survival.significantly.[174],.raising.important.concerns.about.the.biocompatibility.
of.the.nanomaterial..In.addition,.SWNTs.have.been.shown.to.block.potassium.channel.activities.
in.heterologous.mammalian.cell.systems.when.applied.externally.to.the.cell.surface.[175],.which.
suggests.a.degree.of.cytotoxicity..This.consideration.is.of.importance.for.SCs,.where.the.effects.
of.nanoparticles.on. their.potential. for. self-renewal.and.differentiation.are.unknown..Data.avail-
able.from.toxicity.studies.of.nanoparticles,.in.particular.in.ASCs,.are.limited..Recently,.Braydich-
Stolle.et.al.,.by.using.mouse.spermatogonial.SC.line.as.a.model.to.assess.nanotoxicity.in.the.male.
germline.in vitro,.demonstrated.a.concentration-dependent.toxicity.for.all.types.of.particles.tested,.
whereas.the.corresponding.soluble.salts.had.no.significant.effect.[176]..Silver.nanoparticles.were.the.
most.toxic,.and.molybdenum.trioxide.(MoO3).nanoparticles.were.less.toxic..However,.the.increase.
of.interfacial.bonding.and.the.introduction.of.surfactants.are.likely.to.have.an.impact.on.degrada-
tion.kinetics.and.cytotoxicity.of.the.composite..These.effects.are.largely.unknown.and.remain.to.
be.investigated.

�.�  conclusIons and Future outlook

Tissue.engineering.at.the.nanoscale.level.is.leading.to.the.development.of.viable.substitutes.that.can.
restore,.maintain,.or.improve.the.function.of.human.tissue..Regenerating.tissue.can.be.achieved.by.
using.biomaterials.to.convey.signals.to.surrounding.tissues.to.recruit.cells.that.promote.inherent.
regeneration.or.by.using.SCs.and.a.biomaterial.scaffold.to.act.as.a.framework.for.developing.tissue..
Nanobiomaterials.may.serve.as.an.important.component.to.imparting.novel.properties.to.the.bioma-
trix.for.directing.SC.proliferation,.differentiation,.functionalization,.and.transplantation..SC.nano-
engineering.is.beginning.to.help.advance.the.equally.pioneering.field.of.stem-cell.research,.with.
devices.that.can.precisely.control.SCs.and.provide.bioscaffolds.and.labeling.and.tracking.systems.
to.create.significant.advances.in.in vivo monitoring.of.engineered.tissues..While.new.uses.of.nano-
materials.for.biomedical.applications.are.being.developed,.concerns.about.cytotoxicity.may.be.miti-
gated.by.chemical.functionalization..However,.there.will.be.some.limitations.to.this.nanomaterial,.
because.it.is.not.biodegradable..As.such,.in.order.for.nanotechnology.applications.to.develop.to.their.
fullest.potential,.it.will.be.important.for.SC.scientists.and.physicians.to.participate.and.contribute.to.
the.scientific.process.alongside.physical.and.chemical.science.and.engineering.colleagues.
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�.�  IntroductIon

Lipid.membranes.of.living.cells.are.the.most.important.barriers.to.control.the.majority.of.cellular.
processes..They.play.a.fundamental.role.in.cell.to.cell.communication.involving.the.exchange.of.
ions.and.biomolecules,.including.calcium.[1],.neurotransmitters.[2],.proteins.[3],.reactive.species.
[4],.and.drugs.[5],.among.others.

The.biological.membranes.are.very.complex.in.composition,. implying.very.complex.investi-
gations.to.determine.their.functions.and.properties..The.biochemists.choose.to.create.models.for.
cellular.membranes,.allowing.for.the.reduction.of.the.number.of.variables.and.better.control.of.the.
experimental.parameters.

Biomimetic.systems.are.artificial.structures.conceptually.designed.to.perform.actions.typical.
of.natural.biological.systems,.or.in.other.words,.to.mimetize.functions.and.structures.of.biological.
entities.of.living.beings..Biomimetic.systems.are.an.achievement.of.the.application.of.methods.and.
systems.found.in.nature.to.the.study.of.fundamental.phenomena.and.design.of.engineered.structures.
for.modern.technology..In.fundamental.investigations,.researchers.need.to.decrease.the.complexity.
of.the.natural.systems,.as.the.mimetizing.of.cell.membranes.by.liposomes..From.the.applied.point.
of.view,.the.development.of.devices.named.“biosensors”.is.based.on.the.combination.of.inorganic.
materials.with.biological.structures.

In.this.chapter,.we.will.present.an.overview.of.lipid.membranes,.with.special.interest.paid.to.
specific.preparation.and.characterization.methods.of.immobilized.phospholipid.membranes..The.
preparation.by.vesicle.fusion.and.the.characterization.by.atomic.force.microscopy.of.the.supported.
membranes.will.be.described.
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�.�  lIpId memBranes

The. biological. membranes. are. responsible. for. the. structural. and. functional. characteristics. of.
eukaryotic.cells..They.are.considered.as.the.regulatory.center.of.cellular.activity.and.are.funda-
mental.for.biological.energy.conservation..The.principal.membrane.functions.are.to.create.chemi-
cal.and.electrical.gradients.to.control.the.activity.of.membrane.enzymes;.to.organize.the.proteins.
in.a.convenient.manner.so.as.to.optimize.their.actions.in.a.coordinated.form;.to.provide.substrates.
for.metabolism;.and.to.turn.viable.processes.such.as.endocytose,.exocytose,.cell.fusion,.and.divi-
sion.[6,7]..Being.the.anchor.of.these.processes,.the.cellular.membranes.are.key.for.cellular.signal.
transduction.[6–8].

Illustrated.in.Figure.2.1.is.a.scheme.of.a.biological.membrane.known.as.the.mosaic.fluid.model,.
which. describes. a. three-dimensional. structure. consisting. of. a. lipid. bilayer. associated. with. pro-
teins.[9]..However,.it.is.unanimous.in.the.literature.that.the.cell.membranes.have.a.complex.lateral.
structure..Lateral.lipid.domains.with.distinct.physicochemical.properties.were.already.observed,.
corresponding.to.different.kinds.or.phases.of.lipids.[10]..Moreover,.the.presence.and.the.biological.
role.of.the.lipid.domains.or.microdomains.(called.rafts).[11].(Figure.2.2).in.the.cell.surface.are.still.
under.investigation..It.is.challenging.to.describe.how.the.lipids.interact.with.each.other.and.with.the.
intercalated.proteins.in.order.to.understand.the.dynamic.of.cellular.membranes.[12]..An.interesting.
example.is.a.domain.called.caveolae.that.is.fundamental.in.cells.by.mediating.the.transport.through.
the.membrane.of.low-molecular.solutes.and.macromolecules.and.infectious.agents,.such.as.viruses..
The.domain.presents.a.particular.lipid.and.protein.composition.that.forms.polyps.through.a.mem-
brane.invagination..The.caveolae.has.been.seen.as.an.efficient.biological.vector.for.drug.transport.
and.delivery.[13].

The.membranes.are.composed.by.a.heterogeneous.lipid.matrix.with.the.insertion.of.about.109.
molecules,.such.as.proteins.and.polypeptides.[14–16]..Additionally,.increasing.the.grade.of.com-
plexity,.there.are.more.than.2000.kinds.of.lipids.in.mammal.cell.membranes,.and.the.membrane.
lipid.composition.determines.the.physical.properties,.including.free.charge,.dipole.potential,.elas-
ticity,.phase.transition,.and.hydration.[17].

The. chemical. composition. and. the. physical. state. of. the. membranes. allow. the. interaction.
between.its.constituents.dictating.their.organization..The.phospholipids,.the.major.constituents.of.
the.cell.membranes,.are.disposed.structurally.in.symmetric.bilayers.in.which.the.hydrophilic.faces.
are. formed. by. their. polar. side. exposed. to. the. aqueous. environment. of. the. cell. (cytoplasm. and.
extracellular.side)..Between.the.polar.faces,.the.carbon.chains.of.the.fatty.acids.are.self-organized,.
protecting.them.from.the.aqueous.medium,.as.shown.in.Figure.2.1..The.principal.forces.preserving.

Extracellular
side

Membrane 
proteins 

Intracellular
side

Hydrophobic
region 

FIgure �.�  General.scheme.of.a.cell.membrane.structure.

Lipid rafts

FIgure �.�  Scheme.of.lipid.rafts.
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the. lipid. bilayers. are. hydrogen. bonds,. others.
between.the.hydrophilic.parts.of.the.molecules,.
and. van. der. Waals. interactions. (between. the.
hydrophobic.chains)..There.is.also.the.additional.
interaction.between.the.polar.head.and.nonpolar.
tail.with.the.aqueous.medium.[14]..More.details.
regarding.the.phospholipids.will.be.presented.in.
the.next.section.

�.�  memBrane lIpIds

In.general,.the.membrane.lipids.are.amphipatic..
The.polar.heads.are.characterized.by.the.pres-
ence. of. phosphate,. amine. and. alcohol. groups,.
and.the.two.nonpolar.tails.characterized.by.fatty.
acid.chains..They.are.classified.as.phospholip-
ids,. sphingolipids,. glycolipids,. and. sterols. [6]..
In. this. chapter,.we.will. focus.our. attention.on.
phospholipids,.because.the.cell.membranes.and.
the.membrane.models.are.basically.constituted.
by.them.

The. fatty. acids. of. the. phospholipids. are.
bonded.to.the.polar.part.through.ester.bindings.
either.with.the.phosphate.group.or.with.the.alco-
hol.group.[6,18]..Between.the.phospholipids,.the.
phosphatidylcholine. (PC). (structure. illustrated.
in.Figure.2.3).is.the.principal.constituent.of.the.
cell.membranes.[6,18]..The.natural.PCs.are.con-
stituted.by.a.zwitterion.phosphocoline.group,.and.the.fatty.acid.chains.present.the.same.number.of.
carbons..The.phospholipids.and.glycolipids.molecules.of.the.cell.membranes.show.fatty.acid.chains.
containing.normally.14.to.24.carbon.atoms..They.are.named.according.to.the.number.of.the.carbon.
atoms.and.to.the.number.of.unsaturations;.for.example,.the.hexadecanoic.acid.presents.C16.and.two.
unsaturations—it.is.named.16:2.[6].

The.nonpolar.chain.bonds.to.carbon.1.of.the.glycerol.group.(alcohol.group),.being.normally.
saturated.(presenting.only.simple.bonds),.and.the.chains.bond.to.carbon.2,.being.normally.unsatu-
rated,.presenting.usually.one.to.six.double.bonds.in.a.cis.conformation.[19].

X-ray.crystallographic.measurements.have.shown.that.the.presence.of.cis.double.bonds.outcomes.
as.a.kink.in.the.carbon.chain,.as.illustrated.in.the.Figure.2.3..The.angle.of.a.cis.double.bond.is.123°,.
and.the.angle.of.a.simple.bond.is.111°.[20]..The.packing,.fluidity,.lipid-phase.transitions,.as.well.as.
the.thicknesses.of.the.lipid.membranes.depend.on.the.acyl.chain.saturation.degree.[21,22]..In.gen-
eral,.membranes.with.high.concentrations.of.unsaturated.lipids.present.lower.thicknesses..Similar.to.
the.size.of.the.lipid.bilayers,.the.unsaturations.in.
the. lipid.acyl.chains.determine. the.phase. transi-
tion.temperatures.of.the.membranes..The.higher.
are.the.presence.of.unsaturations,.the.lower.is.the.
transition-phase.temperature.

Additionally,.the.membranes.in.the.gel.phase.
present.higher.thicknesses.than.the.membranes.in.
the. liquid.crystalline.phase..Figure.2.4.displays.
the.gel.to.liquid.phase.transition.of.a.lipid.mem-
brane.mediated.by.temperature.changes.with.the.

PO–

O

N
+

O

CH3
CH3H3C

O

OO

H

OO

FIgure �.�  Phosphatidylcholine:.Structural.formula.

~6 nm 
Heat 

Gel phase Liquid crystalline phase

FIgure �.�  Scheme.of.the.gel.to.liquid.crystalline.
phase. transition. in. lipid. membranes,. depicting. the.
reduction. of. the. thickness. of. the. bilayers. mediated.
by.temperature.changes.
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consequent.reduction.of.the.height.of.the.bilayer..
The. above. description. of. the. phospholipids. is.
fundamental. for. the.understanding.of. liposome.
formation.and.the.characterization.of.supported.
bilayers. through. atomic. force. microscopy,. as.
will.be.discussed.later.

�.�  lIposomes

Liposomes,.in.which.phospholipid.composition,.
structure,.and.dynamics.can.be.fully.controlled,.are.generally.accepted.as.a.suitable.model.for.in 
vitro.studies.of.cell.membrane.structures.and.properties.[23,24]..It.is.a.vesicle.formed.by.a.lipid.
bilayer.which.is.structurally.similar.to.the.lipid.matrix.of.cell.membranes.[23–25]..It.is.a.vesicle.
formed.by.a.lipid.bilayer,.as.depicted.in.Figure.2.5,.which.is.structurally.similar.to.the.lipid.matrix.
of.cell.membranes.[23–25].

Liposomes.have.been.broadly.studied.because.they.are.built.with.biocompatible.material,.have.
structural.versatilities.(i.e.,.size,.composition,.and.bilayer.fluidity),.and.present.capabilities.to.incor-
porate.a.great.variety.of.molecules.despite.their.structure..Liposomes.are.particularly.interesting.
for.drug.delivery.and.vaccine.development,.because.they.trespass.natural.biological.drug.barriers.
as.the.hematoencephalic.one,.and.induce.immunity,.respectively..In.this.chapter,.we.are.not.going.to.
discuss.the.liposomes.in.depth,.although.it.is.a.biomimetic.model,.because.a.vast.discussion.would.
be.warranted..The.liposomes.are.presented.briefly.in.this.context,.because.one.of.the.methods.to.
obtain.supported.lipid.membranes.is.based.on.the.fusion.of.vesicles.on.solid.surfaces.

There.are.several.methods.by.which. to.prepare. liposomes..According. to. the.objective. to.be.
reached.and. the.elected.preparation.method,. it. is.possible. to.control. the.size.and.number.of. the.
vesicle.layers.and.the.manipulation.of.the.lipid.composition,.which.varies.the.fluidity.and.charge.
of. the.vesicles..The.majority.of.preparation.methods.and. the.classification.of. the. liposomes.are.
resumed.in.Table.2.1.

�.�  supported memBrane layers

Lipid. monolayers. and. bilayers. supported. on. solid. substrates. have. attracted. the. interest. of. the.
researchers.in.the.last.two.decades.[33–35]..These.models.have.been.used.in.studies.regarding.the.
structure.and.properties.of.natural.biological.membranes.and.for.the.investigation.of.biological.pro-
cesses. [36,37],. including.molecular. reorganization.and.antigen–antibody. interactions. [38],.enzy-
matic.catalysis.and.membrane.fusion.[36–38],.biosensors.[39],.inorganic.solids.biofunctionalization.
[38],. and.DNA. immobilization. [40]..Studies. on.morphology. alterations. in. the. cellular. structure.
and.protein.behavior.as.well.as.controlled.drug.and.genes.delivery.have.also.been.done.with.the.
objective.of.developing.biomaterials.[40]..The.clinical.applications.for.such.artificial.biomaterials.

Hydrophilic region

Hydrophobic region

FIgure �.�  A.unilamellar.liposome.

taBle �.�
classification of the liposomes

abbre�iated 
liposome name  name size obtaining method

SUV Small.unilamellar.vesicles 20–50.nm Sonication.of.MLVs.[26]

LUV Large.unilamellar.vesicles 50–400.nm Extrusion,.reverse.phase.and.dialysis.[27–29]

MLV Multilamellar.vesicles >400.nm Dispersion.in.aqueous.medium.[30]

GUV Giant.unilamellar.vesicles (~.µm) Rapid.evaporation.with.CA.[31].and.with.
electrical.field.[32]
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that.mimetize.biological.structures.are.of.great.interest.for.modern.medicine..An.extra.advantage.
of. the. supported. lipid. layers. is. that. their. morphology. can. be. measured. and. manipulated. in. the.
range.of.nanometer.scale.with.scanning.probe.techniques,.such.as.atomic.force.microscopy.(AFM).
[41–45].

The.preparation.of.supported.lipid.membranes.on.the.surface.of.inorganic.materials.as.gold.
and. mica. gives. important. results. related. to. phase. transition,. stability,. and. morphology. of. the.
layers. and. are. promising. structures. for. the. development. of. biosensors.. However,. it. has. to. be.
considered.that.the.mechanical.properties.of.the.lipid.layers.in.these.structures.are.significantly.
different.from.the.membranes.in.fluid.environments.[41]..The.choice.of.the.model.has.to.be.done.
according.to.the.objective.of.the.study,.and.the.model.limitations.have.to.be.considered.when.the.
conclusions.are.elaborated.

Basically,.there.are.two.important.methods.to.prepare.membrane.assemblies.on.surfaces.that.
are.Langmuir-Blodgett.[46].and.vesicle.fusion.[36]..These.techniques.allow.for.the.preparation.of.
high-quality.lipid.layers,.with.a.controllable.number.of.layers.and.large.areas.free.of.macroscopic.
defects..However,.they.are.not.easily.available.or.require.several.experimental.steps..An.alternative.
procedure.that.also.yields.high-quality.lipid.layers,.the.solution.spreading.method,.is.simply.based.
on.the.spreading.of.organic.solutions.on.solid.surfaces.[47–49].

The.results.presented.in.session.7.were.obtained.with.supported.membranes.prepared.by.the.
vesicle.fusion.method.[36]..Briefly,.it.consists.of.dropping.the.vesicles.onto.a.freshly.cleaved.mica.
surface. and. incubating. for.90.minutes..During. this. time.period,. the.vesicles. simply.adsorb. and.
explode.on.the.surface.or.interact.with.other.vesicles.by.fusion.and.explode.forming.the.bilayers..
The.vesicles.were.prepared.by.dissolving.the.lipids.in.chloroform.and.drying.them.under.a.stream.of.
N2,.followed.by.a.period.under.vacuum..After.that,.the.dried.lipid.films.were.hydrated.with.HEPES.
buffer.at.pH.7.4.[30].

The.choice.of.the.solid.surface.is.decided.according.to.the.objective.to.be.reached..The.major-
ity.of.studies.were.done.on.mica.substrates..However,.it.is.possible.to.use.glass.for.cell.fixing.and.
silicon.or.gold.when.conducting.electrodes.are.required.

In.the.case.of.supported.phospholipid.layers.on.gold.substrates,.it.is.necessary.to.first.bind.thiols.
molecules.on.the.surface,.given.that.the.polar.heads.of.the.phospholipids.have.no.affinity.for.the.
mild.hydrophobic.gold.surface..Self-assembled.monolayers.(SAMs).of.thiols.molecules.on.gold.are.
very.interesting.in.this.case,.because.they.can.act.as.a.bridge.or.a.spacer.between.the.inorganic.sur-
face.and.the.assembled.macromolecules..The.reason.to.create.a.space.between.the.solid.surface.and.
the.macromolecules,.such.as.the.phospholipids.immobilized.on.a.solid.surface,.ordered.in.bilayers,.
is.to.provide.a.natural.environment.to.accommodate.hydrophilic.domains.of.proteins.and.to.make.
available.the.biomolecule.transport.from.one.side.of.the.membrane.to.the.other.[49–51]..Moreover,.
the.sulfur.bridge.formed.by.using.substances.such.as.11-mercaptoundecanol.[54].and.thiopeptides.
[50,52,53],.has.been.appropriate.to.self-organize.lipid.membranes.on.gold.substrates..The.interest.
on.gold.surfaces.is.to.preserve.this.substrate.as.an.electrode.for.detection.of.charge.transfer.pro-
cesses.for.fundamental.studies.and.biosensor.applications.

�.�  atomIc Force mIcroscopy: a BrIeF IntroductIon

AFM.is.a.powerful. tool.for.direct.visualization.of.supported.biological.membranes.[42,55]..The.
AFM.uses.a.sharp.probe.(tip).on.the.free.end.of.a.flexible.cantilever.to.measure.the.force.between.
the.apex.of.the.tip.and.the.surface.of.the.sample..Depending.on.the.local.distance.“d”.between.the.
tip.and.the.surface,.the.atomic.force.will.be.attractive.(van.der.Waals.force,.d.<.100.nm).or.repulsive.
(d.<.1.nm)..Different.imaging.modes.were.derived.from.the.concept.that.the.surface.of.the.sample.
should.be.scanned.by.the.tip.in.order.to.measure.the.surface.topography..The.usual.operation.modes.
are.contact,.noncontact,.and.intermittent..The.contact.mode.is.most.used.for.hard.samples,.where.
the.surface.is.not.affected.by.the.dragging.forces.of.the.tip..In.this.imaging.mode,.the.tip.contacts.
the.surface.at.distances.corresponding.to.short.scale.forces.(1.nm.or.less),.and.the.height.(distance.
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“d”).is.kept.constant..The.cantilever.bending.toward.or.away.from.the.surface.is.measured.by.the.
deflection.of.a.laser..The.tip.is.always.kept.in.contact.by.a.feedback.circuit.that.moves.up.and.down.
the.fixed.end.of.the.cantilever.through.a.piezoelectric.actuator.(i.e.,.the.cantilever.bending.is.kept.
constant.by.the.feedback.system.during.the.scanning.of.the.tip)..The.piezoelectric.material.allows.a.
vertical.resolution.well.below.0.1.nm.

The.noncontact.mode.is.most.used.for.soft.samples..To.minimize.the.tip–sample.interaction,.
the.tip.does.not.touch.the.surface.but.hovers.at.long-range.distances.of.about.10.nm..The.attractive.
van.der.Waals.forces.acting.between.the.tip.and.the.sample.are.detected,.and.topographic.images.
are.constructed.by.scanning. the. tip.above. the.surface..The.sensitivity.of. this.operation.mode. is.
increased.by.using.modulation.techniques.(i.e.,.the.tip.oscillates.at.frequencies.near.the.resonance.
frequency.of.the.cantilever)..During.the.scanning.procedure.to.reveal.the.surface.topography,.the.
feedback.loop.maintains.the.tip.to.sample.distance.by.keeping.constant.the.amplitude.of.the.oscil-
lation.or.the.resonant.frequency.

The.intermittent.mode.measures. the.topography.by.tapping.the.surface.with.the.tip..The.tip.
oscillates.on.top.of.the.sample.during.the.scanning.procedure..This.operation.mode.is.applied.for.
hard.and.soft.samples,.overcoming.most.of.the.problems.faced.by.the.other.modes.of.operation,.
such.as.dragging.forces.and.sticking.of.the.tip.to.the.surface..During.the.scanning.procedure.to.
determine.the.topography.of.the.sample,.the.tip.touches.the.surface.at.frequencies.that.are.at.or.near.
the.resonant.frequency.of.the.cantilever..The.feedback.loop.maintains.constant.the.amplitude.of.
oscillation,.at.values.of.about.20.nm,.allowing.the.measurement.of.the.surface.features.

�.�  In SItu atomIc Force mIcroscopy For lIpId memBranes

For.biological.samples.as.supported.lipid.membranes,.it.is.important.to.measure.the.surface.topog-
raphy.inside.liquid.cells..The.in situ.measurements.have.the.additional.advantage.in.that.they.permit.
the.study.of.morphological.modifications.due.to.biological.processes.in.real.time.and.under.physi-
ological.conditions..In.a.previous.work,.we.studied.the.morphology.and.stability.of.supported.phos-
pholipid.layers.prepared.by.solution.spreading.(casting).on.mica.[43]..The.images.were.acquired.in.
the.contact.or.contact-intermittent.modes,.and.the.samples.were.analyzed.ex situ.just.after.solvent.
evaporation.and.after.a.hydration.step.and.in situ.with.immersion.in.a.buffer.solution.

AFM.contact.mode.is.the.straightforward.way.to.measure.samples.immersed.in.a.liquid..This.
operation. mode. avoids. the. necessity. of. having. a. cantilever. oscillating. in. a. resonant. frequency.
damped. by. the. fluid.. However,. as. said. above,. contact-mode. imaging. is. less. suitable. for. soft. or.

weakly.attached.materials,.because.the.tip.can.
often. scrape. or. drag. the. membranes. during.
scanning,.a.disadvantage.that.can.be.overcome.
by.applying.intermittent.methods..On.the.other.
hand,. studies. have. also. demonstrated. that. by.
adjusting. the. operative. force,. it. is. possible. to.
use.contact.mode.to.obtain.AFM.images.of.soft.
phospholipid.layers.[44].

Figure.2.6.illustrates.the.AFM.setup.for.in 
situ.measurements. (i.e.,.with. the. tip. immersed.
in.the.liquid.contained.in.a.fluid.cell)..The.fig-
ure.also.shows.the.laser.beam.deflected.on.the.
free.part.of.the.cantilever.and.the.light.detector.
with. two. segments.. This. setup. was. applied. to.
measure. the. topography. of. lipid. layers. grown.
by.vesicle.fusion.on.mica.substrates,.as.will.be.
shown.in.Figure.2.6.and.Figure.2.7.

Laser
Detector

FIgure �.�  The.atomic.force.microscopy.(AFM).
setup.for.in situ.measurements..The.tip.is.immersed.
in. the. liquid. of. the. fluid. cell,. and. the. laser. beam.
is. deflected. by. the. free. part. of. the. cantilever. and.
detected.by.the.segmented.light.detector.
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The. phospholipid. layers. studied. were. 1,2-dimyristoyl-sn-glycero-3-phosphatitidylcholine.
(DMPC).and.1,2-dioleoyl-sn-glycero-3-phosphatidylcholine.(DOPC),.as.well.as.a.binary.mixture.of.
these.phospholipids..The.supported.membranes.were.prepared.on.mica.substrates.by.vesicle.fusion.
method,.and.the.lipid.concentration.was.0.3.mg/mL..AFM.measurements.were.performed.using.a.
Molecular.Imaging®.PicoSPM.atomic.force.microscope.with.oxide.sharpened.silicon.nitride.probes.
(nominal.spring.constant.of.0.12.N/m)..During.the.in situ.measurements,.the.tip.and.cantilever.were.
immersed.completely.in.0.9%.of.NaCl.solution.

Figure.2.7. shows. an. AFM. topographic. image. of. a. DMPC. bilayer. membrane. on. mica.. The.
membrane.covers. the.entire.surface,.25.×.25.µm2,.homogeneously..The.experimental.conditions.
at.a.temperature.of.the.system.fluid.cell.at.24°C.allowed.observation.of.the.presence.of.the.liquid.
crystalline.(dark.regions).and.gel.(bright.regions).phases.of.the.DMPC,.because.the.phase.transition.
temperature.of.this.lipid.is.24°C..For.these.large.lipid-covered.surface.areas,.the.height.differences.
between.the.phases.are.≈0.1.nm..The.two.phases.coexist,.and.the.domains.were.effectively.mea-
sured.in situ.with.the.contact.mode.AFM.

Figure.2.8.shows.the.topographic.image.of.a.binary.mixture.of.DMPC:DOPC.in.a.(1:1).molar.
ratio..The.DOPC.has.a. transition. temperature. at.–19°C.and. the. experiments.were.performed.at.
≈19°C..The.phase.separation.is.easily.observed,.with.gel.DMPC.coexisting.with.liquid-crystalline.
DOPC..Assuming.that.the.higher.domains.(brighter.regions).are.formed.by.DMPC,.step.heights.of.
about.1.0.nm.to.the.surrounding.DOPC.membrane.regions.were.measured,.as.showed.in.the.profile.
of.Figure.2.8..This.approach.provided.a.convenient.way.to.examine.the.effect.of.lipid.composition.
on.the.phase-separated.morphology.of.the.binary.system,.induced.by.the.accentuated.difference.of.
transition.temperature.of.the.phospholipids.

�.�  conclusIon

In.this.chapter,.we.discussed.lipid.membranes.as.biomimetic.systems..Emphasis.was.given.to.the.
preparation.and.characterization.of.immobilized.lipid.layers.on.solid.surfaces.and.the.characteriza-
tion.of.these.structures.in situ.with.AFM..The.examples.given.are.DMPC.and.DMPC:DOPC.sup-
ported.on.surfaces.of.mica.substrates.

FIgure �.�  Atomic.force.microscopy.(AFM).topographic.image.(25.×.25.µm2).of.a.homogeneously.cov-
ered.mica.surface.with.a.1,2-dimyristoyl-sn-glycero-3-phosphatitidylcholine.(DMPC).layer.prepared.by.ves-
icle.fusion..The.measurements.were.performed.at.a.temperature.of.24°C,.showing.the.lipid.phase.transition.
from.liquid-crystalline.to.gel..(See color insert following page 112.)
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3 Mesenchymal	Stem	Cells	and	
Controlled	Nanotopography

Matthew J. Dalby and Richard O.C. Oreffo
University	of	Glasgow,	Glasgow,	Scotland,	United	Kingdom

�.�  IntroductIon

The.natural.environment.of.the.cell.will.contain.topographical. information..This.may.be.on.the.
microscale.presented.by.large.protein.chains,.other.cells,.and.from.other.matrix.constituents.(for.
example,.mineral.in.bone)..The.topography.may.also.be.on.the.nanoscale.presented.to.the.cells.from.
protein.folding.and.banding.and.nanocrystalline.elements..It.has.been.known.for.many.years.that.
cells.will.react.to.the.shape.of.their.environment.[1],.and.this.phenomenon.was.later.termed.contact 
guidance.[2].

The. borrowing. of. lithographical. techniques. from. the. microelectronics. industry. facilitated.
research.into.cell.response.to.the.topography.of.the.cell.environment..Initially,.photolithography.
was.used,.which.allowed.fabrication.of.micron-scale.(width,.diameter).features.such.as.grooves.and.
pits.with.submicron.depths.[3]..Every.cell.type.tested.responded.to.the.features.by.contact.guidance.
[4–8]..Further.examination.revealed.that.contact.guidance.led.to.changes.in.cell.adhesion,.migra-
tion,.cytoskeletal.organization,.and.genomic.regulation.[9].

As.fabrication.techniques.evolved,.exploration.into.the.cellular.response.to.the.nanoenvironment.
became.possible..Microelectronics.techniques.such.as.electron.beam.lithography.(EBL).have.allowed.
fabrication.of.features.with.10.nm.X.and.Y.dimensions,.and.theoretically,.the.Z.dimension.could.be.
smaller.if.controlled..EBL.is.the.most.high-resolution.top-down.fabrication.tool.[10,11]..Other.fab-
rication. techniques. include. colloidal. lithography,. where. monodispersed. nanocolloids. are. used. as.
an.etch.mask.from.which.to.create.nanofeatures.with.controlled.height.and.diameter.but.random.
placement.[12],.and.polymer.demixing,.where.spontaneous.phase.separation.of.polymers.in.a.solvent.
creates.nanotopography.with.reproducible.height.but.random.distribution.and.diameters.[13].

We.note.at. this.point. that. it. is. envisaged. that.bottom-up. fabrication,.or. the.manipulation.of.
individual.molecules.(or.even.atoms).to.produce.ultra-small.structures,.may.play.a.critical.role.in.

contents

3.1. Introduction............................................................................................................................ 35
3.2. Mesenchymal.Stem.Cells.......................................................................................................36
3.3. Cell.Filopodia.........................................................................................................................36
3.4. Cell.Cytoskeleton.and.Cellular.Adhesions............................................................................ 38
3.5. Mechanotransduction............................................................................................................. 39
3.6. Differentiation........................................................................................................................40
3.7. Summary................................................................................................................................40
Acknowledgments............................................................................................................................. 41
References......................................................................................................................................... 41

7528.indb   35 6/27/08   11:07:42 AM



��	 Bionanotechnology

the.production.of.topographies.for.cells.to.react.to,.although.this.is.presently.largely.in.the.realms.
of.theory.

For.top-down.approaches,.in.the.past.few.years,.however,.there.has.been.considerable.research.
effort.into.ascertaining.the.breadth.of.cellular.response.to.nanoscale.features..Again,.contact.guid-
ance. has. been. observed. in. many. cell. types.. The. physical. contact. guidance. (that. is,. alignment),.
however,.is.on.a.different.scale—that.of.the.filopodia,.which.shall.be.discussed.shortly.

�.�  mesenchymal stem cells

Before.discussion.of.how.mesenchymal.stem.cells.may.respond.to.nanotopography,.a.brief.intro-
duction. to. the.cells. is. required. Bone. is.characterized.by.an.extraordinary.potential. for.growth,.
regeneration,. and. remodeling. throughout. life.. This. is. largely. due. to. the. directed. differentiation.
of.mesenchymal.cells.into.osteogenic.cells,.a.process.subject.to.exquisite.regulation.and.complex.
interplay.by.a.variety.of.hormones,.differentiation.factors,.and.environmental.cues.present.within.
the.bone.matrix.[14–16].

The.osteoblast,. the.cell. responsible. for.bone. formation,. is.derived. from.pluripotent.mesen-
chymal.stem.cells.(MSCs)..These.MSCs.can.give.rise.to.cells.of.the.adipogenic,.reticular,.osteo-
blastic,.myoblastic,.and.fibroblastic.lineages.and.generate.progenitors.committed.to.one.or.more.
cell.lines.with.an.apparent.degree.of.plasticity.or.interconversion.[17–20]..Thus,.the.MSC.gives.
rise. to.a.hierarchy.of.bone.cell.populations.artificially.divided. into.a.number.of.developmental.
stages,. including.MSC,.determined.osteoprogenitor.cell. (DOPC),.preosteoblast,.osteoblast,.and.
ultimately,.osteocyte.[21–24].

�.�  cell FIlopodIa

It.seems.likely.that.filopodia.are.one.of.the.cells’.main.sensory.tools..Gustafson.and.Wolpert.first.
described.filopodia.in.living.cells.in.1961.[25]..They.observed.mesenchymal.cells.migrating.up.the.
interior.wall.of.the.blastocoelic.cavity.in.sea.urchins.and.noted.that.the.filopodia.produced.appeared.
to.explore.the.substrate..This.led.them.to.speculate.that.they.were.being.used.to.gather.spatial.infor-
mation.by.the.cells.

When.considering.filopodial.sensing.of.topography,.fibroblasts.have.been.described.as.using.
filopodia.to.sense.and.align.the.cells.to.microgrooves.[5]..Macrophages.have.been.reported.to.sense.
grooves.down.to.a.depth.of.71.nm.by.actively.producing.many.filopodia.and.elongating.in.response.
to. the.shallow.topography.[7]..Although.distinctly.different. from.the.filopodia.of. the.aforemen-
tioned.cell.types,.neuronal.growth.cone.filopodia.have.been.described.as.first.sensing.microgrooves.
and.then.aligning.neurons.to.the.grooves.[26,27].

Cytoskeletal.actin.bundles.drive.the.filopodia,.and.as.the.filopodia.encounter.a.favorable.guid-
ance.cue,.they.become.stabilized.following.the.recruitment.of.microtubules.and.accumulation.of.
actin.in.a.direction.predictive.of.the.future.turn.if.a.cell.is.to.experience.contact.guidance.

Once.cells. locate.a. suitable. feature.using. the.filopodia.presented.on. the.cell’s. leading.edge,.
lamellipodium.are.formed.which.move.the.cell.to.the.desired.site.[28]..These.actions.require.G-pro-
tein.signaling.and.actin.cytoskeleton..Specifically.of.interest.are.Rho,.Rac,.and.Cdc42..Rho.induces.
actin.contractile.stress.fiber.assembly.to.allow.the.cell.to.pull.against.the.substrate,.Rac.induces.
lamellipodium.formation,.and.Cdc42.activation.is.required.for.filopodial.assembly.[29]..Rho.and.
Rac.are.both.required.for.cell.locomotion,.but.cells.can.translocate.when.Cdc42.is.knocked.out..
Cells.lacking.Cdc42.cannot,.however,.sense.chemotactic.gradients.and.simply.migrate.in.a.random.
manner.[30]..This,.again,.presents.compelling.evidence.for.filopodial.involvement.in.cell.sensing.

We.recently.produced.evidence.that.MSCs.also.use.filopodia.to.probe.their.nanoenvironment..
In.fact,.it.appears.that.the.filopodia.of.these.progenitor.cells.are.more.highly.sensitive.to.nanotop-
ography.than.with.more.mature.cell.types.[31]..The.smallest.feature.(thus.far).that.cells.(fibroblasts).
have.been.observed.to.respond.to.are.10.nm.high-polymer.demixed.islands.(Figure.3.1).[28]..MSCs.
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have.now.been.shown.to.produce.filopodia.in.response.to.a.variety.of.nanotopographies,.the.small-
est.being.40.nm.high-polymer.demixed.islands.[32]..It.is.clear.that.this.is.not.the.limit.of.their.sen-
sory.capability,.but.rather.the.limit.of.the.emerging.cell.testing.so.far.

On.grooved.substrata,.the.classical.examples.of.contact.guidance.(i.e.,.alignment.to.the.grooves).
are.quickly.seen.in.MSCs.after.filopodial.guidance.(Figure.3.2).[33].

Filopodia.seem.to.be.likely.candidates.for.nanotopographical.sensing.for.another.reason—that.
of.size..MSCs.are.large.cells,.and.when.well.spread.can.have.lengths.and.widths.of.several.hundreds.
of.micrometers.(µm)..Some.of.the.topographies.tested,.however,.are.several.orders.of.magnitude.
smaller. than. the. cell,. and. for. many. years,. it. seemed. unlikely. that. the. cells. would. notice. them..
However,.the.tips.of.filopodia.are.approximately.100.nm.in.diameter,.thus.putting.them.on.a.similar.
scale.to.the.topographies.now.being.fabricated.

Thus. far,. topographies. that. induce. filopodial. interactions. and. cell. spreading. have. been. dis-
cussed..A.second.mode.of.nanotopographical.action.on.cells.is.reduction.of.adhesion.and.spread-
ing..This. is. typically.achieved.using.highly.ordered.pits. fabricated.by.EBL..Such.pits. (e.g.,.120.

S4700 10.0kV 11.8mm × 150k SE(U)

I

L

300 nm

FIgure �.�  Fibroblast.contact.guiding.to.a.10-nm-high.island.(I)..Filopodial.interaction.has.caused.lamel-
lae.to.form.in.the.direction.of.the.island..The.arrow.shows.the.area.of.guidance.

S4700 10.0kV 11.5mm × 2.00k SE(U)

A B

20.0 µm S4700 10.0kV 12.1mm × 150 SE(U) 300 µm

FIgure �.�  Contact.guidance.of.mesenchymal.stem.cells.to.grooves..(A).Filopodial.outgrowth.along.the.
ridges.of.100-nm-high.(5-µm-wide).grooves..(B).Full.cell.alignment.along.300-nm-high.(5-µm-wide).grooves.
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nm.diameter,.100.nm.deep,.and.300.nm.center–center.spacing.in.a.square.arrangement).have.been.
shown.to.reduce.adhesion.of.epitenon.cells.[34],.fibroblasts.[35].and.now.MSCs.[36].(Figure.3.3).

�.�  cell cytoskeleton and cellular adhesIons

The.ability.of.a.cell.to.form.adhesions.will.affect.the.organization.of.the.cytoskeletons.and.alter.the.
cell’s.mechanotransductive.pathways..It.was.recently.published.that.nanotopography.can.change.the.
mesenchymal.stem.cells’.ability.to.form.focal.adhesions..(This.has.regularly.been.observed.with.
differentiated.cell.types,.and.it.has.recently.been.shown.with.osteoblasts.that.nanotopography.can.
change.the.type.of.adhesion.formed,.from.very.small.and.immature.focal.complexes.to.large.fibril-
lar.adhesions.that.align.to.endogenous.matrix.proteins.[37].)

The.cytoskeleton.is.anchored.to.the.adhesions,.with.actin.microfilaments.linked.directly..The.
cytoskeleton.is.a.network.of.protein.filaments.extending.through.the.cell.cytoplasm.within.eukary-
otic.cells..The.cytoskeleton.is.of.fundamental. importance.in. the.control.of.many.aspects.of.cell.
behavior,.movement,.and.metabolism,. including.proliferation,. intracellular.signaling,.movement,.
and.cell.attachment..The.three.main.cytoskeletal.components.are.microfilaments.(actin),.microtu-
bules.(tubulin),.and.intermediate.filaments.(for.example,.vimentin,.cytokeratin,.and.desmin.depend-
ing.on.cell.type).

There.are.two.types.of.microfilament.bundles,.involving.different.bundling.proteins..One.type.
of. bundle,. containing. closely. spaced. actin. filaments. aligned. in. parallel,. supports. projections. in.
the.cell.membrane.(filopodia.or.mikrospikes.involved.in.cell.sensing,.lamellipodia.involved.in.cell.
crawling)..The.second.type.is.composed.of.more.loosely.spaced.filaments.and.is.capable.of.contrac-
tion;.these.are.the.stress.fibers..The.ability.of.cells.to.crawl.across.substrate.surfaces.is.a.function.of.
the.actin.cytoskeleton.(by.pulling.[contracting].against.focal.adhesions).

The.microtubules.provide.a.system.by.which.vesicles.and.other.membrane-bound.organelles.
may.travel..They.also.help.regulate.cell.shape,.movement,.and.the.plane.of.cell.division..Microtu-
bules,.composed.of.tubulin,.exist.as.single.filaments.that.radiate.outward.through.the.cytoplasm.
from.the.centrosome,.near.the.nucleus..Microtubules.emanating.from.the.centrosome.(microtubule.
organizing.center).act.as.a.surveying.device.that.is.able.to.find.the.center.of.the.cell.

Intermediate.filaments. are. tough.protein.fibers. in. the. cell. cytoplasm..They.extend. from. the.
nucleus. in.gently.curving.arrays. to. the.cell.periphery,. and. they.are.particularly.dominant.when.
the.cells.are.subject.to.mechanical.stress..The.intermediate.filaments.are.classified.into.four.broad.
bands:.type.I.are.keratin-based.proteins,.type.II.includes.vimentin.and.desmin,.type.III.includes.
neurofilament.proteins,.and.type.IV.are.nuclear.lamins..In.cells.of.mesenchymal.origin,.vimentin.is.
the.main.intermediate.filament.protein..The.filaments.provide.mechanical.support.for.the.cell.and.
nucleus.[38–41].

50 µm

BA

FIgure �.�  Mesenchymal.stem.cells.stained.for.actin.cytoskeleton.after.culture.on.(A).planar.control.and.
(B).electron.beam.lithography.(EBL).nanopits..Note.the.well-spread.cells.on.the.control.with.well-defined.
actin.stress.fibers.and.compare.to.the.small,.stellate.cells.on.the.nanopits.with.puncatate.actin.
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As.shown.on.the.EBL.pits,.nanometer.(nm).scale.topographies.will.alter.cytoskeletal.organiza-
tion.[42–44]..Other.topographies,.such.as.grooves.produced.by.photolithography.(PL).and.features.
produced.by.polymer.demixing.and.colloidal.lithography.can.increase.cytoskeletal.organization.of.
MSCs.[32,33].

�.�  mechanotransductIon

The.ability.to.change.cytoskeletal.organization.will.lead.to.alterations.in.proliferation.and.differen-
tiation,.as.many.signaling.cascades.are.regulated.by.the.cytoskeleton..These.mechanotransductive.
signaling.events.may.be.chemical.(e.g.,.kinase.based,.linked.to.focal.adhesions.influenced.by.cyto-
skeletal.contraction)..An.example.would.be.integrin.gathering.as.an.adhesion.is.formed,.which.will.
activate.myosin.light-chain.kinase.(MCLK),.which.will.generate.actin–myosin.sliding.(the.key.event.
in.stress.fiber.contraction),.and.in.turn.will.change.focal.adhesion.kinase.(FAK).activity..Cytoskel-
etal.involvement.in.contraction.against.adhesions.will.also.alter.calcium.influx.and.G-protein.events..
These.chemical.signaling.events.are.collectively.known.as.indirect.mechanotransduction.[39].

Another.form.of.mechanotransduction,.direct,.is.considered.to.be.transduced.by.the.cytoskel-
etons.as.an.integrated.unit..The.most.accepted.theory.is.that.of.cellular.tensegrity,.whereby.the.cell’s.
mechanical.structure.is.explained.via.tensional.integrity.[45–51]..Through.this.tensegrity.structure,.
tensional. forces. from. the. extracellular. environment. (e.g.,. from. tissue. loading.or. changes. in. cell.
spreading).are.possibly.conferred.to.the.nucleus.and.alter.genome.regulation.[52–56].

We.currently.support.the.idea.that.the.intermediate.filaments.of.the.cytoskeleton.are.linked.to.
the.lamin.intermediate.filaments.of.the.nucleoskeleton..It.is.known.that.the.telomeric.ends.of.the.
interphase.chromosomes.are.intimately.linked.to.the.peripheral.lamins.[57]..Thus,.tension.directed.
through. the.cytoskeleton.may.be.passed.directly. to. the.chromosomes.during.gene. transcription..
Changes. in.chromosomal. three-dimensional. arrangement.may.affect. transcriptional. events. such.
as.access.to.the.genes.by.transcription.factors.and.polymerases..Also,.changes.in.DNA.tension.can.
cause.polymerase.enzymes.to.slow.down,.speed.up,.or.even.stall.[58]..These.may.be.mechanisms.
by.which.changes.in.cell.spreading,.as.seen.by.MSCs.on.nanotopographies,.can.change.differentia-
tion.events.

At.this.point,.it.is.important.to.mention.another.discrete.theory.of.how.nanotopography.may.
alter.cytoskeletal.mechanotransductive.events,.which.has.recently.been.mooted—nanoimprint-
ing.into.cells.by.nanofeatures.[59,60]..This.describes.a.phenomenon.that.has.been.clearly.seen.
in. platelets. and. for. which. some. evidence. has.
been.provided.in.more.complex.cell.types..For.
nanoimprinting. to. occur,. the. pattern. of. the.
topography. must. be. transferred. to. the. cyto-
skeletal. filaments. (i.e.,. the. topographies. pro-
duce.a.template.that.is.favorable.or.unfavorable.
to.condensation.of.cytoskeletal.polymer.chains.
through. invagination. of. the. basal. membrane.
against.the.topography)..As.with.filopodia,.the.
dimensions. of. the. cytoskeletal. elements. are.
small.enough.to.warrant.consideration.of.influ-
ence.by.nanoscale.features..Figure.3.4.shows.a.
fibroblast.with.colloidal.nanocolumns.impress-
ing.into.the.basal.membrane..There.is.evidence.
that.this.leads.to.increased.“attempted”.endocy-
tosis,.that.is,.the.cells.recognize.the.features.as.
being.in.the.correct.size.range.to.try.to.endocy-
tose.and.to.form.claterin-coated.pits.[61]..Such.
endocytotic.vesicles.are.moved.by.actin.cables,.

100 nm

FIgure �.�  Nanoimprinting. into. the.basal.mem-
brane.of.a.fibroblast.
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and.perhaps.this.mechanism.causes.the.topog-
raphy.mimicking.actin.patterning.described.by.
Curtis.and.others.[60].

�.�  dIFFerentIatIon

A. key. question. arising. from. the. above. is. can.
nanotopography. alter. cellular. differentiation?.
The.answer.is.yes..When.MSCs.are.cultured.in 
vitro.on.planar.materials.without.chemical.treat-
ment.(either.in.the.material,.such.as.hydroxyap-
atite,.or.in.the.media,.such.as.dexamethasone),.
they. are. unlikely. to. become. osteoblastic. and.
produce.osteocalcin-rich.nodules.as.they.start.to.

produce.bone.mineral.(apatite).and.instead.remain.fibroblastic.in.appearance..This.is.a.key.problem.
with.orthopedic.biomaterials.for.load-bearing.bone.replacement..(Please.see.review.by.Balasunda-
ram.and.Webster.for.in-depth.orthopedic.considerations.of.nanofeatures.[62].).The.materials.come.
into.contact.with.MSCs.of.the.bone.marrow.and.do.not.encourage.the.expression.of.an.osteoblastic.
phenotype..This.produces.a.weak.repair.with.disorganized.tissue.formation.and.implant.encapsula-
tion.in.soft.tissue.(i.e.,.it.appears.that.the.cells.need.cues.from.the.materials.in.order.to.commit.to.a.
specialized.differentiation.pathway).

It.seems.that.topography.can.produce.such.cues..In vitro.culture.in.basal.media.(without.dexa-
methasone,.etc.).on.nanosurfaces.can.induce.increased.expression.of.osteocalcin.and.osteopontin.
(Figure.3.5).[32,33]..On.planar.control,.however,.no.nodules.tend.to.be.observed..This.demonstrates.
that.the.phenotype.has.been.changed.

�.�  summary

Thus,.it.is.seen.that.nanoscale.topographies.have.strong.effects.on.MSCs.and.can.alter.their.com-
mitment.to.different.phenotypical.lineages.through.mechanisms.of.spatial.sensing.and.cytoskeletal.
organization..It.is.likely.that.stem.cells,.both.adult.and.embryonic,.will.be.very.sensitive.to.their.
environment..All.cells.have.the.same.genome,.transcriptional.machinery,.and.transcription.factor.
pool,.yet.stem.cells.can.take.on.different.roles.depending.on.their.locations.in.the.body.[63].

Topography.is.likely.to.be.one.cue.to.which.they.will.respond..Others.will.probably.be.chem-
istry. (interleukins,. hormones,. surrounding. matrix. proteins,. etc.). and. possibly. the. modulus. of.
their.surroundings.

If. you. change. the. chemistry,. Young’s. modulus,. or. topography. of. the. cell. environment,. this.
changes.the.actual.modulus.of.the.cell.(possibly.from.changes.in.cytoskeletal.organization)..This.
will.lead.to.mechanotransductive.changes..Certainly,.changes.in.cytoskeletal.tension.cause.changes.
in.MSC.commitment..Simply.by.changing.the.modulus.of.the.environment.from.soft.to.hard,.MSCs.
can.form.either.adipocytes.or.osteoblasts,.respectively.[64].

Throughout,.we.have.not.considered.nanoscale.roughness..Due.to.its.ease.of.production,.nano-
roughness.will.probably.find.crucial.roles.in.biomaterials.science..However,.the.results.are.unclear.
and.can.be.conflicting.(i.e.,.materials.with.similar.measures.of.roughness,.e.g.,.Ra,.can.produce.very.
different.results.for,.e.g.,.osseointegration)..Thus,.it.is.our.opinion.that.controlled.topographies.are.
more.valuable.learning.tools.at.this.stage.

The.potential.for.use.of.nanotopography.and.nanoroughness.in.medical.science.is.huge..The.
creation.of.“next-generation”.materials.that.elicit.desired.responses.combined.with.multipotent.stem.
cells.is.likely.to.underpin.the.regenerative.field.of.tissue.engineering..This.will.be.aided.by.the.stem.
cells’.apparent.desire. to. seek.out.a.complex.array.of.cues. from. their.extracellular.environment..
Indeed,.it.is.starting.to.look.like.stem.cells.are.mechanically.interconnected.with.their.environment.

200 µm

FIgure �.�  Osteocalcin.stain.showing.nodule.for-
mation. in.a.mesenchymal.stem.cell.population.cul-
tured.on.400-nm-deep.pits.with.a.40.µm.diameter.
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and.are.“hot-wired”.to.detect.very.subtle.changes,.almost.as.if.part.of.the.extracellular.filamentous.
protein.percolation.network.
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�.�   IntroductIon: optIcal detectIon tags 
Based on gold (au) nanopartIcles

Detection.tags.are.needed.in.biological.assays.to.identify.specific.products.or.events.from.among.
the.thousands.of.molecules.and.events.present.in.a.cell.or.biological.extract..Although.there.are.
measurement.techniques.that.can.directly.detect.a.wide.variety.of.native.molecules.(including.mass.
spectrometry.and.nuclear.magnetic.resonance.[NMR]),.in.complex.biological.systems,.it.is.often.
useful.to.tag.a.specific.molecule.of.interest.to.make.it.“visible”.to.a.detection.system..Optical.tag-
ging.techniques.are.often.favored.because.they.can.be.applied.to.virtually.any.measurement.format,.
from.microarrays.to.cellular.assays.to.in vivo.applications.

The. use. of. colloidal. gold. (Au). nanoparticles. for. biological. applications. dates. back. at. least.
30. years,. when. they. found. use. as. electron-dense. markers. for. transmission. electron. microscopy.
(TEM).studies.of.cells.[1]..Since.then,.a.plethora.of.additional.applications.have.emerged.for.Au.
nanoparticles.in.bioanalysis,.from.quantitation.tags.for.scanning.electron.microscopy.(SEM).[2].to.
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electrochemical.tags.[3,4],.mass.tags.in.gravimetric.devices.[5],.and.tags.based.on.atomic.absorp-
tion.analysis.of.Au.[6]..In.this.document,.we.focus.only.on.optical.tags.involving.Au.or.silver.(Ag).
nanoparticles.and.nano-.or.microparticles.with.a.Raman-based.readout..This.manuscript.does.not.
explain.the.physical.basis.of.Raman.spectroscopy.or.surface-enhanced.Raman.scattering.(SERS)..
Numerous. informative. references. are. available. containing. more. background. information. about.
these.techniques.[7–10].

The.most.widespread.optical.detection.tags.are.organic.fluorophores..Fluorescence.labels.were.
first.used.in.biology.as.early.as.1941.[11].and.were.already.popular.in.the.1950s,.with.a.review.of.
fluorescence.labeling.of.tissue.appearing.in.1961.[12]..Fluorescence.detection.is.both.quantitative.
and.very.sensitive,.as.has.been.demonstrated.by.the.ability.to.detect.single.molecules.[13]..However,.
organic.fluorophores.suffer.from.saturation.and.photobleaching.effects.[14].that.limit.the.rate.and.
the.total.number.of.photons.that.can.be.acquired.from.a.single.tag..In.addition,.the.relatively.broad.
emission.spectra.and.generally.strong.correlation.between.positions.of.the.excitation.and.emission.
spectra.make. it.difficult. to.excite.and.detect.multiple.fluorophores.simultaneously.without.using.
multiple.excitation.wavelengths..This.problem.has.been.partially.overcome.with.the.introduction.
of.energy.transfer.dyes.for.DNA.sequencing.[15,16]..These.dyes.allow.the.use.of.a.single.excitation.
wavelength. for.all. four.fluorescent.dyes,.while. the.emission.maxima. remain.well. separated.and.
report.the.identity.of.the.attached.nucleotide..It.seems.likely,.however,.that.multiplexed.quantitative.
detection.methods,.based.on.organic.fluorophores,.will.be.limited.to.ten.or.fewer.distinct.tags..If.the.
analytical.method.benefits.from.detection.in.the.near.infrared.(IR),.then.only.two.or.three.organic.
fluorophores.can.be.used.simultaneously.

Quantum.dots.(semiconductor.nanocrystals).offer.substantial.advantages.over.organic.dye.mol-
ecules.in.that.they.have.brighter.emission.and.significantly.narrower.emission.spectra.[17,18]..The.
average.emission.spectrum.of.a.quantum.dot.is.typically.30.nm.to.50.nm.wide.and.thus.allows.for.
higher. levels.of.multiplexing. than.with.organic.fluorophores..Other.advantages.of.quantum.dots.
compared.to.organic.fluorophores.are.their.significantly.decreased.photobleaching.and.broad.exci-
tation.profiles,.allowing.excitation.with.a.single.wavelength.source..Due.to.these.advantages,.and.
after.many.years.of.basic.research,.quantum.dots.are.being.used.in.a.number.of.real-world.biologi-
cal.applications..For.example,.Wu.et.al..[19].described.a.HER2/neu.assay.for.breast.cancer;.Parak.et.
al..[20].reported.on.imaging.of.cell.motility;.Howarth.et.al..described.the.use.of.a.biotin.ligase.for.
Escherichia coli that.allows.the.use.of.a.streptavidin-conjugated.Qdot.for.surface.tagging.[21],.and.
Zhang.and.Johnson.have.reported.a.two-color.quantum.dot.method.for.the.detection.of.DNA.[22].

However,.quantum.dots.have.their.unique.set.of.disadvantages..Because.full.realization.of.their.
multiplexing.capabilities. requires. the.excitation. source. to.be. in. the.ultraviolet. (UV)/blue. region.
of. the. spectrum,. autofluorescence. from.a.wide. range.of.potentially. interfering. species. is. likely..
Despite.the.clear.success.that.quantum.dots.have.achieved.as.detection.tags,.the.multiplexing.prom-
ise.of.this.technology.has.only.been.partially.realized..Today,.only.approximately.nine.species.are.
available.from.vendors,.limiting.their.advantage.as.multiplexed.quantitation.tags..If.one.desires.to.
work.in.the.near.infrared.(NIR).to.avoid.problems.with.background.fluorescence,.only.one.or.two.
varieties.are.available..Finally,.there.continue.to.be.concerns.about.the.potential.toxicity.of.quantum.
dots.due.to.their.chemical.constituents.[23].

�.�  optIcal tags Based on surFace-enhanced raman scatterIng

There.are.multiple.approaches.in.the.peer-reviewed.and.patent.literature.to.the.use.of.SERS-based.
detection.tags..The.original.work.was.that.of.Cotton,.Rohr,.and.Tarcha,.dating.back.to.1989.[24,25]..
They. immobilized.a.capture.antibody.on.a.macroscopic.Ag.surface.and.carried.out.a. sandwich.
immunoassay,.in.which.the.detection.antibody.was.labeled.with.a.SERS-active.dye..Proof-of-con-
cept.was.demonstrated,.but.problems.with.the.assay.format,.not.the.least.of.which.were.maintaining.
the.biological.activity.of.the.capture.antibody.on.the.Ag.surface.and.the.large.distance.between.the.
SERS.label.and.the.surface,.prevented.this.assay.from.becoming.useful.
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The.next.advance.was.by.Keating.and.Natan,.
who. demonstrated. that. binding. a. biomolecule.
to. a. Au. colloid. improved. its. detectability. by.
SERS.upon.adsorption.to.a.SERS-active.surface.
(in. this. case,. aggregated. Ag. colloid). [26–28]..
Although.not.an.assay.per.se,.the.work.demon-
strated. unequivocally. that. placing. an. analyte.
between.two.SERS-active.materials.yielded.the.
benefit.of.the.heightened.electromagnetic.fields.
present. there.. In.order. for. a.SERS-based.opti-
cal.tag.to.be.used.for.biological.measurements,.
it. must. generate. a. specific. Raman. spectrum;.
be. stable.under. tagging. conditions. and.optical.
interrogation;. and. be. readily. attached. to. mol-
ecules.of.interest.

Oxonica’s. Nanoplex™. Biotags. [29–31]. are. composed. of. one. or. more. SERS-active. metal.
nanoparticles.(typically.Au,.50.to.90.nm.in.diameter),.a.reporter.in.very.close.proximity.(ideally.
adsorbed).to.the.metal.surface,.and.an.encapsulant.(preferably.silica.[glass],.typically.20.nm.thick)..
Figure.4.1.shows.a.cartoon.of.an.idealized.tag.particle.with.this.geometry..The.first.reports.of.SERS.
tags.incorporating.Au.cores,.Raman.label.molecules,.and.glass.encapsulation.occurred.in.publica-
tions.by.Mulvaney.[29].and.Doering.[32]..The.two.approaches.are.similar,.with.some.differences.in.
preparation.methods.and.label.molecules.used..Irradiation.of.these.tags.with.monochromatic.light.
yields.the.SERS.spectrum.of.the.reporter..To.make.a.different.tag,.one.simply.employs.a.different.
reporter.molecule..Because.SERS.features.are.narrow.compared.to.fluorescence,.and.as.there.is.a.
large.spectral.window.in.molecular.vibrational.spectra,.it.is.possible.to.create.many.distinct.and.
simultaneously.quantifiable.tags..Glass.encapsulation.provides.a.barrier.between.the.Au.surface.and.
external.solution.components..This.prevents.desorption.of.the.Raman.label.molecule,.adsorption.of.
other.potentially.interfering.species,.and.degradation.of.the.Raman-enhancing.surface.

Several.alternative.approaches.to.nanoparticulate.SERS.taggants.have.been.reported..Doering.
described.an.approach.to.SERS-based.labels.in.which.a.reporter.molecule.and.a.biomolecule.are.
directly.adsorbed.to.a.SERS-active.metal.nanoparticle.surface.[33]..Such.a.system.will.generate.spe-
cific.SERS.signals.from.the.reporter.molecule.but.does.not.have.the.protection.of.the.glass.coating.

Driskell.et.al..developed.an.approach.to.ultrasensitive.assays.using.thiol-functionalized.nanopar-
ticulate.SERS-active.species.[34,35]..In.this.approach,.the.Au.particle.is.coated.with.an.organothiol.
SAM.with.a.covalently.attached.reporter.species.(typically.a.nitroaromatic),.and.a.terminal.carbox-
ylate.for.attachment.of.detection.antibody..Assays.are.carried.out.using.a.capture.antibody.immobi-
lized.on.a.SAM-coated.Au.surface,.a.key.point.being.that.the.assay.apparently.depends.on.optical.
coupling.between.the.metal.nanoparticle.and.the.macroscopic.Au.surface..Because.these.particles.
are.not.encapsulated,.one.assumes.that.the.SERS.signal.could.be.highly.influenced.by.variation.in.
ambient.conditions,.including.pH.and.temperature.

Cao,. Jin,. and. Mirkin. have. demonstrated. surface-enhanced. resonance. Raman. scattering.
(SERRS).as.a.detection.mechanism.for.DNA.[36]..In.the.approach,.a.small.Au.particle.is.coated.
with.a.capture.DNA.that.has.been.modified.to.bind.to.the.gold.through.a.dye.molecule..After.bind-
ing.to.the.target,.Ag.is.deposited.onto.the.bound.gold.nanoparticles.to.create.a.SERS-active.surface,.
and.the.SERRS.spectrum.of.the.dye.is.measured.

Although.potentially.quite.sensitive,.the.need.for.in situ.creation.of.the.SERS.surface.as.well.as.
lack.of.encapsulation.of.the.dye.molecule.are.likely.to.lead.to.practical.difficulties.with.this.system.

It.is.clear.that.encapsulation.has.benefits,.and.Duncan.Graham.and.Ewen.Smith.of.the.University.
of.Strathclyde.(Glasgow,.Scotland).have.developed.an.approach.to.SERS-based.optical.labels.based.
on.polymer.encapsulation.of.reporter-loaded.Ag.aggregates.[37]..The.approach.is.basically.similar.
to.the.previously described.Oxonica.method,.except.that.Ag.is.used.instead.of.Au,.resonant.dyes.are.

Gold nanoparticle 

Raman label
molecule  

Glass coating 

FIgure �.�  Cartoon. showing. architecture. of.
Nanoplex.Biotags.
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used.(SERRS.not.SERS),.particle.aggregates.are.used.rather.than.particle.singlets.or.dimers,.and.a.
thick.polymer.coating.is.used.(as.opposed.to.silica),.the.final.particle.size.being.in.the.300.to.500.
nm.range..Essentially.the.same.approach.has.been.reported.by.Intel.[38]..In.a.recent.addition.to.the.
list.of.possible.SERS.tagging.solutions,.Lee.et.al..described.the.use.of.a.system.containing.tag.built.
on.an.Au.seed.particle.incorporating.rhodamine.6G.as.the.label.molecule.and.both.bovine.serum.
albumin.and.metallic.Ag.as.the.shell.[39].

�.�  nanoplex BIotags

The. remainder.of. this. chapter.will. focus.on.Nanoplex.Biotags. that. are.used.by. the.authors.and.
incorporate.predominantly.single.Au.particles.encapsulated.by.glass..Nanoplex.Biotags.have.many.
useful.features.that.make.them.ideal.for.bioassay.applications:

All.tags.are.made.using.the.same.core.particle,.and.all.have.the.same.shell..Thus,.all.are.the.
same.size.and.therefore.react.similarly,.including.having.the.same.diffusion.coefficient.
Spectral.features.in.the.SERS.spectrum.are.independent.of.particle.size.and.depend.only.
on.the.reporter.molecule..Spectral.intensities.in.the.SERS.spectra.depend.only.mildly.on.
particle.size..Thus,.small.variations.in.particle.size.are.far.better.tolerated.than.with,.say,.
quantum.dots,.where.different.sizes.of.particles.have.different.emission.spectra.
Nanoplex.Biotags.have.been.designed.to.operate.at.785.nm,.a.near-IR.wavelength.excep-
tionally.well.suited.for.ultrasensitive.detection.because.of.low.Raman/fluorescence.back-
ground.in.this.region..They.have.also.been.shown.to.be.active.at.980.nm.and.1064.nm..
In.each.case,.moving.to.the.near-IR.lowers.the.background.signal,.whether.the.sample.is.
a.polymer-based.blood.collection.tube,.nitrocellulose.on.plastic,.a.silicon.chip,.a.leaf,.or.
human.tissue.
The.signal. in.Nanoplex.Biotags.comes. from. inside. the.particles. (i.e.,. from. the. reporter.
molecules.adsorbed.to.the.metal.nanoparticle.surface)..The.silica.coat.prevents.other.mol-
ecules.from.getting.in.and.prevents.the.reporter.molecules.from.leaching.out..Moreover,.
this.“internal. signal.generation”.makes. the.particles.exceptionally. invariant. to.environ-
mental.variation,.especially.in.comparison.to.other.nanoparticles.
The.number.of.Nanoplex.Biotags. that.can.be.simultaneously.quantified.depends.on. the.
level.of.precision.required,.and.also.on.the.cost.of.the.instrument,.but.should.exceed.10.
for.the.lowest-cost.handheld.spectrometers..With.a.higher-resolution.instrument.(and.with.
appropriate.synthetic.effort),.it.should.be.possible.to.simultaneously.quantify.20.or.more.
different.tags.
The. silica. coat. is. a. perfect. surface. for. biomolecule. attachment,. either. by. direct,. cova-
lent.attachment,.or.by.indirect.means..Nanoplex.Biotags.have.been.prepared.with.–SH,. .
–COOH,.–NH2,.and.other.functional.groups.on.the.surface,.enabling.biomolecular.attach-
ment.via.several.different.strategies..A.second.benefit.of.silica.is.the.lowered.stickiness.
compared.to.polymeric.coatings..This.leads.to.reduced.nonspecific.binding.(NSB),.both.of.
biomolecules.to.the.nanoparticles,.and.of.the.nanoparticles.to.surfaces.
Because.excitation.of.the.biotags.does.not.require.the.creation.of.an.electronically.excited.
state,.the.particles.can.withstand.large.photon.fluxes.for.extended.periods.with.no.loss.in.
signal..To.test.this.theory,.we.deposited.trans(1,4).bis(pyridyl)ethylene.(BPE)-labeled.tags.
on.a.quartz.slide.and.illuminated.with.60.mW.of.647.1.nm.radiation.through.a.50×,.0.9.NA.
microscope.objective..Raman.spectra.were.collected.every.hour.for.6.hours.resulting.in.an.
approximately.20%.decrease.in.Raman.scattering.after.6.hours.of.exposure..By.compari-
son,.the.signal.from.a.sample.of.quantum.dots,.known.to.bleach.much.more.slowly.than.
organic.fluorophores,.exposed.to.the.same.amount.of.power.at.488.nm.on.the.same.system,.
increases.19%.in.the.first.40.minutes.followed.by.a.drop.to.70%.of.the.initial.signal.over.4.
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hours.(30%.loss)..Because.Raman.spectra.can.be.readily.collected.in.a.few.seconds.or.less,.
the.tags.are.more.than.stable.enough.for.most.applications.

4.3.1  SynthESiS And SurfAcE functionAlizAtion

The.synthesis.of.the.Nanoplex.Biotags.has.been.described.in.detail.elsewhere.[29,31]..In.brief,.we.
use.spherical.Au.colloid,.generally.between.50.nm.and.90.nm.in.diameter,.label.molecules.such.
as.4,4′-dipyridyl.(dipy),.d8-4,4′dipyridyl.(d8),.BPE,.and.quinolinethiol.(QSH),.and.typically.coat.the.
biotags.with.between.10.nm.and.20.nm.of.silica..Figure.4.2A.shows.the.Raman.spectra.obtained.
from.tags.using.these.four.different.label.molecules..The.tags.show.clearly.distinguishable.spectra,.
making.multiplexed.measurements.feasible..Figure.4.2B.shows.a.typical.TEM.image.obtained.from.
a.set.of.tags,.showing.both.the.Au.core.and.the.glass.coating.of.individual.tags.

The.silanol.surface.can.be.readily.functionalized.with.bioreactive.moieties.such.as. thiols.or.
amines. using. methods. similar. to. those. reported. by. Schiestel. et. al.. [40].. Standard. cross-linking.
reagents.can.then.be.used.to.attach.proteins.or.oligonucleotides..For.example,.one.of.the.preferred.
routes.for.attachment.of.antibodies.is.to.use.the.heterobifunctional.cross-linker.sulfosuccinimidyl-
4-(N-maleimidomethyl)cyclohexane-1-carboxylate.(sulfo-SMCC).to.link.native.amines.present.on.
the.antibodies.to.thiol-functionalized.tags.

In.addition,.it.is.straightforward.to.manipulate.the.glass.surface.using.similar.methods.to.those.
commonly.used.in.production.of.oligonucleotide.or.protein.microarrays.[41]..Typical.functionalities.
that.can.be.readily.incorporated.using.standard.silane.reagents.include.the.aforementioned.amines.
and. thiols,. as. well. as. carboxylates,. epoxides,. and. aldehydes.. This. broad. repertoire. of. chemical.
functionalities.can.be.an.important.tool.for.production.of.high-quality.bioconjugates,.as.the.result-
ing.activity.of.conjugated.biomolecules.is.dependent.upon.many.factors,.including.orientation.after.
conjugation,.reaction.and.storage.buffer.composition,.charge.of.both.biomolecule.and.nanotag,.and.
cross-linker.length.

The.most.gentle.reaction.conditions.are.generally.achieved.by.coating.the.glass.surface.with.
epoxide.or.aldehyde.groups..Both.of.these.are.desirable.in.that.reaction.of.biomolecules.requires.
no.additional.cross-linking.reagents..At.appropriate.pHs,.the.epoxide.groups.will.react.readily.with.
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FIgure �.�  (A).Raman.spectra.obtained.from.Nanoplex.Biotags.prepared.with.four.different.label.molecules.
(from.top.to.bottom):.4,4′dipyridyl,.d8-4,4′-dipyridyl,.trans-1,2-bis(4-pyridyl)ethylene,.and.quinolinethiol..(B).
Transmission.electron.microscopy.(TEM).image.of.surface-enhanced.Raman.scattering.(SERS).tags.showing.
metal.core.and.glass.coating.
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amines,. thiols,.and.even.hydroxyls..This.broad. range.of. reactivity. is.often.viewed.as.beneficial,.
because.proteins.can.bind.in.many.orientations,. thus.increasing.the.chance.of.some.orientations.
resulting.in.limited.loss.of.activity..However,.if.the.pH.is.more.carefully.controlled,.the.reaction.
can.be.tuned.to.preferentially.link.to.amine.groups..Likewise,.the.aldehyde-modified.tags.will.react.
with.amines,.forming.a.Schiff.base.complex..Use.of.a.mild.reducing.agent,.such.as.sodium.cyano-
borohydride,.will.reduce.it.to.a.stable.secondary.amine.linkage.

Some.of. the.more. interesting.possibilities. lie. in.gentle.oxidation.of.antibodies.using.sodium.
meta-periodate..Careful.control.of.reaction.conditions.results.in.conversion.of.carbohydrate.moi-
eties.on.the.Fc.portion.of.an.antibody.into.reactive.aldehydes..These.aldehydes.can.then.be.linked.
directly.to.amine-functionalized.tags,.or.can.be.coupled.to.a.cross-linker.and.coupled.to.alternate.
reactive.groups..The.resulting.linkage.should.avoid.deleterious.conjugation.of.an.antibody.through.
an.antigen-binding.site.

In.addition.to.direct.attachment.schemes,.there.are.multistep.conjugations.that.may.have.par-
ticular.importance.when.dealing.with.the.biotags..The.silica.surface.can.be.chemically.function-
alized.and.then.conjugated.to.a.spacer.molecule..The.spacer.molecule.can.be.carefully.chosen.to.
exhibit. low,.nonspecific.binding.properties.(for.example,.a.PEG.or.dextran.derivative,.or.a.wide.
variety.of.other.polymers.[42–48]),. lessening.interactions.between.biotags.as.well.as.controlling.
unwanted.interactions.between.the.biotags.and.other.components.in.the.assay.system..The.spacer.
also.removes.the.biologically.relevant.molecule.from.the.particle’s.surface..Thus,.steric.hindrance.
issues.that.are.known.to.occur.as.the.tag:biomolecule.ratio.becomes.larger.can.be.minimized..With.
some.linkers,.such.as.large,.branched.polymers.or.copolymers,.the.available.surface.area.can.be.
dramatically. increased..This.can. further. increase. the.number.of.bound.biomolecules.by. further.
reducing. the.potential. for.steric.crowding..More.sophisticated.surfaces.may.be.created.by.using.
multiple.layers.of.polymers:.created.by.either.electrostatic.interaction.between.polymers.of.opposite.
charge.or.through.covalent.bonds.

To.summarize,.it.is.clear.that.there.are.many.ways.in.which.the.silica.surface.of.Nanoplex.Bio-
tags.can.be.modified.to.present.reactive.functional.groups..Bifunctional.cross-linkers.can.be.used.
to.perform.carefully.controlled.two-step.conjugation.reactions.(directly.or.through.spacers),.or.they.
can.be.incorporated.into.“one-pot”.reactions.when.reaction.conditions.are.not.as.critical..Consider-
ing.the.ease.with.which.silanes.can.be.used.to.modify.the.biotags.to.present.nearly.any.chemical.
functionality.and.the.availability.of.cross-linkers.and.conjugation.schemes,.there.are.countless.pos-
sibilities.for.linkage.of.biomolecules.to.the.biotags.[49,50].

�.�  applIcatIon: nanoplex BIotags In mIcroarrays

To.demonstrate.that.Nanoplex.Biotags.can.be.used.in.a.multiplexed.assay,.antibodies.to.interleukin-
4.(IL4).and.interleukin-7.(IL7).were.printed.on.a.glass.slide.(Telechem.International,.Sunnyvale,.
California).to.our.specifications..Secondary.antibodies.to.IL4.and.IL7.were.attached.to.Nanoplex.
Biotags.coded.with.different.label.molecules..A.hydrophobic.pen.was.used.to.provide.a.liquid.bar-
rier.on.the.glass.slide,.to.isolate.the.array.spots..After.the.ink.dried,.the.slide.was.blocked.for.60.
minutes.with.5%.BSA.in.10.mM.PBS..All.incubation.and.wash.steps.were.done.on.an.orbital.rocker,.
and.spent.solutions.were.aspirated.by.pipette.prior. to.addition.of.new.solutions..After.blocking,.
slides.were.washed.three.times.for.5.minutes.each.with.0.5%.BSA.in.PBS..IL4.and.IL7.solutions.
were.prepared.in.the.same.buffer.and.incubated.on.the.arrays.for.45.minutes.to.2.hours,.after.which.
arrays.were.once.again.washed.three.times.for.5.minutes.each.in.the.same.buffer..The.antibody-
modified.biotags.were.then.incubated.on.the.arrays.for.90.minutes,.followed.by.washing.with.the.
BSA–PBS.solution.and.quick.rinses.in.PBS.and.water..Slides.were.blown.dry.by.a.jet.of.nitrogen.
immediately.after. the.water. rinse..All. spots.were. interrogated.using.785.nm.excitation.with. the.
scattered.radiation.measured.through.an.Ocean.Optics.USB2000.spectrometer..Figure.4.3a.shows.
spectra.from.two.spots,.one.with.the.capture.antibody.for.IL4.one.with.the.antibody.for.IL7,.each.
of.which.had.been.exposed.to.a.mixture.of.IL4.and.IL7,.followed.by.development.with.anti-IL4-
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QSH-labeled.and.anti-IL7-BPE-labeled.tags..The.spectra.demonstrate.specific.binding.of.the.tags.
to.the.correct.target.spot..Spectra.from.three.spots.designed.to.detect.IL7.are.shown.in.Figure.4.3b..
The.spots.were.exposed.to.decreasing.amounts.of.antigen.before.rinsing.and.analysis..The.signal.
intensity.clearly.corresponds.with.concentration,.and.the.100-pg/mL.spot.is.readily.detected.above.
the.background.noise.in.the.measurement.

These.data.show.that.attachment.of.antibodies.to.the.glass.shell.of.the.biotags.does.not.prevent.
them.from.binding.specifically.to.their.target.antigens.

�.�  raman mIcroscopy: detectIon oF IndIvIdual BIotags

The.relative.detectability.or.“brightness”.of.the.biotags.is.an.important.parameter.to.understand.
before.attempting.to.detect.them.on.cell.surfaces..To.better.understand.this.parameter,.we.prepared.
samples.by. scattering.biotags. across. the. surface.of. a. quartz. slide..A.mixture. containing. 10.μL.
biotags.labeled.with.three.different.molecules.(4,4′-dipyridyl.(dipy),.d8-4,4′-dipyridyl.(d8dipy),.and.
trans-1,2-bis(4-pyridyl)ethylene.[BPE]).was.deposited.on.a.polylysine.treated.slide.and.allowed.to.
sit.for.30.minutes..A.mixture.was.used.rather.than.a.single.type.of.tag.because.two.biotags.in.the.
same.observation.volume.can.be.independently.counted.if.they.have.different.spectra,.making.it.
possible.to.obtain.a.higher.sample.particle.density.without.overly.high.counting.errors..After.rins-
ing.gently.with.water.and.drying,.the.slide.was.ready.to.view..Raman.maps.were.generated.using.
a.Renishaw.(Gloucestershire,.United.Kingdom).inVia.Raman.microscope.equipped.with.785.nm.
excitation..A.120.μm.×.90.μm.region.was.examined.in.5.μm.steps,.resulting.in.a.24.×.18.pixel.image..
The.Renishaw.data.analysis.program.(WIRE2.0).was.used.to.create.Raman.maps.of.the.surface..
A.grayscale.map.was.created.for.each.biotag.after.which.each.map.was.color.coded.such.that.red.
=.BPE,.blue.=.dipy,.and.green.=.d8dipy..The.color-coded.images.were.then.combined.to.create.the.
false-color.map.seen.in.Figure.4.4..To.generate.quantitative.data.from.the.432.acquired.spectra,.they.
were.analyzed.using.a.program.written.in.house.(described.below)..The.results.of.this.analysis.were.
exported.to.Excel,.and.each.pixel.was.examined.to.determine.whether.a.signal.from.one.or.more.of.
the.components.was.present.

For.comparison,.the.same.sample.was.coated.with.a.thin.layer.of.Au.to.improve.conductivity..
SEM.images.were.then.collected.using.a.Hitachi.S-800.SEM..Nineteen.images.were.collected.at.
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FIgure �.�  Detection.of.cytokines.with.Nanoplex.Biotags..(a).The.slide.was.exposed.to.a.mixture.of.inter-
leukin-4.(IL4).and.IL7.antigen..After.washing,.the.slide.was.exposed.to.a.mixture.of.anti-IL4-quinolinethiol.
(QSH).labeled.biotags.and.anti-IL7-.trans(1,4).bis(pyridyl)ethylene.(BPE).labeled.biotags..The.Raman.spectra.
from.the.spots.were.collected..(b).Spectra.from.experiments.in.which.the.slide.was.exposed.to.decreasing.
concentrations.of.IL7.antigen.
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20k×.magnification.to.determine.the.surface.particle.density..Particle.counting.was.carried.out.by.
examining.each.image.and.tabulating.single.particles,.doublets,.and.triplets..The.area.of.each.SEM.
image.was.calculated.to.be.29.3.μm2..By.comparing.the.results.from.the.Raman.measurements.and.
the.SEM.measurements,.we.can.calculate.the.fraction.of.particles.that.appear.to.be.Raman.active,.
or.at.least.can.be.detected.by.this.system.

A.typical.scanning.electron.micrograph.of.the.surface.is.shown.in.Figure.4.5..As.can.be.seen,.
the.sample.is.primarily.composed.of.individual.particles,.although.doublets.and.triplets.are.also.

present.. For. the. complete. sample,. the. particle.
density.was.determined.to.be.0.90.particles/μm2.
with. a. 95%. confidence. interval. of. ±0.13. par-
ticles/μm2. based. on. the. standard. deviation. of.
the.nineteen.acquired. images..The.most. likely.
source.of.uncompensated.error.in.this.measure-
ment.would.be.from.additional.heterogeneity.in.
the.surface.coverage.that.was.not.accounted.for.
by.our.attempt.to.randomly.sample.the.surface.
when.collecting.the.SEM.images..The.average.
number. of. particles. per. SEM. image. was. 26.4.
with.a.standard.deviation.of.6.8,.slightly.larger.
than. the. 5.1. that. would. be. predicted. by. pure.
Poisson.statistics..The.SEM.analysis.resulted.in.
66.5%.single.particles,.21.6%.of.the.particles.in.
doublets,.and.12%.in.triplets..For.this.analysis,.
doublets. and. triplets. were. defined. as. particles.
being.within.half.a.particle.radius.of.each.other..
These.doublets.may.or.may.not.include.two.Au.
particles.in.direct.contact..With.an.average.cov-
erage.of.0.90.particles/μm2.and.a.Raman.image.
spot.size.of.1.2.μm2,.we.expect. to.measure.an.
average. of. 1.08. particles/Raman. map. pixel..
Assuming.a.Poisson.distribution.of.particles.on.

030900 15KV X20, 0K 1.50 ??

FIgure �.�  Typical.scanning.electron.microscopy.
(SEM).image.of.surface-enhanced.Raman.scattering.
(SERS).nanotags.distributed.across.a.quartz.slide.

FIgure �.�  120.μm.×.90.μm.false-color.map.of.Nanoplex.Biotags.spread.on.a.quartz.slide..Raman.spectra.
were.collected.at.5.μm.intervals.resulting.in.24.×.18.=.432.pixels.total..Spectra.were.collected.using.a.50×.
(0.75.NA).objective.and.1.second.integration.on.a.Renishaw.inVia.Raman.microscope..Red.pixels.correspond.
to.strong.signal. from.trans(1,4).bis(pyridyl)ethylene. (BPE),.green.corresponds. to.d8-4,4′-dipyridyl,.blue. to.
4,4′-dipyridyl..(See color insert following page 112.)
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the.surface,.34%.of.the.pixels.should.be.empty,.37%.should.contain.a.single.particle,.20%.should.
contain.two.particles,.and.7%.should.contain.three.

Figure.4.5.is.the.Raman.map.collected.from.the.same.surface.used.for.the.SEM.experiment..
The.map.clearly.shows.many.pixels.where.only.background.is.detected.(black),.pixels.where.the.
Raman.signal.appears.to.be.from.an.individual.species.of.tag.is.detected.(red,.green,.or.blue),.and.
numerous.pixels.where.the.Raman.signal.appears.to.be.a.combination.of.two.or.more.spectra.

The. number. of. SERS. particles. detected. in. the. map. depends. strongly. on. the. S/N. threshold.
set.for.determining.whether.a.measured.signal.is.or.is.not.actually.a.tag..If.a.S/N.=.3.threshold.is.
adopted.and.the.noise.is.assumed.to.be.the.standard.deviation.of.the.blank,.and.the.blank.measure-
ment.is.calculated.by.rejecting.outliers.from.a.±3σ.range.around.0.in.an.iterative.fashion,.a.particle.
density.of.0.72.particles/µm2.is.found,.with.41%.empty,.38%.singles,.17%.doubles.found..Although.
the. particle. density. is. lower. than. we. predict. from. the. SEM. data,. it. is. considerably. larger. than.
would.be.predicted.if.only.dimers.or.higher.aggregates.were.generating.detectable.signal..If.pixels.
with.extremely.large.signals.from.single.tag.molecules.are.counted.as.two.particles,.the.calculated.
particle.density.becomes.0.94/µm2..This. is.strong,. if.not. irrefutable,.evidence. that. the.Renishaw.
inVia.microscope,.when.operated.under.these.conditions.is.able.to.detect.Raman.scattering.from.
individual.Nanoplex.Biotags.

�.�   applIcatIon: her� laBelIng oF skBr� 
cells wIth nanoplex BIotags

As.a.model.system.for.cell.surface.labeling,.Nanoplex.Biotags.were.used.to.label.the.human.epi-
dermal.growth.factor.receptor.2.(HER2).that.is.overexpressed.on.the.surface.of.SKBR3.cells..The.
cells.were.purchased.from.ATCC.(Manassas,.Virginia).and.grown.on.McCoy’s.5A.medium.with.1.5.
mM.L-glutamine,.10%.fetal.bovine.serum,.5%.CO2.at.37ºC..The.biotags.were.prepared.by.attaching.
Neutravidin.via.sulfo-SMCC.coupling..For.experiments.with.a.single.flavor.of.biotag,.the.cultured.
SKBR3.cells.were.first.grown.on.a.chambered.slide,.then.washed.and.fixed.at.room.temperature,.
followed.by.washing.and.blocking.with.BSA..The.cells.were.incubated.with.mouse-derived.HER2.
antibodies,.then.washed.and.incubated.with.biotinylated.antimouse.IgG..After.washing.with.PBS,.
the.cells.were.incubated.with.Neutravidin-conjugated.Nanoplex.Biotags.(at.OD.~1.2).at.room.tem-
perature.for.1.hour..Finally,.the.cells.were.washed.with.PBS.and.coverslipped.using.90%.glycerol.
in.PBS..After.mounting,. the.edges.were.sealed.using.nail.polish..For. the.multiplex.experiment,.
three.separate.samples.of.the.cells.were.treated.as.above.except.that.each.sample.was.mixed.with.a.
different.type.of.biotag.(BPE,.QSH,.and.d8dipyridyl.labels)..Raman.spectra.were.obtained.using.a.
Renishaw.inVia.microscope.with.785.nm.excitation.

Figure.4.6.shows.two.of.the.SKBR3.cells.after.reaction.with.BPE-labeled.biotags..Due.to.the.
large.scattering.coefficients.of.the.tags,.they.often.appear.as.bright.spots.in.the.bright.field.micro-
scope.image..When.the.Raman.microscope.was.positioned.above.the.cell,.the.spectra.shown.were.
obtained..The.BPE.spectrum.can.be.clearly.identified.regardless.of.the.position.on.the.cell.as.the.
HER2.receptor. is.expressed.across. the.cell. surface..When. the.microscope. is.directed. to.part.of.
the.slide.where.cells.are.absent,.only.background.spectra.(primarily.contributions.from.the.glass.
coverslip).are.obtained.

To.demonstrate.the.potential.for.multiplexed.measurements,.three.samples.of.SKBR3.cells.were.
independently.labeled.with.BPE,.d8dipyridyl,.and.QSH.biotags,.respectively..The.labeled.cells.were.
then.mixed.and.data.collected.as.before..Figure.4.7.shows.three.cells.from.a.larger.population.and.
representative.spectra.collected.from.each.cell..The.spectra.of.d8dipyridyl,.BPE,.and.QSH.can.be.
clearly.distinguished.

Recently,.Kim.et.al..showed.similar.detection.results.using.SERS.nanotags.of.their.design.to.
label.HER2.and.CD10.[51]..Their.tags.were.created.by.depositing.Ag.nanoparticles.on.a.silica.core,.
adding.a. label.molecule,. and.encapsulating.with.glass..The.most. significant.difference.between.
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FIgure �.�  Bright.field.images.of.SKBR3.cells.dispersed.on.a.slide..Raman.spectra.obtained.from.three.
adjacent. cells. in. point. mode.. Each. cell. originated. as. separately. tagged. populations. (HER2. targeted). and.
clearly.shows.the.spectrum.from.individual.tags.
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FIgure �.�  Microscope.image.showing.cells.labeled.with.Nanoplex.Biotags.and.corresponding.surface-
enhanced.Raman.scattering.(SERS).spectra..Spectra.collected.from.top.and.edges.of.the.cell.show.the.distinc-
tive.SERS.spectrum.from.the.tag,.and.the.background.has.the.broad.background.typical.of.glass.
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these.structures.and.the.Nanoplex.Biotags.are.the.somewhat.larger.size.(they.start.with.a.~150.nm.
silica.core),.and.the.use.of.green.excitation.(514.5.nm).with.the.Ag.particles.

4.6.1  SPEctrAl idEntificAtion of mixturES And rAmAn mAPPing

Quantitative.spectral.mixture.analysis.using.linear.least.squares.is.readily.applied.to.mixtures.of.
Raman.spectra.and.has.been.implemented.in.our.labs..This.custom.software.can.be.used.to.deter-
mine.percent.composition.of.components.in.a.spectral.mixture..A.dialog.box.is.used.to.load.the.files.
containing.the.spectral.data..The.program.then.uses.classical.least.squares.regression.to.determine.
the.amount.of.each.component.in.an.unknown.spectrum..Numerical.results.are.displayed.in.bar.
graph.form.and.can.be.exported.(either.the.bar.graph.or.the.numerical.values).to.the.Windows.Clip-
board.for.use.in.other.programs..The.user.of.the.program.can.choose.the.wave-number.range.over.
which.the.analysis.is.to.be.performed.and.add.a.variable.component.(line,.quadratic,.etc.).as.one.
element.of.the.least.squares.fit,.making.it.possible.to.account.for.broad.changes.in.the.background..
Finally,.the.user.can.visually.inspect.the.results.of.the.analysis.in.a.window.that.shows.the.collected.
spectrum.and.each.of.the.components.used.to.create.the.best.fit.

Figure.4.8. illustrates. the. results. obtained. from. the. analysis. of. a. mixture. containing. equal.
amounts.of.Nanoplex.Biotags.with.five.different.label.molecules..The.large.panel.shows.the.mixture.
spectrum.as.well.as.the.contributions.to.the.mixture.from.the.five.individual.tags..In.the.smaller.
inset.is.a.bar.graph.displaying.the.relative.amounts.of.each.biotag..In.this.case,.they.are.all.nearly.
the.same..In.Figure.4.9.we.see.the.case.where.one.component.is.in.great.excess,.and.very.small.
amounts.of.four.other.components.are.present..The.very.small.contributions.of.the.four.trace.con-
stituents.can.be.seen.in.the.baseline.of.the.plots,.and.the.bar.graph.shows.almost.equal.but,.in.this.
example,.very.small.amounts.of.the.other.four.tags.

To.illustrate.the.potential.for.multiplexed.Raman.mapping,.the.inVia.microscope.was.used.to.
create.a.Raman.map.of.the.mixed.population.of.cells.similar.to.that.described.earlier..The.only.dif-
ference.was.that.we.did.not.use.QSH.labeled.tags.but.instead.added.4,4′-dipyridyl.as.the.label.on.one.
of.the.Nanoplex.Biotags..After.scanning.the.sample,.the.software.supplied.by.Renishaw.(Wire2.0).
was.used.to.create.three.independent.grayscale.intensity.maps.corresponding.to.each.of.the.three.
Nanoplex.Biotags.used..Each.grayscale.image.was.then.converted.to.a.color.(red,.blue,.or.green).and.
recombined.into.a.single.image.using.ImageJ.(free.from.NIH)..Figure.4.10.shows.the.bright.field.
image.of.six.cells.that.happened.to.be.aligned.on.the.slide.surface..The.Raman.map.shows.that.three.
of.these.cells.came.from.the.population.labeled.with.dipy,.two.from.the.d8dipy.population,.and.a.
single.cell.labeled.with.BPE.tags..As.can.be.seen,.there.is.a.clear.distinction.between.cells.indicating.
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FIgure �.�  Graph.of.the.analysis.of.a.mixture.containing.five.Nanoplex.Biotags..The.tags.are.mixed.in.
equal.parts.in.a.1.mL.glass.tube..The.spectrum.of.the.mixture.is.recorded.with.an.Ocean.Optics.QE65000.
spectrometer..The.spectrum.is.then.analyzed.using.in-house.software..The.graph.on.the.left.shows.the.spec-
trum.of.a.mixture.and.the.individual.components.in.the.mixture..The.bar.graph.on.the.right.shows.that.the.
instrument.detects.nearly.identical.amounts.of.each.tag.in.the.captured.spectrum.
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both.successful.labeling.and.successful.detection.of.the.biotags..In.a.similar.approach,.workers.at.
Intel.have.used.their.composite.organic–inorganic.nanoparticles.(COINs).prepared.with.either.acri-
dine.orange.or.basic.fuchsin.to.multiply.label.prostate-specific.antigen.in.tissue.samples.[52]..These.
results.clearly.show.the.potential.for.using.SERS-based.labels.in.imaging.experiments.

�.�  potentIal addItIonal applIcatIons

The. number. of. possible. applications. that. could. benefit. from. Oxonica’s. novel. nanoparticles. is.
extensive,.and.there.are.multiple.facets.of.biology,.biochemistry,.and.biophysics. that.have.yet. to.
be.explored..For.example,.it.should.be.possible.to.internally.label.individual.cells.and.track.them.
in vivo..This.could.be.particularly.important.for.developmental.biology,.and.for.understanding.cell.
differentiation,.including.for.stem.cells..Given.recent.advances.such.as.spatially.offset.spectroscopy.
[53],.it.may.one.day.be.possible.to.generate.high-resolution.three-dimensional.images.in vivo.using.
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FIgure �.�  Graph.of.the.analysis.of.a.mixture.containing.five.Nanoplex.Biotags..A.single.tag.is.present.in.
large.excess,.and.the.other.four.are.present.in.equal.but.small.amounts..Data.are.collected.and.analyzed.as.above..
As.expected,.one.tag.is.found.in.large.amounts,.and.the.others.are.found.in.small.and.nearly.equal.amounts.

FIgure �.�0  Bright.field.image.and.Raman.map.of.six.cells.labeled.with.Nanoplex.Biotags..Spectra.analy-
sis.reveals.that.three.of.the.cells.were.labeled.with.dipyridyl.tags.(blue),.two.with.d8-dipyridyl.tags.(green),.
and.a.single.cell.was.labeled.with.biotags.carrying.the.trans(1,4).bis(pyridyl)ethylene.(BPE).label.molecule.
(red)..(See color insert.)
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SERS,.perhaps.at.appreciable.depths..It.should.be.possible.to.detect.low-molecular-weight.species.
and.ions.in vivo.using.permselective.SERS-active.particles;.a.basic.proof.of.concept.for.pH.has.been.
demonstrated.by.two.groups.[54,55]..On.the.intracellular.side,.a.variety.of.experiments.made.pos-
sible.with.quantum.dots.can.be.extended.with.SERS.tags.

Given.the.success.of.the.Porter.group.and.our.efforts.in.using.SERS-active.labels.to.carry.out.
quantitative.measurements.of.proteins.using.planar. arrays,. there. are. a. large.number.of.possible.
applications.in.related.systems,.including.but.not.limited.to.DNA.arrays,.carbohydrate.arrays,.pep-
tide.arrays,.and.arrays.of.low-molecular-weight.species..Of.course,.it.should.be.understood.that.such.
work.could.be.extended.to.nonplanar.arrays,.including.three-dimensional.arrays.composed.of.other.
types. of. beads. and.particles. (e.g.,.Nanobarcodes™. particles. [Nanoplex. Technologies],.magnetic.
particles,.Luminex.beads,.and.so.forth).

A.key.feature.of.fluorophores.which.has.been.exploited.to.create.useful.assays.is.energy.transfer.
and.quenching,.which.allows.the.proximity.of.two.species.to.be.ascertained..Such.types.of.measure-
ments.should.be.possible.with.SERS-active.particles..Thus,.it.should.be.possible.to.develop.proxim-
ity.assays.with.a.SERS-based.readout,.in.which.the.key.step.is.electronic.communication.between.
two.different.SERS-active. species..This. should.allow,. for. example,. intracellular.protein–protein.
networks.to.be.elaborated.in.highly.multiplexed.fashion.(compared.to.yeast-two.hybrid.and.protein.
complementation.assays.which.are.difficult.to.multiplex).

Finally,.there.are.sure.to.be.“combination.assays”.involving.different.types.of.SERS.responses..
For.example,.Boss.has.described.a.magnetic.capture.assay.using.SERS.[56].. It.would.be.simple.
to.combine.this.type.of.assay.with.one.involving.the.detection.of.a.specific.biological.target.using.
a.SERS.biotag..This.would.allow.simultaneous.detection.of,.say,.a.protein.and.a.small.molecule..
Likewise,.SERS.biotags.can.be.used.in.conjunction.with.conventional.SERS.substrates,.either.par-
ticulate,.mesoscopic,.or.macroscopic,.again.allowing. the.sensitivity.and.molecular. identification.
capabilities.of.SERS.to.be.leveraged.at.the.same.time.that.specific.analytes.are.quantified.using.the.
reporter.approach.described.herein.

�.�  summary

Nanoplex.Biotags.are.part.of.a.new.class.of.nanoparticles.that.exploit.SERS.to.generate.unique.opti-
cal.signatures..Because.of.these.unique.optical.signatures.and.because.of.the.flexibility.of.the.glass.
coating.of.the.particles,.a.wide.range.of.biological.measurements.can.be.envisioned..In.this.chapter,.
we.reviewed.results.from.the.biotags.employed.in.a.microarray.approach.for.the.detection.of.cyto-
kines.IL4.and.IL7..In.addition,.the.possibility.of.using.the.biotags.for.cell.surface.measurements.
has.been.demonstrated.in.single-plex.and.pseudo-multiplex.schemes..Finally,.our.preliminary.data.
indicate.that.multiplexed.Raman.mapping.is.possible.with.these.tags.
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�.�  IntroductIon

Titanium. and. its. alloys. have. become. one. of. the. most. attractive. classes. of. biomedical. implant.
materials.owing.to.their.light.weight,.superior.biocompatibility.and.biocorrosion.resistance,.good.
mechanical.properties,.and.low.elastic.modulus..Commercial.pure.(CP).titanium,.Ti-6Al-4V,.and.
Ti-6Al-7Nb.alloys.have.been.widely.used.in.biomedical.applications.to.replace.stainless.steel.and.
cobalt-based.alloys..Pure.titanium.has.a.hexagonal.close-packed.(HCP).crystal.structure.at.low.tem-
perature,.but.this.changed.to.body-centered.cubic.(BCC).above.882°C..Alloy.phases.based.on.these.
two.structures.are.denoted.as.α.and.β,.respectively..Broadly.speaking,.simple.metals.(Al,.Ga).and.
interstitials.(C,.N,.O).are.α-stabilizers,.and.most.transition.metals,.such.as.Nb,.Mo,.and.V,.act.as.β-
stabilizers..Depending.on.composition,.titanium.alloys.can.generally.be.classified.as.near-α,.α+β,.
and.β.type..For.biomedical.applications,.the.primary.requirements.of.an.alloy.include.high.strength,.
good.corrosion.and.wear.resistance,.low.elastic.modulus,.and.no.toxicity..Although.α+β.alloys.such.
as.Ti-6Al-4V.and.Ti-6Al-7Nb.have.adequate.strength,.they.are.far.from.ideal.in.satisfying.other.
stringent.requirements.for.implant.applications..In.order.to.overcome.the.long-term.health.problem.
caused.by.the.release.of.Al.and.V.ions.from.these.alloys.[1,2].as.well.as.stress.shielding.related.to.
elastic.modulus.which.is.still.inadequately.large.as.compared.to.that.of.the.surrounding.human.bone.
[3–5],.novel.β-type.titanium.alloys.with.greater.biocompatibility,.lower.elastic.modulus,.and.better.
processability.have.been.developed.in.the.past.decade.[6,7].

In.addition.to.alloy.development,.several.kinds.of.nanotechnologies.have.been.applied.to.fab-
ricate.nanostructure.(NS).titanium.and.its.alloys.in.recent.years..This.provides.new.opportunities.
to.further.improve.the.biochemical.and.biomechanical.properties.of.these.materials.[8–10]..Nano-
structuring.is.known.to.be.beneficial.biochemically,.and.positive.cell.responses.have.been.reported.
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in.cell.cultures.grown.on.the.surfaces.of.nanophase.ceramics.[11–14],.polymer.demixed.nanoto-
pography.[15,16],.nanofiber.alumina.[17],.and.nanofiber.carbon.[18]..There.have.been.only.a.few.
investigations.on.NS.metallic.alloys,.possibly.because.of.difficulty.in.preparing.high-quality.NS.
materials..Most.research.on.cell.response.has.focused.on.NS.roughness.produced.by.grinding.[19].
and.acid.etching.[20].of.coarse-grained.titanium.and.its.alloys.as.well.as.pressed.ultrafine.powders.
[52]..These.experiments.show.clearly.the.positive.effect.of.NS.roughness.and.particle.boundaries.
on.cell.response.[19–21].

In.this.chapter,.we.first.summarize.the.commonly.used.processing.technologies.to.prepare.NS.
titanium.and.its.alloys,.then.outline.the.mechanical.properties,.bioactive.surface.treatment,.and.cell.
response.of.this.class.of.materials,.and.follow.with.a.brief.discussion.of.future.research.directions.

�.�  processIng technology

Several.kinds.of.processing.technologies.are.currently.available.to.produce.NS.metallic.materials.
[22–25]..Because.NS.specimens.obtained.from.mechanical.alloying,.gas-phase.condensation,.and.
electrodeposition. technologies. have. shortcomings. of. size. limitation,. residual. porosities,. or. con-
taminations,.here.we. focus.only.on. technologies. that.are.capable.of.producing. large-dimension,.
fully-dense.NS.titanium.and.its.alloys.which.have.potential.for.practical.and.hopefully.immediate.
biomedical.application.

5.2.1  SEvErE PlAStic dEformAtion

For.metallic.materials,. heavy.plastic.deformation. at. low. temperature,. for. example,. cold. rolling,.
swaging,.or.drawing,.results.in.grain.refinement.by.the.formation.of.cellular-type.substructure.with.
low-angle.misoriented.boundaries..The.mechanisms.involved.are.usually.dislocation. interaction,.
deformation.twinning,.and.stress-induced.martensitic.(SIM).transformation.[24,25]..The.evolution.
of.grain.refinement.processes.through.the.above.mechanisms.is.sluggish.in.nature,.and.severe.plas-
tic.deformation.(SPD).is.usually.necessary.to.fabricate.ultrafine.structure.and.even.NS.grains.with.
high-angle.grain.boundaries.

Equal.channel.angular.pressing.(ECAP). is.a.specific.SPD.technology. that. introduces.severe.
plastic.strain.into.the.billet.under.processing.to.refine.coarse-grained.materials.by.repeated.extru-
sions.through.a.special.die.[8]..The.two.segments.of.the.die.channel.have.equal.cross.section.and.
an. intersection. angle. of. usually. 90°,. so. large-dimension. NS. billets. with. identical. cross. section.
can.be.produced.after.8.to.12.extrusion.passes..Because.titanium.and.its.alloys.are.generally.not.
sufficiently.ductile.at.room.temperature,.high.temperatures.are.needed.for.ECAP.processing,.for.
example,.450°C.for.CP-Ti.and.650°C.for.Ti-6Al-4V.[26–29]..At.high.temperatures,.recovery.and.
even.recrystallization.may.occur.which.partially.release. the.stored.energy.of.deformation,.com-
promising.the.efficiency.of.grain.refinement..For.both.CP-Ti.and.Ti-6Al-4V,.it.is.difficult.to.refine.
grains.to.less.than.100.nm.even.if.the.ECAP.process.is.followed.by.conventional.cold.deformation..
They.are.generally.classified.as.ultrafine-grained.(UFG).materials.with.grain.size.in.the.range.of.
hundreds.of.nanometers.

Another.SPD.technology.is.multistep.plastic.deformation.that. is.capable.of.producing.large-
dimension.NS.materials.from.(α+β).titanium.alloys..For.Ti-6Al-4V,.multistep.isothermal.forging.
can.refine.grains.to.size.about.400.nm.[30,31]..Because.hydrogen.is.a.strong.β.stabilizer.in.tita-
nium.alloys,.hydrogenation.results.in.the.increase.of.volume.fraction.of.β.phase.and.the.decrease.
of.lamellar.thickness.of.α.phase..This.contributes.to.the.improvement.of.processability.and.grain.
refinement.during.plastic.deformation..As.a.result,.multistep.isothermal.forging.together.with.pre-
hydrogenation.and.postdehydrogenation.can.refine.coarse.grains.of.(α+β).type.titanium.alloys.to.
20.nm.to.approximately.40.nm.[32,33].

Surface.mechanical.attrition.treatment.(SMAT).is.a.variant.of.SPD.technology.to.produce.a.
NS.surface.layer.with.thickness.up.to.tens.of.micrometers.on.metallic.materials.[34]..The.impact.
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by.high-speed.balls.with.velocity.about.1.to.20.meters.per.second.is.capable.of.producing.localized.
plastic.deformation.on.the.surface.of.materials..Because.these.shooting.balls.are.stimulated.by.a.
high-power.ultrasonic.system.with.frequency.of.tens.of.kilohertz,.the.entire.surface.of.a.component.
can.be.peened.with.a.very.large.number.of.impacts.in.a.short.period.of.time..As.to.CP-Ti,.SMAT.
technology.can.produce.equiaxed.NS.grains.with.sizes.of.50.to.approximately.250.nm.in.a.surface.
layer.of.15.to.approximately.30.μm.thickness.or.ultrafine.grains.(100.to.approximately.300.nm.in.
size).in.a.surface.layer.about.60.μm.thick.[35].

5.2.2  convEntionAl PlAStic dEformAtion

In.the.past.few.years,.extensive.investigations.have.focused.on.the.development.of.industrial-scale.
SPD.technologies.using.CP-Ti.as.a.model.material..Although.large-dimension.UFG.CP-Ti.billets.
with.strength.even.higher.than.Ti-6Al-4V.and.good.room-temperature.ductility.have.been.achieved,.
the.low.efficiency.of.SPD.technologies.and.their.limited.capacity.in.grain.refinement.due.to.dynamic.
effects.such.as.recovery.and.recrystallization.are.yet.to.be.improved.

Recently,.significant.grain.refinement.during.a.conventional.plastic.deformation.process.was.
found.in.a.β-type.Ti-Nb-Zr-Sn.biomedical.titanium.alloy.with.high.strength.and.low.elastic.modu-
lus. [36,37].. The. composition. of. the. alloy. is. such. that. the. BCC. phase. exhibits. nonlinear. elastic.
behavior. as. well. as. significant. localized. plastic. deformation.. During. compression. tests,. narrow.
shear.bands.with.width.about.1.μm.formed.inside.grains.of.100.μm.in.size,.and.these.bands.inter-
sected.each.other..Within.the.bands,.a.single.crystal.was.broken.into.nanocrystallites.as.revealed.by.
transmission.electron.microscopy.(TEM).observation.[38,39]..Such.a.peculiar.mechanism.of.plastic.
deformation.enabled.90%.thickness. reduction.during.conventional.cold. rolling. from.an.original.
thickness.of.15.mm,.although.the.ductility.of.the.alloy.is.only.half.that.of.CP-Ti..Bright-.and.dark-
field.TEM.observations.found.that.grain.size.of.the.cold-rolled.sheet.is.less.than.50.nm.with.most.
between.20.and.30.nm.(Figure.5.1)..Like.NS.samples.obtained.by.SPD.[40],.grain.boundaries.of.
the.cold-rolled.sheet.exhibit.wavy,.curved,.or.corrugated.characteristics..X-ray.diffraction.analysis.
yielded.crystallite.size.of.about.10.nm,.probably.due.to.the.presence.of.substructure.in.NS.grains.
introduced.by.severe.distortion.

5.2.3  rAPid SolidificAtion

Rapid.solidification.from.melt.can.also.produce.NS.titanium.alloys.[41],.depending.on.the.glass-
forming.ability.of.the.alloy.system.and.cooling.rate.[9]..Multicomponent.Ti-Cu-Ni-Sn-Nb.nano-
structure-dendrite. composite. was. fabricated. by. copper. mold. casting. [42,43].. For. example,. the.
as-cast.cylinders.of.2.mm.and.10.mm.in.diameter.have.NS.grains.about.30.to.50.nm.and.ultrafine.
grains.about.300.nm,.respectively..The.dendrite.β.phase.with.BCC.crystal.structure.contributed.to.
plastic.deformation.and.low.elastic.modulus.of.the.alloy,.and.the.NS.matrix.helped.to.maintain.high.
strength..Because.both.Cu.and.Ni.belong.to.toxic.and.allergic.elements.in.the.human.body.[6,7],.a.
suitable.substitute.must.be.found.before.biomedical.application.of.the.alloys.can.be.considered.

100 nm

A B

100 nm

FIgure �.�  Transmission.electron.microscopy.(TEM).microstructure.of.1.5.mm.cold-rolled.sheet.of.Ti-
24Nb-4Zr-7.9Sn.(TNZS).alloy..(A).and.(B).are.a.pair.of.bright-.and.dark-field.images.showing.grain.size.less.
than.50.nm..Inset.in.(A).shows.corresponding.selected-area.electron.diffraction.pattern.with.continual.dif-
fraction.rings.
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�.�  mechanIcal propertIes

Mechanical.properties.and.deformation.behavior.of.NS.metallic.materials.have.been.extensively.
investigated,.in.particular.those.with.face-centered.cubic.crystal.structure.[23–25].

Several.novel.approaches.have.been.developed.to.achieve.both.high.strength.and.ductility,.for.
example,. bimodal.distribution.of.grain. sizes,. low. temperature/high. strain. rate.deformation,. and.
introduction.of.twins.[25].

Only.a.few.investigations.have.been.performed.on.the.mechanical.properties.of.NS.titanium.
and.its.alloys.with.HCP.or.BCC.crystal.structure..Most.available.data.for.CP-Ti.are.summarized.in.
Table.5.1..It.is.clear.that.NS.CP-Ti.has.high.strength.comparable.to.coarse-grained.Ti-6Al-4V.under.
the.condition.of.similar.room-temperature.ductility..Annealing.treatment.after.SPD.significantly.
improved.both.strength.and.ductility.[46]..Tensile.properties.of.UFG.Ti-6Al-4V.alloy.with.grain.
size.of.400.nm.may.reach.that.of.most.high-strength.β-type.titanium.alloys,.for.example,.ultimate.
tensile.strength.of.1360.MPa.and.ductility.of.7%.[30,31].

Elastic.modulus.is.an.important.mechanical.property.for.load-bearing.implant.materials..The.bal-
ance.of.high.strength.and. low.elastic.modulus. is.one.of. the.key. targets. in.developing.novel.β-type.
biomedical.titanium.alloys.[6,7]..Figure.5.2.shows.that.coarse-grained.Ti-Nb-Zr-Sn.alloy.has.strength.
comparable.to.that.of.NS.CP-Ti.but.possesses.much.lower.elastic.modulus,.and.the.strength/modulus.
combination.can.be.varied.depending.on.heat.treatment.schemes..Precipitation.of.the.α-phase.from.the.
NS.β-phase.matrix.contributes.to.high.strength.under.the.condition.of.similar.elastic.modulus.[47]..Ti-
Cu-Ni-Sn-Nb.nanostructure.dendrite.composite.also.exhibits.better.balanced.properties.than.NS.CP-Ti.
[9]..The.ductility.of.both.NS.alloys,.however,.is.lower.than.that.of.NS.CP-Ti..Due.to.the.barrier.effect.
of.nanosized.α.precipitates.on.grain.growth.of.NS.Ti-Nb-Zr-Sn.alloy,.an.annealing.at.600°C.for.10.
minutes.results.in.average.grain.size.less.than.100.nm..It.is.therefore.possible.to.achieve.high.strength.
and.reasonable.ductility.by.controlling.annealing.treatment.similar.to.that.for.NS.CP-Ti.[46].

The.wear.resistance.of.titanium.and.its.alloys.is.inferior.to.Co-Cr-Mo.alloys,.and.this.prevented.
their.application.in.wear-intensive.biomedical.components,.such.as.artificial.joint.replacement.pros-
theses.[6]..Achieving.NS.provides.a.way.to.enhance.wear.resistance.due.to.increased.hardness.over.
coarse-grained.materials,.as.demonstrated.by.experimental.results.for.low.carbon.steel.with.NS.sur-
face.layer.produced.by.SMAT.[49]..For.titanium.and.its.alloys,.the.formation.of.oxides.such.as.TiO.
and.Ti2O.during.tribo-oxidation.interaction.makes.the.situation.more.complicated.[6]..These.oxides.
led.to.unexpected.variation.in.friction.coefficient.of.UFG.CP-Ti.produced.by.ECAP.as.compared.to.
coarse-grained.CP-Ti.[50,51]..The.effect.of.grain.size.on.wear.resistance.of.titanium.and.its.alloys.
therefore.needs.further.investigation.

taBle �.�
mechanical properties of ns cp-ti at room temperature 
processed by se�ere plastic deformation (spd)
grain size 

(nm)
uts 

(mpa)
ys 

(mpa)
elongation 

(%) spd ref.

100 1150 1020 . 8 ECAP.+.CR [26]

200 . 730 . 625 25 ECAP.+.HPT [44]

120 . 950 . 790 14 HPT [45]

— 1000 . 920 14 ECAP.+.CR.+.Annealing [27]

— 1300 1000 20 HPT.+.Annealing [46]

Notes:...UTS,.ultimate.tensile.strength;.YS,.yield.strength;.SPD,.severe.
plastic.deformation;.ECAP,.equal.channel.angular.pressing;.CR,.cold.
rolling;.HPT,.high-pressure.torsion.
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With.reduced.grain.size.of.NS.metallic.materials,.their.superplasticity.is.generally.enhanced..
As.a.result,.fabrication.of.structural.components.by.superplastic.forming.or.isothermal.forging.can.
be.conducted.at.much.lower.temperatures..For.example,.UFG.Ti-6Al-4V.exhibits.superplastic.prop-
erties.at.temperatures.about.150.to.250°C.lower.than.that.for.coarse-grained.alloy.[30].

�.�  cellular response

Cell.behavior.on.biomaterial. surfaces.depends.upon. implant-cell. interactions. that.play.a.crucial.
role.in.determining.biocompatibility.and.integration.between.biomaterials.and.tissues.of.the.human.
body.. A. long-standing. hypothesis. asserts. that. four. material-related. surface. factors. influencing.
bone-implant.interfaces.are.implant.surface.composition,.surface.energy,.surface.roughness,.and.
surface.topography.[52]..Different.technologies,.such.as.acid.and.alkaline.etching,.glow-discharge.
treatment,.and.hydroxyapatite. (HA).coating,.have.been.applied. to. improve.biomaterial. surfaces..
Because. surface. modification. technologies. generally. involve. chemical. reactions,. the. high. free.
energy.of.the.NS.surface.would.render.these.processes.easier.and.cell.response.more.favorable..For.
example,.substantial.reduction.of.nitriding.temperature.was.achieved.by.means.of.surface.nano-
crystallization.[53],.and.NS.roughness.of.oxidation.was.prepared.on.the.surfaces.of.NS.CP-Ti.and.
Ti-6Al-4V.alloy.[54].

Recent.progress.made.in.SPD.technologies.and.alloy.design.makes.it.possible.to.fabricate.large-
dimension.NS.titanium.and.its.alloys.for.biomedical.applications..Their.practical.applications.as.
implant.devices.will.require.detailed.understanding.of.the.contribution.of.NS.grains.on.biocompati-
bility..Cell.responses.of.bulk.NS.Ti-24Nb-4Zr-7.9Sn.(in.weight.percent,.abbreviated.as.TNZS).alloy.
were.investigated.recently.[55]..Polished.samples.with.coarse.grains.(100.μm),.ultrafine.grains.(400.
nm),.and.NS.grains.(<50.nm).were.studied..Figure.5.3.clearly.shows.the.enhanced.effect.of.grain.
refinement.on.adhesion.and.proliferation.of.osteoblast.cells..Because. the.polished.surfaces.have.
similar.roughness,.oxidation.products,.and.surface.energy,.the.increasingly.positive.cell.response.
with.reducing.grain.size.as.observed.from.Figure.5.3.can.only.be.attributed.to.the.presence.of.an.
increasingly.large.volume.fraction.of.grain.boundaries.from.coarse-grained.to.NS.materials.

Annealing.treatment.of.NS.TNZS.alloy.in.its.(α+β).phase.field.results.in.a.dual-phase.micro-
structure.with.a.grain.size.of.β.matrix.about.hundreds.of.nanometers..Because. the.α.phase.has.
inferior. corrosion. resistance.as.compared. to. the.β.matrix,.preferential. corrosion.of. the.α. phase.
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FIgure �.�  Relationship.between.ultimate. tensile. strength.and.Young’s.modulus.of.coarse-grained.and.
nanostructured.(NS).titanium.and.its.alloys,.in.which.data.of.bulk.metallic.glass.(BMG).based.on.Mg,.Zr,.and.
Pd.[48].are.plotted.for.comparison.
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within.the.matrix.grains.and.along.grain.bound-
aries. that.precipitated.during.high-temperature.
annealing.will.produce.a.porous.microstructure..
Figure.5.4.shows.a.submicron.porous.layer.with.
pore.size.about.0.5.μm,.which.was.prepared.by.
acid.etching.in.a.solution.of.40.volume.percent.
of.HCl.in.boiling.water.cold-rolled.sheet.of.NS.
TNZS. alloy. after. annealing. at. 650°C. for. 0.5.
hour..For.biomedical.applications,.such.a.porous.
surface.layer.has.the.following.advantages.over.
coarse-grained.materials:.First,.it.enhances.the.
formation. of. bioactive. materials,. such. as. HA.
coating.with.bone-like.microstructure..Second,.
it.contributes.to.the.adhesion.and.proliferation.of.
fibroblast.cells.in.the.early.stage.of.in vitro.tests.
(Figure.5.5).. Last,. it. helps. to. avoid. the. “stress.
shielding”.problem.by.improving.elastic.match-
ing.of.implanted.materials.with.adjacent.bones.

100 µm

1 µm

FIgure �.�  Optical.image.of.a.submicron.porous.
surface.produced.by.acid.etching.of.nanostructured.
TNZS. alloy. after. solution-treated. at. 650°C. for. 0.5.
hour.. The. inset. is. an. enlarged. scanning. electron.
microscopy. (SEM). image. showing. details. of. the.
porous.structure.
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FIgure �.�  Osteoblast.adhesion.(a).and.proliferation.(b).on.polished.CP-Ti.and.Ti-24Nb-4Zr-7.9Sn.(TNZS).
alloy.with.different.grain.size.
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�.�  Future dIrectIons

The.extensive.research.on.SPD.processing.of.CP-Ti.led.to.the.fabrication.of.large-dimension.UFG.
billets.with.high.strength.and.ductility.(Table.5.1).from.which.several.kinds.of.implant.items.were.
produced.[10,56]..However,.practical.industrial.processing.of.such.materials,.in.particular.NS.CP-Ti,.
is.still.a.complicated.scientific.and.technological.task..The.viability.of.CP-Ti.as.implant.materials.is.
also.challenged.by.recent.development.of.β-type.biomedical.titanium.alloys.[6,7].that.generally.have.
higher.strength.and.wear.resistance.and.lower.elastic.modulus.than.UFG.CP-Ti..Recently.developed.
multifunctional.titanium.alloys.are.capable.of.achieving.a.better.balance.of.high.strength.and.extra-low.
elastic.modulus.[38,57]..Because.these.materials.are.usually.prepared.by.conventional.technologies,.
they.have.great.advantages.over.NS.CP-Ti.and.Ti-6Al-4V.alloy.in.terms.of.processing.efficiency.

Compared. to. grain. refinement. mechanisms. of. dislocation. evolution. and. deformation. twin-
ing.available.for.CP-Ti.[35],.stress-induced.martensitic.(SIM).transformation.is.a.more.powerful.
mechanism.[34]..For.example,.SPD.may.result.in.almost.complete.amorphization.of.NiTi.owing.to.
a.mechanism.based.on.martensitic.transformation.[58]..Because.the.reversible.SIM.transformation.
from.β.to.α′′.martensite.exists.in.a.wide.range.of.chemical.compositions.of.β-type.titanium.alloys.
[59],.this.phase.transformation.may.facilitate.more.significant.grain.refinement.during.plastic.defor-
mation..Three.additional.deformation.mechanisms.in.newly.developed.β-type.titanium.alloys.have.
been.reported.recently:.reversible.SIM.transformation.between.β.and.a.new.orthorhombic.phase.α′′′.
(similar.to.α′′.martensite).[60],.giant.fault.[57],.and.a.deformation.behavior.similar.to.shear.banding.
[38]..These.mechanisms.all.contribute.to.grain.refinement.during.plastic.deformation.and,.as.such,.
even.conventional.cold.rolling.may.result.in.NS.sheet.with.grain.size.less.than.50.nm.(Figure.5.1).

It.can.be.concluded.from.the.above.discussion.that.the.manyfold.grain.refinement.mechanisms.
combined.with.SPD.technologies.will.be.able.to.produce.large-dimension.forms.of.NS.β-type.tita-
nium.alloys.for.biomedical.use.
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FIgure �.�  Scanning.electron.microscopy.(SEM).images.of.fibroblasts.at.24.hours.on.polished.CP-Ti.(A),.
polished.Ti-24Nb-4Zr-7.9Sn.(TNZS).alloy.with.grain.size.of.100.µm.(B).and.400.nm.(C),.and.HCI.etched.
TNZS.alloy.with.porous.surface.(D).as.shown.in.Figure.5.4.
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�.�  IntroductIon

Bionanotechnology,.nanostructured.materials/biomaterials.(monolithic.and.particulate),.and.elec-
tronics.for.enhanced.functionality.of.medical.devices,.pharmaceutics,.as.well.as.hybrid.combina-
tions.for.diagnostics.and.therapeutics.have.the.potential. to.enable.disruptive.medical.procedures.
that.are.nanoenabled.(that.is,.nanomedicine)..The.ability.to.move.these.technologies.from.bench.to.
bedside—to.bring.these.products.to.market—entails.unique.approaches.to.guide.them.through.the.
“Valley.of.Death.”

�.�  nanotechnology: new enaBlements For BIopharma

Nanotechnology.has.received.a.great.deal.of.attention.in.both.the.academic.and.lay.press..As.new.
technologies.come.forward,.the.salient.question.now.becomes.how.does.an.emerging.technology.
enable.improved.safety.and.outcomes?.In.the.parlance.of.the.biopharma.world.that.means.the.tech-
nologies.in.question.need.to.build.upon.existing.levels.of.safety.and.efficacy.in.medical.devices,.
diagnostics,.and.pharmaceuticals.

Over.approximately.the.past.30.years,.three.distinct.but.interdependent.technology.disciplines.
have.emerged:.biotechnology,.information.technology,.and.nanotechnology..Today,.we.are.in.the.
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midst.of.a.convergence.of.all.three.disciplines,.and.it.is.still.not.clear.what.this.will.bring..Nano-
technology.is.the.newest.and.least.understood.of.these.technologies..Not.limited.to.any.one.dis-
cipline.of.science,.nanotechnology. is.simply.defined.as. the.design,.characterization,.production,.
and.application.of.structures,.devices,.and.systems.measuring.between.1.and.100.nanometers..A.
nanometer.is.a.billionth.of.a.meter,.approximately.80,000.times.smaller.than.the.width.of.a.human.
hair..This.is.the.scale.at.which.matter,.its.properties,.and.its.behavior.may.be.described.in.terms.of.
atoms.and.molecules..Nanotechnology.is.technology.that.has.been.developed.to.take.advantage.of.
these.properties.

With.respect. to.a.nanomaterial,.“size”.can.refer.to.different. things..It.can.be.the.length.of.a.
single.nanocrystal.or. the.diameter.of.a.polycrystalline.nanoparticle.composing.a.powder.or.dis-
persed.in.a.solid.or.liquid;.the.height.of.a.nanofiber.grown.on.a.substrate;.the.geometry.of.a.nano-
pore.opening;.the.depth.of.a.nanocavity;.the.thickness.of.a.nanocoating;.or.the.separation.distance.
between.nanophases.in.a.multilayer.or.nanocomposite.structure..Figure.6.1.lists.some.categories.of.
nanomaterials.that.have.utility.in.the.biopharma.space.

Unmet.needs.within.the.medical.sector.provide.fertile.ground.for.the.enablements.offered.by.
nanotechnology..Bionanotechnology.can.provide.the.enhancements.needed.for.new.enablements.in.
devices,.diagnostics,.and.pharmaceuticals..These.enhanced.enablements.include.smart.biomateri-
als.and.devices:.bioresponsive,.bioactive,.biomimetic,. tissue.engineered,.drug/agent/cell.delivery.
for.improved.diagnostic.and.therapeutic.effectiveness..Examples.include.noninvasive.diagnostics,.
molecular.imaging,.and.real-time.imaging.for.device.placement..Bionanotechnology.has.the.poten-
tial. to. enhance. utilization. of. proteomics,. genomics,. and. gene. screening,. resulting. in. improved.
patient.outcomes.and.reduced.health.care.costs.[1].

6.2.1  thE vAllEy of dEAth

The.challenge.faced.by.those.working.in.nanotechnology.is.to.translate.these.emerging.technologies.
from.the.bench.to.bedside—that.is,.from.the.laboratory.through.to.product.development.for.clinical.
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FIgure �.�  Nanomaterials.and.their.biopharma.applications.
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use..This.journey.leads.through.the.Valley.of.Death.[2a],�.depicted.in.Figure.6.2..The.Valley.of.
Death,.first.illuminated.by.Murphy.and.Edwards.in.2003,.is.where.many.research.projects.end.up.
stalling.or.dying.before.having.the.chance.to.become.viable.candidates.for.commercial.products..
Most.of.the.technologies.developed.in.academic.and.research.labs.rarely.make.this.translation..Out.
of.1200.or.so.nanotechnology.start-up.companies.that.exist.today.worldwide,.we.estimate.that.only.
10%.are.actually.selling.products.in.excess.of.$1.million/year.in.the.form.of.nanomaterials,.devices,.
or.systems.[3]..To.our.knowledge,.none.of.the.companies.are.profitable.as.yet..When.it.comes.to.
nanotechnology,. the.problem.is. that.neither. the.scientific.researchers.nor. the.product.developers.
have.all.of. the.resources. in.one.organization. to.accomplish. the.above. tasks. in.a. timely.manner..
There.needs.to.be.a.reliable,.experienced.guide.who.leads.the.scientific.researchers.across.the.Val-
ley.of.Death.and.either.introduces.them.to.the.product.developers.or.educates.them.on.how.to.run.a.
business.venture.themselves..This.chapter.will.first.explore.the.options.open.to.disruptive.technolo-
gies.entering.the.medical.field.and.will.then.look.at.how.the.gap.between.bench.and.bedside.can.be.
bridged.by.strategic.assistance.from.development.partners.

�.�  BIonanotechnology

Bionanotechnology.is.the.further.convergence.of.biology.with.nanotechnology.and.is.the.utilization.
of.nanostructured.materials/biomaterials.(monolithic.and.particulate).and.nanostructured.electron-
ics.for.enhanced.functionality.of.medical.devices,.pharmaceutics,.and.hybrid.combinations.(device.
and.pharma.combinations).for.diagnostics.and.therapeutics..The.application.of.bionanotechnology.
into.the.clinical.setting.can.be.described.as.nanomedicine..Bionanotechnology.will.drive.the.thrust.
for. the.evolution.of.personalized.medicine.and.on-demand.therapy.to.mitigate.adverse.events.as.
they.happen.

When.taking.a.view.on.the.benefits.of.nanotechnology.in.a.certain.field,.it.is.important.not.to.
fixate.on.the.issue.of.size..Size.in.itself.does.not.necessarily.impact.performance..Product.perfor-
mance.should.encompass.a.plurality.of.unique.properties.(biocompatibility,.electronic,.magnetic,.
optical,.mechanical,.thermal,.catalytic,.etc.).that.are.often.regarded.as.contradictory.in.the.“non-
nano”. world.. An. example. of. a. desirable. nanomaterial. with. contradictory. properties. might. be. a.
polymer.nanocomposite.that.is.mechanically.strong.and.tough.(will.not.bend.or.break),.hard.(resists.
scratching),.electrically.conductive,.optically.transparent,.and.biocompatible..It.would.be.nice.to.
have.all.of.these.properties.rolled.into.one.material,.but.in.a.typical.instance,.trade-offs.are.neces-
sary..Knowing.which.properties.can.and.cannot.be.sacrificed.depends.on.the.product.application..
Obtaining.a.balance.of.properties.is.generally.the.goal,.and.this.is.a.key.part.of.success.in.this.area,.
because.nanotechnology.can.result.in.properties.(e.g.,.high.strength,.stiffness,.and.toughness).that.

�.An.alternative.way.of.structuring.issues.that.occur.in.this.area—the.Darwinian.Sea—is.offered.in.[2b].

Scientific
Discovery 

Product
Development  

Technology Maturity

Cost Risk

Valley of 
Death

FIgure �.�  Crossing.the.“Valley.of.Death”.from.scientific.discovery.into.product.development.
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would.be.difficult. to.obtain. in. the.normal.world..Examples.of.how.nanotechnology.can. impact.
medical.devices.are.shown.in.Figure.6.3.

A.“technology”.is.defined.here.by.the.ability.to.deterministically.simulate,.design,.engineer,.
and.reproducibly.manufacture.a.product.to.obtain.the.best.balance.of.properties.for.a.given.applica-
tion..Ultimately,.nanotechnology.must.exist.within.the.constraints.of.being.able.to.integrate.these.
unique.performance.characteristics.into.controlled.systems.that.operate.at.the.macroscale.and.can.
be.made.at.relatively.low.cost..This.will.take.some.time.to.achieve,.but.we.are.only.at.the.beginning.
of.realizing.the.potential.of.fabricating.products.by.moving.and.assembling.atoms.and.molecules,.
building.larger.structures,.and.controlling.properties.and.behavior.at.the.nanoscale.

One.of.the.key.areas.in.which.the.movement.of.nanotechnology.from.the.laboratory.to.the.
marketplace.is.occurring.is.in.the.medical.sector..Here.we.are.seeing.the.convergence.of.disci-
plines.to.form.a.new.type.of.bionanotechnology.for.diagnostics.and.therapeutics..The.possibilities.
that.nanotechnology.opens.up.in.this.area.will.allow.the.emergence.of.a.new.era.of.personalized.
medicine,.offering.every.patient.greater.accuracy.in.his.or.her.diagnosis.and.treatment,.as.well.
as.this.being.able.to.occur.at.a.far.greater.speed..Due.to.these.possibilities,.it.can.be.argued.that.
within.the.medical.field,.bionanotechnology.can.be.characterized.as.a.“disruptive.technology”.
[4],.a.term.coined.by.the.Harvard.Business.School.academic,.Professor.Clayton.M..Christensen..
Professor.Christensen.defines.disruptive.technologies.as.technologies.that.introduce.a.different.
performance.package.into.a.market.than.that.offered.by.incumbent.technologies..Technology.dis-
ruption.occurs.when,.despite.the.technology’s.initially.inferior.performance.according.to.exist-
ing.benchmarks,.the.new.technology.displaces.the.mainstream.technology.from.the.mainstream.
market..The.disruptive.technology.presents.a.radically.different.alternative.to.what.is.offered.by.
the.status.quo..Examples.from.the.past.include.the.introduction.of.digital.photography,.the.inven-
tion.of.the.automobile,.and.the.revolution.produced.by.the.introduction.of.the.personal.computer.
[4]..Drug-eluting.stents.have.many.of.the.same.characteristics.of.a.disruptive.technology.and.have.
continued.the.trend.of.moving.patients.from.coronary.bypass.surgery.to.treatments.by.interven-
tional.cardiology.

Disruptive.technologies.are.not.disruptive.to.customers,.who.actively.benefit.from.their.intro-
duction..They.are.also.often.not.disruptive.to.incumbent.market.players.in.their.early.stages..There-
fore,. they.often.go.unrecognized.until. they.have.become.a.significant.force.within.their.market..
Bionanotechnology.fulfills.these.characteristics.within.a.number.of.fields..For.the.purpose.of.this.
chapter,.we.will.concentrate.on.its.applications.within.a.medical.context.

Short  

Long  

Medical Applications   

Improved Catheters, Balloons, Implants: Polymer nanocomposites to
        improve strength, stiffiness and toughness    
Joint Prostheses, Stents: Metallic alloys—nanograined, composites, and  

coatings for strength, toughness, lubricity, and wear resistance 
Biocompatible Surfaces and Drug Delivery Coatings: Nanostructured
        surfaces
Diagnostics and Imaging:  Nanoparticles and carbon nanotubes;  
        Implantable biosensors and active muscle, nerve, neural electrodes: MEMs   

and NEMs, tissue interfacing electrodes; small, low-power processors 
with wireless communications    

Targeted Drug Delivery and Cancer Therapy: Nanoparticles  
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FIgure �.�  Potential.medical.applications.for.nanotechnology.devices.
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Enhanced.nano-enabled.biomaterials. are.a.disruptive.medical. technology..Nanobiomaterials.
will.have.a.huge.impact.on.the.future.of.conventional.medicine..Their.importance.in.this.field.is.
based.on.their.ability.to.facilitate.the.evolution.of.personalized.medicine.and.on-demand.therapy.to.
mitigate.adverse.events.as.they.happen..They.also.have.the.potential.to.rapidly.change.the.available.
therapeutic.options..One.example.of.this.would.be.implantable.sensors.for.the.detection.of.thrombo-
sis.which.would.then.deploy.the.necessary.therapeutics,.such.as.a.stent.that.can.allow.local.release.
of.a.drug.immediately.upon.detection.of.a.myocardial.infarction..The.promise.and.the.challenge.
of.nano-enabled.technologies.for.medical.applications.are.clear..They.offer.enhanced.functionality.
and.biocompatibility.for.improved.healing.and.neogenesis.of.functional.tissue.to.replace.damaged.
or.diseased.tissue.and.organs.

However,. potential. new. paradigms. are. required. for. biocompatibility. evaluations. of. nano-
structures.and.particles..The.U.S..Food.and.Drug.Administration.(FDA).will.be.closely.watch-
ing. the. testing.of.nanoenabled.devices.and.pharmaceutics. in.order. to.determine. if. the.current.
test. methodologies. are. adequate. or. whether. new. testing. will. be. required. [5].. Concerns. as. to.
the.ultimate.deposition.of.nanoparticles. in. the.body.exist.because. their.small.size.and.chemi-
cal.properties.may.enable.them.to.easily.pass.the.normal.barriers.in.the.body.(for.example,.the.
blood–brain.barrier).and.to.easily.enter.cells..The.results.from.ADME.(absorption,.distribution,.
metabolism,.excretion).in.short-term.and.long-term.toxicity.studies.in.rodent.and.nonrodent.spe-
cies.will.be.carefully.monitored..Other.important.evaluations.will.focus.on.pharmacology,.safety.
pharmacology,. genotoxicity,. developmental. toxicity,. irritation. studies,. immunotoxicology,. and.
carcinogenicity. studies..The.development.of.efficacious. therapeutic.and.diagnostic.procedures.
based.on.nanotechnology.will.require.the.early.collaboration.of.clinicians.and.an.understanding.
of.the.clinical.environment.

In.order.for.bionanotechnology.to.become.more.than.an.academic.curiosity,.it.needs.to.over-
come.the.challenges.outlined.above..Each.individual.technology.also.needs.to.fight.its.way.from.
basic.laboratory.research.into.the.hands.of.consumers..Figure.6.4.outlines.the.process.that.these.
technologies.need.to.undertake.in.order.to.emerge.into.the.marketplace.

The.first.stage.in.the.supply.chain.of.bionanotechnology.along.its.path.to.enable.nanomedicine.
is. the.development.of. the.components.and.devices.(Figure.6.4)..The.process.of.developing.these.
components.and.devices.can.be.divided.into.the.following.five.stages.[2b]:

 1. Basic research—Funding.from.National.Science.Foundation.(NSF),.National.Institutes.of.
Health.(NIH).grants,.corporate.research,.and.Small.Business.Innovation.Research.(SBIR).
phase.I

 2. Proof of concept/invention—Previous.sources,.angel.investors,.corporations,.technology.
laboratories,.and.SBIR.phase.II

 3. Early-stage technology development—Previous. sources. and. early-stage. venture. capital.
funds

 4. Product development—Traditional.venture.capital
 5. Production/marketing—Corporate.venture.funds,.equity,.and.commercial.debt

In.moving.through.these.five.phases,.the.product.moves.from.the.bench.into.product.development.
and.the.commercialization.pathway.

Bench/
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Clinical

ApplicationComponents/
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Bionanotechnology Nanomedicine 

FIgure �.�  The.supply.chain.of.moving.from.the.laboratory.to.the.marketplace.
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�.�   management oF early-stage research—
creatIon oF a commercIalIzatIon path

So.what.is.needed.to.move.nanotechnology.forward.from.intellectually.stimulating.research.proj-
ects. to. money-making. commercialized. products,. enabling. those. involved—from. individuals. to.
nations—to.prosper?.To.succeed.from.an.economic.standpoint,.numerous.nanoproducts.must.be.
sold. that. ultimately. generate. billions. of. dollars. in. revenue. and. yield. attractive. profits. to. satisfy.
investors;.practical.problems.must.be.solved.that.benefit.customers.and.positively.impact.society;.
new.jobs.must.be.created.in.both.large.and.small.companies.to.sustain.existing.and.emerging.busi-
nesses;.academic.institutions.must.overflow.with.motivated.professors,.postdocs,.staff,.and.students;.
and.government.officials.must.propose.and.pass.legislation.to.secure.funding.and.provide.financial.
assistance.to.entrepreneurs.in.support.of.their.ventures..That.is.a.lot.to.expect,.and.much.can.get.in.
the.way.to.slow.or.prevent.the.above.steps.from.occurring.

The.key.question.is.how.to.bridge.the.gap.between.the.realm.of.scientific.discovery.and.the.
world.of.product.development..The.authors.propose. four. essential. ingredients. to. facilitate. rapid.
product.commercialization.once.a.nanotechnology.opportunity.has.been.identified.and.defined.and.
a.venture.created.to.move.things.forward:

. 1.. Investment.dollars.to.resource.the.venture.(people,.equipment,.space,.etc.).

. 2..Marketing.knowledge.to.orient.the.venture.(develop.strategy;.point.and.move.people.in.the.
right.direction).

. 3.. Intellectual. property. expertise. to. position. the. venture. (differentiate. from. and. defend.
against.competition).

. 4..Project.management.skills.to.steer.the.venture.(maintain.or.change.the.strategic.focus.and.
tactical. course;. schedule.milestones;. set. priorities;. assign. resources;. track. and.measure.
progress,.etc.).

Advance.Nanotech’s.approach.to.provide.these.services.is.one.example.of.bridging.the.gap.over.
the.Valley.of.Death..Advance.Nanotech.provides.a.toolbox.in.an.effort.to.ensure.the.technologies.
into.which.we.invest.reach.maximum.market.potential..This.toolbox.includes.financing.and.support.
services,.such.as.commercialization.guidance,.project.and.infrastructure.management,.leadership.
assets,.access.to.corporate.and.scientific.advisory.board.networks,.and.counsel.on.intellectual.prop-
erty,.licensing.and.regulatory.issues,.and.business.and.marketing.plans..This.toolbox.significantly.
increases.the.probability.of.enabling.nanotechnology.discoveries.to.reach.maximum.market.poten-
tial.through.successful.commercialization.

One.of.the.keys.to.being.successful.is.to.structure.a.research.agreement.that.meets.the.needs.
of.commercialization.and.the.academic.environment..Key.items.in.this.research.agreement.are.as.
follows:

Right.to.nonexclusive.license.of.existing.intellectual.property.(IP).
Right.to.exclusive.license.of.arising.IP.(or.foreground.IP).
Frequent.research.reports.
Right.to.review.publications.prior.to.submission.
Right.to.request.action.on.patentable.invention.
Right.to.participate/initiate.patent.prosecution.
Right.to.redirect.research.

The.proper.management.system.in.conjunction.with.research.agreements.focused.on.key.mile-
stones.and.deliverables.enhances.the.ability.to.manage.and.communicate.in.a.secure.environment.
with.our.collaborators.both.domestically.and.internationally..This.is.a.significant.enabling.tool.in.
the.commercialization,.monitoring,.and.development.of.emerging.nanotechnologies.

•
•
•
•
•
•
•
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In.this.model,.emerging.technologies.that.form.the.potential.basis.of.new.companies.are.pro-
vided.with. technical.project.management. assistance,. access. to.corporate.and. scientific.advisory.
board.networks,.competitive.and.IP.landscape.analysis,.and.business.and.marketing.plans..In.the.
case.of.Advance.Nanotech’s.model,.each.emerging.technology.that.we.invest.into.must.be.develop-
ing.a.product.for.a.market.with.a.minimum.market.value.of.$200.million,.must.have.a.credible.path.
to.commercialization.which.must.not.exceed.5.years,.and.must.have.a.protection.strategy.for.IP..
Once.a.subsidiary.company’s.product.pipeline.is.sufficiently.matured,.it.enters.the.near-to-market.
technology.section.of.the.portfolio.and.is.then.at.the.stage.where.further.funding.from.capital.mar-
kets.can.be.sourced.

The.financial.community.is.predominantly.interested.in.later-stage.products..When.the.uncer-
tainties.are.primarily.technical,.investors.are.ill.equipped.to.quantify.them—trusted.experts.are.
needed.to.do.this.for.them..Research.has.shown.the.inefficiencies.within.the.present.market.in.
allocating. venture. capital. to. early-stage. technology. ventures. despite. their. innovative. research.
and. strong. prospects.. Mary. Good,. former. Undersecretary. of. Commerce. for. Technology,. has.
described.this.scarcity.as.an.innovation.gap.[2b]..We.utilize.our.infrastructure.and.expertise.to.
accelerate.the.development.of.multiple.early-stage.research.programs.to.precommercialization/
ready.for.market.status..This.process.results.in.substantial.value.being.created.at.each.stage.of.
development..Extensive. relationships.with.academic. institutions.and. industry.provide.multiple.
opportunities.. At. any. time,. we. are. assessing. more. than. 30. individual. research. programs. for.
investment.consideration.

Additionally,.the.portfolio.is.supplemented.by.minority.interests.in.businesses.that.are.near-
to-market. and. offer. strategic. value,. and. broader. development. partnerships. with. business. or.
academia.

6.4.1  ExAmPlE of A commErciAlizAtion modEl

Will.this.strategy.work?.Yes,.it.will..In.fact,.there.is.already.clear.evidence.of.its.efficacy..Owlstone.
Nanotech.Inc.,.an.Advance.Nanotech.subsidiary,.is.a.spin-off.from.the.University.of.Cambridge..
Owlstone’s. sensor. technology.offers.a. revolutionary.dime-sized.device. that.can.be.programmed.
to.detect.a.wide.range.of.chemical.agents.that.may.be.present.in.extremely.small.quantities..Using.
leading-edge.micro-.and.nanofabrication.techniques,.Owlstone.created.a.complete.chemical.detec-
tion.system.that.is.one.hundred.times.smaller.and.one.thousand.times.cheaper.than.existing.technol-
ogy..This.makes.use.of.their.proprietary.Field.Asymmetric.Ion.Mobility.Spectrometry.(FAIMS).
technology.that.overcomes.many.of.the.key.problems.that.exist.within.the.incumbent.IMS-based.
detection.technology..This.detector.has.a.range.of.applications.across.a.number.of.sectors,.includ-
ing.homeland.security,.defense,.industrial.process.control,.consumer,.medical,.and.environmental..
Within.the.medical.arena,.the.sensor.has.a.number.of.applications..For.example,.at.present,.dia-
betes.patients.have.to.monitor.glucose.levels.by.using.a.painful,.inconvenient.pinprick.blood.test..
Owlstone’s.detector.technology.offers.a.compact,.painless.alternative,.enabling.rapid,.noninvasive.
measurement.of.acetone.levels.in.exhaled.breath.that.are.directly.related.to.blood.sugar.levels..The.
presence.of.signature.chemicals.also.has.the.potential.to.aid.in.the.detection.of.a.wide.range.of.other.
conditions,.from.asthma.and.allergies.to.organ.failures.and.certain.types.of.cancer..Owlstone.has.
already.entered.development.partnerships.with.firms.from.across.a.number.of.fields..We.believe.that.
the.developments.at.Owlstone.are.indicative.of.our.strategy.of.commercializing.innovation.and.are.
clear.representations.of.our.value.proposition..It.is.these.types.of.developments.that.we.expect.to.
foster.with.our.other.technologies.

Owlstone.offers. a. clear. example.of.how.a. carefully. chosen. technology,. a.quality. team,. and.
the.right.assistance.and.support.can.produce.the.desired.outcome.for.all.involved,.benefiting.both.
consumer.and.investor.with.the.products.that.are.brought.to.market..Advance.Nanotech.is.taking.
the.small.firm.environment.in.which.innovation.prospers.and.is.partnering.it.with.support.and.assis-
tance.normally.available.only.to.a.larger.firm.
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7 Opportunities	for	
Bionanotechnology	in	Food	
and	the	Food	Industry

Frans W.H. Kampers
BioNT,	Wageningen	Bionanotechnology	Centre,	
Wageningen,	The	Netherlands

�.�  IntroductIon

Western. societies. face. large. challenges. with. respect. to. health. care. and. the. well-being. of. their.
citizens..Food-related.diseases. like.obesity.and.diabetes.will. create. serious.problems;. the.aging.
population.will.require.special.nutrition.to.maintain.quality.of.life;.food.quality.and.safety.is.an.
increasingly.important.issue;.lifestyle.requirements.will.have.to.be.addressed;.and.sustainability.
of. food. production. and. processing. requires. continuous. attention.. Bionanotechnology. can. make.
important.contributions.to.the.fulfillment.of.these.challenges..It.will.allow.detection.systems.with.
improved.sensitivity.and.specificity.with.which.food.quality.can.be.assured.and.processes.can.be.
controlled. more. accurately.. Application. of. bionanotechnology. will. make. separation. and. certain.
processing.steps.more.efficient.and.will.open.up.possibilities.for.new.products..Derived.from.drug.
delivery.systems,.envelopes.for.the.delivery.of.nutrients.can.be.designed.that.will.improve.uptake.
by.the.consumer..Nanoscale.control.of.structures.will.allow.tailoring.the.texture.of.food.products.
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to. the.requirements.of.consumer.groups..Results.of.nanotechnology.will.have.a. large. impact.on.
packaging.and.logistics.of.food.

Although.these.results.are.attainable.within.the.foreseeable.future,.the.combined.effort.of.aca-
demia,.research.institutions,.and.industry.is.required.to.develop.them.into.economically.viable.con-
cepts..Some.of.the.concepts.presented.here.are.close.to.real-world.applications,.but.others.are.mere.
ideas.that.require.much.more.fundamental.research.before.they.can.actually.be.developed..They.are.
included.to.give.an.idea.of.the.variety.of.applications.and.to.trigger.the.imagination.of.the.reader.

�.�  sensors and dIagnostIcs

Measuring.specific.parameters.in.the.complex.processes.that.are.associated.with.food.is.essential.
to.control.these.processes.and.also.to.enhance.and.maintain.the.quality.of.the.products..Sensitivity.
and.specificity.are.usually.limiting.factors.that.need.to.be.improved..Nanotechnology.now.offers.
concepts.that.allow.development.of.sensing.principles.at.the.molecular.and.supramolecular.levels..
Not.only.is.nanotechnology.used.for.evolutionary.improvement.of.already.available.sensors,.it.is.
also.used.for.devices.based.on.revolutionary.new.principles.for.sensing.and.detection.

7.2.1  QuAlity ASSurAncE

Food.production.chains.become.longer,.more.complex,.and.more.international..To.be.able.to.main-
tain.the.high.level.of.food.quality.and.safety.in.the.European.Union,.quality.assurance.along.the.full.
length.of.the.chains.is.required..A.prerequisite.to.monitor.the.quality.of.products.at.various.loca-
tions.in.or.at.the.chain.is.the.availability.of.low-cost,.fast,.and.easy-to-operate.instrumentation.that.
can.determine.parameters.that.correlate.to.the.quality,.safety,.or.specific.properties.of.the.product..
Important.parameters.in.this.respect.are.microbial.activity.and.concentration.of.certain.metabolic.
products..An.example.of.this.approach.is.the.antioxidant.(e.g.,.vitamin.C).content.of.fresh.fruit..The.
concentration.of.this.important.compound.can.vary.by.several.orders.of.magnitude.and.is.largely.
influenced.by.postharvest.conditions..To.be.able.to.determine.these.parameters.with.a.very.high.level.
of.accuracy.and.specificity,.molecular.methods.are. required..Principles. that.can.be.used. include,.
for.example,.detection.of.characteristic.strands.of.DNA.or.RNA,.detection.of.specific.carbohydrate.
fragments,.and.binding.of.ligands.to.receptors..However,.most.of.these.principles.require.the.exten-
sive.use.of.laboratory.equipment,.take.too.much.time,.or.require.experienced.personnel..Moreover,.
deriving.a.physical.and.measurable.signal.from.these.principles.usually.is.difficult..The.application.
of.nanotechnology.in.combination.with.microtechnology.will.allow.the.development.of.instruments.
that.meet.the.application.demands.of.the.industry..There.are.two.distinct.applications.of.nanotechnol-
ogy.in.quality.assurance:.sensors.for.monitoring.production.processes.or.the.presences.of.unwanted.
substances.(residues,.allergens,.etc.).and.diagnostics.for.determining.microbial.activity.

Biosensors.are.devices.that.use.or.mimic.the.very.sensitive.and.selective.detection.principles.
encountered.in.nature.to.measure.the.amount.of.specific.substances.in.their.vicinity..To.interface.
with.the.control.hardware,.they.must.be.designed.in.such.a.way.that.they.result.in.a.signal.that.can.
be.converted.into.an.electrical.current.or.voltage..Although.there.are.many.principles.that.fulfill.
this.requirement,.sensors.based.on.the.principle.of.a.field.effect.transistor.(FET).have.the.advantage.
that.they.do.not.require.a.conversion.from.one.physical.property.to.an.electrical.signal..Chemical.
changes.at.the.gate.electrode.directly.result.in.a.change.in.the.electric.current.through.the.device.
(see.Figure.7.1)..A.good.overview.of.these.types.of.devices.is.given.by.Bergveld.[1]..In.the.case.of.
a.biosensor,.the.principle.of.a.FET.is.used.in.combination.with.a.biological.receptor..By.function-
alizing.the.surface.of.the.FET.device.[2].with.receptor.molecules,.a.binding.event.of.the.receptor.
with.a.ligand.will.result.in.a.change.of.the.charge.distribution.in.the.receptor.molecule..This.charge.
shift.is.sensed.in.the.silicon.substrate.and.influences.the.current.that.flows.from.the.source.to.the.
drain..The.sensitivity.of.these.devices.is.enhanced.if.the.cross.section.of.the.channel.that.connects.
the.source.and.the.drain.is.small.compared.to.the.surface.of.it..It.is.therefore.advantageous.to.use.
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functionalized.nanowires.[3]..These.nanowires.can.be.of.various.materials.including.silicon.and.
carbon.nanotubes.

The.ultimate.goal.is.to.make.devices.that.use.many.different.receptors.and.to.measure.the.rela-
tive.strength.of.the.signals.of.these.receptors..The.human.nose.contains.approximately.300.different.
receptors,.and.our.brain.has.learned.to.interpret.the.patterns.that.are.generated.to.recognize.specific.
smells..A.device.containing.the.same.receptors.could.mimic.the.human.nose..Smells.contain.very.
much.information.on.the.quality.of.food..An.electronic.nose.could.therefore.be.used.to.monitor.the.
quality.of.foodstuff.or.in.food.processing.

There.is.a.strong.demand.for.fresher.food.products..Microbial.activity.is.an.important.cause.for.
spoilage.of.these.products..After.the.harvest,.the.defense.mechanisms.of.products.break.down.and.
microorganisms.can.attack.the.tissue.which.results.in.quality.deterioration..Some.of.these.microor-
ganisms.are.pathogenic.and.threaten.the.safety.of.the.food.product,.and.others.cause.organoleptic.
spoilage..Diagnostic methods.able.to.determine.the.microbial.activity.in.a.food.product.are.there-
fore.widely.used.to.assess.the.quality..Unfortunately,.there.are.no.fast.and.easy-to-use.methods.to.
do. this..At. the.moment,. the.prevailing.method. requires. a.well-equipped.and. staffed. laboratory,.
taking.a.sample.and.incubating.it.on.a.petri.dish..This.can.take,.depending.on.the.type.of.organism,.
from.24.hours.to.several.days..Of.course.this.is.a.problem.in.the.fresh.food.chains..By.combining.
microtechnology.with.nanotechnology,.new.methods.for.the.detection.of.pathogens.and.the.deter-
mination.of.the.amount.of.spoilage.organisms.in.foodstuff.are.being.developed..They.are.usually.
based.on.the.detection.of.specific.DNA.or.RNA.strands.in.the.sample..This.requires.extraction.of.
the.DNA.or.RNA.from. the. sample,.often.multiplying. it. (polymerase.chain. reaction. [PCR]).and.
detection.of.characteristic.sequences..In.other.application.fields.like.medicine.or.homeland.security,.
nanosensing.technology.for.multiplying.and.detection.have.already.been.developed..The.difficult.
part.in.the.application.in.food.quality.assessment.is.the.sample.pretreatment.necessary.to.extract.
the.DNA.or.RNA.from.the.food.sample..Current.regulation.prescribes.sample.volumes.of.25.g..It.is.
clear.that.it.will.be.difficult.to.process.25.g.of.sample.in.a.microfluidics.device..A.change.of.regula-
tion.may.therefore.be.required.

7.2.2  nutritionAl Profiling

Our.knowledge.of.nutrigenomics.and.nutritional.processes. is.developing. rapidly. [4]..One.of. the.
results.will.be.that.it.will.be.possible.to.determine.what.the.nutritional.requirements.of.a.certain.
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FIgure �.�  Schematic.diagram.of.an.FET-based.sensor..The.source.drain.current.Isd.that.flows.through.the.
silicon.is.influenced.by.interactions.of.specific.substances.in.the.medium.and.the.functionalized.surface.
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individual.at.a.certain.point.in.time.are.from.the.expression.of.genes,.the.metabolism.of.nutrients,.
and.the.excretion.of.certain.chemicals..To.exploit.this.knowledge,.it.is.necessary.to.monitor.gene.
expression.over. time.and. to. sense. the.concentration.of. relevant.molecules. in.different. excretion.
products.. Although. still. far. from. realization,. the. principles. used. to. detect. microorganisms. will.
enable.the.development.of.new.technology.to.determine.in.real.time.the.nutritional.profile.of.the.
individual.and.to.use.this.profile.to.optimize.nutritional.intake..The.convergence.of.nanotechnology,.
bio(techno)logy,.information.technology,.and.cognitive.science.(NBIC).which.is.strongly.promoted.
in.some.parts.of.the.world.can.result.in.the.systems.necessary.for.such.an.application.

The.concept.basically.can.be.divided. into. two.parts:.determining. the.genetic. and.nutrition-
related.profile.of.an.individual.and.measuring.the.nutritional.content.of.food..The.idea.can.best.be.
demonstrated.through.the.example.of.allergy..Suppose.that.in.the.future.it.will.be.feasible.to.derive.
sensitivities.of.an.individual.for.certain.substances.from.the.genetic.profile..Although.the.genome.
is.not.changing,. it. is.already.known. that.circumstances.determine.which.genes.are.switched.on.
at.a.specific.point.in.time..This.means.that.it.probably.will.not.suffice.to.generate.the.profile.and.
determine.the.sensitivities.once;.it.will.need.to.be.done.regularly..This.is.why.fast.and.easy-to-use.
devices.are.necessary.for.this.application..Nanotechnology.can.provide.such.devices.

Now.that.it.is.known.which.substances.may.trigger.an.allergic.reaction,.it.is.necessary.to.avoid.
the.intake.of.these.substances..Of.course,.this.can.be.derived.from.the.composition.of.food.prod-
ucts,.but.very.often.allergens.are.present.in.natural.products.of.which.the.exact.composition.is.not.
known..Moreover,. processing. strongly. reduces. the. allergenicity.of. substances..Fresh. apples. can.
trigger.an.allergic.reaction,.whereas.the.same.apples.after.cooking.do.not..It.is.therefore.necessary.
to.test.the.food.prior.to.eating..This.also.requires.an.easy-to-use.and.fast.device.that.is.sufficiently.
sensitive.and.specific.to.determine.the.presence.of.the.substances.to.be.avoided..Nanotechnology.
will.be.required.to.fulfill.these.demands.

It.is.important.to.stress.that.this.is.an.application.of.nanotechnology.which.is.still.very.far.from.
being.realized..Much.fundamental.research,.not.only.in.the.field.of.micro-.and.nanotechnology,.is.
still.necessary.to.make.the.concepts.described.here.feasible.

�.�  process InnovatIon

Food.production.is.almost.synonymous.with.food.processing..Much.of.the.food.produced.nowadays.
is.in.some.way.or.another.processed,.either.to.prepare.it,.to.improve.its.sensational.or.nutritional.
value,.or. to.preserve. it..The.food.industry. is. therefore.constantly.searching.for.ways. to. improve.
certain. processes. or. to. find. new. processes. that. provide. specific. advantages.. With. the. advent. of.
nanotechnology.and.earlier.microtechnology,.new.possibilities.have.become.available.for.process.
innovation..Here.some.examples.are.given.

7.3.1  SEPArAtion And frActionAtion

The.result.of.a.food.process.may.contain.substances.that.need.to.be.removed..An.example.is.yeast.
cells.in.beer..Sometimes.the.product.contains.contaminants.of.microorganisms.that.are.unwanted..
Bacteria.in.milk.are.an.example.of.this..The.food.industry.has.different.ways.to.separate.the.wanted.
from.the.unwanted..In.the.case.of.microorganisms,.it.often.relies.on.heat.treatment.to.kill.the.organ-
isms..In.the.case.of.beer,.the.product.is.filtered..Microtechnology.as.a.spin-off.of.microelectronics.
has.resulted.in.the.ability.to.produce.very.accurate.and.increasingly.small.three-dimensional.struc-
tures..Microsieves.are.a.product.of.microtechnology.(see.Figure.7.2)..Photolithography.is.used.to.
create.a.membrane.with.very.many,.very.small.but.extremely.well-defined.holes.that.can.be.used.
for.separation.[5]..It.not.only.offers.very.high.log.reduction.ratios,.it.also.improves.the.sustainabil-
ity.of.processes.because.lower.pressures.are.required.or.heat.treatment.can.be.avoided..Moreover,.
because.of.the.milder.conditions,.the.original.product.will.maintain.its.quality..The.application.of.
microsieves.both.in.beer.and.in.milk.are.in.the.pilot-plant.phase.
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Food.usually.is.a.complex.mixture.of.components.with.very.different.properties..By.extracting.
different.fractions.from.the.basic.food.substance,.high-value.components.can.be.used.for.different.
purposes..An.example.of.this.principle.is.milk..By.skimming.the.milk,.it.is.fractionated.into.two.
components:. cream.and. low-fat.milk..The.cream. fraction. is.used. for.different.purposes. (butter,.
cream,.etc.)..Fractionation.in.general.is.a.very.important.process.step.in.the.food.industry.

The.experience.of.the.food.for.the.consumer.is.strongly.related.to.the.relative.concentrations.of.
the.components.and.their.interaction..If.complex.mixtures.of.basic.food.products.can.be.fraction-
ated.in.their.constituents.in.such.a.way.that.these.concentrations.and.interactions.can.be.restored.at.
a.later.point.in.time,.the.experience.of.the.consumer.can.be.individualized..It.can.be.envisioned.that.
basic.ingredients.are.combined.by.the.retailer,.or.even.in.the.consumer’s.home,.to.tailor.the.product.
to.the.specific.tastes.or.nutritional.demands.of.the.consumer.

Fractionation.is.more.complex.than.separation.because.it.usually.cannot.be.based.on.size.alone..
Fortunately,.microtechnology.can.provide.complex.shapes.of.the.pores.in.a.microsieve;.with.nano-
technology,.the.surface.of.the.sieve.can.be.modified.to.improve.fractionation.properties..The.struc-
tures.can.even.be.combined.with.antibodies.bound.to.the.surface.to.capture.certain.components.
with.a.very.high.degree.of.specificity.(affinity.chromatography).

7.3.2  EmulSificAtion

Emulsions.are.very.important.in.the.food.industry..Many.products.are.based.on.or.contain.emulsions.
of.some.form.[6]..New.ways.of.creating.improved.emulsions.are.of.interest.to.the.sector..Nanotech-
nology,.but.to.a.larger.extent.microtechnology,.can.be.used.to.improve.emulsification.processes.

For.low-throughput.emulsification.processes,.microfluidic.systems.can.be.used.to.create.small.
droplets.of.one.phase.in.the.continuous.other.phase..The.discrete.phase.is.entered.into.the.continu-
ous.phase.via.a.separate.microchannel.and.forms.small.droplets..The.advantage.is.that.the.control.
of.the.process.is.very.high,.and.complex.emulsions.are.feasible..The.problem.is.that.it.is.difficult.
to.scale.it.up.to.volumes.that.are.of.interest.to.the.food.industry..Membrane.emulsification.has.this.
disadvantage.to.a.much.lesser.extent.

In.cross-flow.membrane.emulsification,.a.membrane.like.the.ones.used.in.microsieves.(see.Fig-
ure.7.2).separates.one.phase.(e.g.,.water).from.the.other.(e.g.,.oil).[5,7]..The.oil.is.pressed.through.
the.pores.in.the.membrane.into.the.water.phase.that.flows.across.the.membrane,.and.well-defined.
droplets.of.oil.in.water.are.formed.(see.Figure.7.3)..Because.of.the.uniform.pore.size,.the.oil.droplets.

FIgure �.�  Electron.microscope.photo.of.a.microsieve.membrane..(Courtesy.of.Aquamarijn.Microfiltra-
tion.B.V.)
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are.also.of.equal.size,.and.a.monodisperse.oil-
in-water.emulsion.is.formed.

A. monodisperse. emulsion. is. more. stable.
than.a.polydisperse.emulsion,.because.in.the.lat-
ter.it. is.thermodynamically.favorable.for.small.
particles.to.coagulate.and.form.bigger.particles..
With. a. monodisperse. emulsion,. this. effect. is.
absent,.which.makes.the.emulsion.more.stable..
Another.advantage.of.monodisperse.emulsions.
is.that.a.two-stage.process.can.be.devised.to.cre-
ate.interesting.new.properties..If.you.first.make.
a.dispersion.of.water.droplets.in.oil.and.then.an.
emulsion.of.water-in-oil.droplets.in.water.dou-
ble. emulsions. are. created. that. contain. less. oil.
(calories).than.the.original.emulsion.

The.membrane.can.be. functionalized.with.
nanotechnology.(e.g.,.to.make.it.hydrophilic.or.
hydrophobic).. A. functionalized. membrane. can.
have.very.interesting.and.surprising.behavior.in.

the.emulsification.process..If.a.suitable.emulsion.of.oil.droplets.in.water.(or.vice.versa).is.used.in.the.
cross-flow.membrane.emulsification.with.a.hydrophobic.membrane,.a.nice.but.reversed.emulsion.
of.water.droplets.in.oil.can.be.formed..Effects.like.these.show.that.the.combination.of.micro-.and.
nanotechnology.opens.up.new.opportunities.for.important.processes.like.emulsification.

7.3.3  micro- And nAnorEActorS

Reactors.with.extremely.low.volumes.have.the.disadvantage.that.they.produce.small.amounts.of.
product..However,.because.of.their.small.volume,.they.exhibit.very.specific.advantages.[8]..An.obvi-
ous.example.is.derived.from.the.fact.that.the.surface-to-volume.ratio.is.very.high..Not.only.does.this.
offer.possibilities.for.reactions.that.require.close.interaction.of.a.solid.phase.(the.wall).with.the.reac-
tants,.it.also.means.that.thermodynamic.conditions.(e.g.,.speed.of.temperature.change,.uniformity.
of.temperature.over.the.reaction.volume,.etc.).are.superior.and.more.controllable..These.conditions.
are.very.important.for.the.quality.of.the.product,.because,.for.instance,.temperature.differences.over.
reaction.volumes.give.rise.to.additional.reactions.that.result.in.unwanted.side.products..These.side.
products.require.additional.cleaning.steps.or,.if.they.resemble.the.product.too.closely.and.cannot.be.
separated.effectively,.can.give.rise.to.the.need.for.additional.research.into.their.safety.for.the.user.

In.small.volumes,.potentially.dangerous.reactions.can.safely.be.conducted.because.of.the.small.
amounts.of.reactants..If.the.reaction.goes.out.of.control,.the.small.amounts.of.reactants.intrinsically.
limit.the.extent.of.the.damage.

If. larger. amounts. of. product. are. required. for. commercial. application,. parallelization. (using.
more.microreactors.in.parallel).is.an.elegant.solution..The.possibility.to.make.as.much.product.as.
necessary.by.using.more.reactors.also.means.that.scaling.reactions.from.laboratory.scale.to.pilot.
scale.and.ultimately.to.plant.scale.is.very.easy..If.the.reaction.works.in.the.lab.in.one.microreactor,.
it.is.possible.to.just.combine.the.necessary.number.of.microreactors.for.the.required.production.vol-
ume..This.means.that.upscaling.reactions.to.production.levels,.which.in.traditional.industry.often.
leads.to.negative.results.and.is.therefore.an.important.cost.factor.in.innovation,.is.linear,.easy,.and.
without.risk.

The.concept.of.nanoreactors.mimics.the.structures.that.biology.uses.to.produce.specific.mol-
ecules..Nanostructures.like.vesicles.and.micelles.can.be.used.to.confine.reactants.and.to.intensify.
the.contact.between.reactants.and.catalysts.or.enzymes..They.can.also.protect.intermediate.reaction.
products.from.unwanted.reactions.with.other.components.
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FIgure �.�  Cross-flow. emulsification. used. to.
make.an.oil.in.water.emulsion..Oil.is.pressed.through.
the.pores.and.forms.equally.sized.droplets.
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In.the.first. instance,.micro-.and.nanoreactors.will.be.used.for.products. that.are.produced.in.
small.quantities.(pharmaceuticals,.nutritional.components,.flavors,.and.fragrances,.etc.)..However,.
because.of.the.linear.scaling.of.production.levels.in.a.more.distant.future.it.will.also.be.applied.to.
more.bulky.production.processes.

�.�  nanoengIneerIng oF Food IngredIents

Nutritional.and.sensory.properties.usually.originate.at.the.molecular.or.supramolecular.level..Cer-
tain.food.components.interact.at.the.molecular.level.with.specific.receptors.in.the.consumer’s.body.
and.trigger.a.response..This.can.result.in.a.sensory.experience.but.can.also.result.in.biochemical.
processes.that.are.necessary.for.the.health.and.well-being.of.the.individual..These.interaction.events.
are.directly.related.to.the.structure.of.the.food.components.in.combination.with.the.receptors..With.
the.knowledge.of.these.processes.and.the.possibilities.that.nanotechnology.offer.at.the.molecular.
and.supramolecular.levels,.new.functionality.of.food.components.can.be.engineered.that.can.over-
come.food-related.health.problems.or.give.rise.to.new.sensory.experiences.

7.4.1  EncAPSulAtion And dElivEry

A.substantial.number.of.nutrients.can.offer.potential.health.benefits.to.consumers,.but.the.uptake.by.
the.body.is.limited..This.may.be.due.to.the.fact.that.these.substances.taste.very.bad.and.are.there-
fore.not.consumed.in.a.sufficient.amount.or.they.are.broken.down.during.processing.or.cooking.or.
at.an.early.stage.in.the.digestive.tract..In.some.cases,.the.substances.cannot.traverse.specific.physi-
ological.barriers.so.that.they.do.not.reach.the.sites.where.they.can.exercise.their.beneficial.effect..
Nanotechnology.can.provide.molecular.containers.that.overcome.these.delivery.problems.and.make.
the.substances.available. to. the.organism..Although. the.general.principles.of. these.envelope-like.
structures.are.already.known.from.pharmaceutical.applications,.to.make.them.applicable.in.food.
products.requires.more.research.into.specific.food-related.issues.

Specific.nutrients.are.more.effective.when.delivered.at.specific.locations.in.the.body,.or.when.
they.become.available.in.periods.when.the.organism.has.most.use.for.them..Nanotechnology.can.
provide.systems.with.which.the.delivery.of.nutrients.can.be.controlled.both.in.time.and.in.place..
The.triggers.for.the.release.can.be.generated.externally.(e.g.,.through.temperature,.light,.and.mag-
netic.fields).or.can.originate.from.the.organism.itself.(e.g.,.presence.of.certain.molecules,.pH,.con-
centration.levels.of.substances,.etc.).

During.the.processing.or.cooking.of.food,.many.flavors.and.fragrances.deteriorate.because.of.
their.volatile.character..By.encapsulating.them.in.nanostructured.particles,.these.substances.main-
tain.their.sensory.functions,.and.the.same.consumer.experience.can.be.obtained.with.less.of.the.
(often.expensive).substance,.or.new.taste.experiences.can.be.conceived..The.contents.of.the.particles.
need.to.be.released.at.a.very.specific.moment.during.consumption..This.poses.a.real.challenge.to.
the.nanotechnology.involved.

There.are.different.strategies.to.create.the.nanostructured.containers..However,.from.a.cost.per-
spective.it.is.clear.that.the.production.of.the.containers.must.be.simple..Self-assembly.is.therefore.
used.to.form.the.structures.from.individual.molecules..These.structures.are.well.known.in.nature..
Membranes.in.cells.are.products.of.the.self-assembly.of.phospholipid.molecules.into.bilayers..The.
phospholipids.have.a.hydrophilic.head.and.two.hydrophobic.tails..The.tails.find.each.other.in.an.
attempt.to.get.out.of.the.watery.environment;.the.heads.protrude.into.the.watery.environment..The.
result.is.a.bilayer.of.tails.with.heads.on.the.outside.in.which.the.tails.form.an.oily.environment..
These.bilayers.can.form.spheres,.called.vesicles,.with.watery.contents.separated.from.the.watery.
environment.outside..The.same.principle.but.with.a.monolayer.can.also.be.used. to.contain.oily.
contents..These.are.called.micelles..The.advantage.of.vesicles.and.micelles.is.that.they.are.based.on.
the.biologically.safe.and.well-known.phospholipids..A.disadvantage.is.that.they.are.not.very.good.
in.confining.the.contents.
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Organic.chemistry.has.provided.a.very.elaborate.toolbox.of.different.molecules,.structures,.and.
principles.with.which.other.types.of.containers.can.be.built..Polymers.with.different.properties.can.
be.linked.together.to.form.a.copolymer..One.of.the.parts.can.be.electrically.neutral,.whereas.the.
other.part.is.charged..If.the.solution.also.contains.polymers.of.opposite.charge,.they.self-assemble.
into.micelles.with.the.charged.polymers.coiled.in.the.core.and.the.neutral.polymer.tails.sticking.
into.the.watery.environment.(see.Figure.7.4)..Pluronics.are.tri-block.copolymers.that.contain.hydro-
philic.tails.and.a.hydrophobic.middle.part..Depending.on.the.sizes.of.the.tails.and.the.middle.part,.
they.self-assemble.into.micelles.or.vesicles..The.advantage.of.these.structures.is.that.the.complete.
organic.chemistry.toolbox.is.available.to.optimize.the.properties.or.to.functionalize.the.containers..
A.disadvantage.is.that.the.polymer.building.blocks.may.not.be.food.grade,.and.expensive.proce-
dures.must.be.followed.to.get.them.approved.for.food.use.

7.4.2  tExturE modificAtion

Apart.from.taste.and.smell,.the.structure.of.food.is.important.in.the.appreciation.of.food.by.the.
consumer..Texture.is.the.experience.of.the.structure.of.food.and.finds.its.origin.in.the.mind.of.the.
consumer..Texture.perception.is.a.complex.process.that.involves.most.of.the.senses.of.the.consumer.
[9]..It.can.be.interesting.to.modify.the.texture.of.a.food.product.to.make.it.meet.the.preferences.of.
certain.target.consumer.groups..It.may.even.be.necessary.to.make.a.novel.food.product.acceptable.
to.consumers..Meat.replacements,.for.instance,.suffer.from.the.fact.that.they.do.not.have.a.structure.
that.sufficiently.resembles.real.meat.products.

Food.is.a.complex.mixture.of.components,.and.the.structure.a.consumer.experiences.is.made.up.
from.a.hierarchy.of.structures.from.the.nanolevel.via.the.micro-.and.mesolevels.to.the.macroscopic.
properties.of.the.food..Modifying.the.texture.therefore.not.only.requires.the.ability.to.modify.the.
structure.at.the.nano-.and.microlevels,.but.also.an.understanding.of.the.interaction.of.the.different.
hierarchy.levels..Nanotechnology.therefore.can.only.contribute.to.texture.modification.of.complex.
food.products.

The.nanostructure.of.certain.food.products.often.is.an.important.component.of.the.texture..The.
degree.of.cross-linking.of.fibrils.in.dairy.products.determines.the.firmness.of.the.product..A.gel.is.
made.up.of.networks.of.polymers.(e.g.,.protein.fibrils).in.water.(see.Figure.7.5)..The.firmness.of.the.
gel.is.determined.by.the.amount.of.fibrils.and.the.degree.of.cross-linking..Modifying.the.texture.of.
these.types.of.food.products.or.lowering.the.amount.of.gelling.agent.therefore.requires.control.of.
the.nanoscopic.structure.of.the.fibrils.
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FIgure �.�  A. solution. of. block. copolymers. with. positively. charged. and. neutral. parts. and. negatively.
charged.polymers.self-assemble.into.micelles.
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Traditional.meat.production.with.animals.is.very.inefficient.in.terms.of.plant.protein.and.water.
use..It.requires.3.to.10.times.the.amount.of.plant.protein.to.produce.a.certain.amount.of.beef..With.a.
growing.world.population.and.an.even.stronger.increase.of.meat.consumption.it.will.be.interesting.
to.be.able.to.convert.the.plant.protein.directly.in.a.meat-like.product..Meat.predominantly.is.muscle.
tissue,.so.the.basis.of.the.structural.hierarchy.of.meat.is.the.structure.of.muscle..At.the.nanolevel.
this.starts.with.fibrils.that.are.connected.to.each.other.with.linear.motor.proteins..The.fibrils.are.
neatly. aligned,. and. the.motor. proteins.pull. one. set. of. fibrils. into. a. second. which. results. in. the.
contraction.of.the.muscle..Bundles.of.fibrils.form.muscle.cells.that.make.up.strands.that.ultimately.
form.the.muscles..Creating.a.convincing.meat-like.product.from.plant.protein.therefore.starts.with.
creating.a.neatly.aligned.and.interconnected.nanostructure.from.the.protein.fibrils.and.building.the.
rest.of.the.hierarchy.from.this.

�.�  packagIng and logIstIcs

Packaging.of.food.products.plays.an.essential.role.in.maintaining.the.product.quality.over.longer.
periods.of.time,.an.important.benefit.in.terms.of.sustainability.and.consumer.benefit..Many.of.the.
problems.that.result.in.destruction.of.food.products.(in.Europe.about.one-third.of.all.food.products.
are.not.consumed.but.are.discarded.as.waste).can.be.overcome.with.improved.and.enhanced.pack-
aging..Apart.from.new.materials.with.improved.mechanical.properties,.nanotechnology.will.allow.
concepts.that.will.add.functionality.to.packaging.materials.

By.adding.exfoliated.clay.platelets.to.the.polymer.matrix.of.packaging.material,.improved.bar-
rier.properties.can.be.achieved..The.platelets.effectively.increase.the.diffusion.distance.so.less.oxy-
gen.can.leak.into.a.modified.atmosphere.container.or,.in.other.products,.water.or.CO2.out..In.this.
way,.it.has.recently.become.feasible.to.package.beer.into.polyethylene.terephthalate.(PET).bottles.
without. loss. of. shelf. life.. If. necessary,. these. barrier. materials. can. be. enhanced. with. scavenger.
materials.that.catch.the.few.molecules.that.do.leak.in.before.they.can.deteriorate.the.product..Scav-
enger.molecules.can.also.be.used.to.catch.odor.molecules.that.are.naturally.emitted.by.certain.food.
products.and.by.consumers.inadvertently.are.associated.with.quality.deterioration..Antimicrobial.
nanocoatings.or.antimicrobial.nanoparticles.in.the.matrix.of.the.packaging.material.can.lower.the.
microbial.pressure.in.the.package.which.results.in.enhanced.shelf.life.of.products.

FIgure �.�  Nanothick.fibrils.of.nonmeat.proteins,.allowing.tailoring.of.food.texture..(Courtesy.of.Food.
Physics.Group.of.Wangeningen.University,.The.Netherlands.)
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Indicators.based.on.nanotechnology.can.inform.the.consumer.about.the.quality.of.the.product.
or.(for.example).the.ripeness.of.contained.fruits..Packaging.that.includes.sensors.and.possibilities.
based.on.(printable).radio.frequency.identification.(RFID).technology.to.communicate.with.devices.
in.their.vicinity.can.signal.problems.with.storage.conditions.that.could.result.in.quality.deterioration.
or.can.warn.for.potential.safety.problems..Active.packaging.could.release.substances.at.a.specific.
point.in.time.to.optimize.the.quality.(e.g.,.ripeness).when.the.product.is.consumed.

�.�  dIscussIon

Only.some.of.the.concepts.presented.here.are.already.available.for.application.in.practice..Nanoen-
hanced.packaging.materials.are.being.used.in.specific.applications.or.in.food.containers,.and.there.
are.indicators.on.the.market.that.signal.deterioration.of.the.modified.atmosphere.or.the.ripeness.of.
the.product..Applications.that.will.be.introduced.in.the.near.future.include.the.sensing.and.diag-
nostics.devices.and.the.innovations.in.certain.food.processes..Although.there.are.already.products.
on. the.market. that.utilize. these. concepts,. large-scale. applications.of. encapsulation.and.delivery.
systems.and.nanoengineered.food.are.further.from.the.market..This.is.not.only.because.of.the.com-
plexity.of.the.technology.but.also.because.of.the.acceptance.by.the.consumer..Consumer.perception.
is.very.important.in.an.application.as.emotional.as.food..With.applications.of.nanotechnology.in.
food,.the.general.public.is.worried.about.the.hazards.associated.with.nanotechnology.

7.6.1  SAfEty ASPEctS of nAnotEchnology in food

The.general.public.has.a.good.recollection.of.the.health.problems.caused.by.asbestos,.and.although.
there.are.more.differences.than.similarities.between.asbestos.and.products.of.nanotechnology,.the.
public.draws.parallels.and.perceives.nanotechnology.as.hazardous..And.research.has.shown.that.
there.are.hazards.associated.with.the.use.of.certain.nanoparticles..It.is.known.that.material.in.the.
form.of.nanoparticles.behaves.differently. than. the. same.material. in.macroscopic. form..A.good.
example.is.silver.that.is.relatively.inert.in.macroscopic.form.but.is.highly.antimicrobial.in.a.nano-
dispersion..Apart.from.the.geometrical.effect,.there.are.two.main.reasons.for.this.different.behavior..
First,.the.ratio.between.surface.and.volume.in.a.nanoparticle.is.very.high..This.means.that.reactiv-
ity.or.catalytic.properties.of. the.nanoparticle,.which.are.generated.at. the.surface,.are.extremely.
enhanced..Second,.effects.of.quantum.mechanics.start.to.be.important.when.particles.are.in.the.
nano.range..This.results,.for.instance,.in.the.well-known.fluorescent.properties.of.quantum.dots.and.
also.affects.the.surface.reactivity.of.the.particles..The.extent.of.these.effects.and.their.consequences.
for.certain.applications.are.not.clear.for.most.of.the.nanoparticles.

For.carbon.nanoparticles,.it.was.shown.that.they.can.traverse.the.blood–brain.barrier.[10]..The.
blood–brain.barrier. is.one.of. the.major.obstacles.for.modern.medicine..Very.few.molecules.can.
cross.it..It.was.therefore.very.surprising,.and.to.many.people,.concerning,.that.the.carbon.nanopar-
ticles.were.able.to.end.up.in.the.brain..Another.concern.is.nanoparticles.in.the.environment.[11]..
Most.of.the.nanotechnology.described.is.either.bound.to.other.macroscopic.structures.or.is.highly.
biodegradable.and.therefore.not.persistent.in.the.environment.However,.nanoparticles.in.packaging.
material.applications.can.end.up.in.the.environment.after.the.end.of.their.useful.lifetime..There.is.
an.obligation.to.show.that.these.particles,.even.in.the.long.run,.do.not.pose.a.threat.to.organisms.or.
the.ecosystem.

From.the.above,.it.must.have.become.clear.that.most.of.the.nanotechnology.being.developed.
for.food.applications.will.not.end.up.in.food.products..Moreover,.most.applications.make.use.of.
one-dimensional.nanotechnology.(layers.or.surfaces).or.two-dimensional.nanotechnology.(fibrils)..
The. generally. regarded. as. more. hazardous. three-dimensional. nanotechnology. (nanoparticles). is.
encountered.in.packaging.materials.for.antimicrobial.effects..Encapsulation.and.delivery.systems.
usually.result.in.particles.that.are.larger.than.100.μm.and.can.therefore.best.be.classified.as.one-
dimensional..nanotechnology.with.the.wall.of.the.container.being.the.nanostructure.that.provides.
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the. new. functionality.. Also,. the. encapsulation. systems. are. relatively. large,. so. the. size-effect. is.
weak,.and.they.must.be.biodegradable.for.the.organism.to.be.able.to.benefit.from.the.nutrients.they.
contain..They.will.therefore.not.persist.in.the.organism..The.nanoparticles.in.packaging.materials.
are.of.more.inorganic,.insoluble,.nondegradable.nature.and.must.therefore.be.regarded.as.persistent.
both.in.organisms.and.in.the.environment..In.their.application,.they.are.not.free.but.are.included.in.
a.matrix.which.means.that.the.exposure.to.them.is.limited..However,.at.some.time.these.materials.
will.be.discarded.and.will.end.up.in.a.garbage.disposal.system.where.they.are.released.from.the.
matrix.material..These.hazards.have.not.been.characterized.extensively,.and.it.is.recommended.that.
more.research.be.done.to.the.risk.assessment.before.these.particles.are.applied.in.a.large.scale.in.
packaging.materials.

7.6.2  conSumEr bEhAvior

From.a.consumer.perspective,.there.are.parallels.between.the.use.of.genetically.modified.organ-
isms. (GMOs). in. food.and. the.application.of.nanotechnology. in. food..Both.are.unobservable. for.
the.consumer,.have.hazards.associated.with.them,.can.have.long-term.unwanted.effects,.and.are.
highly.unnatural..The.GMO.debate.has.shown.that.consumers.can.reject.a.new.technology.if.it.is.
introduced.in.the.wrong.way..It.is.important.to.learn.from.the.mistakes.that.were.made.with.the.
introduction.of.GMOs.and.to.avoid.the.same.pitfalls.in.the.application.of.nanotechnology.in.food.
Food.is.a.very.emotional.issue..Eating.is.pleasure..Moreover,.food.is.seen.as.an.important.compo-
nent.of.health.and.health.care..And.finally,.it.comes.very.close,.even.inside.of.you,.and.you.cannot.
take. it.out.easily.when.you.experience.adverse.effects..Consumers.prefer.fresh.and.natural.food.
because.that.is.perceived.to.be.healthier..Therefore,.there.is.an.aversion.against.any.artificial.addi-
tion.to.food..Consumers.are.very.traditional.when.it.comes.to.food..They.will.only.accept.unnatural.
additions.or.modifications.to.food.when.there.are.distinct.advantages.and.the.safety.of.the.product.
is.not.compromised.

To. overcome. the. hesitation. with. consumers. and. to. avoid. the. GMO. pitfalls,. it. is. extremely.
important.to.build.trust.with.the.consumers..For.the.acceptance.of.the.technology.by.the.public,.it.is.
important.that.the.consumer.can.make.a.risk/benefit.evaluation..To.do.that,.risks.must.be.discussed.
openly.and.uncertainties.disclosed..Risk.is.the.product.of.hazard.and.exposure..To.assess.the.risks.
of.an.application.of.nanotechnology.the.hazards.must.first.be.characterized..As.has.been.explained.
above,.this.requires.more.research..When.the.hazards.have.been.characterized,.the.exposure.to.the.
hazards.must.be.assessed..In.most.of.the.applications.discussed.here,.the.exposure.to.nanoparticles.
will.be.limited,.and.therefore.the.risks.associated.with.that.application.will.be.limited..For.a.risk/
benefit.evaluation,.it.is.also.necessary.that.the.benefits.to.the.consumer,.not.to.the.manufacturer,.are.
explicit..Usually.the.benefits.of.a.new.technology.are.highlighted.sufficiently..It.is.important.for.the.
trust.in.both.science.and.industry.that.these.benefits.not.be.exaggerated.

Finally,.it.is.essential.for.consumer.acceptance.that.the.consumer.has.a.choice.whether.or.not.to.
use.the.nanoenhanced.product.or.the.traditional.product..It.is.therefore.important.to.devise.a.clear.
labeling.system.that.informs.consumers.about.products.that.contain.nanotechnology.to.distinguish.
them.from.traditional.products.and.to.offer.the.consumer.this.choice..Unfortunately,.the.food.indus-
try,.after.the.GMO.issue,.is.hesitant.toward.labeling.

7.6.3  Economic ASPEctS

The.profit.margins.in.the.food.industry.are.very.small..This.means.that.there.is.very.little.room.to.
introduce.an.expensive.new.technology..Moreover,.stakeholders.want.to.see.fast.returns.on.invest-
ments..This.is.a.problem.for.the.introduction.of.nanotechnology.in.food..Fortunately,.many.appli-
cations.discussed.here.can.be. introduced. in.an.evolutionary.way..The.use.of.new.and. improved.
sensors.for.process.control,.for.instance,.does.not.require.a.total.redesign.of.the.production.process.
and.can.be.done.with.limited.investments.
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Consumers.are.rarely.willing.to.pay.much.more.for.a.food.product,.even.if.it.has.distinct.advan-
tages..The.advantages.are.usually.indirect.or.have.effects.at.different.stages.of.your.life..If.you.are.
ill,.you.are.easily.prepared.to.pay.substantial.amounts.of.money.for.a.product.that.may.cure.you;.if.
you.are.healthy,.you.usually.are.not.prepared.to.pay.more.for.a.product.that.has.shown.to.make.you.
healthier..The.margin.for.introduction.of.nanotechnology.is.therefore.limited..There.is.no.room.for.
sophisticated.drug.delivery.concepts.that.are.currently.in.development.in.the.pharmaceutical.indus-
try..However,.there.is.room.for.adopting.parts.of.these.concepts.to.provide.distinct.benefits.to.the.
consumer.of.the.food.product,.especially.when.these.concepts.are.relatively.cheap..To.do.this,.it.can.
be.advantageous.to.“borrow”.concepts.from.other.application.areas.that.have.more.financial.room.
to.do.the.research..Many.applications.in.the.medical.and.pharmaceutical.sectors.can.be.adopted.for.
use.in.food.or.food.industry,.but.also.areas.such.as.homeland.security.and.the.defense.industry.can.
be.fertile.sources.of.inspiration,.especially.when.confidentiality.is.lifted.and.patents.have.expired.

But.the.ultimate.means.to.control.the.costs.in.a.high-tech.application.like.nanotechnology.is.to.
make.use.of.self-assembly.mechanisms.for.the.production.of.the.nanocomponents..By.focusing.the.
research.on.suitable.molecules.that.self-assemble.into.functional.structures,.it.is.possible.to.create.
robust.applications.that.do.not.need.large.investments.in.very.specific.equipment.or.clean.rooms,.
often.associated.with.nanotechnology..This.substantially.lowers.the.threshold.for.applications.of.
nanotechnology.in.food..And.in.the.end,.it.is.the.combination.of.industry.willing.to.produce.it.and.
consumers.willing.to.buy.it.that.creates.the.opportunity.
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�.�  thermal spray coatIngs

8.1.1  thErmAl SPrAy ProcESS

Thermal.spraying.includes.a.group.of.processes.wherein.a.feedstock.material.(usually.a.powder,.but.
also.in.the.form.of.a.wire.or.rod).is.heated.and.propelled.as.individual.molten.or.semimolten.particles.
toward.a.substrate.surface..Thermal.spray.torches.are.employed.to.deposit.coatings.on.substrates..
These.thermal.spray.torches.have.a.heat.source.that.can.be.the.combustion.of.a.fuel.gas.(e.g.,.propyl-
ene.and.oxygen),.a.plasma.gas.(e.g.,.Ar/H2),.or.an.electric.arc..At.the.heat.source.of.the.thermal.spray.
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torch,.the.feedstock.material.is.heated.and.changed.to.a.jet.of.molten.or.semimolten.particles.and.is.
propelled.toward.the.substrate.surface.via.the.expansion.of.the.combustion.gases,.plasma.gases,.or.
compressed.air..Basically,.any.material.that.is.stable.in.its.molten.state.can.be.deposited.by.thermal.
spray,.which.includes.a.wide.range.of.metals,.ceramics,.polymers,.and.cermets.

At. impact.with. the.substrate.or.previously.deposited. layers,. the.molten.or.semimolten.particles.
flatten.and.form.thin.lamellae.(splats). that.conform.and.adhere. to. the.irregularities.of. the.substrate.
surface.and.to.each.other..After.impact,.the.splats.cool.and.resolidify.very.rapidly,.generally.before.the.
arrival.of.the.next.impinging.particle..The.microstructure.of.a.thermal.spray.coating.is.formed.by.the.
overlapping.and.interlocking.of.splats,.thereby.creating.a.lamellar.structure.(Figure.8.1)..The.coating.is.
typically.nonhomogeneous,.anisotropic,.and.contains.a.combination.of.material.originating.from.fully.
molten.and.semimolten.particles,.as.well.as,.pores,.cracks.(in.ceramics),.and.oxides.(in.metals).[1].

Thermal.spray.coatings.are.normally.deposited.on.metallic.substrates;.however,.ceramic.and.
plastic.substrates.may.also.be.coated.by.this.technique..Substrate.preparation.is.of.high.importance..
The.substrate.is.generally.prepared.by.grit-blasting.the.surface.with.alumina.particles,.which.cleans.
the.surface.of.contaminants.and.unwanted.species.(e.g.,.oxides).and.provides.microscopic.asperities.
(roughness). to. increase.surface.area.and.enhance.coating.adhesion..The.bond.between. the.coat-
ing.and.substrate.may.be.mechanical.(anchoring.of.the.splats.on.the.roughness.of.the.substrate),.
chemical,.metallurgical,.or.a.combination.of.these..The.properties.of.thermal.spray.coatings.are.
dependent.on,.among.other. things,. the. feedstock.material,. thermal.spray.process,. thermal.spray.
parameters,.and.particle.temperature.and.velocity.in.the.thermal.spray.jet.

The.two.most.widely.employed.thermal.spray.processes.to.spray.feedstock.powders.today.are.
air. plasma. spray. (APS). and. high-velocity. oxy-fuel. (HVOF).. The. heat. source. of. APS. torches. is.
based.on.a.combination.of.plasma.gases.(e.g.,.Ar/H2)..The.maximum.temperature.of.a.plasma.jet.
is.approximately.15,000°C,.whereas.the.particle.speed.generally.varies.from.150.to.300.m/s..This.
process.is.usually.carried.out.in.open.air;.however,.it.can.be.carried.out.inside.a.vacuum.chamber,.
and.then.it.is.called.vacuum.plasma.spray.(VPS)..Sometimes.metals.are.sprayed.by.VPS.in.order.to.
avoid.particle.oxidation.from.air.during.thermal.spraying.

The.heat.source.of.HVOF.torches.is.based.on.the.combustion.of.a.fuel.gas.(e.g.,.propylene.and.
O2)..The.maximum.temperature.of.an.HVOF.jet.is.generally.below.3000°C,.whereas.the.particle.
speed.generally.varies.from.600.to.800.m/s.

8.1.2  biomEdicAl thErmAl SPrAy coAtingS

There.are.approximately.435,000.total.knee.and.hip.joint.replacements.per.year.just.in.the.United.
States..By.the.year.2030,.a.total.of.730,000.total.knee.and.hip.joint.replacement.procedures.per.year.
is.estimated.only.in.the.United.States.[2]..Key.components.of.these.implants.are.generally.made.of.

Splat 

Pore 

Substrate 

Semimolten
particle

In-flight particles 

FIgure �.�  The. lamellar.microstructure.of. a. thermal. spray.coating. (cross-section). consisting.of. splats,.
semimolten.particles,.and.pores.
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Ti-6Al-4V.alloys,.CoCr.alloys,.or.stainless.steel..
These.materials.have.high.mechanical.strength,.
high.corrosion.resistance,.good.fatigue.life,.and.
are.extremely.bioinert..Due.to.their.high.bioin-
ertness,.they.do.not.exhibit.good.biointeraction.
with.the.osteoblast.cells.once.implanted.in.the.
human. body;. therefore,. another. agent. must. be.
used. in. order. to. promote. the. osseointegration.
between.the.implant.and.the.bone.

The.first.hip.joint.implants,.which.were.devel-
oped.during.the.1960s,.employed.a.cement.to.pro-
vide.the.fixation.of.the.implant.to.the.bone..These.
types. of. implants. are. called. cemented. implants..
This. technique. is. still. employed. today,. and. the.
cement. is. based. on. an. acrylic. polymer. called.
polymethylmethacrylate. (PMMA).. Uncemented.
implants. were. developed. in. the. 1980s. in. an.
attempt.to.eliminate.the.possibility.of.part.loosen-
ing.and.the.breaking.off.of.cement.particles,.which.
occurred. more. frequently. in. younger. and. active.
patients.who.had.received.cemented.implants.

The. state-of-the-art. uncemented. implants.
used.today.employ.biocompatible.thermal.spray.coatings,.such.as.hydroxyapatite.(HA).and.titanium.
(Ti),.to.promote.the.osseointegration.between.the.implant.and.the.bone..HA.is.a.calcium-phosphate–
based.material.(Ca10(PO4)6(OH)2),.which.is.the.bone.mineral.found.in.human.bodies..HA.is.highly.
biocompatible.and.bioactive.in.the.human.body..It.is.compatible.with.various.tissue.types.and.can.
adhere.directly.to.osseous,.soft,.and.muscular.tissue.without.an.intermediate.layer.of.modified.tissue.
[3]..Due.to.this.high.bioactivity.with.human.cells,.synthetic.HA.powders.are.thermally.sprayed.onto.
the.metallic.implants..The.thermal.spray.process.employed.is.generally.APS..Once.the.prosthesis.is.
implanted,.the.osteoblast.cells.of.the.bones.attach,.grow,.and.proliferate.on.the.surface.of.these.HA.
coatings,.therefore.promoting.the.necessary.osseointegration..The.HA.coatings.produced.via.APS.for.
this.application.generally.have.a.thickness.of.50.to.75.µm,.an.arithmetic.mean.roughness.(Ra).of.7.5.to.
9.5.µm,.porosity.of.1.to.10%,.purity.higher.than.97%,.crystallinity.higher.than.50%,.and.bond.strength.
between.20.and.30.MPa.[3–6]..Figure.8.2.shows.a.typical.example.of.a.Ti-6Al-4V.hip.joint.(stem.and.
acetabular.cup).coated.with.an.HA.thermal.spray.coating.[7]..Figure.8.3.shows.a.typical.artificial.hip.
joint.implant,.like.the.one.of.Figure.8.2,.implanted.in.the.human.body..The.stem.is.implanted.in.the.
femur,.and.the.acetabular.cup.is.implanted.in.the.pelvis.

Titanium.powders.are.generally.thermally.sprayed.via.VPS.in.order.to.avoid.the.oxidation.of.the.Ti.
particles.in.air..Due.to.the.lack.of.bioactivity.between.the.titanium.and.the.osteoblast.cells,.the.osseo-
integration.mechanism.is.different.from.that.of.HA.coatings..The.titanium.thermal.spray.coatings.are.
made.highly.porous..The.large.pores.allow.bone.in-growth.into.the.microstructure.of.the.coating,.filling.
the.porosity.of.the.coating,.and.thereby.promoting.mechanical.osseointegration..The.titanium.coatings.
produced.via.VPS.generally.exhibit. thickness.of.350.to.600.µm,.arithmetic.mean.roughness.(Ra).of.
approximately.30.µm,.porosity.of.15.to.40%,.and.bond.strength.of.25.MPa.(minimum).[5,8].

8.1.3  nAnoStructurEd thErmAl SPrAy coAtingS

�.�.�.�   enhanced mechanical performance of the 
nanostructured thermal spray coatings

It.has.been.demonstrated.by.different.authors.that.nanostructured.thermal.spray.coatings.exhibit.
enhanced. mechanical. performance. when. compared. to. their. conventional. counterparts. [9–20]..

HA
thermal

spray
coating

Ti-6Al-4V
stem

FIgure �.�  Typical. Ti-6Al-4V. hip. joint. (stem.
and.acetabular.cup).coated.with.an.HA.thermal.spray.
coating.. (From. International Orthopaedics, 25,.
2001,.17–21,.C.J.M..Oosterbos,.A.I.A..Rahmy,.A.J..
Tonino,.Figure.1..With.permission.of.Springer.Sci-
ence.and.Business.Media.)
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Different.characteristics.have.been.observed,.including.higher.wear.resistance,.higher.bond.strength.
with. the. substrate,.higher. resistance. to.delamination,.higher. toughness,. and.higher.plasticity.. In.
order.to.produce.these.types.of.coatings.and.achieve.these.properties,.several.important.steps.must.
be.taken..These.are.described.in.the.remainder.of.this.section.

�.�.�.�  nanostructured powders for thermal spray

As.previously.mentioned,.thermal.spray.coatings.are.usually.made.from.a.powder.feedstock..These.
powder.particles. typically.exhibit.a.particle.size.distribution.varying.from.5.to.100.µm.(i.e.,. the.
particles.are.microscopic)..Individual.nanostructured.particles.(i.e.,.smaller.than.100.nm).cannot.be.
thermally.sprayed.using.the.regular.powder.feeders.employed.in.thermal.spray..These.tiny.nanopar-
ticles.would.clog.the.hoses.that.transport.the.powder.particles.from.the.powder.feeder.to.the.thermal.
spray.torch.

In.order.to.spray.nanoparticles.using.regular.powder.feeders,.the.individual.nanostructured.par-
ticles.are.agglomerated.via.spray-drying.into.microscopic.particles..This.process.is.usually.employed.
when. very. fine. materials. such. as. nanostructured. ceramic. or. cermet. powders. are. to. be. thermally.
sprayed..Figure.8.4.and.Figure.8.5.show.the.morphology.of.typical.conventional.and.nanostructured.
titania.(TiO2).powder.particles.for.thermal.spray.systems.[18]..The.conventional.particle.is.formed.via.
fusing.and.crushing.of.the.titania.material.(Figure.8.4A)..When.this.conventional.particle.is.observed.
at.high.magnification,.it. is.not.possible.to.identify.any.nanostructural.character.(Figure.8.4B)..The.
nanostructured.titania.particle.produced.for.thermal.spray.is.shown.in.Figure.8.5..It.exhibits.the.typi-
cal.donut.shape.of.spray-dried.particles.(Figure.8.5A)..When.analyzed.at.higher.magnifications,.it.is.
possible. to.observe. the.nanostructure.of. the.feedstock.(Figure.8.5B).(i.e.,.each.microscopic. titania.
particle.is.formed.via.the.agglomeration.of.individual.titania.particles.smaller.than.100.nm).

Nanostructured. metallic. powders. can. also. be. thermally. sprayed.. In. this. case,. conventional.
microscopic.metallic.particles.are.usually.milled.in.methanol.or.liquid.nitrogen.[21]..Due.to.the.
excessive.plastic.deformation.of.the.metallic.particles.during.milling,.the.submicron.grains.of.the.
powders.are.destroyed.and.transformed.into.grains.with.diameters.smaller.than.100.nm.[21].

�.�.�.�  thermal spraying nanostructured powders

The. thermal. spray. process. is. intrinsically. associated. with. the. melting. of. particles.. Without. some.
particle.melting.it.is.extremely.difficult.to.produce.thermal.spray.coatings,.particularly.with.ceramic.

FIgure �.�  Typical.artificial.hip.joints.implanted.in.the.human.body..The.stem.is.implanted.in.the.femur.and.
the.acetabular.cup.is.implanted.in.the.pelvis.(From.International Orthopaedics,.25,.2001,.17–21,.C.J.M..Ooster-
bos,.A.I.A..Rahmy,.A.J..Tonino,.Figure.4..With.permission.of.Springer.Science.and.Business.Media.)
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A

10.0 µmCNRC-IMI 3.0kV 3.2mm × 5.00k SE(U) 9/15/04

B

CNRC-IMI 5.0kV 3.2mm × 100k SE(U) 9/15/04 500 nm

FIgure �.�  (A).Conventional.titania.thermal.spray.powder.particle.for.thermal.spray..(B).Particle.of.(A).
observed.at.higher.magnification;.absence.of.nanostructural.character.. (Reprinted. from.Materials Science 
and Engineering A,.395,.R.S..Lima.and.B.R..Marple,.Enhanced.Ductility.in.Thermally.Sprayed.Titania.Coat-
ing.Synthesized.Using.a.Nanostructured.Feedstock,.269–280,.2005..With.permission.from.Elsevier.)
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B

CNRC-IMI 2.0kV 2.7mm × 250k SE(U) 8/27/04 200 nm

FIgure �.�  (A).Titania.powder.particle.for.thermal.spray.formed.by.the.agglomeration.of.individual.nano-
sized.particles.of.titania..(B).Particle.of.(A).observed.at.higher.magnification;.individual.nanosized.titania.
particles.smaller.than.100.nm..(Reprinted.from.Materials Science and Engineering A,.395,.R.S..Lima.and.
B.R..Marple,.Enhanced.Ductility.in.Thermally.Sprayed.Titania.Coating.Synthesized.Using.a.Nanostructured.
Feedstock,.269–280,.2005..With.permission.from.Elsevier.)

A

CNRC-IMI 2.0kV 2.7mm × 9.01k SE(U) 8/27/04 5.00 µm
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materials..Some.degree.of.melting.is.necessary.to.achieve.a.sufficient.degree.of.particle.adhesion.and.
cohesion..This.is.a.challenge.for.thermal.spraying.nanostructured.powders;.if.all.powder.particles.are.
fully.molten.in.the.thermal.spray.jet,.all.the.nanostructural.character.of.the.powder.particles.will.dis-
appear,.and.therefore.the.thermal.spray.coating.will.not.exhibit.any.nanostructured.related.property.

In.order.to.overcome.this.challenge,.it.is.necessary.to.carefully.control.the.temperature.of.the.
particles.in.the.thermal.spray.jet.(i.e.,.the.temperature.of.the.powder.particles.should.be.maintained.
such.that.it.is.not.much.higher.than.the.melting.point.of.the.material)..The.particles.must.be.ther-
mally.sprayed.in.such.a.way.to.guarantee.that.part.of.the.initial.nanostructure.of.the.feedstock.will.
be.embedded.in.the.coating.microstructure.

Such.an.approach.has.been.employed.for.titania.in.which.nanostructured.titania.powders.like.
that.of.Figure.8.5.(VHP-DCS,.5.to.20.µm;.Altair.Nanomaterials,.Reno,.Nevada).were.thermally.
sprayed.using.an.HVOF.torch.(DJ2700-hybrid,.Sulzer.Metco,.Westbury,.New.York)..During.depo-
sition,. the. temperature.and.velocities.of. the.sprayed.particles.were.monitored.using.a.diagnostic.
tool.(DPV.2000,.Tecnar.Automation,.Saint.Bruno,.Quebec,.Canada)..The.diagnostic.tool.is.based.
on.optical.pyrometry.and.time-of-flight.measurements.to.measure.the.distribution.of.particle.tem-
perature.and.velocity.in.the.thermal.spray.jet..The.average.surface.temperature.and.velocity.of.the.
thermally.sprayed.particles.were.1874.±.136°C.and.635.±.89.m/s.[22]..As.the.melting.point.of.titania.
is.1855°C.[23],.it.is.considered.that.part.of.the.nanostructure.of.the.titania.powder.was.preserved.and.
embedded.in.the.coating.microstructure,.as.will.be.seen.in.the.next.subsection.

It.is.important.to.point.out.that.a.new.thermal.spray.process,.cold.spray,.was.launched.near.the.
end.of.the.1990s..This.process.has.a.particular.difference.when.compared.to.other.thermal.spray.
processes..In.cold.spray,.the.powder.particles.are.mixed.with.a.heated.gas.(He,.N2.or.air).at.tempera-
tures.below.700°C.(i.e.,.there.is.no.particle.melting).and.accelerated.to.supersonic.velocities.on.the.
order.of.600.to.1000.m/s.through.a.de.Laval.nozzle..The.particles.arrive.at.the.substrate.surface.at.
these.high.speeds,.plastically.deform,.and.adhere.to.the.substrate.surface.[24]..This.new.process.is.
still.in.its.initial.stages.of.development,.but.it.may.become.very.important.in.the.future.for.allowing.
the.spraying.of.nanostructured.particles.without.any.degree.of.melting.(i.e.,.it.will.be.possible.to.
produce.Ti.coatings.consisting.of.100%.nanostructured.material)..It.is.important.to.point.out.that.
cold.spray.is.usually.employed.to.spray.metallic.powders,.due.to.their.deformation.capabilities.

�.�.�.�  Bimodal microstructure of nanostructured thermal spray coatings

As.previously.stated,.thermally.sprayed.nanostructured.coatings.are.formed.from.nanostructured.
particles.that.were.fully.molten.and.semimolten.in.the.thermal.spray.jet..The.particles.that.were.
fully.molten.in.the.spray.jet.lose.the.nanostructural.character.of.the.feedstock,.whereas.the.semimol-
ten.particles.retain.some.of.their.nanostructural.features..Due.to.this.characteristic,.many.authors.
describe.these.nanostructured.thermal.spray.coatings.as.exhibiting.a.bimodal.microstructure.[9–
13,18–20]..A.typical.schematic.(cross.section).of.a.microstructure.of.a.nanostructured.thermal.spray.
coating. is.shown.in.Figure.8.6..The.semimolten.nanostructured.particles.(nanozones).are.spread.
throughout.the.coating.microstructure..The.nanozones.are.found.at.the.coating/substrate.interface,.
embedded.in.the.coating.microstructure,.and.at.the.surface.of.the.coating.

Figure.8.7A.shows.a.low-magnification.view.of.the.cross-section.of.the.HVOF-sprayed.nano-
structured.titania.coating,.described.in.the.previous.section,.which.was.deposited.on.a.Ti-6Al-4V.
substrate..The.coating.is.very.dense.and.uniform,.not.exhibiting.the.typical.lamellar.structure.of.
thermal.spray.coatings..It.may.be.stated.that.this.coating.has.an.isotropic.or.bulk-like.microstructure..
When.the.coating.of.Figure.8.7A.is.viewed.at.higher.magnifications.(Figure.8.7B),.it.is.possible.to.
observe.the.nanostructured.zones,.which.were.formed.by.semimolten.nanostructured.particles.that.
became.entrapped.in.the.coating.microstructure..It.is.important.to.point.out.that.these.nanozones.
(Figure.8.7b).are.spread.throughout.the.coating.microstructure.

This.bimodal.microstructure. is.essential. for. the.enhanced.mechanical.performance.of. these.
nanostructured.coatings..The.semimolten.nanostructured.particles.(nanozones).located.at.the.coat-
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FIgure �.�  Cross-section.of.the.bimodal.microstructure.of.nanostructured.thermal.spray.coatings,.formed.
by.nanostructured.particles.that.were.fully.molten.and.semimolten.in.the.thermal.spray.jet.

B

500 nmCNRC-IMI 5.0kV 2.8mm × 80.0k SE(U) 7/4/05

FIgure �.�  (A).Low-magnification.view.of.the.cross-section.of.the.high-velocity.oxy-fuel.(HVOF)-sprayed.
nanostructured.titania.coating.deposited.on.a.Ti-6Al-4V.substrate..(B).Coating.of.(A).observed.at.higher.mag-
nification;.semimolten.nanostructured.TiO2.agglomerate.(nanozone).

Nano TiO2 coating

Ti-6Al-4V substrateA

CNRC-IMI 15.0kV 13.6mm × 500 SE(L) 11/2/05 100 µm
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ing/substrate.interface.and.embedded.throughout.the.coating.microstructure.act.as.crack.arresters,.
thereby.increasing.the.bond.strength.of.the.coating,.the.resistance.to.delamination,.and.the.coating.
toughness.[9–13,18–20].

A.practical.example.of.the.mechanism.of.crack.arresting.is.found.in.Figure.8.8.and.Figure.8.9..
Figure.8.8.shows.a.crack.propagation.experiment.carried.out.via.Vickers.indentation.(5.kgf).on.the.
cross-section.of.an.HVOF-sprayed.conventional.TiO2.coating..The.Vickers.indenter.was.aligned.such.
that.one.of.its.diagonals.would.be.parallel.to.the.substrate.surface..It.is.possible.to.observe.that.the.
cracks.propagate.parallel.to.the.substrate.surface.beyond.the.limits.of.the.picture.[18]..Figure.8.9A.
shows.a.crack.propagation.experiment.carried.out.via.Vickers.indentation.(5.kgf).on.the.cross-sec-
tion.of.an.HVOF-sprayed.nanostructured.TiO2.coating.described.in.the.previous.section..In.this.case,.
the.Vickers.indenter.was.also.aligned.such.that.one.of.its.diagonals.would.be.parallel.to.the.substrate.
surface..It.is.also.possible.to.observe.that.the.cracks.propagated.parallel.to.the.substrate.surface.but.
were.arrested.before.the.limits.of.the.picture..It.is.important.to.point.out.that.both.pictures.of.Fig-
ure.8.8. and.Figure.8.9A.were. taken. at. the. same.magnification..Therefore,. it. can.be.observed. that.
the.nanostructured.coating.exhibits.higher.crack.propagation.resistance.(toughness).and.resistance.to.
delamination.when.compared.to.the.conventional.one..By.looking.at.the.tip.of.the.indentation.crack.
of.Figure.8.9A.at.higher.magnification,.it.is.possible.to.notice.that.the.crack.is.arrested.after.passing.
through.a.nanozone,.which.was.formed.by.a.semimolten.nanostructured.particle.(Figure.8.9B).[18].

It.is.also.important.to.point.out.that.the.nanostructured.coating.(Figure.8.9).exhibited.uniform.
crack.propagation.under.Vickers.indentation.(i.e.,.four.cracks.with.similar.length.propagating.from.
the.corners.of.the.indentation.impression),.which.is.a.typical.characteristic.of.bulk.materials.and.
not.thermal.spray.coatings.(e.g.,. this.type.of.uniform.crack.propagation.was.not.observed.in.the.
conventional. coating. shown. in. Figure. 8.8).. Therefore,. it. may. be. stated. that. this. nanostructured.
coating.is.so.uniform.that.it.is.behaving.like.a.bulk.material,.which.is.not.the.regular.behavior.of.a.
thermal.spray.coating.

�.�  enhanced BIocompatIBIlIty oF nanostructured materIals

It.has.been.demonstrated.that.nanostructured.materials,.such.as.alumina.(Al2O3),.titania.(TiO2),.HA,.
Ti,.Ti-6Al-4V,.and.Co28Cr6Mo,.exhibit.enhanced.biocompatibility.with.osteoblast.cells.(i.e.,.bone.

100 µmCNRC-IMI 15.0kV 12.3mm × 350 SE (L) 9/15/04

FIgure �.�  Vickers.indentation.impression.(5.kgf).and.crack.propagation.in.the.cross-section.of.a.high-
velocity.oxy-fuel.(HVOF)-sprayed.conventional.TiO2.coating..(Reprinted.from.Materials Science and Engi-
neering A,. 395,. R.S.. Lima. and. B.R.. Marple,. Enhanced. Ductility. in. Thermally. Sprayed. Titania. Coating.
Synthesized.Using.a.Nanostructured.Feedstock,.269–280,.2005,.with.permission.from.Elsevier.)
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cells).when.compared.to.their.conventional.counterparts.[25–30]..This.enhanced.biocompatibility.
is.translated.into.higher.cell.reproduction.and.adhesion.on.the.surface.of.these.materials,.which.are.
very.important.characteristics.for.making.implants.with.improved.bioperformance.and.longevity..
Webster.et.al..[15].explained.this.better.performance.of.the.nanostructured.material.as.the.effect.of.
the.nanotexture.or.nanoroughness.of.these.materials.on.the.adsorption.of.the.adhesion.proteins.like.
fibronectin..This.phenomenon.was.experimentally.observed.by.Dalby.et.al..[31]..Adhesion.proteins.
like.fibronectin.mediate. the.adhesion.of.anchorage-dependent.cells.(such.as.osteoblasts).on.sub-
strates.and.coatings.[32]..These.adhesion.proteins.are.initially.adsorbed.on.the.surface.of.an.implant.
almost.immediately.upon.its.implantation.in.the.human.body..When.the.osteoblast.cells.arrive.at.
the.implant.surface,.they.“see”.a.protein-covered.surface.that.will.connect.with.the.transmembrane.
proteins.(integrins).of.the.osteoblast.cells.[32]..It.is.important.to.point.out.that.these.proteins,.such.
as.fibronectin,.exhibit.nanosized.lengths.and.structures.[33].

100 µm

B

A

CNRC-IMI 15.0kV  13.6mm × 350 SE(L) 9/15/04

500 nm

B

CNRC-IMI 3.0kV 2.9mm × 60.0k SE(U)

FIgure �.�  (A). Vickers. indentation. impression. (5.kgf). and. crack. propagation. in. the. cross-section. of. a.
high-velocity.oxy-fuel.(HVOF)-sprayed.nanostructured.TiO2.coating..(Reprinted.from.Materials Science and 
Engineering A,.395,.R.S..Lima.and.B.R..Marple,.Enhanced.Ductility.in.Thermally.Sprayed.Titania.Coating.
Synthesized.Using.a.Nanostructured.Feedstock,.269–280,.2005..With.permission.from.Elsevier.).(B).Vickers.
indentation.crack.being.arrested.by.passing.through.a.nanozone.in.the.coating..(Reprinted.from.Journal of 
Thermal Spray Technology,.R.S..Lima.and.B.R..Marple,.Superior.Performance.of.High-Velocity.Oxyfuel-
Sprayed.Nanostructured.TiO2.in.Comparison.to.Air.Plasma-Sprayed.Conventional.Al2O3-13TiO2,.14(3),.2005,.
397–404..Reprinted.with.permission.of.ASM.International®.)
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It. is. interesting. to.note. that. the.surface.of.a.nanostructured.material. (nanosized.grains).will.
exhibit.predominantly.nanoscale.features,. like.nanoroughness,.whereas. the.surface.of.a.conven-
tional.material.(microsized.grains).will.tend.to.exhibit.more.microsized.features.[26]..It.has.been.
proven.that.the.interaction.or.the.adsorption.of.a.nanosized.protein.(e.g.,.fibronectin).to.a.nanotex-
tured.surface.will.be.more.effective.than.that.provided.by.a.microtextured.one.[34,35]..This.was.
shown. in. an. experiment. in. which. proteins. were. placed. on. substrate. surfaces. containing. essen-
tially.flat.regions.(no.roughness).and.nanoprotuberances..It.was.observed.that.the.proteins.tended.
to.attach.and.anchor.on.the.nanoprotuberances,.whereas.no.significant.attachment.was.noted.for.
the.flat.regions.[34,35]..Therefore,.nanostructured.materials,.containing.regions.on.their.surfaces.
exhibiting.nanotexture,.have.the.potential.of.being.the.next.generation.of.biomedical.materials,.with.
the.attributes.of.exhibiting.enhanced.cell.proliferation.and.adhesion.

�.�   engIneerIng the new generatIon oF BIomedIcal 
thermal spray coatIngs For uncemented Implants

8.3.1  currEnt ProblEmS of hydroxyAPAtitE (hA) thErmAl SPrAy coAtingS

HA.coatings.thermally.sprayed.via.APS.can.be.considered.as.one.of.the.state-of-the-art.materials.
used.today.to.promote.osseointegration.of. the.implant. to. the.bone.in.uncemented.implants.[36]..
HA.thermal.spray.coatings.have.been.successfully.used.since.the.1980s.in.thousands.of.patients..
Despite.the.success.with.this.coating,.there.are.still.drawbacks.concerning.its.application.

HA. thermal. spray. coatings. may. fail. by. aseptic. loosening. or. osteolysis.. Concerning. aseptic.
loosening,.Lai.et.al..[37].and.Reikeras.and.Gunderson.[6].observed.that.following.implantation.in.
humans,.the.HA.coatings.dissolved.over.a.period.of.up.to.10.years..They.observed.that.after.HA.dis-
solution,.the.bone.did.not.necessarily.interlock.with.the.metallic.implant.surface..Lai.et.al..[37].also.
established.a.relationship.between.the.amount.of.residual.HA.on.acetabular.cups.and.the.stability.
of.the.cup..It.was.found.that.when.the.percentage.of.residual.HA.covering.the.surface.was.less.than.
40%,.the.implant.tended.to.become.unstable..Reikeras.and.Gunderson.[6].and.Manley.et.al..[38].
observed.that.some.HA.coatings.did.not.exhibit.dissolution.and.interlocked.very.well.with.the.bone;.
however,.the.HA.coatings.were.not.able.to.withstand.the.stresses.generated.due.to.the.activity.of.the.
patients.and.failed.by.delamination..Lai.et.al..[37].and.Shen.et.al..[39].also.observed.that.the.initial.
dissolution.of.the.HA.may.weaken.the.structure.of.the.coating,.causing.it.to.delaminate.

Osteolysis.may.also.lead.to.the.failure.of.HA.thermal.spray.coatings..According.to.Silver.et.al..
[40],.the.activities.of.macrophages.and.osteoclasts,.which.are.present.during.osteolysis,.may.lower.
the.pH.of.the.environment.surrounding.the.bone.to.values.equal.to.or.less.than.3.6..It.is.known.that.
HA.thermal.spray.coatings.when.immersed.in.simulated.body.fluid.(SBF),.which.has.the.pH.of.the.
human.blood.(7.4),.exhibit.a.decrease.in.the.values.of.hardness,.elastic.modulus,.and.bond.strength.
due.to.the.HA.dissolution.[41]..At.a.pH.of.3.6.or.lower.it.is.expected.that.the.impact.on.the.integrity.
of.HA.thermal.spray.coatings.would.be.negative,.due.to.an.accelerated.dissolution..Lai.et.al..[37],.
Reikeras.and.Gunderson.[6],.Blacha.[42],.and.Bloebaum.et.al..[43].observed.a.correlation.between.
the.osteolysis.and.the.failure.of.HA.thermal.spray.coatings..Bloebaum.et.al..[43].also.observed.that.
the. osteolysis. can. generate. particulates. of. HA. via. dissolution. that. may. migrate. to. polyethylene.
inserts.of.the.hip.joints.leading.to.a.third-body.wear.and.contributing.to.an.accelerated.failure.of.
the.implant.

8.3.2  nAnoStructurEd thErmAl SPrAy coAtingS for biomEdicAl APPlicAtionS

Biomedical.thermal.spray.coatings,.such.as.HA.and.Ti,.due.to.their.previous.successes,.will.con-
tinue.to.be.employed.in.the.coming.years.as.important.agents.to.promote.osseointegration.in.unce-
mented.implants..However,.despite.this.success,. the.current.implants.are.not.yet.optimized..The.
average.longevity.of.the.implants,.in.general,.ranges.from.12.to.15.years.[2]..The.life.expectancy.in.
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countries.like.the.United.States.and.Canada.is.close.to.80.years.[44,45],.and.this.number.is.increas-
ing..As.the.longevity.of.the.current.implants.is.about.15.years,.it.means.that.many.of.those.who.
receive.an.implant.at.age.65.or.younger.will.require.at.least.one.revision.surgery..Consequently,.the.
next.generation.of.implants.will.be.required.to.be.more.biocompatible.and.mechanically.superior.
when.compared.to.those.of.the.current.generation.of.implants..Patients.implanted.with.these.new.
generation.of.prosthesis.should.have.shorter.hospitalization.times.and.lower.rates.of.revision.sur-
geries..These.improvements.will.translate.into.an.improvement.in.the.quality.of.life.and.reduced.
medical.costs.

It.was.previously.stated.that.nanostructured.thermal.spray.coatings.have.been.shown.to.exhibit.
enhanced. mechanical. performance,. such. as. higher. bond. strength,. higher. toughness,. and. higher.
resistance.to.delamination,.when.compared.to.the.current.conventional.thermal.spray.coatings..It.
was.also.previously.stated.that.cell.cultures.on.nanostructured.materials,.such.as.alumina.(Al2O3),.
titania.(TiO2),.HA,.Ti,.Ti-6Al-4V,.and.Co28Cr6Mo,.have.exhibited.higher.cell.reproduction.rates.
and.adhesion. strength.on. the. surface.of. these.materials.when.compared. to. that.of. conventional.
ones..Therefore,.engineering.thermal.spray.coatings.to.contain.nanostructured.features.for.applica-
tion.in.the.biomedical.field.is.a.new.approach.and.a.promising.new.area.that.is.in.its.initial.stage.
of.development..These.coatings.may.represent. the.next.generation.of. thermal.spray.coatings. for.
uncemented.implants..Such.materials.offer.the.possibility.of.improved.performance.by.combining.
the.good.mechanical.characteristics.imparted.by.the.nanostructured.thermal.spray.coatings.and.the.
enhanced.biocompatibility.of.nanotextured.surfaces.

8.3.3  nAnoStructurEd tio2 thErmAl SPrAy coAtingS for biomEdicAl APPlicAtionS

Due.to.the.above-mentioned.problems,.new.higher-performance.alternatives.to.HA.thermal.spray.
coatings.for.biomedical.applications.are.required..It.is.hypothesized.that.a.good.coating.or.material.
to.replace.HA.thermal.spray.coatings.would.have.to.exhibit.three.main.characteristics:.be.nontoxic.
and.nonabsorbable.by. the.human.body,. have. excellent.mechanical. performance,. and.have.good.
biocompatibility.with.the.osteoblast.cells.

Nanostructured.titania.thermal.spray.coatings.may.be.an.interesting.alternative.to.HA.thermal.
spray.coatings..Titania.is.a.nontoxic.material.and.is.nonabsorbable.by.the.human.body..It.has.been.
shown.that.nanostructured.titania.thermal.spray.coatings.exhibit.excellent.mechanical.performance.
[13,18–20]..It.also.has.been.demonstrated.that.nanostructured.titania.(bulk).has.enhanced.biocom-
patibility.with.osteoblast.cells.[25–29]..Therefore,.HVOF-sprayed.nanostructured.titania.coatings.
are.being.considered.as.alternatives.to.HA.coatings.thermally.sprayed.via.APS.[22,46].

�.�.�.�  superior mechanical performance of nanostructured tio� coatings

HVOF-sprayed.nanostructured.titania.coatings.were.produced.according.to.the.conditions.described.
in.Section.8.1.3.3,.and.their.mechanical.properties.were.compared.to.those.of.HA..Table.8.1.shows.a.
comparison.of.Vickers.hardness.values.of.HVOF-sprayed.nanostructured.titania.coatings.and.HA..
The.Vickers.hardness.number.of.the.HVOF-sprayed.nanostructured.titania.coating.was.found.to.be.
61%.higher.than.that.of.the.bulk.(sintered).HA.and.more.than.three.times.that.of.a.plasma.sprayed.
HA.(Table.8.1).[47,48]..This.shows.that.the.nanostructured.titania.coating.exhibits.higher.cohesive.
strength,.which.is.an.important.property.for.a.long-term.performance.implant.

The.bond.strength.values.(ASTM.C633.[49]).of.the.HVOF-sprayed.nanostructured.titania.coat-
ing.and.various.HA.thermal.spray.coatings.(deposited.on.Ti-6Al-4V.substrates).found.in.the.litera-
ture.[50–55].are.listed.in.Table.8.2..The.mechanical.strength.of.the.nanostructured.titania.coating.
and.its.bond.with.the.substrate.are.higher.than.the.mechanical.strength.of.the.epoxy.glue.used.dur-
ing.the.bond.strength.test.of.the.ASTM.standard.C633..Therefore,.during.the.tensile.test.for.bond.
strength,.the.bond.between.the.coating.and.substrate.remains.intact.when.the.epoxy.glue.breaks.
(fails). before. the. coating. at. 77. MPa. (i.e.,. the. bond. strength. value. [adhesion. to. the. substrate]. of.
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the.nanostructured.titania.coating.is.higher.than.
77.MPa)..As.can.be.seen.in.Table.8.2,. the.bond.
strength. value. of. the. HVOF-sprayed. nanostruc-
tured. titania.coating. is.at. least.2.5. times. that.of.
the.highest.bond.strength.value.shown.for.an.HA.
thermal.spray.coating.

These. mechanical. characteristics. are. very.
desirable. when. engineering. an. implant. for.
increased. longevity.. It. is. important. to. point.
out. that,. unlike. HA,. titania. does. not. dissolve.
in. the. human. body.. Therefore,. these. improved.
mechanical. properties. of. the. HVOF-sprayed.
nanostructured. titania. coating. should. remain.
intact.through.the.years.after.implantation.in.the.
human.body.

�.�.�.�   nanotexture on the 
coating surface

It.was.previously.stated.that.nanostructured.ther-
mal.spray.coatings.exhibit.semimolten.nanostructured.particles.(nanozones).spread.throughout.their.
microstructures..Nanozones.found.at.the.coating/substrate.interface.and.embedded.in.the.micro-
structure.help.to.enhance.the.mechanical.performance.of.the.coatings.

These.nanozones.can.also.be.found.at.the.coating.surface.(as.shown.schematically.in.Fig-
ure.8.6)..Figure.8.10.shows.a.nanozone.at.the.surface.of.the.HVOF-sprayed.nanostructured.tita-
nia.coating.engineered.as.described.in.Section.8.1.3.3..It.is.hypothesized.that.these.nanozones.
located.at.the.coating.surface.may.enhance.the.interaction.of.the.nanosized.adhesion.proteins.
(e.g.,.fibronectin).with. the. coating. surface. and,. consequently,. the.proliferation. and.adhesion.
of.cells,. like. the.osteoblast.cells,.as.described.by.Webster.et.al.. [28–30].and.experimentally.
observed.by.Dalby.et.al..[31].

Therefore,. in. addition. to. the. superior. mechanical. performance,. the. nanostructured. thermal.
spray.coatings.may.exhibit.a.superior.biocompatibility.when.compared.to.the.conventional.ones..
The.conventional.thermal.spray.coatings.would.tend.to.exhibit.mainly.microirregularities.on.their.
surfaces,.features.that.may.be.less.effective.for.interlocking.with.the.nanosized.adhesion.proteins..
A.schematic.of.the.enhanced.biocompatibility.of.nanostructured.thermal.spray.coatings.is.shown.
in.Figure.8.11..It. is. important.to.point.out.again.that.this.is.a.hypothesis,.not.yet.experimentally.
confirmed.for.nanostructured.thermal.spray.coatings.

taBle �.�
vickers microhardness values of the hvoF-sprayed 
nanostructured titania coating, plasma sprayed 
ha, and Bulk (sintered) ha

material
Indentation load 

(g) vickers hardness number

HVOF.Nano.TiO2 300 324.±.40.(n.=.10)

Bulk.(sintered).HA 300 513.±.52.[47]

HVOF.Nano.TiO2 100 851.±.30.(n.=.10)

Plasma.spray.HA 100 275.±.40.[48]

taBle �.�
comparison of Bond strength values 
(astm c���) for the nanostructured 
titania coating and various ha thermal 
spray coatings a�ailable in the 
literature (substrate: ti-�a�-�v)

material powder process
Bond strength 

(mpa)

TiO2 Nanostructured HVOF >77.(n.=.5)

HA Conventional APS 23.±.4.[50]

HA Nanostructured HVOF 24.±.8.[51]

HA Conventional APS 13.±.1.[52]

HA Conventional APS 14.±.2.[53]

HA Conventional HVOF 31.±.2.[54]

HA Conventional APS 27.±.2.[55]
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�.�.�.�  preliminary osteoblast cell culture

HVOF-sprayed.nanostructured.titania.and.APS.HA.coatings.were.deposited.on.Ti-6Al-4V.discs..
Osteoblast.cells,.obtained.from.rat.calvaria,.were.cultured.on.the.surface.of.these.coatings.for.scan-
ning.electron.microscopy.(SEM).analysis.(7-day.culture).and.alkaline.phosphatase.activity.(15-day.
culture).in.order.to.compare.the.degree.of.cell.proliferation.and.adhesion.on.these.two.types.of.coat-
ings..It.is.important.to.point.out.that.the.same.number.of.cells.was.initially.seeded.on.both.coatings.
in.order.to.produce.valid.statistical.results.and.comparison..The.detailed.information.about.the.in 
vitro.testing.is.described.elsewhere.[46].

Figure.8.12. and.Figure.8.13. show. the.SEM.analysis. of. the. comparison. of. an.osteoblast. cell.
culture.(obtained.from.rat.calvaria).carried.out.during.7.days.on.the.surface.of.the.HVOF-sprayed.
nanostructured. titania.and.APS.HA.coatings.(both.coatings.deposited.on.Ti-6Al-4V.substrates)..
The.osteoblast.cells.completely.covered.the.surface.of.the.nanostructured.titania.coating,.whereas.
the.surface.of.the.HA.coating.was.partially.covered.[46].

400 nmCNRC-IMI 5.0kV 3.6mm × 130k SE(U)

FIgure �.�0  A. nanozone. on. the. surface. of. the. high-velocity. oxy-fuel. (HVOF)-sprayed. nanostructured.
titania.coating.formed.by.a.semimolten.nanostructured.particle..(Reprinted.from.R.S..Lima,.B.R..Marple,.
H..Li,.K.A..Khor,.Biocompatible.Nanostructured.High.Velocity.Oxy-Fuel.(HVOF).Sprayed.Titania.Coating,.
Building on 100 Years of Success: Proceedings of the 2006 International Thermal Spray Conference,.(Eds.).
B.R..Marple,.M.M..Hyland,.Y.-C..Lau,.R.S..Lima,.and.J..Voyer,.ASM.International,.Materials.Park,.Ohio..
Reprinted.with.permission.of.ASM.International.)

Conventional coating 
surface 

Nanostructured 
coating surface 

Nanotopography
Microtopography

Nanozone 

Weak adsorption of 
nanosized proteins 

Reinforced adsorption of 
nanosized proteins 

FIgure �.��  The.surface.of.a.conventional.and.a.nanostructured. thermal.spray.coating..The.nanosized.
adhesion.proteins.(e.g.,.fibronectin).would.tend.to.exhibit.better.interlocking.with.the.nanozones.located.at.the.
surface.of.the.nanostructured.coating.
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After.a.15-day.culture,.the.cells.were.stained.for.alkaline.phosphatase.activity.shown.as.a.red.
stain.over.the.coatings..The.percentage.of.the.coating.covered.in.red.is.a.measure.of.the.osteopro-
genitor’s.ability.to.adhere,.proliferate,.and.differentiate.toward.the.osteoblast.lineage..The.results.
can.be.found.in.Figures.8.14,.8.15,.and.8.16.[46]..Figure.8.16.quantifies.the.relative.intensity.of.red.
staining.on.the.surface.of.the.coatings.measured.from.a.threshold.

All.the.preliminary.results.of.Figure.8.12.through.Figure.8.16.indicated.the.same.trend.(i.e.,.the.
HVOF-sprayed.nanostructured.titania.coatings.exhibit.a.degree.of.osteoblast.cell.proliferation.and.
adhesion.equivalent.or.superior.to.that.of.HA.APS.coatings).

100 µmIMI-CNRC 2.0kV 15.1mm × 500 SE(L) 2/21/06

FIgure �.��  Osteoblast.cells.(obtained.from.rat.calvaria).cultured.during.7.days.on.the.surface.of.the.high-
velocity.oxy-fuel.(HVOF)-sprayed.nanostructured.titania.coating.(Ti-6Al-4V.substrate)..The.osteoblast.cells.
completely.covered.the.coating.surface.

FIgure �.��  Osteoblast.cells.(obtained.from.rat.calvaria).cultured.during.7.days.on.the.surface.of.the.air.
plasma.spray.hydroxyapatite.(APS.HA).coating.(Ti-6Al-4V.substrate)..The.osteoblast.cells.partially.covered.
the.coating.surface.

100 µmIMI-CNRC 2.0kV 15.1mm × 500 SE(L) 2/21/06
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FIgure �.��  Osteoblast.cells.(obtained.from.rat.calvaria).stained.for.alkaline.phosphatase.activity.(shown.
in. red). after. 15-day. culture. on. the. surface. of. the. high-velocity. oxy-fuel. (HVOF)-sprayed. nanostructured.
titania.coatings..(Reprinted.from.J.-G..Legoux,.F..Chellat,.R.S..Lima,.B.R..Marple,.M.N..Bureau,.H..Shen,.
G.A..Candeliere,.Development of Osteoblast Colonies on New Bioactive Coatings, (Eds.).B.R..Marple,.M.M..
Hyland,.Y.-C..Lau,.R.S..Lima,.and.J..Voyer,.ASM.International,.Materials.Park,.Ohio..Reprinted.with.permis-
sion.of.ASM.International.)

FIgure �.��  Osteoblast. cells. (obtained. from. rat. calvaria). stained. for. alkaline. phosphatase. activity.
(shown.in.red).after.15-day.culture.on.the.surface.of.the.air.plasma.spray.hydroxyapatite.(APS.HA).coatings..
(Reprinted.from.J.-G..Legoux,.F..Chellat,.R.S..Lima,.B.R..Marple,.M.N..Bureau,.H..Shen,.G.A..Candeliere,.
Development of Osteoblast Colonies on New Bioactive Coatings,.(Eds.).B.R..Marple,.M.M..Hyland,.Y.-C..
Lau,.R.S..Lima,.and.J..Voyer,.ASM.International,.Materials.Park,.Ohio..Reprinted.with.permission.of.ASM.
International.)
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FIgure �.��  Relative.intensity.of.red.staining.for.the.osteoblast.cells.on.the.surface.of.the.high-velocity.
oxy-fuel (HVOF)-sprayed. nanostructured. titania. and. air. plasma. spray. hydroxyapatite. (APS. HA). coatings.
after.a.15-day.cell.culture..(Reprinted.from.Building on 100 Years of Success: Proceedings of the 2006 Inter-
national Thermal Spray Conference,.(Eds.).B.R..Marple,.M.M..Hyland,.Y.-C..Lau,.R.S..Lima,.and.J..Voyer,.
ASM.International,.Materials.Park,.Ohio..Reprinted.with.permission.of.ASM.International.)
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Therefore,.the.initial.mechanical.evaluation.and.preliminary.cell.culture.results.indicated.that.
these.HVOF-sprayed.nanostructured.titania.coatings.may.become.an.interesting.alternative.to.HA.
thermal.spray.coatings.for.uncemented.implants..The.combination.of.the.good.chemical.and.struc-
tural.stabilities.of.titania.in.the.human.body,.enhanced.mechanical.performance.of.the.nanostruc-
tured.titania.coatings,.and.excellent.bioperformance.of.nanostructured.titania.may.help.lead.toward.
increased.implant.life..Of.course,.results.of.ongoing.in vivo.testing.and.future.clinical.trials.will.be.
required.to.determine.if.the.potential.that.these.coatings.hold.translates.into.a.successful.long-term.
solution.for.implants.in.humans.

�.�  FInal consIderatIons

In.addition.to.nanostructured.titania,.nanostructured.HA.thermal.spray.coatings.may.bring.impor-
tant. improvements. to. the. field. of. biomedical. coatings.. The. good. biocompatibility. of. HA. could.
be.enhanced.by.the.presence.of.the.nanostructural.character..In.addition,.an.improvement.of.the.
mechanical.performance.of.these.coatings.could.be.expected.due.to.the.effect.of.the.nanozones.

The.possibility.of.cold.spraying.nanostructured.Ti.also.seems.very.promising..By.using.cold.
spray.(i.e.,.no.particle.melting),.it.will.be.possible.to.produce.Ti.coatings.consisting.of.100%.nano-
structured.material.

One.of.the.challenges.of.the.coming.years.will.probably.be.the.production.of.biomedical.coat-
ings.(using.thermal.spray.or.other.techniques).exhibiting.strong.nanostructural.surface.characteris-
tics.with.the.goal.of.producing.biomimetic.surfaces.

It.is.important.to.point.out.again.that.the.idea.of.combining.the.enhanced.mechanical.perfor-
mance.of.nanostructured.thermal.spray.coatings.with.the.improved.biocompatibility.of.the.nano-
structured.materials.is.new..Consequently,.much.work.is.still.required.to.more.fully.investigate.this.
potential..In.fact,.this.is.an.open.field.with.many.possibilities.and.opportunities.for.development.
and.application.
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�.�  IntroductIon

The.mission.of.the.multibillion.dollar.personal.care.industry.is.to.raise.vitality.of.life,.to.help.us.get.
more.out.of.life—emotionally.and.physically..The.personal.care.products.such.as.toothpaste,.soap,.
shampoo,.cold.cream,.antiwrinkle.cream,.deodorant.spray,.lipstick,.nail.polish,.hair.colorants,.and.
so.forth,.collectively.touch.every.spot.of.our.body.at.every.moment.of.our.life..They.take.care.of.
our.hygiene,.protect.us.from.damage.by.ultraviolet.(UV).light.or.aggressive.climate,.and.restore.
or.repair.damaged.body.surfaces..They.make.us.look.good.and.feel.good..The.majority.of.these.
personal.care.products.are.not.pure.chemical.molecules.or.their.homogeneous.solutions..They.are.
multiphase.composite.systems,.the.constituents.of.which.are.often.self-organized.into.a.myriad.of.
multiscale.hierarchical.structures..The.nanoscale.features.or.entities.present.in.these.products.often.
uniquely.control.or.contribute.to.their.physical.characteristics,.the.sensorial.experience.they.offer,.
and.the.functional.interactions.they.have.with.the.body..The.body.substrates.with.which.these.prod-
ucts.interact.are.also.hierarchically.assembled,.multiorganelle,.multicellular.tissues,.with.nanoscale.
features.and.entities.having.unique.characteristic.structural.or.functional.roles..No.wonder,.there-
fore,.that.understanding.the.emergence.of.novel.phenomena.at.nanoscale.in.products.and.body.sub-
strates,.as.well.as.scouting.new.applications.of.nanoscience.and.nanomaterials.for.exploring.novel.
benefits,.is.a.fascinating.topic.for.research.and.development.(R&D).in.the.personal.care.industry..
The.objective.of.this.short.chapter.is.to.introduce.this.exciting.subject.with.a.few.illustrations,.pri-
marily.in.the.area.of.color.management.

�.�  lessons In photonIcs From nature

Creating.products.offering.novel.desirable.visual.sensory.experience,.and.delivering.functional.ben-
efits.through.the.product.for.managing.and.enhancing.the.visual.appearance.of.the.body,.making.
the.body.look.good.and.distinctively.attractive,.are.among.the.most.powerful.drivers.of.R&D.in.
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the.personal.care.world..Therefore,.one.frontier.of.nanoscience.which.is.likely.to.make.early.forays.
into.the.personal.care.industry.is.photonics..Biology.inspired.photonics.can.offer.a.number.of.new.
ideas.and.opportunities.in.this.context..If.we.look.around.at.the.diverse.ways.in.which.photonic.
nanophenomena.are.encountered.in.the.animal.kingdom.creating.a.range.of.structural.colors.and.
optical.effects,.that.also.with.limited.use.of.dyes.and.pigments,.it.is.truly.bewildering.[1,2,34]..The.
metallic.luster.on.the.shells.of.some.mollusks,.visible.light.reflectors.with.100%.efficiency.in.the.
tapeta.of.eyes.of.many.vertebrates.for.improving.their.vision,.switchable.light.reflectors.in.the.iri-
dophores.or.scales.of.some.fish.for.camouflaging,.highly.iridescent.wing.scales.of.some.butterflies.
which.help.in.identifying.their.sex.or.for.creating.attractive.displays.visible.from.a.long.distance,.
the.gem-stone-like.spectacular.color.of.the.spines.in.the.hairy.felt.of.the.sea-mouse—these.are.some.
of.the.illustrative.examples.of.what.can.be.achieved.through.structural.optics..Figure.9.1.presents.a.
sample.of.these.optical.effects.

Although.some.of.these.effects.have.arisen.out.of.accidents.in.the.evolution.of.structural.mor-
phology,. as. in. case.of. the. abalone. shell,. the.others.have.played. an. important. role. in. aiding. the.
survival.of.the.species.under.selection.pressures.in.the.evolutionary.history..Whatever.their.origin,.
they.serve.as.useful.models.for.understanding.and.creating.magnificent.structural.colors.and.opti-
cal.effects.

Figure.9.2.presents.electron.micrographs.of.the.chromophores.responsible.for.some.of.the.opti-
cal.effects.shown.in.Figure.9.1.

In.the.case.of.the.abalone.(Haliotis rufescens),.the.brilliant.reflectance.in.the.shell.is.produced.
by.a.composite.structure.that.has.about.95%.calcium.carbonate.and.about.5%.organic.matter.rich.
in.a.protein.named.conchiolin [3–5]..The.calcium.carbonate.is.present.as.approximately.500-nm.
thick.and.5-µm.wide.polygonal.platelets.of.aragonite..The.platelets,.along.with.20-nm.thick.protein-
aceous.organic.films.separating.them,.are.organized.in.layered.lamellar.structures.

The.freshwater.goby.(Odontobutis obscura).has.a.mottled.appearance..It.is.capable.of.changing.
color.by.actuating.organelles.in.its.scales.called.iridophores.[6]. The.iridophores.contain.a.large.

FIgure �.�  Sample.of.structural.color.in.biosystems..(See color insert following page 112.)

(b) Freshwater Goby [95](a) Abalone Shell [4a]

(d) Sea-Mouse [13](c) Morpho rhetenor [36]
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number.of.polygonal.platelet-like.crystals.of.a.purine,.namely,.guanine..The.platelets.appear.to.be.
approximately.150.to.200.nm.in.thickness.and.500.to.1000.nm.in.width..An.interesting.fact.is.that.
the.relative.position.and.orientation.of.the.platelets.can.be.manipulated.by.the.fish..When.the.plate-
lets.are.randomly.oriented,.they.produce.dark.spots..When.they.are.aligned.in.lamellar.stacks.with.
approximately.50.nm.thick.film.of.cytoplasm.occupying.the.space.between.platelets,.they.produce.
light.reflecting.bright.spots..This.ability.and.skill.helps.the.goby.hide.itself.in.its.surroundings.

The.butterfly.Morpho rhetenor.has.peculiarly.structured.cuticles.on.the.scales.of.its.wings.[1a]..
The.cuticle.on.the.top.surface.of.the.scale.is.laid.in.the.form.of.parallel.ridges..Each.ridge,.in.turn,.
carries.on.its.either.side.parallel.stacks.of 10.to.12.fins.spaced.at.approximately.170-nm.pitch,.made.
up.of.chitin.projections,.the.intervening.space.being.occupied.by.air..This.morphology.selectively.
reflects.low-wavelength.visible.light,.giving.a.spectacular.iridescent.blue.color.to.the.butterflies.that.
makes.them.visible.to.their.potential.mates,.even.from.a.distance.of.half.a.mile.[1]..Depending.upon.

FIgure �.�  Ultrastructure.of.chromophores.responsible.for.some.optical.effects.in.Figure.9.1.

(a) Abalone: Ultrastructure of shell [3,4]

Bright Spots: Guanine platelets assembled as
lamellar multilayers (A, B) and their top view (C)

Dark Spots: Randomized
guanine platelets

Freshwater Goby: Ultrastructure of iridophore [6]

Morpho rhetenor: Ultrastructure of wing scales, and its 3D model [1a]

A B C

Bars in A, B and C = 1.0, 0.5,
and 0.5 µm,
respectively.

Bar = 1 µm
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the.angle.of.viewing.and.incidence.of.light,.the.hue.of.the.color.also.changes,.producing.stunning.
iridescence.

The.biological.function.of.the.iridescent.hairy.spine.of.sea-mouse.(Aphrodita.sp.).is.not.fully.
understood,.but.its.anatomical.origin.has.been.discovered.[12–14]..The.hairy.spines.of.a.sea-mouse.
are.made.up.of.chitin..They.contain.closely.packed.arrays.of.hollow.cylinders.running.along.the.
long.axis..The.geometry.can.also.be.visualized.as.a.multilayer.stacking.of.materials.with.two.differ-
ent.averaged.refractive.indices..The.spacing.of.adjacent.layers.of.cylinders.is.approximately.510.nm.
(see.inset.of.Figure.9.6)..When.illuminated.with.light,.the.spines.show.an.array.of.beautiful.colors,.
with.a.close.to.100%.reflectance.for.red.light.at.a.wavelength.in.the.neighborhood.of.630.nm.

There.are.controversies.regarding.the.extent.to.which.different.fundamental.optical.phenomena.
such.as.absorption,.elastic.scattering,.reflection,.refraction,.diffraction,.and.interference.contribute.
to.the.observed.colors.in.different.biological.systems..Different.species.exploit.different.physical.
mechanisms.to.acquire.color..However,.a.simple.model.[2,3] of.interference.among.rays.of.light.
reflected.from.interfaces.between.alternating.thin.layers.of.transparent.dielectric.materials.of.two.
different.refractive.indices.provides.sufficiently.useful.insights.about.the.magnificent.optical.effects.
observed.for.the.above.four.cases.

Figure.9.3.presents.the.situation.diagrammatically. When.a.ray.of.light.is.incident.on.alterna-
tively.stacked.low-.and.high-refractive.index.thin.films,.there.is.refraction.and.partial.reflectance.at.
every.interface..The.split.fractional.rays.of.the.incident.light.which.are.ultimately.reflected.back-
ward.by.the.multilayer.stack.of.films.exhibit.mutual.interference..Different.theoretical.expressions.
have.been.reported.in.the.literature.[8,9].for.predicting.the.intensity.of.the.total.reflected.light.at.
different.wavelengths,.with.varying.degrees.of.rigor..However,.the.numerical.solution.of.even.a.sim-
plified.model.as.summarized.by.Land.[2].provides.sufficiently.reliable.insights..One.such.solution.
for.the.optical.behavior.of.the.wings.of.Morpho rhetenor.butterfly, employing.primary.data.for.the.
system.of.interest.available.in.literature.[2,7],.is.presented.in.Figure.9.4..The.results.[15].indicate.
peak.reflectance.near.430.to.450.nm,.as.experimentally.measured,.and.an.overall.brilliant.blue.dis-
play.for.the.wings.of.the.butterfly,.clearly.demonstrating.utility.of.the.simple.analysis.

FIgure �.�  Refraction. and. reflection. from. a. multilayer. stack. of. transparent. films. of. two. dielectric.
materials..(a).Thin-film.reflection..Constructive.interference.between.R1.and.R2.occurs.when.the.optical.thick-
ness.of.the.film.n.(refractive.index).×.d (actual.thickness).=.λ/4..(b).“Ideal”.multilayer.in.which.light.reflected.
from.every.interface.interferes.constructively..This.occurs.when.nada = nbdb =.λ/.4.

(a) (b)

R1I R2

λ/2 phase
change

na
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nbdb

nbdb

7528.indb   114 6/27/08   11:09:04 AM



Nanophenomena	at	Work,	for	Color	Management	in	Personal	Care	 ���

�.�  BIology-InspIred luster and IrIdescence

The.physical.insights.are.used.by.the.personal.care.industry.to.produce.creams.for.various.applica-
tions,.having.attractive.shimmering.or.lustrous.appearance..The.formulation.base.of.a.typical.skin.
cream.may.be.made.up.of.approximately.16%.stearic.or.palmitic.acid.and.2%.sodium.salt.of.the.
fatty.acid,.the.rest.being.water..This.formulation.when.homogenized.at.elevated.temperature.results.
in.an.emulsion,.which.upon.cooling.gives.a.cream.with.a.matte.finish..The.same.formulation,.if.sub-
jected.to.controlled.shear.with.a.specific.time-temperature.cooling.program,.produces.a.cream.with.
attractive.luster..Figure.9.5.presents.images.of.cream-bases.having.identical.formulations.but.pre-
pared.employing.two.different.processes.[16]..The.corresponding.micrographs.are.also.presented..
The.cream.with.the.lustrous.appearance.contains.multilayer.stacks.of.crystalline.platelets.of.fatty.
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FIgure �.�  Theoretically.predicted.reflectance.pattern.for.the.wings.of.Morpho rhetenor.(J..Raut,.Unile-
ver.Research.India,.personal.communications,.2007)..Data.used.(see.M.F..Land,.Prog. Biophysics Mol. Biol..
24,.75–106,.1972;.P..Vukusic,.J.R..Sambles,.C.R..Lawrence,.and.R.J..Wootton,.Proc. R. Soc. Lond..B.266,.
1403–1411,.1999.).da.=.105.nm.(airgap),.db.=.70.nm.(chitin.projection),.na.=.1.0.(air),.nb.=.1.54.(chitin),.p.=.
12.bilayers.

FIgure �.�  Matte.and. lustrous.creams.from.identical. formulations..Micrographs.show.randomized.and.
layered.platelets.of.fatty.acid,.for.respective.cases.(S..Zhu,.Unilever.Research.Colworth,.personal.communica-
tions,.2007)..Inset.shows.morphology.of.abalone.shell.for.comparison.[3].

(a) (b)

010777 5 KV X1,000
10 µm

40 mm 5 KV X3, 000
10 µm
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acids.having.characteristic.nanoscale.thickness..In.the.absence.of.orderly.multilayer.stacking,.the.
cream.has.a.matte.finish..The.microstructure.of.“naturally”.assembled.abalone.shell.is.also.shown.
for.comparison,.as.inset..It.is.obvious.that.although.the.secret.of.nature.has.been.unveiled,.even.the.
best.man-made.creams.have.large.unrealized.potential.to.improve.their.structure.and.thereby.raise.
reflectivity.and.luster.

The.personal.care.industry.is.also.on.its.way.to.deliver.novel.structured.colorants.for.makeup.
and.hair.dressing. (Figure.9.6)..First,. these.new-generation.structured.colorants.could.potentially.
present.further.improved.and.safer.alternatives.to.conventional.molecular.dyes.or.pigments..They.
can.offer.unique.benefits,.such.as.one.claimed.by.L’Oreal.that.their.lipstick.would.simply.flake.off.as.
a.colorless.dull.white.powder.if.transferred.from.lips.or.smeared.on.to.some.other.surface.[10]..And.
of.course,.they.can.provide.novel.surrealistic.effects.such.as.butterfly-like.iridescence,.shimmering.
vibrant.colors.that.move.as.we.change.the.point.of.view,.or.glittering.tresses.of.hair.that.change.hue.
as.the.hair.moves.[11]..This.last-mentioned,.novel.invention.has.been.patented.by.Unilever.[17,18]..
The.crux.of.the.technology.involves.preparation.of.high-refractive-index.particles.of.narrow.size.
distribution,.and.their.deposition.in.the.form.of.an.ordered.colloid.crystalline.lattice.on.the.surface.
of.hair..Figure.9.6.presents.a.range.of.iridescent.colors.obtained.by.employing.silica.particles.of.dif-
ferent.dimensions..Figure.9.6.also.shows.as.an.inset,.a.cross-section.of.the.spine.of.a.sea-mouse.that.
produces.gemstone-like.spectacular.colors.that.inspired.the.researchers.to.invent.the.technology..
The.morphological.and.dimensional.similarities.are.amazing..(Incidentally.the.sea-mouse.spine.has.
been.providing.lot.of.food.for.thought.to.researchers.in.other.industries.as.well,.such.as.those.inter-
ested.in.creating.optical.analogues.of.electrical.semiconductors,.with.structures.that.do.not.allow.
propagation.of.light.in.specific.wavelength.ranges,.for.all.angles.of.incidence.[12].)

�.�   BIomImetIc structural sunscreens and 
photonIc model For teeth whItenIng

The.scientific.understanding.of.structured.color.effects.displayed.by.periodically.arranged.multi-
layer.biological.systems.can.also.open.up.opportunities.in.other.related.areas.

It.is.well.known.that.long.exposure.to.the.Sun’s.rays,.especially.its.UV.components,.can.dam-
age.skin..It.may.lead.to.faster.aging,.sunburn,.and.even.malignancy..These.effects.are.likely.to.be.
more.pronounced.if.the.skin.happens.to.be.light.in.color..Although.the.natural.pigment.produced.by.
skin,.melanin,.is.adequate.in.dark-skinned.genotypes.to.act.as.an.effective.barrier.to.UV,.the.UV.
radiation.itself.upregulates.pigmentation.in.skin,.making.it.look.even.darker..Thus,.many.personal.
care.products,.whether.formulated.for.light.skin.or.dark.skin,.contain.UV.filters.to.provide.protec-
tion.to.skin..A.number.of.molecules.both.of.natural.origin.as.well.as.man-made,.are.examined.for.

FIgure �.�  Photonic. cosmetics. and.“hair. jewelry.”.Unilever’s.patented. technology. for. coloring.hair.by.
deposition.of.nanoparticles.as.multilayer.colloid.crystal.(R..Djalali,.Unilever.Research.Colworth,.personal 
communications, 2007;.Patent,.Unilever,.WO.2006/097332.A2)..Inset.shows.cross-section.of.the.iridescent.
spine.of.the.sea-mouse.with.similar.characteristic.lattice.dimensions..(A.R..Parker,.R.C..McPhedran,.D.R..
Mckenzie,.L.C..Botten,.and.N.A..Nicorovici,.Nature.409,.36–37,.2001..With.permission.).(See color insert.)
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use.as.UV.filters.in.such.formulations..Unfortunately,.most.of.these.molecules.are.themselves.prone.
to.photodegradation..Not.only.can.they.provide.UV.protection.for.only.a.short.duration.of.time,.
but. their.products.of.degradation.can.also.have.harmful.effects.on.the.skin..Therefore,.develop-
ment.of.UV.filters.that.are.safe,.photostable,.and.economical.is.a.big.opportunity.in.the.personal.
care.industry.(see,.for.example,.[19–23])..It.can.be.readily.recognized.that.the.optical.behavior.of.
ordered.multilayer.structures.discussed.in.Section.9.2.is.not.limited.to.visible.light..The.physical.
principles.can.be.harnessed.to.achieve.completely.destructive.or.constructive.reflectance.from.such.
nanolayered.films.in.the.UV.(or.for.that.matter.in.the.infrared.[IR].and.microwave).frequency.bands.
to.deliver.the.desired.benefits.of.photoprotection.using.harmless,.photostable,.and.affordable.mate-
rials..Nature.demonstrates.this.possibility.[24]..The.crux.of.the.challenge.is.obtaining.high.reflec-
tivity.for.UV.light.and.transparency.for.visible.light.so.that.the.filter.is.“water.clear”.to.the.human.
eye..Figure.9.7a.presents.one.of.nature’s.UV.reflecting.constructs.on. the. scale.of.male.butterfly.
Eurema lisa.[24],.as.well.as.theoretically.predicted.reflectance.spectrum.for.one.such.periodically.
nanolayered.designer.material.[15].

As.we.looked.at.the.virtually.specular.reflections.by.orderly.multilayered.structures,.nature.has.
also.created.perfectly.aperiodic,.superefficient.scatterers.to.obtain.brilliant.whiteness.

Whiteness.is.observed.when.visible.light.at.all.wavelengths.is.scattered.randomly.by.particles.
or.scattering.centers,.owing. to.discontinuity. in. the. refractive. index.between. them.and. their.sur-
roundings..The.larger.the.number.of.scattering.centers.in.a.given.volume,.the.better.is.the.brightness.
and.opacity..However,.if.the.scattering.centers.are.arranged.in.a.periodic.manner.or.are.“optically.
crowded,”.the.effect.is.diminished..The.whiteness.in.the.human.tooth.is.a.result.of.hydroxyapatite.

FIgure �.�  Nanobiomimetic.structural.sunscreens,.and.photonic.model.for.tooth.whitening..(a).Schematic.
of.UVR. reflecting. scales.of.Eurema lisa. (bar.=.5.µm).. (From.Ghiradella,.H..Aneshanseley,.D..Eisner,.T..
Silbergled,.R.E.,.and.Hinton,.H.E..Science.178,.1214–1217,.1972..With.permission.).And.UV-selective.reflec-
tance.spectrum.of.a.novel.theoretical.design.of.nanolayered.film.[15]..(b).A.Cyphochilus.sp..Beetle.[26]..Its.
typical.white.scales.(bar.=.1.mm),.and.their.intrascale.photonic.structure.(bar.=.3.00.mm)..(From.Vukusic,.P.,.
Hallam,.B.,.and.Noyes,.J..Science.315,.348,.2007..With.permission.)
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crystals.acting.as.such.scattering.centers.in.the.tooth.enamel..The.average.tooth.whiteness.displayed.
by.almost.2.mm.thick.enamel.is,.however,.vastly.outperformed.by.the.scales.of.Cyphochilus.sp..
beetles,.which.are.merely.5.µm.thick..These.scales.seem.to.accommodate.a.large.density.of.aperi-
odically.arranged.scattering.centers.without.optical.crowding..This.is.achieved.by.creating.an.intra-
scale. three-dimensional.photonic.structure.of. interconnecting.cuticular.filaments.with.diameters.
of.about.250.nm.and.volume.occupancy.of.70%..Figure.9.7b.presents.an.image.of.one.species.of.
these.beetles.and.typical.views.of.scales.and.the.intrascale.structure.[25,26]..It.is.predicted.that.the.
beetle.scale.architecture.would.be.key.to.creating.futuristic.ultrathin.coatings,.to.deliver.exceptional.
whiteness.and.brightness.to.teeth.[27].

�.�  molecular motors managIng color oF skIn

Although.all.Homo sapiens.on.the.planet.Earth.share.essentially.the.same.genes,.mutations.in.a.tiny.
number.of.genes.have.resulted.in.a.diversity.of.skin.tones,.from.very.dark.brown.to.nearly.colorless..
The.genetic.variation.in.color.has.been.a.regrettable.basis.of.prejudice.and.discrimination,.instead.
of.being.a.cause.for.celebrating.the.diversity..One.of.the.objectives.of.the.personal.care.industry.is.to.
provide.a.safe.means.to.consumers.for.achieving.small.changes.in.their.skin.tone,.to.make.it.darker.
or.lighter.or.pinkish,.as.per.their.personal.choice,.without.loss.of.their.individual.identity.

.Figure.9.8a.schematically.presents.relevant.cellular.details.of.the.epidermis.of.skin.to.bring.out.
the.essential.differences.between.light.and.dark.skin..The.color.of.skin.is.mainly.contributed.by.
melanin.pigments.formed.by.enzymatic.oxidation.of.tyrosine.in.the.skin.cells.called.melanocytes.
residing.at. the.basal. layer.of. the. epidermis..The.pigment. is.packaged. in. the. form.of.organelles.
called.melanosomes.and.transferred.to.the.upper.layers.of.differentiating.cells.called.keratinocytes..
The.quantity.and.state.of.distribution.of.the.pigment.in.the.keratinocytes.determine.the.depth.of.
intensity.of.skin.color..The.higher.the.quantity.and.the.more.uniform.the.peripheral.dispersion.are,.
the.deeper.is.the.color..The.lesser.the.pigment.level.and.the.more.the.perinuclear.clustering.of.the.
pigment,. the.lighter.is.the.color..Experiments.conducted.in.a.model.system.of.tadpole.tails.have.
been.used.in.the.past.to.identify.bioactive.molecules.that.can.cause.dispersion.or.aggregation.of.the.
pigment,.thereby.bringing.about.changes.in.the.tone.of.skin.color..Figure.9.8b.shows.some.typical.
observations.[28]..In.the.above.context,.mechanisms.involved.in.systemic.as.well.as.induced.trans-
port.or.dispersion.or.aggregation.of.melanin.are.one.of.the.important.areas.of.study.in.mammalian.
skin.pigmentation.

It.is.now.well.established.that.the.intracellular.transport.of.melanin.is.carried.out.by.nanosized.
molecular.motors..In.fact,.melanosome.movement.by.molecular.motors.in.melanocytes.is.turning.
out.to.be.an.important.model.for.the.study.of.organelle.motility.in.general.[29]..A.simplified.picture.
of.the.subject.is.as.follows..A.melanocyte,.like.other.animal.cells,.comprises.a.sac.of.cell.membrane.
stretched.over.a.structural.network.called.cytoskeleton.(which.is.a.part.of.the.cytoplasm),.the.cyto-
plasm.itself,.and.the.cell.nucleus..One.of.the.components.of.the.cytoskeleton.is.microtubules..These.
are.approximately.24.nm.outer.diameter.tubes.of.varying.lengths..Figure.9.9a.shows.a.network.of.
microtubules.(stained.green).within.a.skin.melanocyte.[29]..The.microtubules.themselves.are.made.
of.α.and.β.tubulin.dimers,.polymerized.end.to.end.into.protofilaments..Thirteen.protofilaments.self-
assemble.parallel.to.each.other.and.then.coil.into.a.hollow.microtubule..The.microtubule.structure.
has.a.polarity..One.of.its.ends.displays.exposed.α.subunits,.and.the.other.end.the.β.subunits..These.
two.ends.are.designated.(–).and.(+),.respectively..This.layout.is.also.schematically.shown.in.Fig-
ure.9.9b..The.melanosomal.parcels.are.carried.by.the.molecular.motors.along.these.tracks.formed.
by. the.microtubule.network..Two.kinds.of.motors.are. involved. in. transport.along.microtubules,.
kinesin.for.transport.toward.the.(+).end,.and.dynein.for.transport.toward.the.(–).end..A.schematic.
picture.is.shown.in.Figure.9.9c..The.figure.also.shows.a.third.kind.of.motor.called.myosin.that.is.
involved.in.the.transfer.of.melanosomes.to.actin.filaments,.which.are.also.present.in.the.cell..Let.us.
take.the.example.of.kinesin..It.is.a.force-generating.homodimer.enzyme.protein,.which.specifically.
binds.to.and.walks.along.a.protofilament.of.microtubule..It.converts.chemical.energy.released.by.
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hydrolysis.of.ATP.into.mechanical.energy..Hydrolysis.of.1.ATP.molecule.can.provide.40.×.10–21.J.
of.energy.and.up.to.7.pN.force,.enabling.kinesin.to.move.its.center.of.mass.in.increments.of.8.nm.
length,.along.the.microtubule.of.several.micrometers.length,.without.dissociating,.at.speeds.of.0.1.
µm/s. to. 1µm/s.. Figure.9.10. shows. this. “hand-over-head”. mechanism. of. kinesin. walk,. schemati-
cally..The.relevance.of.studying.motor.proteins.transcends.beyond.skin.pigmentation.as.they.play.
an.essential.role.in.a.range.of.biological.operations.and.cell.functions.involving.active.transport.of.
organelles.and.cell.movements..A.deeper.understanding.of.their.mechanism.of.motion.can.also.pro-
vide.novel.clues.for.designing.nanoscale.machines.and.devices..The.subject,.therefore,.has.received.
immense.attention.and.is.a.topic.of.several.experimental.as.well.as.theoretical.studies.[30–33].

�.�  conclusIon

The.personal.care.industry.is.generally.very.modest.about.the.technology.content.of.its.products.
and.the.science.that.goes.behind.designing.these.products..Because.most.of. its.products.qualify.
for.the.notorious.descriptor.“sludge.systems,”.it.is.not.apparent.that.the.rapidly.advancing.field.of.

FIgure �.�  Pigmentation. of. human. skin. and. pigment. distribution. studies. in. model. system.. (a). Human.
skin—schematic..(b).Melanin.dispersion.and.clustering.studies.in.Rana tigrina.tadpole.skin.cells.[28].
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FIgure �.�  Multiscale. assembly. melanosome. transport. system:. (a). microtubule. (green). and. actin. (red).
tracks.in.melanocute;.(b).schematic.picture.of.the.microtubule.assembly;.and.(c).schematic.picture.of.the.bidi-
rectional.transport..(Parts.a.and.c.provided.by.D.C..Barral.and.M.C..Seabra,.Pigment Cell Res..17,.111–118,.
2004..With.permission.).(See color insert.)
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FIgure �.�0  Schematic.image.of.kinesin.with.cargo.[33a]..And.its.movement.by.“hand-over-head”.mechanism..
(R.D..Vale.and.R.A..Milligan,.Science 288,.88–95,.2007;.S.M..Block..With.permission.).(See color insert.)
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nanoscience.and.nanotechnology.is.likely.to.intersect.with.the.domain.of.personal.care.products..
The.present.chapter.is.intended.to.illustrate.that.the.industry.is.indeed.deriving.several.fascinating.
and.inspirational.ideas.from.the.myriad.of.functional.nanostructures.encountered.in.nature.in.order.
to. enrich. its.product.development. and.background.science,.which. in. turn. is. likely. to. contribute.
toward.the.development.of.nanotechnology.itself.
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a	Nanoparticle	for	
Vaccine	Adjuvants
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Caridad Zayas, Reinaldo Acevedo, Ramón Barberá, 
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Finlay	Institute,	Havana,	Cuba

�0.�  IntroductIon

Nanotechnology. is.an.emergent.area.with.main.applications. in.diagnosis,.preventive,.and. thera-
peutic.medicine..Nevertheless,.its.use.in.vaccines.as.the.best.cost-effective.intervention.to.prevent.
and.treat.not.only.infectious.diseases.but.also.chronic.diseases.like.cancer.has.not.been.extensively.
explored..New.vaccines.certainly.require.new.adjuvants,.because.only.a.limited.number.and.not.
potent.adjuvants.exist..In.addition,.the.use.of.nanotechnology.in.the.adjuvant.field.is.very.limited..
Therefore,.the.present.chapter.will.be.focused.on.highlighting.the.promissory.results.of.our.team.
in.the.field.of.adjuvants.

Adjuvants.are.substances.that.nonspecifically.(acting.on.the.innate.response).increase.the.spe-
cific.(adaptative).response.to.the.antigens,.enabling.a.successful.vaccine.subunit.development..Adju-
vants.can.be.particularly.important.in.the.following:

Influencing. the. required. antigen. dose. and. permitting. the. use. of. lesser. quantity. and.
dose.number.
Polarizing.the.immune.response.patterns,.first.described.in.the.1980s.[1,2],.inducing.func-
tional.bactericidal.and.opsonophagocitic.antibodies.(Th.[T.helper].1.pattern).or.passive.
cutaneous. anaphylaxis. mediated. by. IgE. antibodies. (Th2. pattern).. The. functional. neu-
tralizing.antibodies.frequently.searched.do.not.lead.to.any.polarization.because.they.are.

•

•
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produced.by.both.Th1.and.Th2.patterns..The.most. important. functional.polarization. is.
the. induction.of.cytotoxic.T. lymphocyte. (CTL). response..This.can.be. induced.by.both.
TCD8+.and.TCD4+.in.the.presence.or.absence.of.Th.functions,.but.for.the.induction.of.a.
good.CTL.response.resulting.in.a.memory.response;.it.should.be.mediated.by.TCD8+.in.
the.presence.of.Th1.assistance.
Increasing.the.speed.and.memory.(duration).of.the.induced.immune.response.
Making.effective.responses.in.extreme.ages.(very.young.and.old.people).
Functioning.in.immune.compromised.people.
Solving.the.problems.of.different.routes.of.delivery,.particularly.the.mucosal.one.
Overcoming.the.competition.of.the.immune-dominant.antigens.in.combination.vaccines.

The.essential.signal.for.an.efficient.immune.induction.is.related.to.signals.1,.2,.and.3.(Table.10.1)..
Signal.1.is.sent.by.the.interaction.of.the.antigen.in.the.form.of.peptide.coupled.to.major.histocom-
patibility.molecules.to.the.T-cell.receptor..Signal.2.is.divided.in.signal.0.and.real.signal.2..Signal.0.
arrives.by.the.interaction.of.pathogen-associated.molecular.patterns.(PAMPs).with.pathogen.recog-
nition.receptors.(PRRs).with.the.induction.of.chemokines.and.proinflammatory.cytokines..Signal.
2.is.costimulation.arriving.mainly.through.CD40,.CD80,.and.CD86.and.their.ligands.in.T.cells..
Signal.3.is.related.to.immune.polarization.where.IL-2/IFNγ.and.IL-4/IL-5.are.mainly.involved.in.
Th1.and.Th2.polarization,.respectively..In.addition,.there.is.also.evidence.that.polarization.occurs.
from.different.subsets.of.dendritic.cells,.and.it.is.known.that.IL-12.is.involved.in.driving.to.Th1.
[2]..The.cytokines.responsible.for.Th3.polarization.are.not.totally.clear,.but.TGFβ.is.involved.in.
the.switching.from.µ.to.α.antibody.heavy.chain.with.the.subsequent.production.of.IgA.by.B.cells,.
hallmark.of.the.Th3.pattern..In.addition,.coordinated.actions.of.Th1.and.Th2.cytokines.are.also.
involved.in.some.steps.of.Th3.stimulation.[4].

There. are. several. classifications.of. the. adjuvants,. but. a. simple. and.useful.one. is. that.which.
divides. them.in. immune.potentiator.and.delivery.systems.[5]..For. the. importance.of. the. type.of.
immune.response.induced.in.a.vaccine.protection,.we.add.a.third.group.to.this.classification:.the.
immune.polarization.agents..This.focuses.the.evaluation.of.the.immune.response.induced.in.the.
determination.of.Th1.with.or.without.CTL,.Th2,.or.Th3.responses.

•
•
•
•
•

taBle �0.�
comparison of essential signs Induced by se�eral adju�ants Including aFpl�

essential signals for Immune Induction

�

�

�0 �

mhcII-peptide mhcI-peptide recognition by prr costimulation polarization

adju�ant help
cross 

priming/ctl

chk†: Il�, 
rantes, 

mIp-�α,β
pI ckt: Il��, 

Il� tnFα
cd�0, cd��, 

cd�0
Il�/IFnγ, 

Il�/�, tgFβ?

FCA + + + + + Th1

AFPL1 + + + + + Th1

AFCo1 + + + + + Th1/3.(IgA)

MPL + + +,.rantes? +,.IL6? + Th1/Th2.(IL5)

Alum + – ? ? – Th2

Notes:...PRR,.pathogen.recognition.receptor;.Chk†,.chemokines;.PI.Ckt,.proinflammatory.cytokines;.AFPL1,.
proteoliposome;. AFCo1,. proteoliposome-derived. cochleate;. FCA,. freund;. Alum,. AL(OH)3;. ?,.
unknown.response.
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Taking.into.account.the.above.classification,.some.adjuvants.are.immune.potentiators.(like.lipopoly-
saccharide.[LPS].and.its.derivatives,.oligos.[unmethylated.CpG,.ISS,.IMO],.QS21/QuilA,.SMIP,.MDP.
and.derivatives),.others.delivery. systems. (like.aluminum.salts,. calcium.phosphate,. liposomes,. emul-
sions.[MF59,.montanide],.virosomes,.virus-like.particles,.iscoms),.and.others.have.immune.polarization.
activities..The.delivery.system.works.better.when.the.immune.potentiator.is.incorporated.inside.it..Then,.
when.all.these.functions.are.joined.together.in.the.same.structure,.such.adjuvants.work.better..Moving.in.
that.way,.many.pharmaceutical.companies.are.looking.for.adjuvant.systems.combining.different.prod-
ucts.to.drive.the.immune.response.to.the.desired.effectors..In.our.case,.we.obtained.structures.directly.
from.bacteria.that.include.all.the.necessary.components.for.making.a.complex.adjuvant.

�0.�  searchIng For a new adjuvant Based on pamp–prr InteractIons

The.understanding.of.the.immune.system.operation.has.evolved.very.fast.in.the.last.years..The.mod-
ern.view.proposes.the.immune.system.as.a.very.regulated.and.redundant.system.precisely.tuned.
to.maintain.or.recover. the.body.homeostasis. following.dangerous. insults..The.activation.of.host.
defense.mechanisms.is.a.complex.process.triggered.by.danger.signals.that.should.be.strong.enough.
to.disturb.the.balanced.or.regulated.state.switching.to.the.activated.state.[6–8].

The.sense.of.dangerous.situations.by.the.immune.system.is.mediated.by.a.network.of.evolution-
ary.fixed.receptors.that.have.evolved.to.recognize.structural.molecular.patterns.that.are.well.con-
served.among.infectious.pathogens.[9]..The.PRR.recognize.PAMPs.and.activate.the.innate.immune.
system.upon.ligand.binding..Following.activation,. the.innate.immune.system.releases.unspecific.
mechanisms.to.control.infection.but.simultaneously.collects.and.processes.information.about.the.
insult.from.the.environment.needed.to.further.activate.the.specific.adaptative.response.and.to.induce.
immune.memory.[7,9,10]..The.concept.of.the.need.of.danger.signals.to.activate.effective.adaptative.
immunity.and.memory.has.revolved.the.field.of.vaccinology,.the.approaches.to.explore.host.immu-
nity,.therapies,.and.especially.adjuvant.development.[11].

The.immune.system.also.discriminates.between.particulate.and.nonparticulate.structures..But.
because. immune.system.cells.better.phagocytize.particulate.antigens,. the.presence.of.activating.
signals.from.pathogens.is.decisive.for.immune.system.activation..However,.the.presence.of.particles.
containing.such.danger.signals.should.be.a.stronger.activator.for.the.immune.system.than.particles.
and.danger.signals.as.separated.components.

Toll-like. receptors. (TLRs). constitute. a.well-defined. family. that.has. already.been.described..
Twelve. TLRs. and. their. ligands. have. been. identified. to. date. (Table.10.2).. TLRs. are. differently.
expressed.on.different.cells,.most.of.them.present.on.the.cytoplasmic.membrane.but.TLR9,.TLR8,.
TLR7,.and.TLR3.present.only.on.the.endosomal.compartment..The.ligands.of.TLR.are.PAMPs,.
including. LPS,. external. lipoproteins. and. lipopeptides,. dsRNA,. microbial. DNA,. peptidoglycan,.
flagella. components,. and. polysaccharides. [12].. Upon. ligand. binding,. the. TLRs. activate. adaptor.
proteins.to.further.activate.transduction.pathways,.resulting.in.transcription.factor.activation.and.
selective.gene.expression..Despite.the.fact.that.most.TLRs.share.a.common.transduction.system,.
the.Myd88.molecule.to.deliver.signal.to.the.nucleus,.an.alternative.cascade.is.used.by.TLR4,.and.
TLR3.does.not.use.Myd88.[13,14]..However,.TLR.activation.frequently.results. in.cell.activation.
with.increasing.antigen.uptake,.the.activation.of.unspecific.pathogen.elimination.mechanisms,.and.
the.upregulation.of.the.expression.of.surface.molecules.on.antigen-presenting.cells.(APCs).that.are.
involved.in.antigen.presentation.and.costimulation.for.T.cells..Particularly.in.dendritic.cells,.the.
professional.APC,.the.recognition.of.PAMPs.by.TLR.becomes.a.crucial.step.that.decides.further.
maturation.and.the.acquisition.of.special.features.(increased.expression.of.antigen-presenting.and.
costimulatory.molecules).required.for.the.activation.of.naïve.T.cells.that.further.differentiate.into.
helper.T.cells.that.orchestrate.the.adaptative.immune.response.[15].

The.strongest.PAMPs.described.because.of.their.capability.to.activate.the.innate.immune.sys-
tem.and.to.generate.fully.mature.dendritic.cells.are.the.LPSs.from.Gram-negative.bacteria..Several.
strategies.of.adjuvant.development.are.currently.based.on.LPS.derivatives.[16].
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Other.members.of.the.PRR.not.belonging.to.the.TLR.family.have.been.described,.including.the.
scavenger.receptor,.CD1.molecules,.mannose,.lectins.(β-glucan).receptors,.and.the.phosphoglycan.
receptor.proteins.(PGRPs).family..The.actions.of.such.receptors.are.similar.to.the.TLR.activating.
the.innate.immune.system.upon.the.presence.of.molecules.representing.other.danger.signals..Partic-
ularly,.the.recognition.of.the.phosphoglycan.present.on.the.bacterial.wall.of.either.Gram-positive.or.
Gram-negative.bacteria.through.membrane-bound.proteins.(PGRP).and.intracellular.proteins.(NOD.
family).have.recently.been.reported.to.be.a.key.system.for.detecting.intracellular.pathogens.[17].

Although.most.of.PRR.recognize.membrane-bound.molecules,.a.soluble.recognizing.system.
was.also.developed.for.the.indirect.recognition.of.PAMPs..The.complement.system.and.the.comple-
ment. receptor.network.as.well.as. the.Fc.receptors.are. involved. in. the.recognition.of.PAMPs.by.
means.of.soluble.molecules.like.complement.cascade.components.and.antibodies.[18,19].

These. recognition. systems. act. as. a. sentinel. network. to. sense. pathogens. and. to. activate. the.
appropriate. host. defense. mechanisms.. Following. the. activation. of. the. innate. immune. response,.
APC.migrate.to.the.secondary.lymphoid.organs.to.activate.naïve.T.cells.that.differentiate.into.Th.
cells..However,.the.type.of.Th.cell.generated.defines.the.type.of.mechanisms.to.be.activated..Two.
main. systems.of.Th.cells.have.been.described.depending.on. the.profile.of.cytokine.production..
Th1.cells.secrete.IFNγ,.and.Th2.cells.produce.IL-4,.as.major.cytokines..The.cytokines.they.secrete.
function.as.soluble.mediators.for.the.activation.of.different.cell.types.and.further.development.of.
defense.mechanisms..Because.different.Th.cells.activate.different.mechanisms,.the.polarization.of.
the.immune.response.to.one.subset.becomes.a.key.step.to.induce.protection.against.or.eliminate.
pathogens.[20]..The.relevance.of.this.polarization.has.been.well.documented.in.several.diseases..
Furthermore,.some.pathogens.have.developed.efficient.mechanisms.to.divert.the.immune.response.
to.the.noneffective.type.to.escape.the.immune.system.and.perpetuate.the.infection..Several.factors.
have.been.identified.as.modulators.of.the.Th.polarization,.including.cytokines.and.costimulatory.

taBle �0.�
known toll-like receptors and their ligands—cellular localization and comments are 
also shown

tlr ligands localization comments

TLR-1 Triacyl.lipopeptides Cytoplasmic.membrane Combines.with.TLR2

TLR-2 Lipoprotein,.PGN,.LTA,.porins,.LPS,.lipoarabinomannan,.
zymosan,.trypanosomal.phospholipids,.HSP60,.HSP70,.
defensins,.Pam3Cys

Cytoplasmic.membrane

TLR-3 ds.RNA,.poly.(I:C),.endogenous.mRNA Endosomal.compartment Synergy.with.TLR8

TLR-4 LPS,.Pseudomonas.exoenzyme.S,.HSP60,.RSV.F.protein,.
MMTV.envelope.protein,.trepanosomal.lipids,.HSP70,.
HSP90,.hyaluronic.acid,.fibrinogen,.fibronectin,.
β-defensin,.heparin.sulfate,.taxol

Cytoplasmic.membrane Synergy.with.TLR8

TLR-5 Flagellin Cytoplasmic.membrane

TLR-6 Diacyl.lipopeptides Cytoplasmic.membrane Combines.with.TLR2

TLR-7 ssRNA,.imiquimod Endosomal.compartment

TLR-8 ssRNA,.resquimod Endosomal.compartment

TLR-9 Bacterial/viral.DNA,.CpG.DNA Endosomal.compartment

TLR-10 Unknown

TLR-11 Urophatogenic.bacteria Cytoplasmic.membrane

Notes:...HSP,.heat-shock.protein;.LTA,.lipoteichoic.acid;.MMTV,.mouse.mammary.tumor.virus;.Pam3CysÑ.N-palmitoyl.
(S)-[2,3-bis(palmitoyloxy)-(2,.RS)-propyl]-cysteine;.PGN,.peptidoglycan;.poly.(I:C):.polyinosinic–polycytidylic.
acid;.RSV,.respiratory.syncytial.virus;.and.TLR,.toll-like.receptor.
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molecules,. all. produced.by.APC..The.production.of. IL-12. by.APC.during. antigen.presentation.
induces.the.Th1.type,.and.its.absence.promotes.differentiation.into.Th2.[21]..Thus,.APC.activation.
status.defines. the.activation.of.Th.cells.and.conditions. the.polarization..Furthermore,. the.T-cell.
activation.properties.of.the.APC.are.conditioned.by.the.environment.recognized.by.the.APC.during.
danger-signal-dependent. activation.of. the. innate. immune. system. [22,23]..Consequently,.PAMPs.
recognition. not. only. activates. the. innate. system. to. respond. against. pathogens. and. activates. the.
adaptative.system.but.also.defines.the.type.of.the.immune.response..Recently.it.was.reported.that.
the.combinatorial.and.synergistical.stimulation.of.different.PRRs.by.corresponding.PAMPs.could.
be.used.to.drive.the.polarization.process.[21]..Therefore,.the.presence.of.PAMPs.on.vaccine.adju-
vants.appears.to.be.highly.important,.and.the.PAMPs.combination.should.have.a.great.impact.on.
better.activating.the.immune.system.and.manipulating.the.immune.response.and.the.host.defense.
mechanisms.to.confer.protection.

Although.the.use.of.PAMPs.as.activators.of.the.immune.system.constitutes.a.promising.strategy.
to.enhance.the.response.to.vaccine.antigens,.its.combination.with.an.appropriate.delivery.system.
could.dramatically. impact.and. improve. the.adjuvant.effect. [11,21,24]..Recent.advances.of.nano-
technology.bring.the.possibility.to.develop.such.a.combination..Despite.nanoparticles.having.found.
several.applications.as.delivery.systems.in.the.pharmaceutical.industry,.the.incorporation.of.danger.
signals.could.extend.their.use.in.the.adjuvant.field..However,.the.specific.delivery.of.immunologi-
cally.interesting.antigens.is.desirable.in.order.to.target.relevant.APC,.but.unspecific.delivery.is.also.
applicable.in.order.to.control.or.increase.the.time.of.contact.of.the.immune.system.with.the.antigen,.
favoring.by.this.way.the.induction.of.the.strongest.immune.response.

The.application.of.the.above.knowledge.and.the.nanotechnologies.could.be.exemplified.by.the.
use.of.bacterial-derived.nanoparticles.as.vaccine.strategy.and.adjuvant.development,.particularly.
discussing.the.evidence.obtained.from.the.use.of.meningococcal.B.outer.membrane.proteoliposome.
as.vaccine.and.adjuvant.

�0.�  proteolIposome as a potent adjuvant

Proteoliposome. is. a. detergent-extracted. outer-membrane. vesicle. from. Neisseria meningitidis 
serogroup.B.bacterium.(B:4:P1,19,15:L3,7,9.strain).with.potent.adjuvant.function.[25]..It.is.called.
AFPL1.(meaning.adjuvant.Finlay.proteoliposome.1),.as.the.first.PL.found.by.us.with.adjuvant.activ-
ity..AFPL1.induces.a.preferential.Th1.with.CTL.responses.[26–28].

The.immune.potentiator.capacity.of.AFPL1.is.a.consequence.of.the.presence.of.native.inserted.
LPS,.the.most.potent.PAMP.described.[27].that.interacts.with.TLR4;.proteins.with.porin.properties.
(Por.A.and.Por.B).[29].that.interact.with.TLR2;.traces.of.bacterial.DNA.that.interact.with.TLR9;.
phospholipids. that. may. interact. with. TLR1,. TLR2,. and. TLR6;. and. possibly. peptidoglycan. that.
interacts.with.TLR2.and.Nodl1.and.Nodl2.

The.delivery.system.capacity.of.AFPL1.is.related.to.its.nanoparticle.structure.and.phospholipid.
constitution.. It. has. around. 70. nm. of. diameter. and. its. phospholipids. permit. the. interaction.with.
membranes..This.delivery.system.capacity.increases.when.proteoliposome.is.absorbed.onto.Alum.

The.immune.polarization.capacity.is.related.to.its.LPS.content.and.possibly.the.presence.of.porins..
The.LPS.permits.the.earliest.and.highest.production.of.IL-12,.the.highest.production.of.nitric.oxide,.
TNFα,.IFNγ,.specific.IgG.and.IgG2a.(mice)/IgG1.and.IgG3.(human),.and.its.functional.activities.

The.potent.adjuvant.activity.of.AFPL1. is.mainly.caused.by. the.combination.of. the. immune.
potentiator,.delivery.system,.and.immune.polarization.activities.in.the.same.natural.nanoparticle.
structure;.therefore,.it.is.not.necessary.to.mix.several.compounds.to.prepare.an.adjuvant.

�0.�  status oF proteolIposome For a vaccIne adjuvant

AFPL1.has.been.the.most.used.PAMP.in.human.vaccination,.as.more.than.60.million.doses.of.VA-
MENGOC-BC™.vaccine.have.been.delivered.from.1990.to.2007.[30–32].(Table.10.3)..In.addition,.
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other. proteoliposomes. from.different.N. meningitidis.B. strains. have.been.obtained. and.used. in.
humans.[33]..Nevertheless,.only.AFPL1.has.been.used.in.infants.(first.dose.at.3.months.of.age.and.
second.6.to.8.weeks.later).after.the.inclusion.of.the.vaccine.in.the.Cuban.National.Immunization.
Schedule.since.1991..Another.AFPL1-derived.compound.is.the.VSSP.(very.small.size.proteolipo-
some).which.is.also.being.used.in.humans.in.cancer.vaccination.[34,35]..The.second.more.used.
PAMP.is.MPL™,.which.is.applied.in.273.×.103.doses.[36].

The.adsorption.of.AFPL1.onto.AL(OH)3. (Alum).changes. the.Th2.pattern. induced.by.Alum.
to. a. Th1. pattern. [26].. It. is. characterized. by. the. induction. of. TNFα,. IL-12,. IFNγ,. delayed-type.
hypersensitivity,.and.specific.IgG.subclasses.related.to.complement.fixing.and.opsonophagocytic.
activities.[26,37,38]..The.adsorption.of.LPS.derivatives.onto.Alum.also.changes.its.Th2.pattern.[39]..
Therefore,.AFPL1.is.currently.used.as.adjuvant.in.an.allergy.vaccine..Dermatophagoides siboney 
mite.major.allergens.were.selected.and.adsorbed.onto.Alum.[40]..This.allergy.vaccine.candidate.
has.concluded.its.preclinical.studies..The.change.from.a.Th2.allergen.pattern.into.a.Th1.one.was.
demonstrated.[40,41].

Last,.we.are. transforming. the.AFPL1. into.an.AFCo1.(proteoliposome-derived.cochleate). to.
obtain.a.microparticle.[42]..This.maintains.the.constituents.of.AFPL1.and.its.immune.response.pat-
tern,.but.it.is.more.resistant.and.useful.for.mucosal.routes..Several.candidate.vaccines.are.currently.
being.explored,.including.a.nasal.Neisseria vaccine.[43].

�0.�  conclusIons

The.AFPL1.nanoparticle.is.a.potent.adjuvant.and.is.used.successfully.as.a.platform.of.adjuvant.at.
Finlay.Institute..Its.main.success.is.the.presence.of.different.synergistically.acting.PAMPs.in.its.
structure.that.reduce.the.toxicity.of.LPS,.but.maintain.its.potent.activity.to.induce.the.innate.immu-
nity.and.consequently.to.bridge.the.adaptative.response.with.polarization.to.Th1.response.with.the.
induction.of.CTL.activity;.but.keeping.a.very.low.toxicity.profile.
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taBle �0.�
clinical experience with lipopolysaccharide (lps)-deri�ed adju�ants

adju�ant aFpl� vssp aFco� mpl ribi.���

Doses 55.×.106 3.×.103 4 273.×.103 >138

Approved 1986 1997 2006? 2005 —

Vaccine 1986 1997 2006? 2005 —

P.Neisseria T.(cancer,.HIV) P?.Neisseria P,.T.(Hep.B,.malaria,.HSV2,.S. 
pneumoniae,.allergy,.cancer)

P (Hep B)

DS Alum O/w — Alum,.O/w —

Other.IP — . — QS21,.CWS

or.Tyrosine —

License (countries) 15 3 — NI NI

Notes:...AFPL1,.proteoliposome;.VSSP,.very.small.AFPL1;.AFCo1,.AFPL1-derived.cochleate;.MPL,.mono-
phosphoril.Lip.A;.Ribi.529,.synthetic.LPS.derivate;.P,.prophylactic;.T,.therapeutic;.DS,.delivery.system;.
Alum,.AL(OH)3;.o/w,.oil.in.water;.IP,.immune.potentiator;?.In.process;.NI,.not.information.
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��.�  IntroductIon

Australia. has. a. history.of.worldwide. successes. in. the.biological. and.molecular. sciences,. and. is.
ideally.suited.to.gain.a.strong.position.in.bionanotechnology.applications..The.Victorian.State.Gov-
ernment.has.declared.that.it.aims.for.Victoria.to.be.in.the.top.five.biotechnology.locations.in.the.
world.by.2010..This.has.led.to.increased.funding.for.biotechnology.research.and.development.not.
only.in.Victoria.but.on.a.national.basis,.and.in.turn,.much.attention.is.being.directed.toward.what.
bionanotechnology.can.offer.for.human.benefit.

Within.Australian.industry,.there.are.several.companies.working.in.the.area.of.bionanotech-
nology..Starpharma,.a.Melbourne-based.biotechnology.company,.is.using.novel.dendrimer-based.
platforms. for. medical,. material,. chemical,. and. electronic. applications.. Perth-based. pSivida. are.
applying.their.BioSiliconTM.product.platform.in.the.health-care.sector,.with.a.focus.on.drug.deliv-
ery,.and.Telesso.Technologies.Ltd..(formerly.Eiffel.Technologies).in.Sydney.uses.supercritical.fluid.
technology. to. reengineer. pharmaceuticals. and. proteins,. improving. bioavailability. and. delivery..
Other.prominent.Australian.companies.exploiting.the.benefits.offered.by.nanotechnology.include.
Agen.Biomedical.Ltd.,.Prima.Biomed.Ltd.,.and.Universal.Biosensors.Pty.Ltd.

The.benefits.of.nanotechnology.are.not.limited.to.any.particular.field.of.biomedicine..Areas.
that.will.be.revolutionized.include.detection.and.analysis,.drug.delivery,.and.biocompatible.materi-
als.in.prosthetics.and.reconstructive.surgery..Biosensors.for.both.rapid.and.sensitive.detection.and.
diagnosis.will.also.have.a.significant.impact..Nanotechnology.promises.to.make.significant.con-
tributions.to.the.animal.and.human.health.sector.in.both.diagnosis.and.therapy..The.very.nature.of.
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nanotechnology.dictates.the.need.for.cross-disciplinary.research.and.development.programs,.and.
research.institutions.are.now.active.in.forming.collaborations.involving.participants.from.the.pure.
sciences.through.to.engineering,.and.importantly.end.users.such.as.clinicians..The.key.to.this.is.
the.understanding.and.exploitation.of.the.surface.chemistries.of.the.biological.and.nonbiological.
components,.and.novel.properties.resulting.from.their.nanofeatures.

Nanotechnology.Victoria.Ltd..(NanoVic).is.a.consortium.of.Victorian.Institutes.focused.on.pro-
moting.nanotechnology.solutions,.for.public.benefit,.by.meeting.the.industry.needs..The.NanoVic.
BioNanotechnology. team. has. established. three. vehicles. for. commercialization. of. technologies.
developed.by. its.partners:. Interstitial.nanosystems. (drug.delivery),.Quintain.Nanosystems. (diag-
nostics.and.imaging),.and.Envisage.Nanosystems.(water.and.environment)..This.chapter.considers.
NanoVic.projects,.with.applications.of.nanotechnology.within.Australia.in.relation.to.these.three.
focus.areas.

��.�  transdermal delIvery

It.is.well.recognized.that.advances.in.modern.drugs.have.not.been.matched.by.equivalent.advances.
in.drug.delivery.systems..Many.drugs.based.on.large.molecules,.such.as.DNA,.proteins,.and.pep-
tides,.cannot.be.administered.orally.due.to.their.degradation.in.the.gastrointestinal.tract.or.poor.
absorption.characteristics..Transdermal.delivery.has.emerged.as.one.of.the.most.promising.areas.
to.overcome. such. limitations.and. represents. an.alternative. form. for. the.delivery.of. therapeutics.
through.the.skin.rather.than.through.oral,.intravascular,.subcutaneous,.and.transmucosal.routes.

Transdermal.delivery. involves. the.movement.of.molecules.across. the.essentially. impervious.
outer.layer.of.the.skin,.the.stratum.corneum..There.are.currently.only.a.limited.number.of.drugs.that.
readily.pass.through.the.stratum.corneum..This.is.essentially.limited.to.small.molecules.(<500.Da).
with.a.high.lipophilicity,.and.is.only.clinically.suitable.for.drugs.that.require.a.low.effective.dose..
Materials. for. transdermal.delivery.are.generally. in. the. form.of.patches. that.are.applied.directly.
to.the.skin..These.patches.can.deliver.an.agent.directly.to.the.lymphatic.or.circulatory.system,.or.
change.the.permeability.or.physical.properties.of.the.skin.to.aid.in.penetration..Currently,.transder-
mal-patch-based.delivery.has.been.used.with.U.S..Food.and.Drug.Administration.(FDA).approval.
for.more.than.10.therapeutics.

Transdermal.delivery.has.many.advantages.over.conventional.methods.of.drug.delivery..Oral.
administration.of.drugs. is.often.problematic.as.drugs.may.be.poorly.absorbed.or.enzymatically.
degraded. in. the. gastrointestinal. system.. Hypodermic. needles. can. cause. pain. and. trauma. to. the.
recipient,.as.well.as.needlestick.injuries.to.medical.personnel..Transdermal.delivery.also.increases.
bioavailability.as.reagents.can.be.delivered.directly.to.target.sites..Transdermal.applications.also.
allow.for.the.localized.delivery.of.therapeutics.which.may.be.important.for.skin.conditions.such.as.
psoriasis.or.cancers.

Various. techniques. have. been. considered. for. the. transdermal. delivery. of. large. molecules..
Many.of.these.methods.increase.the.permeability.of.the.stratum.corneum.by.disrupting.its.struc-
ture,.creating.pathways.for.dermally.applied.agents.to.enter.the.body..Methods.for.increasing.the.
permeability.of.the.skin.include.electroporation,.iontophoresis,.ultrasound,.photoacoustic.waves,.
and.chemical.or.lipid.enhancers.[1,2]..An.alternative.approach.is.to.create.larger.delivery.pathways.
using.microarray.patches..Microarrays.consist.of.arrays.of.numerous.microprotrusions.or.needles,.
usually.composed.of.polymer.or.metal.substrates..When.applied.to.the.skin,.the.microarrays.create.
holes.in.the.stratum.corneum..The.depth.of.the.holes.is.dependent.on.the.length.of.the.micronee-
dles..Research.has.demonstrated.that.arrays.of.microneedles.of.200.to.600.micron.lengths.can.be.
painlessly.inserted.into.skin.[3]..This.painless.delivery.occurs.when.penetration.is.limited.to.the.
stratum.corneum.and.epidermis,.not.penetrating.greatly.into.the.dermis.where.blood.capillaries.
and.nerves.are.located.

Several. microarray. systems. have. been. investigated. for. transdermal. delivery. [1,2].. One.
approach.is.to.apply.a.patch.to.increase.porosity.and.then.apply.a.delivery.agent.directly.to.the.skin.

7528.indb   132 6/27/08   11:09:18 AM



Australian	BioNanotechnology	for	Delivery,	Diagnostics,	and	Sensing	 ���

for.absorption..Another. is. to. load.the.delivery.
agent.directly.onto.or.within. the.microprotru-
sions.on.the.arrays.and.apply.to.the.skin.[4].(see.
Figure.11.1)..Transdermal.devices. can. also.be.
tailored.to.enable.a.shock.dose.or.slow.release.
with.time.

Transdermal.microarrays.are.manufactured.
using. various. microtechnology. and. nanotech-
nology.fabrication.techniques.[5]..Typical.meth-
ods. include. mold. casting. with. biocompatible.
polymers.and.etching.of.metal. substrates..The.
microarray. surface. can. be. further. functional-
ized.or.structured.to.allow.the.covalent.binding.
of. delivery. agents.. Additionally,. porous. poly-
mers.or.patches.manufactured.with.a.tailored.porosity.can.be.used.for.slow.release,.with.the.agent.
diffusing.from.the.patch.over.time..Alternatively,.the.microarrays.can.be.composed.of.hollow.nee-
dles,.allowing.opportunities.for.controlled.delivery.or.even.the.sampling.of.biological.fluids..The.
patch.can.be.further.engineered.to.potentially.enable.triggered.delivery.on.demand.on.application.
of.an.external.stimulus.

The.biologicals.or.pharmaceuticals.to.be.delivered.can.be.nanostructured.using.various.meth-
ods.including.supercritical.fluid.technologies.and.mechanical.milling.(see.Figure.11.2)..The.deliv-
ery.of.nanostructured.agents.has.many.advantages.by.significantly.increasing.the.surface.area.and.
enhancing.solubility,.which.when.used.in.combination.with.transdermal.technologies,.can.poten-
tially.minimize.the.required.dose.

NanoVic.together.with.Monash.University.Victorian.College.of.Pharmacy,.Eiffel.Technologies.
Ltd.,.and.MiniFAB.(Aust).Pty.Ltd.,.have.developed.and.applied.nanotechnology.solutions.for.the.
transdermal.delivery.of.vaccines,.peptide.hormones,.and.other.drugs.through.the.stratum.corneum.
of.the.skin.using.microarray.patches.(see.Figure.11.3)..The.project.will.evaluate.and.demonstrate.
the.delivery.of.large.peptides,.proteins,.drugs,.and.local.wound-healing.agents.for.both.human.and.
animal.health..Current.work.by.this.group.is.investigating.the.delivery.of.nanostructured.drugs.and.
therapeutics.including.insulin,.ovalbumin,.erythropoietin,.and.novel.vaccines.

FIgure ��.�  Microarray. patches. for. transdermal.
delivery..(Image.courtesy.of.NanoVic,.Australia.)

10 kV X10, 000 1 µm 0000 14 21 SEI

FIgure ��.�  Scanning.electron.microscopy.(SEM).image.of.nanostructured.insulin.produced.using.super-
critical.fluid.methods..(Image.courtesy.of.Eiffel.Technologies,.Australia.)
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��.�  dIagnostIcs and sensIng

11.3.1  nAnocomPoSitE bioSEnSorS

Australia.faces.many.challenges.in.protecting.its.natural.resources,.with.water.being.a.major.focus..
The. current. issues. are. complex. and. include. increasing. salinity. levels,. nutrient. enrichment,. and.
contamination.with.oils,.metals,.and.other.chemicals..Australia’s.natural.resource-based.industries,.
water.scarcity.challenges,.experience.working.across.a.diverse.range.of.environmental.conditions.
and.industries,.outstanding.science.and.research.base,.and.proximity.to.fast-growing.Asian.markets.
make.it. the.perfect.place.for.investment.in.environmental.nanotechnology.[6]..It. is.believed.that.
bionanotechnology.can.provide.important.opportunities.for.the.Australian.and.international.water.
industry.to.combat.some.of.these.issues.

Traditionally,.water.analysis.is.based.upon.wet-chemistry.techniques,.often.determined.spec-
trophotometrically.which.can.be.time-consuming.and.laborious..The.techniques.often.have.limited.
sensitivity.and.reliability.for.determining.low.concentrations..In.addition,.the.collection.of.samples.
and.transportation.to.the.laboratory.can.lead.to.matrix.changes.or.contamination,.leading.to.inac-
curate.results.

Nanostructured.detection.surfaces.have.advantages.in.sensors.to.produce.rapid.response.times,.
real-time.measurements,. portability. for.on-site. analysis,.multiparameter. instrumentation,. simple.
design,.ease.of.use,.low.detection.levels,.and.large.working.ranges.[7,8]..The.conducting-polymer–
based.probes.under.development.by.NanoVic.and.Monash.University.are.based.upon.proprietary.
technology..These.include.bionanofeatured.sensing.surfaces.that.are.capable.of.detecting.species.
such.as.nitrates.in.environmental.samples.and.sulfites.in.food.and.beverage.samples.

Nitrate is.essential.for.plant.growth.and.is.often.added.to.soil.to.improve.productivity..Water.
permeating.through.soil.after.rainfall.or.irrigation.carries.dissolved.nitrate.with.it.to.groundwater..
Bacteria.that.live.in.the.digestive.tracts.of.newborn.babies.convert.nitrate.to.nitrite,.which.in.turn.
reacts.with.hemoglobin.to.form.methemoglobin,. leading.to.oxygen.deficiency.in.infants.under.6.
months.old..The.resulting.condition.is.referred.to.as.methemoglobinemia,.commonly.called.blue 
baby syndrome.[9].

Sulfite.is.a.preservative.widely.used.in.dried.fruits,.used.to.prevent.or.reduce.discoloration.and.
to.inhibit.the.growth.of.microorganisms.in.wine.[10]..The.FDA.estimates.that.1%.of.the.popula-
tion.is.sulfite.sensitive,.and.of.those,.5%.also.suffer.from.asthma..Symptoms.include.difficulty.in.

000013 15 kV X50.0 0.60 mm

FIgure ��.�  Penetration.of.hairless.mice.skin.by.a.microarray.patch..(Image.courtesy.of.Monash.Univer-
sity.Victorian.College.of.Pharmacy,.Australia.)
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breathing,.chest.tightness,.nausea,.hives,.or.even.anaphylactic.shock..The.Australia.New.Zealand.
Food.Standards.Code.states.that.a.mandatory.declaration.must.accompany.foods.that.contain.sulfite.
in.concentrations.greater.than.10mg.kg–1.(10.ppm).

11.3.2  nAnoArrAyS

Nanoarray.systems.offer.a.fast,.convenient,.and.accurate.method.for.detecting.specific.chemical.or.
biological.entities..This.can.include.infectious.or.toxic.molecules.such.as.protein.markers..In.the.
pharmaceutical.industry,.applications.or.nanoarray.technologies.include.drug.discovery.and.DNA.
analysis.and.diagnostics.[11,12].

Nanoarrays.are.fabricated.via.chemical.immobilization.of.a.specific.library.of.chemical.com-
pounds.in.the.form.of.diagnostic.nanobeads.onto.microstructured.pillars.(see.Figure.11.4)..Due.to.
this.unique.method.of.manufacture,.a.high.signal:noise.ratio.is.attainable,.with.no.requirement.for.
sample.preparation.and.high.sample.throughput,.resulting.in.a.low-cost.diagnostic.system.

One.of. the.many.applications.of.nanoarrays. is. for. the.detection.of.Salmonellae..Salmonella.
bacteria.are.a.major.cause.of.food.poisoning.in.Australia.and.around.the.world,.with.approximately.
90%.of.food.poisoning.cases.in.Australia.and.the.United.States.each.year.being.attributed.to.it..Sal-
monella.exists.in.many.different.strains.or.serotypes,.each.having.characteristic.antigens..Infection.
causes.diarrhea,.abdominal.pain,.and.vomiting.and.can.be.more.severe.with.the.debilitated,.very.
young,.and.the.elderly.[13].

A. second. application. of. this. technology. is. for. the. diagnosis. of. bovine. mastitis,. which. is.
caused.by.microorganisms.including.bacteria.such.as.Streptococcus uberis, Streptococcus aga-
lactiae, Staphylococcus aureus,. and.Escherichia coli..Milk.output. from. infected.animals. can.
be.reduced.by.10%.to.26%.and.mildly.infected.animals.may.be.unable.to.produce.milk.for.up.
to.5.days,.leading.to.substantial.income.losses.for.producers..Producers.also.incur.related.costs.
associated.with.treating.the.affected.animals..Mastitis.lowers.farm.profitability,.reduces.product.
quality.and.quantity,.damages.exports,.and.impairs.the.image.and.use.of.milk.and.milk.products.
in.human.consumption.

Current.methods.of.detection.for.both.of.these.applications.are.based.on.assays,.which.require.
culturing.of. the. sample. for. a.period.of.2. to.4.days. and.multiple. tests. to. identify. each.different.
serotype.or.microorganism..To.overcome.these.problems,.producers.use.antibiotics.to.keep.bacte-
rial.levels.down,.thus.creating.the.problem.of.antibiotic.contamination..The.Diagnostic.Nanoarray.
system.under.development.by.NanoVic,.Swinburne.University,.and.Monash.University.offers.the.
advantage.of.multiparameter.detection,.therefore.increasing.throughput.and.reducing.costs..Testing.
is.anticipated.to.produce.a.more.conclusive.result.within.a.shorter.time.period.with.no.requirement.
for.sample.preparation.

0102 15kV X400 10 µm WD24 0103 15 kV X10, 000 1 µm WD22

FIgure ��.�  Microstructured.pillars.to.support.diagnostic.beads.in.Diagnostic.NanoArrays..(Images.cour-
tesy.of.Swinburne.University.of.Technology,.Australia.)
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11.3.3  nAnoPArticulAtE diAgnoSticS

The. market. for. rapid,. specific,. and. deployable. diagnostics. is. rapidly. expanding. as. community.
demands.for.health.care.grow..Selective.detection.on.either.nanoparticle.or.planar.platforms.offers.
a.significant.cost-effective.opportunity.to.develop.products.for.the.diagnosis.of.both.pathogenic.and.
genetic.diseases.

Gold.nanoparticles.have.been.extensively.used.in.immunogold.staining.methods.for.microscopy.
imaging..Nanoparticles.can.be.chemically.synthesized.using.citrate.reduction.methods,.typically.
producing.characteristically.red-colored.particles.in.solution.with.control.over.size.distribution.[14]..
The.aggregation.of.gold.nanoparticles.can.be.detected.by.monitoring.color.changes,.mass.changes,.
or.changes.(see.Figure.11.5).in.magnetism.by.the.use.of.gold-coated.magnetic.particles..These.sys-
tems.can.be.applied.for.the.detection.of.biological.reactions.[15,16].

Nanoparticles.can.be.directly.coated.with.biologicals.including.DNA,.PNA,.proteins,.and.Fab.
fragments.using.conventional.conjugation.techniques..Conjugation.techniques.for.biologicals.can.
be.noncovalent,.based.on.electrostatic.interactions,.as.well.as.covalent.which.are.generally.based.
on.thiol.binding.[17]..Upon.conjugation.of.the.immobilized.biomolecules.to.other.biomolecules,.the.
gold-containing.nanoparticles.aggregate.and.a.colorimetric,.magnetic,.or.mass.change.is.observed..
Those.at.the.Functional.Nanosystems.Laboratory.at.NanoVic.and.The.Royal.Melbourne.Institute.
of.Technology.(RMIT).are.utilizing.these.technologies.to.yield.a.rapid.diagnostic.test.for.Menin-
gococcal.disease.

Meningococcal.disease.is.a.severe.bacterial.infection.which.commonly.occurs.in.children.and.
can.cause.death.within.12.hours.of.infection.[18]..Current.diagnosis.involves.molecular.or.culture.
techniques,.with.test.results.taking.between.2.and.48.hours..Meningococcal.disease.has.a.high.mor-
tality.in.children,.particularly.if.diagnosis.and.antibiotic.treatment.are.delayed.or.missed.[19]..Early.
recognition.is.often.unreliable.because.clinical.features.are.often.absent.or.not.readily.apparent..By.
applying.this.technology,.nanoparticles.can.be.used.to.provide.a.rapid.immunodiagnostic.agent.for.
the.early.diagnosis.of.this.disease.(see.Figure.11.6).

��.�  targeted molecular ImagIng

While.medical.science.continues.to.make.significant.progress.in.the.treatment.of.most.major.dis-
eases.and.ailments,.early.diagnosis.of.cancer.and.cardiovascular.and.neurodegenerative.diseases.
remains.the.single.most.important.contributor.to.therapies..The.ability.to.detect.cancerous.growths.
in.the.body.before.the.cells.multiply.and.spread.is.critical.to.effective.intervention.and.prevention..
Current.noninvasive.in vivo.imaging.techniques.often.rely.on.the.oral.or.intravenous.administra-
tion.of.signal.amplification.agents,.which.help.to.produce.more.detailed.and.distinctive.images.of.
diseased.tissue..However.early-stage.disease.diagnosis.is.often.ineffective,.due.to.issues.such.as.
the.following:

25 nm

FIgure ��.�  Chromatic.response.and.evolving.gold.nanoparticle.dimensionality.in.lysozyme.and.antilyso-
zyme.system..(Image.courtesy.of.Professor.David.Mainwaring,.RMIT.University,.Australia.)
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. 1..Low.sensitivity.of.many.agents.causes.difficulties.in.detecting.small.amounts.of.diseased.
tissue.

. 2..The.agents.can.rapidly.degrade,.leading.to.the.requirement.for.more.regular.and.higher.
dose.administration.

. 3..Poor.specificity.of.agents.toward.target.cells.can.result.in.delivery.to.healthy.tissues;.this.
may.lead.to.toxicity.problems.

The.use.of.nanoparticles.as.novel.amplification.agents.is.believed.to.offer.many.advantages..The.
ability.to.functionalize.polymer-coated.nanoshells,.dendrimers,.and.gold.nanospheres.could.enable.
specific,.site-targeted.delivery.of.agents.and.drugs..Due.to.their.inherently.small.size,.uptake.of.these.
materials.into.cells.of.interest.is.facilitated,.leading.to.lower.dose.requirements.and.also.significant.
signal. amplification. compared. to. currently.used.materials..These. advantages.have. already.been.
successfully.demonstrated.in.animal.models.[19,20],.and.there.is.extensive.materials.development.
being.undertaken.internationally.to.enable.the.use.of.these.technologies.for.human.benefit..It.is.also.
believed.that.this.diagnostic.application.can.be.combined.with.therapeutics.by.using.nanoparticles.
as.a.vehicle.for.delivery.of.both.contrast.agents.and.therapies.simultaneously.[21,22].

One.focus.area.for.NanoVic.lies.in.the.field.of.cardiovascular.disease..Vascular.disease.is.one.
of.the.leading.causes.of.mortality.and.morbidity.in.the.Western.world..The.underlying.pathology.
is.atherosclerosis—a.progressive.chronic.inflammatory.disease,.affecting.blood.vessels.(see.Figure.
11.7)..Numerous. risk. factors. like.hypercholesterolemia,. smoking,. and.genetic.predisposition. are.
thought. to. be. responsible.. These. risk. factors. tend. to. cause. inflammatory. plaques. within. vessel.
walls..Not.uncommonly,.the.plaques.rupture,.and.depending.on.the.artery.involved,.a.heart.attack.
or.stroke.can.result..Unfortunately,.approximately.half.of.these.patients.do.not.have.any.warning.
symptoms.prior.to.the.event.

It. is.envisaged.that.nanoparticles.that.can.be.conjugated.with.specific.antibodies.(see.Figure.
11.8).will.be.used.as.targeted.contrast.agents.and.in.conjunction.with.techniques.such.as.magnetic.
resonance.imaging.(MRI).and.ultrasound.scans.(USS).it.will.be.possible.to.identify.the.formation.
of.inflammatory.plaques.at.an.early.stage.of.development..This.forms.the.basis.of.a.project.being.
undertaken.by.NanoVic,.The.University.of.Melbourne,.and.The.Baker.Heart.Research.Institute..The.

FIgure ��.�  Point-of-care.device.format.for.the.diagnosis.of.Meningococcal.disease..(Image.courtesy.of.
NanoVic.).(See color insert following page 112.)
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use.of.biodegradable,.nontoxic.particles.for.antibody.conjugation.for.targeted.molecular.imaging.
will.enable.direct.translation.to.the.clinical.setting.
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��.�  IntroductIon: acute myocardIal InFarctIon (amI)

Acute.myocardial.infarction.(AMI),.commonly.known.as.heart.attack,.is.becoming.a.major.cause.of.
death.all.over.the.world..The.term.myocardial infarction.is.derived.from.myocardium.(heart.mus-
cle).and.infarction.(tissue.death)..The.phrase.“heart.attack”.is.used.to.refer.to.heart.problems.other.
than.AMI,.such.as.unstable.angina.pectoris..Cardiac.diseases.are.an.important.cause.of.mortality.
today..Earlier. it.was.thought. that. this.disease.affects.only.the.population.of.developed.countries.
in.Europe.and.the.United.States..However,.recent.statistical.data.reveal.the.prevalence.of.cardiac.
diseases.among.the.people.primarily.in.South.Asia.[1].

The.underlying.mechanism.of.a.heart.attack.is.the.death.of.heart.muscle.cells.due.to.lack.of.
oxygen..The.heart.muscle.cells.require.oxygen.for.metabolic.processes..Oxygen.is.supplied.to.the.
heart.by.the.coronary.arteries..If.sufficient.oxygen.is.not.supplied.to.the.heart.muscle.cells,.the.cells.
die.due.to.a.process.called.infarction..Blood.carries.oxygen.to.all.organs.of.the.body.including.the.
heart.muscle..A.decrease.in.blood.supply.has.the.following.consequences.[2]:

. 1..Heart.muscle.death.(necrosis).occurs.if.blood.flow.stops.even.for.a.duration.of.10.to.15.
minutes..The.part.of.the.heart.muscle.that.has.suffered.necrosis.does.not.recover..A.col-
lagen.scar,.which.does.not.have.the.ability.to.contract,.forms.in.its.place..Thus,.the.heart.
ends.up.permanently.weaker.as.a.pump.for.the.remainder.of.the.individual’s.life.

. 2..Heartbeats.are.initiated.by.electrical.impulses,.which.are.in.turn.initiated.by.the.heart.mus-
cle..An.injured.(but.live).heart.muscle.will.initiate.impulses.at.a.lower.rate,.and.this.would.
result.in.a.slower.heartbeat..The.heartbeat.can.become.so.slow.that.the.spreading.impulse.
will.be.preserved.long.enough.for.the.uninjured.muscle.to.complete.contraction..Now.the.
slowed.electrical.signal,.still. traveling.within.the.injured.area,.can.reenter.and.trigger.the.
healthy.muscle.(termed.reentry).to.beat.again..Thus,.the.healthy.heart.muscle.does.not.relax,.
and.does.not.receive.return.blood.from.the.veins..If.this.reentry.process.results.in.a.sustained.
heartbeat.above.200.beats.per.minute,.then.the.rapid.heart.rate.effectively.stops.the.heart.
from.pumping.blood..Heart.output.and.blood.pressure.fall.to.near.zero.and.the.individual.
quickly.dies..This.is.the.most.common.mechanism.of.sudden.death.that.can.result.from.AMI..
The.cardiac.defibrillator.device.was.specifically.designed.to.stop.these.too.rapid.heart.rates.

Acute.myocardial.rupture.of.a.small.degree.commonly.occurs.3.to.5.days.after.AMI..It.may.also.
occur.1.day.to.3.weeks.later.in.as.many.as.10%.of.all.AMI.patients..Rupture.may.occur.in.the.free.
walls.of.the.ventricles.because.of.increased.pressure.against.the.weakened.walls.of.the.heart.cham-
ber,.due.to.a.heart.muscle.that.cannot.pump.blood.out.as.effectively..Rupture.of.the.walls.results.in.
pericardial.tamponade.(compression.of.the.heart.by.blood.pooling.in.the.pericardium,.that.is,.the.
heart.sac).or.sudden.death.

12.1.1  hiStory

Before. the.development.of. the. electrocardiogram. (ECG),. it.was. impossible. to.objectively.diagnose.
AMI..The.term.angina pectoris,.to.describe.chest.pain,.was.coined.by.William.Heberden.in.1772..How-
ever,.little.was.known.about.the.disease.mechanism..As.a.disease.entity,.AMI.was.described.by.James.
Herrick.in.a.1912.article.[3]..He.is.credited.as.the.originator.of.the.“thrombogenic.theory”—the.theory.
that.AMI.is.due.to.thrombosis.in.the.coronary.artery..Subsequently,.atherosclerosis.and.plaque.rupture.
were.discovered.as.underlying.mechanisms..A.major.breakthrough.in.the.identification.of.risk.factors.
was.the.British.doctors’.study.in.1956,.which.showed.an.increased.risk.of.AMI.in.heavy.smokers.

12.1.2  SymPtomS

AMI.is.usually.characterized.by.varying.degrees.of.chest.pain,.discomfort,.sweating,.weakness,.
nausea,.vomiting,.arrhythmias,.and.loss.of.consciousness..Chest.pain.is.the.most.common.symptom.
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of.AMI.and.is.often.described.as.tightness,.pressure,.or.a.squeezing.sensation..Pain.may.radiate.to.
the.jaw,.back,.epigastrium,.and.most.often.to.the.left.arm.or.neck..Chest.pain.is.more.likely.caused.
by.AMI.when.it.lasts.for.more.than.20.minutes..The.patient.may.complain.of.shortness.of.breath.if.
the.decrease.in.acute.myocardial.contractility,.due.to.the.infarct,.is.sufficient.to.cause.left.ventricu-
lar.failure.with.pulmonary.congestion.or.even.pulmonary.edema.

The.symptomatology. in.women.may.be. somewhat.different. from. that. in.men. [4]..The.most.
common.acute.symptoms.of.AMI.in.women.may.include.dyspnea,.weakness,.and.fatigue..Thus,.in.
women,.chest.pain.may.be.less.predictive.of.coronary.ischemia.than.in.men..Approximately.one.
third.of.all.AMI.are.silent,.without.chest.pain.or.other.symptoms.[5]..This.happens.more.often.in.
elderly.patients.and.patients.with.diabetes.mellitus.[6]..Such.patients.do.complain.of.typical.symp-
toms.like.fatigue,.syncope,.and.weakness..Approximately.half.of.all.AMI.patients.have.experienced.
warning.symptoms.such.as.angina.pectoris.prior.to.the.infarction.

12.1.3  diAgnoStic critEriA

The.World.Health.Organization (WHO).criteria.have.classically.been.used.to.diagnose.AMI.[7]..
A.patient.is.diagnosed.with.AMI.if.two.(probable).or.three.(definite).of.the.following.criteria.are.
satisfied:

. 1..Clinical.history.of.ischemic-type.chest.pain.lasting.for.more.than.20.minutes.

. 2..Changes.in.serial.ECG.tracings.

. 3..Rise.and.fall.of.serum.cardiac.biochemical.markers.such.as.creatine.kinase,.troponin.I,.
and.lactate.dehydrogenase.isozymes.specific.for.the.heart.

There.is.a.considerable.variation.in.the.pattern.of.presentation.of.AMI.with.respect.to.these.
three.criteria..As.discussed.in.the.earlier.section,.one.third.of.patients.with.AMI.do.not.have.the.
classical.chest.pain.symptom..ECG.is.the.most.commonly.used.tool.for.diagnosis.of.AMI.diseases..
In.a.cardiac.patient’s.ECG,.ST.segment.elevation.and.Q-wave.are.the.two.factors.that.are.strongly.
indicative.of.AMI.[8]..However,.these.indications.are.seen.only.in.half.of.the.AMI.cases..So.physi-
cians.cannot.rely.only.on.the.ECG..The.third.criterion.is.more.reliable.as.compared.to.the.first.two..
Today,.clinicians.rely.more.on.the.quantitative.measurement.of.chemical.markers.released.during.
AMI.[9,10]..The.WHO.criteria.were.refined.in.the.year.2000.to.give.more.prominence.to.cardiac.
biomarkers.[11]..According.to.their.new.guidelines,.a.cardiac.troponin.rise.accompanied.by.either.
typical.symptoms,.pathological.Q.waves,.ST.elevation.or.depression,.or.coronary.intervention.are.
all.diagnostic.of.AMI.

12.1.4  EArly dEtEction

After.onset.of.AMI,.cardiac.tissues.release.some.specific.cardiac.chemical.markers.[9].which.leads.
to.a. rise. in. their.concentration. in. the.blood..After.quantifying. their.concentrations. in. the.blood.
serum,.clinicians.can.predict.the.size.of.infarct.and.can.plan.the.treatment.to.be.given.to.the.patient..
At.present.there.are.a.number.of.immunoassays.available.for.the.detection.of.AMI..Conventional.
pathological.investigations.such.as.ELISA.(enzyme-linked.immunosorbent.assay).[10].used.for.the.
detection.of.AMI.are.time.consuming.and.expensive..To.reduce.the.risk.for.the.cardiac.patients,.
early.detection.of.AMI.is.absolutely.essential,.and.this.is.also.a.challenge.for.physicians.

Research.communities.from.various.fields.like.very.large-scale.integrated.circuits.(VLSI),.phys-
ics,.chemistry,.biology,.material.science,.and.so.on,.have.come.together.to.develop.sophisticated,.
reliable,.and.low-cost.biosensing.devices..Microfabricated.biosensors.used.as.point.of.care.assay.
systems.are.becoming.increasingly.popular..Usage.of.microelectromechanical.system.(MEMS)–
based.biosensors.is.advantageous.as.they.offer.a.faster.response,.high.reliability,.compactness,.and.
also.are. inexpensive..In.such.biosensors,. the.volume.of. the.analyte.required.for. the.detection.of.
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biological.species.is.also.small..Advances.in.the.field.of.VLSI.technology.enable.us.to.fabricate.a.
biochip.that.includes.a.sensing.element.embedded.within.a.microfludic.system.integrated.with.an.
electrical.readout.

��.�  chemIcal markers released aFter onset oF amI

Chemical. markers. are. basically. macromolecules. present. in. sarcolemmal. membrane. of. myocite..
Normally.they.are.not.present.in.the.blood..Due.to.an.injury.to.myocite.membrane,.they.begin.to.
diffuse.into.the.cardiac.interstitial.and.ultimately.into.microvascular.and.lymphatic.tissues.in.the.
region.of.the.infarct.[10]..Figure.12.1.shows.the.various.cardiac.markers.released.in.the.blood.after.
the.onset.of.AMI..Each.of.these.markers.attains.its.peak.at.a.different.time.after.the.onset.of.AMI..
Considering. this.aspect,. troponin. I,.myoglobin,. creatine.kinase,. and. its. isoforms.are.commonly.
quantified.in.the.blood.for.diagnosis.of.AMI.

12.2.1  myoglobin

Myoglobin.is.a.specific.cardiac.dysfunction.marker..It.is.the.first.marker.to.be.released.in.the.blood.
after. the.onset.of.AMI..It. is.a. low-molecular-weight.(17.8.kD).heme.protein.present. in. the.myo-
cardial.cells..The.function.of.myoglobin.is.to.buffer.oxygen.concentration.in.the.respiring.tissue..
Myoglobin.has.a.greater.affinity.for.oxygen.than.hemoglobin.(Hb).[5].

When.hemoglobin–oxygen.complex.reaches.the.cardiac.tissue,.oxygen.gets.transferred.to.myo-
globin..Myoglobin.is.composed.of.eight.helices,.A.to.H,.that.are.packed.in.a.pattern.as.shown.in.
Figure.12.2..Heme.is.held.between.the.E.and.F.helices.with.a.covalent.bond..When.the.muscle.suf-
fers.an.injury.or.hypoxia,.then.the.tissue.cells.are.affected.by.necrosis,.and.myoglobin.is.released.
into.the.bloodstream..It.can.be.detected.within.4.to.30.hours.after.the.onset.of.AMI..After.that.time,.
its.concentration.becomes.very.low..The.presence.of.myoglobin.in.the.blood.may.not.always.be.car-
diac.specific..It.is.also.present.in.skeletal.muscles..However,.its.specificity.to.cardiac.muscle.injury.
can.be.increased.by.measuring.it.along.with.carbonic.anhydrase.(CA-3),.which.is.another.cardiac.
marker..Carbonic.anhydrase. is.mainly.present. in. the. skeletal.muscles.along.with.myoglobin.. In.
cardiac.muscles.it.is.present.in.trace.quantity..Hence,.when.there.is.injury.to.cardiac.muscles,.only.
myoglobin.is.released.in.the.blood.[11].
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FIgure ��.�  Plot.of.the.appearance.of.cardiac.markers.in.the.blood.versus.time.after.onset.of.the.acute.
myocardial.infarction.symptoms..(From.Collinson,.P.O.,.Boa,.F.G..et.al.,.Ann Clin Biochem,.38,.423–449,.
2001..With.permission.)
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The.normal.range.of.carbonic.anhydrase.in.blood.is.13.to.29.µg/L..A.serum.concentration.of.
myoglobin.greater.than.110.µg/L,.together.with.ratio.of.myoglobin.to.carbonic.anhydrase.greater.
than.3.21.is.considered.abnormal.or.indicative.of.AMI.

12.2.2  crEAtinE KinASE (cK) And itS iSoformS

Creatine.kinase.(CK).is.basically.an.enzyme..Its.serum.activity.exceeds.the.normal.range.within.4.
to.8.hours.after.the.onset.of.the.AMI,.and.declines.to.normal.after.2.to.3.days..CK.is.also.present.in.
the.skeletal.muscles.and.maintains.ATP.level.in.tissues.

Although.elevation.of.the.serum.CK.is.sensitive.to.enzymatic.detector.of.AMI,.it.gives.false-
positive.results.in.patients.with.muscle.disease,.alcohol.intoxication,.and.diabetes.mellitus..So.to.
make.CK.more.specific.to.cardiac.muscles,.three.isoforms.of.CK.(MM,.BB,.and.MB).have.been.
identified.as.biochemical.markers.of.cardiac.dysfunction..Only.the.MB.isoenzyme.is.specific.to.
cardiac.muscles.[13].

There.are.two.methods.for.detecting.CK.in.serum:.the.activity.assay.method.and.the.mass.assay.
method..Activity.assay.includes.radioimmunoassay..In.the.mass.assay,.CK.is.detected.by.highly.
sensitive.and.specific.monoclonal.antibodies..In.the.activity.assay,.the.result.is.reported.in.units.per.
milliliter;.in.the.mass.assay,.the.result.is.reported.in.nanograms.per.milliliter..If.the.ratio.of.CK-MB.
mass/CK-activity.is.about.2.5,.then.the.patient.may.be.suffering.from.myocardial.infarction.[13]..
However,.it.is.important.that.the.clinician.not.rely.on.measurement.at.a.single.point.of.time,.but.
should.measure.the.entire.rise.and.fall.trend.of.CK.and.CK-MB.in.a.specified.period..Even.though.
creatine.kinase. (CK)-MB. isoenzyme. is. the.most.widely.used.marker. today. for. the.diagnosis.of.
AMI,.it.has.a.limited.diagnostic.window.(i.e.,.time.interval.in.hours.wherein.abnormal.results.are.
expected.after.a.heart.attack).and.limited.clinical.specificity.(i.e.,.the.ability.of.the.test.to.differenti-
ate.between.cardiac.diseases.and.other.conditions).
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FIgure ��.�  Structure. of. cardiac. myoglobin. shows. eight. helices. A. to. H. of. myoglobin.. Heme. is. held.
between.E.and.F.helices..Iron.(Fe).ion.is.at.the.center.of.heme.where.oxygen.ion.combines..(From.Collinson,.
P.O.,.Boa,.F.G..et.al.,.Ann Clin Biochem,.38,.423–449,.2001..With.permission.)
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12.2.3  troPonin

Figure.12.1.shows.that.troponin.is.an.early.marker.of.AMI..It.is.released.at.about.the.same.time.as.
CK-MB.(6.to.9.hours);.it.is.also.a.late.marker.as.it.remains.elevated.for.over.a.week.after.the.infarct..
Therefore,.it.has.been.advocated.that.cardiac.troponin.can.replace.both.CK-MB.and.LDH.for.the.
diagnosis.of.AMI.[14]..Cardiac.troponin.assays.offer.clinicians.a.valuable.tool.for.diagnosing.myo-
cardial.infarction.even.at.the.level.of.a.microinfarction..They.also.provide.independent.prognostic.
information..Aviles.et.al..suggest.that.with.the.advances.in.the.design.of.assay,.many.of.the.techni-
cal.problems.that.were.encountered.earlier.appear.to.have.been.resolved..Troponin.complex.is.a.het-
eromeric.protein.(Figure.12.3).that.plays.an.important.role.in.the.regulation.of.skeletal.and.cardiac.
muscle.contraction..It.consists.of.three.subunits:.troponin.I.(TnI),.troponin.T.(TnT),.and.troponin.C.
(TnC)..Each.subunit.is.responsible.for.a.part.of.troponin.complex.function.(e.g.,.TnI.inhibits.ATP-
ase.activity.of.acto-myosin)..TnT.and.TnI.are.present.in.both.cardiac.muscles.and.skeletal.muscles,.
but.in.different.forms..Only.one.tissue-specific.isoform.of.TnI.is.described.for.cardiac.muscle.tissue.
(cTnI).(i.e.,.cTnI.is.expressed.only.in.the.myocardium).

For.more.than.a.decade,.the.cardiac.form.of.TnI.was.known.as.a.reliable.marker.of.cardiac.tis-
sue.injury..Human.cardiac.troponin.I.is.presented.in.cardiac.tissue.by.a.single.isoform.with.molecu-
lar.weight.29.kDa..It.is.considered.to.be.more.sensitive.and.significantly.more.specific.in.diagnosis.
of.myocardial.infarction.than.CK-MB,.myoglobin,.and.LDH.isoenzymes..cTnI.can.be.detected.in.
the.patient’s.blood.3.to.6.hours.after.the.onset.of.chest.pain,.and.it.reaches.a.peak.level.within.16.to.
30.hours..cTnI.is.also.useful.for.the.late.diagnosis.of.AMI,.because.elevated.concentrations.can.be.
detected.in.the.blood.even.5.to.8.days.after.the.onset.of.AMI.

��.�  whIch Is the early marker For Ideal dIagnosIs?

Early.sensitivity.and.specificity.of.biochemical.markers.vary.with.time.from.the.onset.of.symp-
toms.and. infarct. size..Unfortunately,.no.direct.comparison.of. the.most.promising.markers. for.
early.diagnosis.(CK-MB,.myoglobin).is.available.at.the.moment.for.patients.with.small.infarc-
tions.(i.e.,.those.which.are.more.promising.to.diagnose.on.the.clinical.and.electrocardiographic.
basis.alone).
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FIgure ��.�  Stereo.view.of.crystal. structure.of. troponin.core.domain:. (a).TnC.and.TnT.are.colored. in.
red.and.yellow,.respectively..TnI.is.colored.in.cyan,.except.for.the.two.stretches.of.amphiphilic.helices.(TnC-
binding.sites),.which.are.dark.blue..(b).A.space-filling.model.of.the.Troponin.molecule..RH,.regulatory.head..
(From.Takeda,.S.,.Yamashita,.A..et.al.,.Nature, 424,.35–41,.2003..With.permission.).(See color insert fol-
lowing page 112.)
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With.respect.to.the.specificity.issue,.CKMB.isoforms.are.superior.to.myoglobin,.although.it.
has.been.found.that.the.ratio.MB2/MB1.is.frequently.elevated.in.skeletal.muscle.injury.[16]..When.
considering.early.sensitivity,.Mair.et.al..suggested.that.all.chemical.markers.(myoglobin,.CKMB.
mass,.CKMB.isoforms.ratios,.cardiac.troponin.I,.cardiac.troponin.T).useful.for.early.diagnosis.are.
equivalent.in.AMI.patients.[17]..Myoglobin.is.often.used.to.rule.out.AMI.at.an.early.stage,.after.the.
onset.of.chest.pain,.for.more.than.10.to.15.minutes..Myoglobin.is.a.low-molecular-weight.heme.pro-
tein.that.is.abundant.in.cardiac.and.skeletal.muscle,.but.not.in.smooth.muscle..Thus,.it.is.a.sensitive.
but.not.specific.marker.of.myocardial.infarction..Its.presence.due.to.skeletal.muscle.injury.needs.
to.be.excluded..Myoglobin. is. rapidly. released. from.necrotic.myocardium.with. subsequent. rapid.
renal.clearance..Decreased.renal.clearance.can.result.in.its.elevated.levels.[18]..The.comparison.of.
diagnostic.sensitivity.of.myoglobin.and.CKMB.in.the.first.few.hours.of.the.onset.of.chest.pain.is.
demonstrated.in.the.literature.[19]..As.shown.in.Figure.12.4,.both.myoglobin.and.CKMB.isoforms.
are.more.sensitive.compared.to.the.CKMB.activity.in.the.first.few.hours,.but.myoglobin.was.sig-
nificantly.more.sensitive.than.CKMB.isoforms.in.the.first.2.hours.

As.explained.earlier,.cardiac.troponin.I.is.expressed.only.in.myocardium;.hence,.it.is.the.most.
specific.biochemical.marker.released.after.the.onset.of.AMI..It.is.released.almost.at.the.same.time.
as.CKMB.(4.to.9.hours),.and.it.can.be.used.as.a.late.marker,.as.it.remains.elevated.for.more.than.a.
week.after.the.infarct..Table.12.1.shows.the.release.kinetics.of.cardiac.troponin.I.and.CKMB.activ-
ity.in.patients.with.AMI.[20].

As.shown.in.Figure.12.5,.the.significant.appearance.of.cTnI.and.CKMB.in.the.blood.requires.
4.to.6.hours,.and.they.attain.their.peak.value.in.12.to.13.hours..However,.cTnI.takes.a.long.period.
(~170.hours).compared.to.the.CKMB.activity.(~51.hours).to.return.to.its.normal.value.

With.this.discussion,.it.can.be.concluded.that.cTnI.can.be.used.as.a.late.marker.of.AMI..Quan-
titative.analysis.of.cTnI.also.helps.to.investigate.the.size.of.infarct..Also,.due.to.an.early.appearance.
of.peak.and.higher.rates.of.rise.of.myoglobin,.it.is.used.as.a.marker.to.rule.out.AMI..A.myoglobin–
CKMB.combination.can.be.used.for.the.confirmation.of.AMI.for.the.patients.with.chest.pain.and.
elevated.ST.segment.of.electrocardiogram.

��.�  poInt-oF-care system For early dIagnosIs oF amI

Point-of-care.(POC).or.near-patient. testing.allows.diagnostic.assays.to.be.performed.in.locations.
such.as.the.intensive.care.unit,.where.treatment.decisions.are.made,.and.care.is.delivered.based.on.
the. results.of. these.assays..Presently. there.exist.POC. immunoassays. for. several.cardiac.markers.
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FIgure ��.�  Sensitivity. of. CKMB. activity,. myoglobin,. CKMB. isoforms. within. 6. hours. from. onset. of.
acute.myocardial.infarction.(AMI).of.the.patients.with.ST.segment.elevation.treated.with.thrombolytic.ther-
apy..(From Galvani,.M.,.Ferrini,.D..et.al.,.Int J Cardiol,.65,.S17–S22,.1998..With.permission.)
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including.CKMB,.myoglobin,.troponin.I,.and.troponin.T.that.yield.qualitative.and.quantitative.results.
similar.to.traditional.central.lab.assays.[21]..In.the.evaluation.of.emergency.room.patients.with.chest.
pain,.POC.cardiac.markers.may.improve.clinical.outcome.by.reducing.the.diagnosis.time..Existing.
POC.assays.that.combine.myoglobin.and.CKMB.have.high.sensitivity.and.specificity.for.diagnosing.
AMI.and.may.provide.the.earliest.indication.of.myocardial.injury..POC.troponin-I.assays.provide.a.
better.identification.of.myocardial.injury.and.also.provide.valuable.prognostic.information.

Table.12.2. shows. the. commercially. available. cardiac.marker.POC.assays.with. their. sensing.
cutoff.values.and.response.time..Most.of.these.assays.can.give.the.diagnostic.results.within.10.to.30.
minutes..However,.they.have.some.disadvantages.[21]:

. 1..Use.of.outdated.and.suboptimal.AMI.definitions. that.were.based.on.WHO.criteria.and.
only.CKMB.activity.

. 2..Lack.of.clarity.over.appropriate.comparison.value.or.cutoff.value,.for.positive.test.

. 3..Marginal.assay.performance.around.discriminatory.or.diagnostic.value.

. 4..Nonstandard.frequency.and.number.of.blood.collections.

. 5..Large.variation.in.pretest.likelihood.of.AMI.among.sample.population.

10 150 

100 

50 

20 
10 
0 

9 
8 
7 
6 
5 
4 
3 
2 

Ca
rd

ia
c T

ro
po

ni
n 

I (
µg

/L
) (

  )
 

1 
0 

0 12 24 36 48 60 
Hours after Onset of Chest Pain

72 96 120 144 168 192 216 240 

C
K-

M
B 

Ac
tiv

ity
 (I

U
/L

) (
  )

 

FIgure ��.�  Cardiac. troponin. I. and. CKMB. activity. release. profiles. in. patients. with. acute. myocardial.
infarction..(From.Bertinchant,.J.-P.,.Larue,.C..et.al.,.Clin Biochem,.29,.587–594,.1996..With.permission.)

taBle ��.�
release kinetics of cardiac troponin I and ckmB acti�ity in patients 
with acute myocardial Infarction (amI)

cutoff value ctnI (0.� ug/l)
ckmB acti�ity (��u/l) 

(ck>�00u/l)

Time.to.first.increased.plasma.values.(h) 4.(2–7.5) 6.(3–9.75)

Time.to.peak.(h) 12.75.(8.15–28) 12.5.(8.75–21)

Return.to.normal.(h)h 170.(99.5–242.2) 51.1.(26.25–74)

Magnitude.of.increase 119.(22–1333) 9.5.(2.4–24)

Rate.of.increase 1.23.(0.2–19.8) 12.5.(1.5–50.7)

Percentage.(peak) 26.7.(1.2–381) 2.12.(0.2–17.9)

Notes:.First.appearance.in.the.blood,.time.to.peak.values,.and.time.of.return.to.normal.are.calcu-
lated.for. the.onset.of.symptoms..The.magnitude.of. increase.was.calculated.by.dividing.
peak.values.by.cutoff.values..Rate.(slope).of.increase.=.(value.at.peak—baseline.value)/
(time.to.peak—time.to.baseline.value)..Percentage.of.increase.=.(value.at.peak—baseline.
value)/baseline.value.

Source:. Bertinchant,.J.-P.,.Larue,.C..et.al.,.Clin Biochem,.1996;.29:587–594..(With.permission.)
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. 6..Retrospective.performance.and.evaluation.of.POC.assay.with.no.measure.of.effect.on.deci-
sion-making.timing.or.quality.

. 7..POC.assay.performance.and.interpretation.by.lab.technicians.or.health-care.providers.

. 8..Exclusion.of.patients.based.on.early.or.delayed.presentation.

. 9..Multiple. assay. and. corresponding. reference. ranges. for. the. same. cardiac. marker. (cTnI,.
myoglobin).

. 10..Failure.to.consider.meaningful.clinical.or.resource.utilization.endpoints.

��.�   mIcroFaBrIcated BIosensors as poInt-oF-care 
system For early dIagnosIs oF amI

In.an.intensive.care.unit.many.physiological.parameters.are.required.to.be.monitored.simultane-
ously.and.in.real. time..For.example,. in.the.case.of.AMI,.specific.protein.biomarkers.need.to.be.
monitored.. Knowledge. of. the. levels. of. these. proteins.would. allow.administration. of. life-saving.
treatments.to.patients.suffering.from.AMI..Currently,.the.most.reliable.diagnosis.of.AMI.is.based.
on.the.detection.of.a.temporary.significant.increase.in.level.of.a.few.proteins.in.the.blood.[22,23]..
The.methods. for.protein.detection. involve. labeling.procedures,.which.are. time.consuming. [24]..
Microfabricated.biosensors,.however,.can.allow.label-free.investigation.of.processes.and.real-time.

taBle ��.�
currently a�ailable cardiac marker point-of-care assays

name
cardiac 
marker specimen

sens 
cutoff testing procedure

time 
(min) reader

Hybritech.ICON CK-MB,.
(Quan)

300.µl.(requires.
centrifugation)

<2.ng/ml Requires.manual.addition.
of.substrate.and.antibody.
&.2.wash/drain.steps

15–20 Reader.console

TROP.T.2/
CARDIAC.T.rapid.
assay.(Roche.Diag./
Boerhinger.
Mannheim.Corp)

TnT,.(Qual) 150.µl.EDTA.or.
heparin.whole.
blood

0.08.ng/ml Single-step 15–30 Direct.visual.
result

Cardiac.STATus.
(spectral.
diagnostics)

CK-MB
myoglobin,.
(Qual)

175.µl.EDTA.
whole.blood

5.ng/ml
100.ng/ml

Single.step.plus.developer 15 Direct.visual.
result

Cardiac.STATus.TnI.
rapid.test.(spectral.
diagnostics)

TnI.(Qual) 200.µl.heparin.
whole.blood

1.5.ng/ml Single.step 15 Direct.visual.
result

TRIAGE®.
CARDIAC.PANEL.
(Biosite.
Diagnostics)

CK-MB
myoglobin
TnI
(Quan)

150.µl.
heparnized.
whole.blood

0.75.ng/ml
2.70.ng/ml
0.19.ng/ml

Single.step.(blood.placed.
in.test.cartridge.and.
inserted.into.automated.
analyzer)

10–15 Fluorescent.
detection.
reader

Alpha.DX.(first.
medical)

CK
CK-MB
myoglobin
TnI.(Quan)

EDTA.whole.
blood

—
—
—
—

Single.step.(blood.placed.
in.analytical.discs.and.
inserted.into.analyzer)

18–25 Automated.
analyzer

Stratus.CS.STAT.
(Dade.Behring.Inc)

CK-MB
myoglobin
TnI.(Quan)

3.ml.heparnized.
whole.blood

3.5.ng/ml
98.ng/ml�
0.06.ng/ml

Single.step.analyzer 13–22 Fluorometric.
analyzer

�. Male.cutoff.value.given,.female.cutoff.value.56.ng/ml;.Qual.=.qualitative;.Quan.=.quantitative.
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analysis,.and.hence.can.play.a.significant.role.as.a.POC.system..Use.of.microfabricated.sensors.can.
make.it.possible.to.reduce.the.infarction.exclusion.time,.shorten.the.time.to.commence.treatment,.
and.therefore.reduce.the.risk.for.patients.

The.history.of.biosensors.started.in.the.year.1962.with.the.development.of.enzyme.electrodes.by.
Leland.C..Clark..Since.then,.research.communities.from.various.fields.such.as.VLSI,.physics,.chem-
istry,.biology,.and.material.science.have.come.together.to.develop.sophisticated,.reliable,.and.mature.
biosensing.devices..The.schematic.representation.of.a.biosensor.is.as.shown.in.Figure.12.6.

Biosensors,.like.all.other.sensing.devices,.can.be.divided.into.three.main.components:.a.detec-
tor.that.recognizes.the.signal.of.interest,.a.transducer.that.converts.the.signal.into.a.more.useful.
output.(an.electrical.signal),.and.a.readout..Biosensors.employ.biological.or.biochemical.detectors,.
which.can.be.a.single.protein,.an.enzyme,.or.even.whole.cells.and.microorganisms.

Biosensors. can. be. classified. based. on. detector. type. (immunosensor. or. enzymatic. sensors);.
transduction.principle.(amperometric,.piezoelectric,.or.micromechanical);.and.application.(clinical.
sensors.or.environmental.sensors)..Each.of.this.class.of.sensors.for.cardiac.diagnosis.is.discussed.
in.the.subsequent.sections.

12.5.1  Affinity cAntilEvEr-bASEd bioSEnSor for cArdiAc diAgnoSticS

Biosensors.based.on.microcantilevers.have.become.a.promising.tool.for.detecting.bimolecular.inter-
actions.with.a.great.accuracy..Microcantilevers.translate.molecular.recognition.of.biomolecules.into.
a.nanomechanical.motion..This.nanomechanical.motion.can.be.detected.by.an.optical.or.a.piezore-
sistive.readout.detector.system..Immobilization.of.biomolecules.on.either.top.or.bottom.surface.of.
the.cantilever.generates.differential.surface.stress.on.the.opposite.faces.of.the.cantilever..This.gives.
rise.to.a.deflection.of.the.cantilever.as.shown.in.the.schematic.of.Figure.12.7.

Analyte Bioelement Transducer Electrical
signal

Biosensor

FIgure ��.�  Schematic.representation.of.a.biosensor.

Antigen A 

Antibody B

Antibody B

FIgure ��.�  Cantilever.bending.due.to.biomolecular.interaction.between.an.immobilized.receptor.and.its.
target..Only.the.specific.recognition.causes.a.change.on.the.surface.stress.driving.to.bending.of.cantilever.
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Figure.12.8.shows.the.optical.and.electrical.readout.schemes.for.the.detection.of.deflection.
due. to. receptor-target. binding..One. such. application.of. affinity. cantilever. for. the.detection.of.
cardiac.markers.is.reported.in.[26]..Y..Arntz.et.al..demonstrated.continuous.label-free.detection.
of. two. cardiac. biomarker. proteins. (creatine. kinase. and. myoglobin). using. an. array. of. micro-
cantilevers.functionalized.with.covalently.anchored.anticreatine.kinase.and.antimyoglobin..This.
method.allows.biomarker.proteins.to.be.detected.by.measuring.the.surface.stress-induced.canti-
lever.deflection..Figure.12.9.shows.the.cantilever.array.embedded.in.liquid.cell.with.a.micropump.
attachment..The.deflection.of.the.cantilever.is.detected.optically..A.reference.cantilever.is.used.
along.with.the.main.cantilever.to.eliminate.signals.due.to.thermal.drift,.undesired.chemical.reac-
tions,.and.turbulence..Figure.12.10.shows.the.functionalization.of.cantilevers.and.its.response..
The.human.cardiac.marker.specific.antimyoglobin.and.anti-CKMB.antibodies.are.immobilized.
on. the. top. surface. of. the. cantilever. (Figure.12.10a).. To. achieve. selective. attachment. of. target.
molecules.and.prevent.nonspecific.attachment,. the.bottom.surface.of. the.cantilever. is.blocked.
using.bovine.serum.albumin.(BSA)..For.getting.a.better.differential.deflection.signal,.both.top.
and.bottom.surfaces.of.the.reference.cantilever.are.blocked.using.BSA.(Figure.12.10b)..As.shown.
in.Figure.12.10c,.sequential.injections.of.cardiac.creatine.kinase.and.myoglobin.proteins.result.

Liquid sample reservoirs

VCSELs

Cell

Pump

PSD

FIgure ��.�  Experimental.setup.using.a.liquid.cell.with.optical.readout.of.cantilever.deflections.and.sample.
liquid.exchange.system.(VCSEL=.vertical.cavity.surface.emitting.lasers,.PSD.=.position.sensitive.detector).

Incident
laser beam

Reflected
laser beam

Change in reflected
beam position due to

cantilever bending

Position
sensitive detector

Cantilever
bending

Contact pad (a)

R1 R2

R4R3

Piezoresistive
layerSupport

FIgure ��.�  (a).Optical.readout.method.for.cantilever.bending.evaluation..(b).Piezoresistive.readout.and.
the.Wheatstone.bridge.configuration.
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in.a.deflection.of. the.corresponding.cantilever..The.direction.of.cantilever.deflection. indicates.
that.the.surface.stress.is.of.a.compressive.nature..The.experiment.is.performed.in.a.background.
of.unspecific.protein. (BSA.100.µg.ml–1)..The.differential.deflection. signal. and. the. amount.of.
surface.stress.generated.on.the.cantilever.due.to.attachments.of.cardiac.myoglobin.and.CKMB.
are.shown.in.Figure.12.10d..It.should.be.noted.that.the.stress.generated.on.the.cantilever.surface.
due. to. attachments.of. targeted.cardiac.markers. is.of. the.order.of.5.mN/m..The.magnitude.of.
stress.is.much.less.than.the.stress.induced.due.to.the.other.biomolecules.such.as.DNA.[27]..Due.
to.low.differential.surface.stress,.the.deflection.of.the.cantilever.is.also.small..Thus,.highly.sensi-
tive.cantilever.structures.are.required.for.detecting.cardiac.markers..However,.these.structures.
should. withstand. the. wet-phase. immobilization. steps. and. also. the. turbulence. caused. by. fluid.
flow.in.the.microfludic.system..The.response.time.of.such.a.biosensor.is.about.10.to.15.minutes.
(Figure.12.10c)..Hence,.in.the.near.future,.affinity.cantilever-based.biosensors.may.be.used.for.
real-time.monitoring.of.multiple.cardiac.markers.and.may.allow.an.early.diagnosis.of.AMI.

12.5.2  ElEctrochEmicAl bioSEnSorS for cArdiAc diAgnoSticS

One.of.the.earliest.microfabricated.biosensor.was.in.the.category.of.the.electrochemical.biosensor.
[28]..Detection.of.glucose.concentration.in.the.blood.and.hybridized.DNA.are.some.of.the.examples.
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FIgure ��.�0  (a).Two.cantilevers.in.the.array.are.coated.with.myoglobin.(Myo).and.creatine.kinase.(CK).
antibodies.and.passivated.on.their.lower.surface.with.BSA..(b).The.reference.cantilever.is.quenched.on.the.
two.surfaces.with.BSA..(c).Sequential.injections.of.creatine.kinase.and.myoglobin.proteins.reveal.deflection.
of.the.corresponding.cantilever.due.to.compressive.stress..The.experiment.is.performed.in.a.background.of.
unspecific.protein.(BSA.100.ug.ml–1)..(d).Differential.deflection.signals:.CK-Ref,.Myo-Ref..(From.Arntz,.Y.,.
Seelig,.J.D..et.al.,.Nanotechnology,.14,.86–90,.2003..With.permission.)
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of.electrochemical.biosensors.reported.in.literature.[28–32]..The.underlying.working.principle.of.
such.biosensors.is.that.biochemical.reactions.either.produce.or.consume.ions.or.electrons,.which.in.
turn.cause.a.change.in.the.electrical.properties.of.the.solution..This.change.can.be.sensed.and.can.
be.used.as.a.measurement.parameter..According.to.measurement.parameters,.the.electrochemical.
biosensors.are.classified.as.[28].conductimetric,.potentiometric,.and.amperometric.

��.�.�.�  conductimetric

The.measured.parameter.in.conductimetric.sensors.is.the.electrical.conductance/resistance.of.the.
solution..When.electrochemical.reactions.produce.ions.or.electrons,.the.overall.conductivity.of.the.
solution.will.change..The.change.in.conductivity.is.measured,.and.it.can.be.calibrated.to.a.stan-
dard.scale..The.applied.electrical.field.is.generated.using.a.sinusoidal.voltage.(AC).which.helps.in.
minimizing.undesirable.effects.such.as.Faradic.currents,.double-layer.charging,.and.concentration.
polarization.[28].

��.�.�.�  potentiometric

The.measured.parameter. is.oxidation.or. reduction.potential.of.an.electrochemical. reaction..The.
working.principle.relies.on.the.fact.that.when.a.ramp.voltage.is.applied.to.an.electrode.in.the.solu-
tion,.a.current.flow.occurs.because.of.electrochemical.reactions..The.voltages.at.which.these.reac-
tions.occur.indicate.a.particular.reaction.and.identify.a.particular.species.[28].

��.�.�.�  amperometric

These.are.high-sensitivity.biosensors.that.can.detect.electroactive.species.present. in.biologi-
cal. test. samples.. Because. the. biological. test. samples. may. not. be. intrinsically. electroactive,.
enzymes. are. needed. to. catalyze. the. production. of. such. species.. In. these. types. of. sensors,.
the. measured. parameter. is. current. [28].. These. electrochemical. biosensors. are. compared. in.
Table.12.3,.and.it.can.be.found.that.the.amperometric.electrochemical.sensor.is.the.most.sensi-
tive.among.the.three.

A. disposable. amperometric. immunosensor. for. the. rapid. detection. of. cardiac. myoglobin. in.
whole.blood.is.reported.in.the.literature.[33]..As.described.[33],.the.carbon.working.electrode.is.
fabricated.using.screen.printing. in.a. three-step.process..The.first. step. involves. the.printing.of.a.
silver.conducting.path.on.a.PVC.substrate..An.insulating.layer.is.then.deposited,.which.covers.the.
silver.layer.between.the.carbon.working.area.and.the.connecting.area.on.top..The.final.layer.was.
the.carbon.working.area.(16.mm2)..This.was.deposited.on.the.top.of.the.silver.layer..The.electrodes.
were.cured.at.90°C.for.18.hours.

taBle ��.�
different electrochemical sensing

characteristics  conductimetric potentiometric amperometric

Measured.parameter Resistance Voltage Current

Applied.voltage Sinusoidal.(AC) Ramp.voltage Constant.potential.(DC)

Governing.equation Incremental.resistance Nerst.equation Cottrell.equation

Fabrication FET.+.enzyme FET.+.enzyme
Oxide.electrode

FET.+.enzyme
Two.electrodes

Sensitivity. Low Medium High

Source:. Hudson,.M.P.,.Christenson,.R.H..et.al.,.Clinica Chimica Acta,.1999,.248:223–
237..(With.permission.)
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A.single-step.indirect.sandwich.assay.was.employed.using.a.polyclonal.goat.antihuman.cardiac.
myoglobin.antibody,.with.monoclonal.mouse.antimyoglobin.and.goat.antimouse.IgG.conjugated.to.
alkaline.phosphates.(AP).as.the.detecting.antibodies.

Figure.12.11.shows.the.change.in.output.current.with.the.myoglobin.concentration.using.a.buf-
fer.solution.and.whole.blood.as.background.during.the.experimentation..The.final.sensor.requires.
30.minutes.for.incubation,.and.no.cross-reactivity.was.noted.with.other.cardiac.proteins..The.over-
all.performance.of.the.sensor,.rapid.analysis.time,.wide.working.range,.high.precision,.and.specific-
ity.demonstrate.its.potential.usefulness.for.an.early.assessment.of.AMI.

��.�  laB-on-chIp For cardIac dIagnostIc: our approach

For.the.past.few.years,.the.Nanoelectronics.Center.at.the.Indian.Institute.of.Technology.Bombay.
has.been.engaged.in.the.development.of.a.Lab-On-Chip.for.cardiac.diagnostics..In.the.proposed.
POC.system,.affinity.cantilevers.are.used.as.the.sensor.element..We.have.designed,.simulated,.and.
fabricated.such.cantilevers.using.various.materials.such.as.silicon.dioxide,.silicon.nitride,.and.SU-8..
For.electrical.detection,.p-type.polysilicon.was.used.as.a.piezoresistive.layer..Mechanical.and.elec-
trical.properties.of.these.cantilevers.were.investigated.using.the.atomic.force.microscope.(AFM)..
The.top.surface.of.these.cantilevers.was.selectively.immobilized.with.antibodies..Antibody-specific.
antigens.were.allowed.to.react.with.the.cantilever.in.a.liquid.cell.of.the.AFM.setup,.so.as.to.detect.
the.cantilever.bending.optically..For.electrical.detection,.microcontroller-based.signal.conditioning.
and.a.digital.readout.circuit.were.developed.

12.6.1  mAtEriAl dEvEloPmEnt

Hotwire.chemical.vapor.deposition.(CVD).was.chosen.as.the.technique.for.depositing.thin.films.
of.doped.microcrystalline.silicon.(μSi:H).and.silicon.nitride..Hotwire.CVD.deposits.films.at.high.
deposition.rate..Using.this.technique,.one.can.deposit.thin.films.at.a.low.substrate.temperature,.thus.
enabling.the.usage.of.polymers.as.a.structural.material.

Silicon.nitride.films.were.deposited.at.a.substrate.temperature.of.300°C,.at.various.gas.pres-
sures.and.also.with.or.without.nitrogen.dilution..The.films.were.characterized.for.their.deposition.
rate,.refractive.index,.and.etch.rate.in.buffered.hydrofluoric.acid.(BHF)..We.optimized.the.deposi-
tion.parameters.for.low.etch.rate.as.SiH4:NH3.flow.rate.ratio.=.1:20;.gas.pressure.=.50.mTorr;.and.
no.usage.of.nitrogen.dilution.[34].
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FIgure ��.��  Indirect. one-step. sandwich. assay. with. amperometric. detection.. Comparison. of. standard.
curve.in.buffer.versus.whole.blood..Goat.antihuman.cardiac.myoglobin.(antibody.A).used.as.primary.antibody.
and.mouse.antimyoglobin.(antibody.B).and.goat.anti-mouse-IgG.AP.(antibody.C).as.detecting.antibodies..
(From.Tina,.M.,.Regan,.O..et.al.,.Analytica Chimica Acta,.460,.141–150,.2002..With.permission.)
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Doped.p-type.microcrystalline.silicon.films.were.developed.for.achieving.a.high.gauge.factor..
The.deposition.rates.of.these.films.were.in.the.range.of.3.6.to.4.0.A/sec..These.films.have.a.grain.
size.of.15.to.30.nm.[35]..We.have.achieved.a.gauge.factor.of.above.20.for.films.deposited.at.a.sub-
strate.temperature.of.150°C.

12.6.2  dESign And SimulAtion

We.first.show.the.effect.of.material.properties.on.the.deflection.of.a.cantilever.due.to.myoglobin-
induced.surface.stresses.(typically.6.mN/m)..We.also.show.the.importance.of.locating.the.immobi-
lization.layer.and.an.embedded.piezoresistive.layer.on.the.same.side.of.the.neutral.axis.[36].

The.study.has.been.carried.out.using.the.Coventorware.MEMS.tool..The.cantilever.structure.
is.200.μm.long.and.30.μm.wide..The.thickness.of.individual.layers.is.given.in.Figure.12.12. The.
piezoresistive.layer.is.assumed.to.be.single.crystal.silicon.(Young’s.modulus.~170.GPa.and.piezore-
sistive.coefficients.as.given.in.[36])..It.is.assumed.that.the.cantilever.is.slightly.oxidized.to.form.an.
immobilization.layer..From.this.figure,.it.is.clear.that.both.deflection.and.∆R/R,.in.the.case.when.the.
immobilization.layer.and.the.piezoresistive.layer.are.placed.on.opposite.sides.of.the.neutral.axis,.are.
much.lower.compared.to.the.case.when.these.layers.are.on.the.same.side.of.the.neutral.axis..Second,.
there.is.hardly.any.increase.in.∆R/R.as.we.scale.down.the.Young’s.modulus.of.the.structural.layer.
when.the.immobilization.layer.and.the.piezoresistive.layer.are.placed.on.the.opposite.side.of.the.
neutral.axis..Thus.in.biosensing.systems,.it.is.preferable.to.place.the.immobilization.layer.and.the.
piezoresistive.layer.always.on.the.same.side.of.the.neutral.axis.

We.also.observe.that.both.deflection.and.∆R/R.increase.as.the.Young’s.modulus.decreases.in.
the.case.when.the.immobilization.layer.and.the.piezoresistive.layer.are.on.the.same.side.of.the.neu-
tral.axis..However.the.∆R/R.and.the.deflection.do.not.scale.as.effectively.as.the.Young’s.modulus..
For.example,.as.we.reduce.Young’s.modulus.of.the.structural.layer.from.169.GPa.(Silicon).to.5.GPa.
(polymers).(i.e.,.about.1/35th),.the.deflection.and.∆R/R.have.increased.only.by.a.factor.of.about.2..
This.is.due.to.the.nature.of.surface.stresses.and.high.Young’s.modulus.of.the.thin.piezoresistive.
layer.(compared.to.the.structural.layer).that.is.located.away.from.the.neutral.axis..It.has.resisted.
deflection.and.the.development.of.a.scaled.higher.strain.in.the.piezoresistive.material.
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Immobilization.layer.and.piezoresistor.are.on.the.same.side.and.opposite.side.of.the.neutral.axis.
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12.6.3  fAbricAtion of cAntilEvErS

To.detect. the. cantilever.bending.optically,.we.decided. to.use. the.AFM.setup.and. its. liquid.cell.
accessories..The.main.bottleneck.of.this.experiment.was.to.fabricate.cantilevers.that.would.fit.in.
the.nose.of.the.AFM.setup.

Figure.12.13.shows.the.pictures.of.the.single-layer.silicon.dioxide.and.SU-8.cantilevers.that.can.
fit.in.the.AFM.nose..The.surface.stress.developed.due.to.cardiac.markers.is.in.the.order.of.a.few.
mN/m..Because.the.surface.stress.is.small,.cantilever.structures.with.high.sensitivity.are.essential.
to.obtain.a.measurable.deflection..One.way.to.increase.the.sensitivity.is.to.have.thin.single-layer.
cantilevers..Selective.immobilization.of.biomolecules.on.either.top.or.bottom.surface.of.the.cantile-
ver.is.an.important.issue..We.developed.immobilization.techniques.that.can.selectively.immobilize.
biomolecules.on.only.one.surface.of.the.cantilever.

To. detect. the. cantilever. bending. electrically,. cantilevers. with. embedded. piezoresistors. were.
fabricated.in.our.laboratory..The.reference.cantilever.and.the.measurement.cantilever.are.employed.
in.a.half-bridge.configuration.

Figure.12.14a.shows.the.silicon.dioxide.cantilevers.with.gold.as.the.strain-sensitive.material..
The.cantilevers.are.curled.upward.due.to.compressive.stress..Figure.12.14b.shows.the.silicon.nitride.
with.p-type.polysilicon.embedded.as.a.piezoresistive.layer..Downward.curling.of.these.cantilevers.
is.due.to.the.tensile.stress.in.the.films.

12.6.4  immobilizAtion of biomolEculES

Antibody.immobilization.on.cantilever.surface.is.preceded.by.its.surface.modification.(i.e.,.making.
the.surface.amenable.to.antibody.immobilization)..For.the.optical.detection.method,.it.is.essential.
to.selectively.immobilize.antibodies.only.on.either.the.top.or.the.bottom.surface.of.the.cantilever..A.
detailed.study.of.selective.immobilization.is.reported.in.[37]..For.the.immobilization.of.antibodies.

(a) (b)

FIgure ��.��  Affinity.cantilevers.to.fit.in.to.atomic.force.microscopy.(AFM).nose..(a).Scanning.electron.
microscope.(SEM).image.of.silicon.dioxide.cantilever;.(b).optical.image.of.SU-8.cantilever.with.gold.patch.
at.the.tip.for.optical.detection.

(a) (b)

FIgure ��.��  Scanning.electron.microscope.(SEM).images.of.piezoresistive.(a).silicon.dioxide.cantilever.
and.(b).silicon.nitride.cantilever.
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on.various.materials,.different.protocols.were.developed.and.characterized.[38–41]..Human.immu-
noglobulin.(HIgG).antibodies.were.immobilized.on.the.top.surface.of.the.cantilevers.using.these.
immobilization.protocols..This.was.followed.by.incubation.with.fluorescein.isothiocyanate.(FITC).
tagged.antihuman-HIgG..The.cantilever.surface.was. then.observed.under.an.optical.and.a.fluo-
rescent.microscope..Examples.of.antibody.immobilization.on.SU-8.affinity.cantilever.and.silicon.
nitride.cantilever.are.shown.in.Figure.12.15.and.Figure.12.16,.respectively.

Obtaining.a.large.deflection.due.to.myoglobin.induced.stresses.is.of.paramount.consideration..
This.is.possible.if.we.employ.polymeric.materials..One.such.material.is.SU-8,.basically.a.negative.
photoresist.with.excellent. structural.and.chemical.properties..However,. immobilization.on.poly-
mers.requires.that.their.surface.be.modified.via.high-energy.plasma.or.by.the.use.of.strong.acids.
or.bases..A.novel.SU-8.surface.modification.technique.is.described.in.the.literature.[40]..In.this.
method,.amino.(NH2

+).groups.are.grafted.onto.the.SU-8.surface.
Cardiac.markers.such.as.myoglobin.and.troponin.are.protein.molecules..They.can.be.immobi-

lized.by.the.methods.described.in.this.section.

12.6.5  cAntilEvEr chArActErizAtion

Sensitivity.of.the.affinity.cantilever.depends.on.how.it.performs.in.the.mechanical.and.the.electrical.
domains..Hence,.before.using.a.cantilever.for.any.biosensing.application,.it.is.essential.to.investi-
gate.its.performance.in.these.domains.

��.�.�.�  mechanical characterization

An.AFM.setup.was.used.to.find.the.mechanical.properties.of.the.cantilever..The.force–distance.
spectroscopy.feature.of.AFM.was.used.to.measure.the.spring constant.of.the.cantilever.structure..

(a) (b)

FIgure ��.��  Micrograph.of.SU-8.cantilever.used.for.the.optical.detection.with.incubation.of.HIgG.fol-
lowed.by.fluorescein.isothiocyanate.(FITC).tagged.goat.anti-HIgG.observed.under.(a).optical.microscope.and.
(b).fluorescent.microscope.

(a) (b)

FIgure ��.��  Micrograph.of.piezoresistive.silicon.nitride.cantilevers.used.for.the.electrical.detection.with.
incubation.of.HIgG.followed.by.fluorescein.isothiocyanate.(FITC).tagged.goat.anti-HIgG.observed.under.(a).
optical.microscope.and.(b).fluorescent.microscope.
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The. Young’s. modulus. of. the. cantilever. mate-
rial.can.be.calculated.from.the.measured.spring.
constant.and.the.dimensions.of.the.cantilever..In.
this.measurement,.the.tip.of.the.AFM.cantilever.
is.aligned.near.the.free.end.of.the.sample.cantile-
ver.(Figure.12.17),.and.then.the.AFM.cantilever.
is.swept. in. the.Z-direction. to.bend. the.sample.
cantilever.. The. standard. procedure. for. force–
distance.spectroscopy.using.an.AFM.setup.was.
used. to. obtain. the. force–distance. curves.. The.
slope.of.these.curves.was.used.to.calculate.the.
spring.constant.and.the.Young’s.modulus.of.the.
structural. material. [42].. The. measured. values.
agreed.with.the.simulated.values.

��.�.�.�  electrical characterization

The.expected.change.in.the.resistance.is.of.the.order.of.a.few.parts.per.million.(ppm).for.myoglobin-
induced.surface.stress..To.detect.such.a.small.change.in.resistance,.sensitive.signal.conditioning.and.
display.circuits.were.developed.[43]..The.microcontroller.MSP430f161x.was.used.to.achieve.a.high.
resolution..Faraday’s.cage.was.used.to.eliminate.the.noise.within.the.measurement.setup..Change.in.
resistance.as.low.as.10.ppm.was.measurable.with.the.setup.developed.in.our.laboratory.

��.�  conclusIons

A.microfabricated.biosensor.is.an.important.component.of.POC.devices..The.overall.performance.
of.such.a.sensor.depends.on.the.various.functional.domains.of.the.microsystem..Careful.selection.of.
materials.and.optimization.of.material.properties.is.an.important.prerequisite.for.the.development.
of.a.biomicrosystem..Microfabrication.process.parameters.are.the.key.factors.to.get.the.required.
functionality.of.the.biosensor..Because.these.biosensors.are.supposed.to.work.in.the.liquid.media,.a.
thorough.understanding.of.the.behavioral.aspects.of.the.sensor.in.liquid.media.is.essential..Micro-
system.packaging.and.related.experimentation.in.a.controlled.environment.are.some.of.the.other.
important.requirements.

Development. of. Lab-on-Chip. for. cardiac. diagnostic. is. in. progress.. Extensive. studies. are.
required.in.the.area.of.biomolecule.immobilization,.stability,.and.sensitivity.of.the.device..The.day.
is.not.far.when.the.development.of.a.BioMEMS-based.lab-on-chip.will.bring.a.revolution.in.the.
field.of.cardiac.diagnostics.
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Properties,	and	Biologic	
Activity	of	Nanosized	
Silver	Particles
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A.N.	Frumkin	Institute	of	Physical	Chemistry	and	Electrochemistry,	
Russian	Academy	of	Sciences,	Moscow,	Russia

��.�  IntroductIon

During.the.last.decade.in.different.fields.of.science,.medicine,.and.engineering,.nanosized.metallic.
particles.have.been.used.with.great.success..The.importance.of.nanosized.particles.was.stressed.
in.1959.by.Richard.Freiman,.winner.of. the.Nobel.Prize. in.physics,. in.his. lecture.at. the.Califor-
nia.Institute.of.Technology:.“There.is.Plenty.of.Room.at.the.Bottom.in.Miniaturization,”.during.
which.he.told.of.the.immense.possibilities.of.materials.and.devices.of.atomic.and.molecular.size..
He. pointed. out. that. in. small. assemblies. of. atoms,. quantum. effect. must. be. taken. into. account,.
and.that.physical.laws.do.not.exclude.the.possibility.of.developing.such.systems..Beginning.from.
the.1990s,.the.amount.of.publications.on.nanotechnology.and.its.use.in.different.fields.increased.
sharply.[1–5]..Buchachenko.[2].noted.the.increased.importance.of.chemistry.for.the.development.
of.nanotechnology..Even.before.the.beginning.of.the.“Nanoboom,”.different.small-sized.systems.
were.investigated.by.scientists,.such.as.microorganisms,.aerosols,.catalysts,.carbon.black,.zeolytes,.
ultradisperse.powders,.thin.films,.and.many.others..Many.archeologic.discoveries.showed.the.use.of.
colloid.systems.in.the.ancient.world.(for.example,.the.use.of.“Chinese.ink”.in.ancient.Egypt)..Thus,.
the.modern.concept.of.nanotechnology.includes.also.many.“old”.fields.of.science.[4,5].

In.1857.Michael.Faraday.synthesized.gold.colloids.with.a.particle.size.below.1.µ.(down.to.10.
nm)..Bach.and.Balashova.[7].investigated.electrochemical.properties.of.platinum.soles.in.the.pres-
ence.of.oxygen.and.hydrogen.and.showed.that.(as.predicted.by.Frumkin).these.soles.have.the.same.
behavior.as.electrodes.from.platinized.platinum.

The.use.of.pulse.and.steady-state.radiolyses.for.the.investigation.of.short-living.and.metastable.
reaction.centers.of.biological.and.catalytical.systems.containing.metal.ions.gave.the.possibility.to.
establish. a.general. concept. for. the.preparation.of.materials.with.nanosized. structures. [8–11]..A.
new.method.for.a.radiation–chemical.synthesis.of.stable.nanoparticles.of.metals.in.liquid.media.
was.developed.with. the.use.of. reverse.micellular.systems.for. the. reduction.of.metal. ions,.and.a.

contents
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7528.indb   161 6/27/08   11:10:01 AM



���	 Bionanotechnology

subsequent.formation.of.nanoaggregates.under.the.influence.of.an.ionizing.radiation.was.developed.
in.1987.[11,15].

It. is.exactly. in.natural.biological.systems. that.nanosized.entities.are. formed..A.nanotechno-
logic. approach. while. investigating. natural. biological. active. compounds. with. metals. of. variable.
valency.showed.the.influence.of.solvent.organization.on.redox.reactions.resulting.in.the.formation.
of.nanoaggregates..It.was.found.that.in.reverse.micellular.solutions.Ag(NO3)aq/surface.active.com-
pound/n-hydrocarbon.in.presence.of.the.flavonoid.pigment.quercetin,.a.sequence.of.events.occur.
which.are.very.frequent.in.natural.systems.with.metal.ions:.dissolution,.formation.of.complexes,.
transport,.aggregation,.and.destruction..It.was.indeed.possible.to.develop.with.these.components.a.
technological.method.for.the.synthesis.of.metal.nanoparticles.[12–14].

During. radiation.chemical. synthesis. (RCS).of.nanosized. silver.particles,. silver. ions.Ag+.are.
reduced.by.hydrated.electrons.e–

aq.or.other.radical-type.entities.with.reducing.properties.formed.
during.ionizing.irradiation.(γ-radiation.from.60Co).in.an.aqueous-organic.micellular.solution.Ag+/
H2O/AOT/isooctane..Figure.13.1.represents.schematically.a.reverse.micelle.and.the.reactions.occur-
ring.during.radiolysis.leading.to.the.formation.of.nanosized.particles.Agn

m+..The.radiation.dose.was.
1.Mrad.(10.KGr).[11].

Stable. silver. nanoparticles. (SNPs). in. reverse. micelles. have. characteristic. optical. absorption.
spectra.in.the.ultraviolet-visible.(UV-Vis).region..This.gives.the.possibility.to.detect.such.entities.in.
liquid.media..Figure.13.2.and.Figure.13.4.show.changes.of.the.absorption.spectra.of.SNP.with.time.
at.room.temperature..The.results.of.data.measured.by.correlation.photon.spectroscopy.(CPS).are.
shown.in.Figure.13.3.and.Figure.13.4.

In.contrast.to.the.radiation–chemical.synthesis,.the.reduction.of.Ag+.ions.in.micelles.takes.place.
in.the.presence.of.air.oxygen..As.a.reducing.agent,.the.flavonid.queceitin.was.used..After.introducing.
a.certain.amount.of.an.aqueous.silver.salt.solution.into.a.stirred.0.15.M.solution.of.AOT.in.an.apolar.
solvent.containing.quercetin.(40.to.200.µM).a.gradual.increase.in.the.color.density.was.observed..The.
spectra.of.solutions.with.SNP.show.distinct.absorption.bands.in.the.range.of.390.to.440.nm.

In.order.to.obtain.composite.materials.containing.SNP,.the.interaction.of.SNP.with.different.
adsorbing.materials.was.investigated.by.methods.of.spectrophotometry,.CPS,.and.thin-layer.chro-
matography..The.results.of.such.measurements.with.different.carbonaceous.materials.are.shown.in.
Figure.13.5..It.can.be.seen.from.these.results.that.the.amount.of.SNP.adsorption.depends.on.the.
nature.of.the.adsorbent.

γ-radiation 60Co

… Agn
m+

H2O e–
aq, H•, OH•, H2, H2O2

AOT

Ag+ Ag0 Ag+e–
aq

Ag2
+ Ag2+Ag2

+

m

NaH2O

4

rw

FIgure ��.�  Ag+.reduction.with.products.of.water.radiolysis.and.a.reverse.micelle.AOT/bis(2-ethylhexyl).
sodium.sulfosuccinate.
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FIgure ��.�  Optical.absorption.spectra.of.stable.silver.nanoparticles.(SNPs).at.a.concentration.of.Ag+.ions.
in.the.micellular.solution.8.1.mM.and.a.hydration.degree.ω.=.[H2O]/[AOT],.ω.=.10.and.a.AOT.concentration.
on.isooctane.0.15.M.
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FIgure ��.�  Histograms.of.the.size.distribution.of.silver.nanoparticles.(SNPs).in.the.range.of.3.to.300.nm.
2.weeks.after.their.synthesis..The.digits.above.the.columns.indicate.the.size.of.the.SNP.in.nanometers..(From.
W.M.. Gelbart,. B.S.. Avinoam,. R.. Redier,. (Eds.),. Micelles, Membranes, Microemulsions and Monolayers,.
Springer-Verlag,.Heidelberg,.1994;.E.M..Yegorova,.A.A..Revina,.Colloids and Surfaces. A: Physicochem. 
and Eng. Aspects,.168,.87,.2000..With.permission.)
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FIgure ��.�  (a).Evolution.of.optical.absorption.spectra.during.the.formation.of.silver.nanoparticles.(SNPs),.
measured:.(1).15.minutes,.(2).40.minutes,.(3).3.hours,.(4).2.days,.(5).2.weeks.after.introducing.AgNO3.into.
the.micellular.quercetin.solution..(Dashed.line,.pure.quercetin.solution.).(b).Size.distribution.of.SNPs.2.weeks.
after.synthesis.
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FIgure ��.�  Optical. absorption. spectra. of. a. micellular. solution. with. silver. nanoparticles. (SNPs):. (1).
immediately.after.the.SNP.synthesis.(γ-radiation,.2.Mrad),.(2).2.hours.and.(3).42.hours.after.the.contact.with.
carbon.cloth,.(4).2.hours.after.contact.with.carbon.black.BAU-1.
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The.method.of.radiation–chemical.synthesis.has.an.important.advantage..When.using.compact.
materials.with.fine.micropores,.silver.ions.freely.enter.into.these.micropores.and.are.there.reduced.
in situ.by.radiation.penetrating.into.the.bulk.of.the.material.[15]..Using.this.method,.filters.were.
produced.containing.microporous.ceramic.and.polymeric.materials..This.method.gives.also. the.
possibility.to.introduce.SNP.into.polymeric.films.(cellophane.a.o.)..The.optical.and.electrical.prop-
erties.of.such.films.were.investigated.in.the.literature.[17]..With.an.increasing.radiation.dose,.the.
optical.absorption.of.such.films.in.the.region.of.maximal.absorption.for.SNP.particles.(λmax.=.410.
to.440.nm).and.the.electrical.conductivity.of.such.films.increases.also..These.results.correlate.with.
results.obtained.by.AFM.

From.Figure.13.6,.it.can.be.seen.that.the.presence.of.flavonoids.(depending.on.their.structure).
can.be.detected.by.a.change.in.the.intensity.of.the.absorption.band.characteristic.for.SNP..It.must.
be.noted.that.films.not.containing.SNP.do.not.adsorb.molecules.of.the.pigment.

.Great.attention.is.devoted.to.investigations.of.the.biocid.activity.of.SNP.and.silver.ions..Intro-
ducing.aqueous.suspensions.of.SNP.into.infected.wounds.results.in.a.considerable.concentration.
reduction.(or.complete.elimination).of.microorganisms..SNP.seems.to.be.more.effective.than.the.
same.concentration.of.silver.ions..As.an.example.in.Table.13.1,.the.results.of.comparative.measure-
ments.of.the.biologic.effect.of.SNP.and.silver.ions.on.water.infected.with.Coliphags.MS-2.(a.model.
for.virusological.water.contamination).is.shown.

Different.versions.of.varnishes.and.colors.with.virusocidic.and.antibacterial.properties.were.
developed.[19,20]..A.point.of.interest.is.the.effectiveness.of.the.transfer.of.biocidic.and.antibacterial.
properties.from.SNP.to.composite.materials.containing.such.particles..An.investigation.of.antibac-
terial.activity.of.filters.with.SNP.showed.that.at.the.surface.of.filtering.materials.they.actively.elimi-
nate.different.bacteria.[15]..So,.after.introducing.intesting.bacteria.into.water,.their.concentration.in.
the.presence.of.filters.with.adsorbed.SNP.diminishes.immediately.15.times.from.the.initial.value.of.
107.cells/L..After.30.minutes,.they.diminish.300.times.and.after.3.hours.they.completely.disappear,.
whereas.in.control.experiments.with.filters.without.SNP.their.concentration.remains.unchanged..At.
present,.such.filters.based.on.porous.polyethylene.(developed.at.the.Karpov.Institute,.Moscow).and.
modified.with.SNP.are.used.in.communal.systems.for.water.conditioning.

The. prospects. for. widespread. use. of. SNP. in. biotechnology. and. the. food. industry. are. con-
nected.not.only.with.their.bacteriocidic.properties,.but.also.with.the.fact.that.these.particles.remain.
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FIgure ��.�  Changes. in. the. optical. absorption. spectra. for. cellophane. containing. silver. nanoparticles.
(SNPs).and.contacting.with.solutions.of.natural.sample:.(1).pure.sample,.(2).sample.after.irradiation.during.
the.SNP.synthesis.(1.5.Mrad),.(3–6).sample.2.after.a.12-hour.contact.in.a.SNP.solution.containing.300.µM.of.
(4).morin,.(5).rutin,.and.(6).quercetin.
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strongly.fixed.on.the.filter.surface,. in.contrast. to.silver.ions.that.easily.desorb.from.the.filter..In.
particular,.SNP.can.be.useful.for.preventing.the.development.of.microorganisms.in.filters.used.in.
breweries.for.separating.the.biomass.containing.microbes.from.the.reaction.product.

In.order.to.assess.the.possibility.of.using.SNP.in.the.food.industry,.it.is.necessary.to.investigate.
the.influence.of.different.concentrations.of.SNP.and.silver.ions.on.yeast.cells..It.can.be.seen.in.Fig-
ure.13.7.that.in.the.phase.of.their.linear.growth,.the.development.of.yeast.cells.is.inhibited.both.by.
silver.ions.and.by.SNP..With.an.increasing.amount.of.these.cells,.the.biocidic.effect.of.silver.ions.is.
much.lower,.whereas.SNP.completely.inhibit.their.growth.

Observations.of.samples.of.Cutilis,.prepared.after.a.2-hour.washing.of.yeast.suspensions.with.
deionized.water.and.a.subsequent.incubation.period.of.1.hour.at.200°C.in.the.presence.of.45.µg.
AgNO3.showed. the.presence.of.nanoparticles. (d.=.2.nm).on. the.outer. surface.of. the.cells. (Fig-
ure.13.8a)..The.insertion.of.SNP.into.the.suspension.of.yeast.cells.resulted.in.a.destruction.of.the.
cell.membrane.
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FIgure ��.�  Dynamics.of.the.increase.of.optical.density.for.a.solution.of.a.culture.of.Candida.Utilis:.con-
trol.experiment.and.after.introducing.silver.ions.and.silver.nanoparticle.(SNP).clusters.(both.in.concentrations.
8.to.86.mg/L).

taBle ��.�
comparati�e dynamics of coliphag ms-� Inacti�ation under the Influence of 
different concentrations of sil�er
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time of 
sampling

control 
koe/ml koe/ml

% 
Inacti�e koe/ml

% 
Inacti�e koe/ml

% 
Inacti�e koe/ml

% 
Inacti�e

Initial 185,000 25,000 100,000 50,000 59,000

1.h 182,000 23,000 90.8 70,000 70 7,000 86 26,200 55.59

2.hhca 179,000 700 99.72 8,000 92 2,000 96 14,800 77.91

3.aca 172,000 620 99.75 6,200 93.8 900 98.2 5,900 90

4.hca 172,500 500 99.8 5,000 95 900 98.2 5,000 91.52
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Thus,.these.results.indicate.that.the.mechanism.of.influence.of.ionic.silver.on.different.micro-
organisms. and. yeast. cells. is. different. from. the. corresponding. mechanism. in. the. case. of. silver.
nanoclusters.
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��.�  IntroductIon

Significant.progress. in.modern.medicine. is. impossible.without. the.development.of.new.medical.
technologies.using.the.latest.results.of.fundamental.investigations.in.the.related.fields.of.physics,.
chemistry,. electronics,.mathematics,. and.biology..The.development.of.a.wide. spectrum.of.diag-
nostic.systems.enabling.control.of.the.key.parameters.of.organisms.and.the.diagnosis.of.concrete.
diseases.is.based.on.using.biomedical.sensors.with.microelectronic.structure.[1–3].

A.very.important.role.of.human.vital.function.is.undoubtedly.an.effective.protection.from.the.
different.toxic.substances.that.are.practically.found.in.all.fields.of.industry.and.farm.production..
In.some.cases,.as.a.result.of.chemical.transformations.in.the.organism,.substances.more.toxic.than.
the.initial.products.can.be.formed.(lethal.synthesis)..Various.food.additives.can.lead.not.only.to.an.
effective.protection.from.intoxication.but.also.to.a.lethal.outcome..Their.use.is.clearly.regulated.by.
normative.documents.that.state.their.permissible.concentrations.(usually.with.a.measurement.error.
no. more. than. 2%).. Mycoplasmas. used. in. biotechnology. for. virus. vaccine. production. can. cause.
respiratory,.urogenital,.autoimmune.diseases,.arthritis,.and.immune.deficit.disorders.[2],.as.well.
as.activate.many.viruses.including.oncogenic.viruses.and.human.immunodeficiency.virus.(HIV)..
Undoubtedly,.ideal.methods.of.diagnostics.of.mycoplasma.infections.should.give.the.possibility.to.
provide.fast.and.reliable.measurements..They.should.be.simple.in.operation,.available,.and.allow.a.
large-scale.application.

A.brief.analysis.of.the.properties.of.some.toxic.substances.indicates.the.necessity.to.develop.
new.electronic.devices.for.the.measurement.of.their.concentration.and.to.develop.sensitive.cells—
biosensors.[3].

The.base.of.all.investigations.in.this.field.is.the.elucidation.of.informative.parameters.of.bio-
chemical.processes,.the.development.of.sensitive.devices.cells.(sensors)—transducers.transforming.
these.parameters. into.electrical.signals,. the.development.of.electronic.systems.for.a.quantitative.
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determination,. and. registration.of. these.parameters. [2–4]..Recently,.more. and.more. attention. is.
devoted.to.the.development.of.experimental.methods.of.analysis.where.the.sensors.should.be.char-
acterized.by.simplicity,.have.a.sufficient.level.of.sensitivity.and.selectivity,.and.also.the.possibil-
ity.of.miniaturization..They.must.have.the.ability.to.work.independently.without.an.operator.and.
have.the.possibility.to.be.integrated.with.systems.of.automated.data.accumulation.and.processing..
Achievements. in. the.field.of.microelectronics.have. stimulated. the.development.of.biosensors.of.
new.design—biochips,.combining.sensor.systems.transducers,.analog/digital.[A/D].converters,.and.
a.microprocessor.to.analyze.the.obtained.data..Usually,.the.development.of.such.intelligent sensor.
systems.is.based.on.using.a.microelectronic.technology,.where.silicon.is.the.main.material.[1,5].

Due.to.the.development.of.silicon.thin.films.of.various.modification,.especially,.nanocrystal-
line.which.has.new.functional.properties.[5,6],.the.possibilities.of.biomedical.sensor.systems.with.
unique.properties.are.expanded..Thermal.and.optical.effects,.intrinsic.to.many.biochemical.reac-
tions,.can.be.the.physical–chemical.basis.for.the.development.of.biosensor.systems.for.information.
measurement..In.this.chapter,.some.versions.of.biosensor.systems.and.the.basis.properties.of.nano-
crystalline silicons.will.be.considered.

��.�  BIosensors

Biosensors.are.a.version.of.chemical.sensors.in.which.biochemical.reactions.are.used.for.the.recog-
nition.of.either.individual.biomolecules.or.biological.supermolecular.structures.in.order.to.provide.
information. about. the. presence. of. definite. “recognized”. molecules. and. their. amount.. The. term.
“biosensor”.implies.a.device.in.which.the.sensitive.layer.comprising.such.biological.material.as.fer-
ments,.living.tissues,.bacterium,.yeast,.antigens/antibodies,.liposomes,.organelles,.receptors,.DNA,.
and.living.organisms.reacts.directly.with.the.components.to.be.determined.and.generates.signals.
functionally.connected.with.their.concentration.

The.chemical.and.physical.phenomena.that.are.the.basis.of.the.biochemical.reaction.of.energy.
conversion. into. luminous. radiation. are. now. well. known.. Chemi-. and. bioluminescence. are. now.
widely.used.in.the.biochemical.laboratory.and.clinical.investigations..Increasing.the.chain.of.bio-
chemical. stages.preceding. the. stages.with.bioluminescence,.one.can.obtain.new.analytical.pos-
sibilities.[9].

For.a.successful.development.of.this.bioelectronic.field,.it.is.necessary.to.develop.new.highly.
sensitive.photodetecting.devices.for. the.spectrum.range.of.300.to.500.nm..The.development.of.
such.devices.is.based.on.the.use.of.new.thin-film.nanocrystalline.silicon.alloys.connected.with.
dielectrical.layers.with.an.increased.photosensitivity.and.detecting.ability..A.microelectronic.tech-
nology.gives.the.possibility.to.develop.portable.biochemiluminometers.and.to.extend.the.field.of.
their.application.

The.main.problems.in.the.field.of.biosensors.for.determination.of.the.concentration.of.different.
substances.are.connected.with.the.development.of.stable.biochemical.cells.allowing.multiple.use..
Biochemical.reactions.in.such.cells.lead.to.the.formation.of.reaction.products.that.then,.with.the.
help.of.transducers,.are.transformed.into.electrical.or.optical.signals..For.example,.the.heat.evolv-
ing.during.interaction.with.microorganisms.is.measured.with.the.help.of.microminiature.thin-film.
thermoresistors..Optical.radiation.evolving.during.interaction.of.toxins.with.luminescent.bacteria.is.
measured.with.the.help.of.photodetectors..The.micromovements.of.living.organisms.(e.g.,.dafnies).
when.changing.the. toxicity.of. the.surrounding.medium.are.measured.with. the.help.of.optoelec-
tronic.sensors.

��.�  FunctIonal propertIes oF nanocrystallIne sIlIcon

A.stimulus.for.the.development.of.microelectronic.sensors.is.the.synthesis.of.new.semiconductive.
materials.having.special.functional.properties..Among.such.materials,.porous.(PS).and.nanoporous.
(NPS).silicon.are.of.great.interest..Until.recently,.PS.attracted.the.attention.of.investigators,.mainly.
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because.of.its.luminescent.properties.[6]..However,.a.wide.study.of.its.other.properties.has.opened.
the.prospects.for.many.other.applications,.including.solar.cells,.biotechnology,.sensors,.humidity,.
gas. detectors,. and. photodetectors.. Solar. cells. and. light-emitting. diodes. based. on. PS. have. been.
already.developed.[1,2,11,14,15].

.Among.the.methods.for.preparing.PS.layers,.anodic.electrolytic.etching.of.monocrystalline.
silicon.in.acidic.solutions.and.chemical.etching.are. the. two.most.commonly.used.[1,12,16]..The.
first.method.allows.the.properties.of.porous.silicon.layers.to.be.changed.within.the.wide.ranges,.but.
it.also.has.some.essential.disadvantages,.including.the.difficulty.to.implement.it.with.the.standard.
silicon.technology,.an.incomplete.use.of.the.silicon.surface,.and.the.impossibility.of.a.large-scale.
treatment.of.products..Properties.of.nanoporous.silicon.that.can.be.produced.by.chemical.etching.
of.monocrystalline.silicon.have.not.been.studied.from.the.point.of.view.of.its.application.in.sensor.
systems..Nanocrystalline.silicon.is.produced.by.vacuum.spraying.followed.by.laser.recrystalliza-
tion,.ion.implantation.[17],.or.by.changing.the.technological.conditions.of.deposition.

The.microstructure.determines.the.majority.of.physical.properties.of.silicon.[18,19]..However,.
during.studies.of.nanocrystalline.materials,.as.a.rule,.the.main.emphasis.is.placed.on.the.scale.fac-
tor,.whereas.their.properties.will.depend.on.the.structure.and.properties.of.the.interfaces.and.the.
ratio.of.crystalline,.amorphous,.or.dielectric.phases..In.particular,.many.properties.of.PS,.NPS,.and.
nanocrystalline.silicon.(NS).are.determined.by.quantum-dimension.effects.[18,20]..But,.neverthe-
less,. there. is.no.clear.understanding.of. the.microstructure. and. its. connection.with. luminescent,.
transport,.and.other.properties..From.the.numerous.works.about.the.use.of.porous.silicon.in.sen-
sors,.it.follows.that.the.main.problem.is.connected.with.an.instability.of.its.physical.and.optical.
characteristics.[21].

For. the.development.of.different. types.of. sensors,. it. is.necessary. to.produce. stable.films.of.
nanoporous.and.nanocrystalline.silicon.with.controlled.properties.and.with.a.possibility.of. their.
optimization.for.specific.applications.in.sensor.systems.

14.3.1  influEncE of PrEPArAtion tEchnology on thE ProPErtiES of nAnoPorouS Silicon

Both.electrolytic.and.chemical.etchings.of.silicon.are.alike.in.many.respects..They.are.multistage.
processes.including.a.great.variety.of.series.and.parallel.reactions..The.two.main.reactions.proceed.
consecutively..The.first. is.directly. connected.with. a. charge. transfer. through. the. silicon/solution.
interface.and.proceeds.with.using.h+.holes.and.can.be.presented.as.[1,6]

. Si.+.2h+.→.Si2+. (14.1)

The.Si2+.ions.formed.are.unstable,.and.they.are.either.oxidized.by.hydrogen.ions

. Si2+.+.2H+.→.Si4+.+.H2. (14.2)

or.participate.in.a.reaction.of.disproportionation.[6]:

. Si2+.+.Si2+.→.Si.+.Si4+. (14.3)

As.a.result.of.the.reaction.(Equation.14.3),.secondary.corpuscular.silicon.is.formed.in.quantities.
equal.to.half.of.the.participating.silicon.ions,.and.its.second.half.reacts.with.F–.ions.forming.strong.
complex.ions.[SiF6]2–.in.the.solution..Both.reactions.(Equation.14.2.and.Equation.14.3).proceed.in.
parallel..The.share.of.each.of.them.is.determined.by.the.experimental.conditions..Among.the.great.
variety.of.semiconductor.materials,.only.silicon.is.characterized.by.the.possibility.of.ion.dispro-
portionation.with.mutual.exchange.of.electrons.and.formation.of.neutral.atoms.and.ions.of.higher.
valence..This.serious.chemical.factor.distinguishes.silicon.from.other.semiconductors.and.enables.
the.formation.of.a.porous.layer..Germanium,.closest.to.silicon.by.its.properties,.can.also.dissolve.
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with.the.formation.of.two-.and.four-valence.ions..However,.compounds.of.two-valence.germanium.
are.less.stable.than.two-valence.silicon,.and.the.possibility.of.their.disproportionation.is.completely.
suppressed.by.an.oxidation.of.Ge2+.ions.by.hydrogen.ions.

On.the.silicon.surface,.randomly.distributed.spots.with.increased.stability.to.dissolution.(sur-
face.nanocrystallites).are.formed..The.formation.of.such.surface.heterogeneities.of.quantum-dimen-
sion.scale.is.the.first.stage.of.formation.of.porous.silicon..Subsequently,.silicon.will.dissolve.only.
in. the.spaces.between.such.nanocrystalline.aggregates.(i.e.,.a. formation.and.deepening.of.pores.
will.begin)..Simultaneous.with.this.pore.formation,.a.growth.of.secondary.silicon.continues.on.the.
whole.surface.of.por-Si,.including.on.pore.walls..Its.high.specific.resistance.together.with.quan-
tum-dimension.effects.in.thin.pores.provides.an.increased.resistance.to.dissolving.and.promotes.
the.growth.of.large.pores.in.the.bulk.of.the.substrate..Deposition.of.secondary.silicon.on.pore.walls.
leads.to.the.formation.of.small-size.pore.branches..In.accordance.with.this.concept,.in.por-Si.two.
systems.of.pores.are.formed:.larger.“main”.pores.of.micrometer.width,.going.into.the.bulk.of.the.
substrate.bulk.for.the.tens.of.micrometers.and.well.visible.in.optical.microscopes,.and.rather.shorter.
“nanopores”.branching.from.the.larger.pores..Such.a.character.of.the.porous.structure.enables.the.
transport.of.initial.reagents.and.reaction.products.in.the.whole.volume.of.por-Si.and.corresponds.to.
the.results.of.microscopic.investigations.of.the.por-Si.surface.[6]..The.formation.on.amorphous.sili-
con.substrates.of.porous.layers.with.luminescent.properties.in.the.visible.part.is.of.an.indirect.con-
firmation.of.the.possible.formation.of.secondary.silicon.aggregates.within.its.crystalline.structure.

An.investigation.of.the.structure,.thickness.of.nanoporous.silicon.layers,.and.their.photolumi-
nescent.properties.has.shown.that.all.samples.independent.of.the.value.of.the.porous.silicon.area.
were.characterized.by.a.high.degree.of.homogeneity.in.contrast.to.layers.prepared.by.chemical.or.
electrochemical.etching..The.thickness.of.the.prepared.PS.layers.is.less.than.20.nm,.which.indicates.
that.they.may.be.considered.as.nanoporous.silicon.

In. Figure.14.1,. the. images. of. different. silicon. modifications,. including. nanoporous. silicon.
prepared. by. chemical. treatment. of. monocrystalline. silicon. of. p-type,. monocrystalline. silicon,.
nanocrystalline.silicon.prepared.by.the.methods.of.electron.beam.evaporation,.and.porous.silicon.
prepared.by.an.anodizing.method,.are.shown..It.can.be.seen.that.that.there.is.a.substantial.differ-
ence.in.the.configuration,.size,.and.surface.state.of.these.nanocrystals.

For.a.more.detailed.study.of.NPS,.the.method.of.scanning.tunnel.microscopy.was.used..An.
evaluation.of.the.thickness.of.NPS.has.shown.that.d.<.20.nm..This.value.correlates.with.the.height.
of.columns.observed.by.the.method.of.atomic.force.microscopy.(AFM)..In.this.case,.visible.dif-
ferences. in. the. surface. structure. between. samples. produced. under. similar. conditions. are. not.
observed.

Samples.with.nanoporous.and.nanocrystalline.silicon.were.investigated.by.the.method.of.“cylindric.
mirror-type”.electron.Auger.spectroscopy.with.a.spectrometer.LAS-2000.(Riber,.Bezons,.France).

During.formation.of.a.layer.of.nanoporous.silicon.on.the.surface.of.monocrystalline.silicon,.
both.the.amount.and.the.distribution.profile.of.oxygen.on.the.oxidized.surface.change..In.addition,.
the. content. of. hydrogen. in. the. near-surface. region. increases,. essentially. providing. a. significant.
decrease.of.the.amount.of.recombination.centers.

During.etching.of.porous.silicon,.partially.oxidized.layers.enriched.by.hydrogen.are.formed.
on.the.surface..When.heating.such.a.surface.in.contact.with.aluminum,.hydrogen.is.released,.for.
example,.by.the.following.reaction:

. SiO2(…H,.OH...).+.2Al.→.AlO3.+.Si.+.2H↑. (14.4)

Monoatomic.hydrogen.released.in.reaction.(Equation.14.4),.penetrates.the.bulk.of.silicon.where.
it. can. effectively. passivate. defects. on. grain. boundaries. and. thus. decrease. the. recombination. of.
minority.charge.carriers.

It.is.well.known.that.hydrogen.at.room.or.even.lower.temperature.can.penetrate.deep.into.silicon.
evidently.as.the.result.of.an.interaction.with.crystalline.lattice.defects..Investigations.of.nanoporous.

7528.indb   172 6/27/08   11:10:12 AM



Nanocrystalline	Silicon	for	Biomedical	Intelligent	Sensor	Systems	 ���

FIgure ��.�  Atomic.force.microscopy.(AFM).images.of.the.surface.structure.of.nanoporous.silicon.(a),.
monocrystalline.silicon.(b),.nanocrystalline.silicon.(c),.and.porous.silicon.(d).

(а)

(b)

1000.0 

800.0 

600.0 

400.0 

200.0 

0.0 
0.0 200.0 400.0 600.0 

X(nm) 
800.0 1000.0 

0.0 
5.0 
10.0 

Z 
(n

m
) 

Y(
nm

) 

(c) 0.50.1

0.2

0.3

0.4

1.0

1.5

2.0

(d)

7528.indb   173 6/27/08   11:10:15 AM



���	 Bionanotechnology

silicon.layers.showed.that.the.distribution.of.hydrogen-containing.defects.AH.(where.i is.the.quan-
tity.of.hydrogen.atoms.in.a.defect).for.z depth from.the.etched.surface.deep.into.crystal.is.described.
by.the.exponential.dependence.[AHi].≈.exp(−iz/L), which.can.be.used.for.an.experimental.deter-
mination.of.the.parameters.L and.i..L.is.the diffusion.length.of.hydrogen,.referred.from.the.crystal.
boundary.that.is.moving.during.etching..The.value.of.L.is.the.same.for.all.defects.in.the.investigated.
sample.and.is.equal.to.[1]
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where.V is.the.rate.of.etching,.L0 is.the.diffusion.length.of.hydrogen.in.the.initial.crystal,.and.DH.
is.the.hydrogen.diffusion.coefficient..It.can.be.seen.from.Equation.14.5.that.measurements.of.L 
give,.in.principle,.a.possibility.to.determine.the.diffusion.coefficient.of.hydrogen,.the.values.of.
which.quoted.in.many.works.differ.by.some.orders.of.magnitude..However,.in.deriving.Equation.
14.5,.some.assumptions.were.made.which.in.certain.cases.can.be.true.for.n-type.Si.(where.the.
interaction.between.hydrogen.and.doping.admixture.is.comparatively.weak),.but.in.p-type.Si.are.
applicable.only.at.rather.great.distances.from.the.surface,.where.the.hydrogen.concentration.is.
small..A.stable.hydrogenation.of.the.silicon.surface.layer.provides.a.passivation.of.the.surface.
recombination.centers.and.enables.the.development.of.photodetectors.highly.sensitive.to.ultra-
violet.and.optical.irradiation.

14.3.2  PhotoluminEScEnt And PhotoElEctricAl chArActEriSticS

Photoluminescence.in.the.visible.spectrum.range.with.a.maximum.at.the.wavelength.640.to.670.
nm.and.ultraviolet. spectrum. range.at.350.nm. is.one.of. the. interesting.properties.of.porous.and.
nanoporous.silicon.[1,2,4,21]..For.an.investigation.of.the.photoluminescence.spectra.of.nanoporous.
silicon,.a.portable.spectrometer.SL40-2.and.a.photodiode.TCD.1304.(Toshiba,.Tokyo,.Japan).with.a.
resolution.up.to.1.5.to.2.nm.were.used..As.can.be.seen.from.the.photoluminescence.spectra.shown.
in.Figure.14.2,.the.radiation.intensity.depends.on.the.crystallite.size..A.dimension.quantization.of.
charge.carriers.in.PS.increases.the.optical.width.of.the.prohibited.zone,.for.example,.by.the.follow-
ing.value.[22]:

.

∆E
q

e
q

= −
3 32 2

2

2π
µ ε


. (14.6)

where.μ.is.the.relative.value.of.the.effective.mass,.and.ε.is.the.dielectric.permeability.
The.second.term.in.Equation.14.6.describes.the.energy.decrease.due.to.coulombic.interaction.of.

photogenerated.holes.and.electrons..It.should.be.noted.that.owing.to.the.comparatively.small.effec-
tive.mass.of.holes,.as.well.as.to.a.tortuosity.of.the.valence.zone,.the.contribution.of.holes.into.the.
value.of.∆E.value.is.evidently.dominating,.and.according.to.the.literature.[21],.is.about.60%.

Using.the.measured.intensities.of.photoluminescence.of.the.prepared.nanoporous.silicon.films,.
the. optimal. composition. for. chemical. treatment. and. etching. for. the. further. investigations. have.
been.selected.

During.the.formation.of.porous.and.nanoporous.silicon.on.substrates.of.monocrystalline.sili-
con,.not.only.a.change.of.the.structural.properties.(resulting.in.a.change.of.the.prohibited.zone’s.
width.and.the.appearing.of.quantum-dimension.effects).takes.place,.but.also.the.formation.on.the.
surface.of.new.silicon.compounds.with.an.increased.content.of.hydrogen.and.amorphous.silicon.
takes.place..Such.complex.structures.have.new.electrophysical,.photoelectrical,.thermal–physical,.
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electro-.and.photoluminescent.properties..This.gives.the.possibility.of.development.of.the.new.types.
of.semiconductor.devices,.particularly,.photodetectors.for.the.short-wave.part.of.the.spectrum.

Further. investigations.have. the.goal. to. investigate.catalytic.and.adsorption.characteristics.of.
nanoporous.silicon.in.order.to.develop.selective.sensors.for.gas.and.humidity.concentration,.sensors.
for.pressure.and.force,.biosensors.for.determination.of.organic.impurities,.concentration.of.complex.
organic.substances,.drugs,.toxic.substances.based.on.optical,.and.measurement.of.photolumines-
cent.and.photoelectrical.characteristics..Investigations.of.properties.of.nanoporous.silicon.prepared.
by.chemical.treatment.of.monocrystalline.silicon.performed.up.to.now.confirm.the.possibility.of.
achieving.stable.and.controllable.characteristics.for.this.multifunctional.material.and.the.possibil-
ity.of.developing.highly.sensitive.photodetectors.for.visible.and.ultraviolet.radiation.exceeding.the.
parameters.of.other.known.analogues.

The.possibility.to.control.the.photosensitivity.of.nanocrystalline.silicon.films.using.laser.recrys-
tallization.allows. the.development.of.highly. sensitive. sensors. for.ultraviolet. radiation.which.are.
needed.in.many.spheres.of.life,.including.biomedicine.
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15 Wetting	the	Surface:	
From	Self-Cleaning	Leaves	
to	Energy	Storage	Devices

V.A. Lifton and S. Simon
mPhase	Technologies,	Inc.,	Little	Falls,	New	Jersey,	USA

��.�  IntroductIon

The.surface.is.an.important.part.of.virtually.every.physical.object.and.often.plays.an.overriding.
role.in.many.processes,.beyond.just.connectivity.and.structural.support,.but.more.deeply.into.areas.
involving. chemical. and. biological. interactions.. In. some. instances,. the. surface. provides. an. easy.
entry.into.the.biological.or.chemical.systems;.in.others.it.protects.the.elements.surrounded.by.the.
surfaces..An.ever-increasing.amount.of.surface-related.research.and.development.(R&D).work.is.
being.performed.in.nearly.every.field.of.science..In.this.overview,.we.focus.our.attention.on.a.single.
aspect.of.surface.properties:.its.topographical.heterogeneity.that.gives.rise.to.interesting.wetting.
properties. of. naturally. occurring. biological. objects.. We. then. compare. how. this. phenomenon. is.
implemented.in.a.variety.of.man-made.objects..It.will.also.be.shown.how.surface.roughness.modi-
fies.wetting.of.solid.surfaces,.which.is.not.confined.to.the.droplets.rolling.off.the.surfaces.but.can.
also.be.implemented.in.such.a.seemingly.unrelated.subject.as.a.novel.energy.storage.device.

Surface.topography.is.known.to.significantly.alter.the.wetting.properties.of.solid.surfaces.[1–3]..
It.changes.the.way.liquid.(water.being.one.of.the.most.commonly.tested.liquids).behaves.when.in.
contact.with.a.surface.of.another.object..Surfaces.are.generally.grouped.into.two.main.categories:.
hydrophilic. (surfaces. that. are. wet. by. the. liquid). and. hydrophobic. (surfaces. that. are. not. wet. by.
the. liquid).. Quantitatively,. a. contact. angle. is. often.used. to. characterize. the.wetting.behavior.. It.
represents.a.balance.of.forces.acting.on.a.liquid.when.in.contact.with.a.solid.surface..A.surface.is.
called.hydrophilic.when.the.contact.angle.is.less.than.90°,.and.hydrophobic.when.the.contact.angle.
is.greater.than.90°..Recently,.surfaces.where.contact.angles.typically.exceed.130°.to.150°.and.even.
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170°.started.to.gain.much.attention.[4]..These.surfaces.are.now.called.superhydrophobic.surfaces.
and.are.the.main.focus.of.this.overview.

Hydrophobic.and.hydrophilic.surfaces.are.abundant.in.nature.and.in.man-made.materials,.both.
organic.and.inorganic..The.exploration.and.synthesis.of.superhydrophobic.surfaces.have.remained.
elusive.for.quite.some.time,.but.with.the.advances.made.in.nanotechnology,.they.have.started.to.
become.more.widely.available.and.better.understood.[5–8]..In.parallel,.work.in.the.biological.sci-
ences.has.made.similar.advances.in.surface.characterization,.so.that.some.peculiar.wetting.effects.
(or.nonwetting.effects,.to.be.exact).in.plants.such.as.lotus,.rice,.and.many.other.species.of.plants,.
as.well.as.peculiar.water-collecting.abilities.of.some.beetles.living.in.the.driest.of.places,.deserts,.
have.been.explained.[9–11].

The.observations.of.interest.involve.the.“self-cleaning”.lotus.leafs.and.water-harvesting.beetles..
The.term.“self-cleaning”.comes.from.the.fact.that.lotus.leaves.appear.to.remain.clean.under.the.
conditions.of.their.natural.habitat,.which.in.many.instances.are.swampy.areas.that.do.not.appear.
to.be.particularly.clean.or.free.of.soil.and.clay-based.contaminants..A.remarkable.ability.of. the.
plant.to.remain.clean.has.been.described.by.numerous.investigators.and.is.a.result.of.the.surface.
of.the.leaf.being.highly.hydrophobic.such.that.when.a.droplet.of.water.falls.on.the.leaf,.instead.of.
remaining.immobile.on.the.leaf,.it.rolls.off.cleaning.the.leaf.of.dirt.or.other.particles.adhering.to.
the.surface.[9,10].

The.Stenocara.beetle.living.in.the.Namib.Desert.has.developed.an.elegant.way.to.harvest.water.
from.humid.air..Through.the.process.of.condensation,.small.water.droplets.accumulate.on.the.back.
of.a.beetle.and.when.grown.sufficiently.large.via.coalescence,.roll.off.the.back.of.the.exoskeleton.of.
the.beetle.and.channel.themselves.directly.into.the.mouth.of.the.beetle.[11].

A.common.phenomenon.invoked.in.both.cases.to.explain.the.observations.is.the.superhydro-
phobic. surfaces.. Close. examination. of. these. examples. revealed. that. the. superhydrophobicity. is.
caused.by.the.heterogeneous.micro-/nanostructures.on.the.surfaces.of.both.objects..If.we.examine.
recent.progress.in.understanding.and.synthesis.of.superhydrophobic.coatings,.we.notice.that.they.
all.share.a.similar.trait:.a.combination.of.micro-.and.nanostructures.judiciously.placed.on.their.sur-
faces.and.an.overlay.of.a.hydrophobic.coating.on.these.structures..We.will.now.describe.the.basic.
mechanisms.responsible.for.this.remarkable.behavior.and.compare.them.with.the.man-made.struc-
tures.mimicking.these.properties..The.following.highlights.only.a.small.portion.of.the.published.
literature,.giving.only.the.most.pertinent.citations.for.the.interested.reader.

For.brevity,.the.superhydrophobic.surfaces.most.commonly.have.the.following.features.[4,12]:.
a.hydrophobic.coating.(often,.waxy.substances.in.Nature.and.self-assembled.monolayers.or.Teflon-
like.coatings.in.man-made.materials);.micro-.(approximately.1.to.10.µm).and.nano-.(approximately.
10.to.500.nm).scale.roughness..As.will.be.seen.in.the.following.discussion,.these.two.features.are.
prevalent.in.all.of.the.examples.cited.

��.�  superhydrophoBIc surFaces In nature

Although.many.objects.in.Nature.exhibit.hydrophobic.properties,.here.we.will.consider.only.those.
that.come.about.because.of.the.surface.texture.and.hydrophobic.coatings.

15.2.1  lotuS lEAf

The.lotus.leaf.has.been.the.source.of.fascination.and.admiration.by.many.generations.of.people.(Fig-
ure.15.1)..In.was.not.until.the.late.1990s.that.the.remarkable.self-cleaning.action.was.investigated.in.
detail..It.has.also.been.known.for.some.time.that.its.surface.is.covered.with.a.waxy.substance.that.
gives.a.low.surface.energy.surface.to.reduce.water.spreading.and.is.at.least.partially.responsible.for.
its.hydrophobic.properties..However,.in.order.to.explain.remarkably.high.contact.angles.measured.
on.the.leafs’.surfaces.and.extremely.low.droplet.sliding.angle.(on.the.order.of.a.few.degrees,.very.
shallow.tilt),.some.other.mechanisms.need.to.be.present..Barthlott.and.Neinhuis.observed.that.the.
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leaf.consists.of.the.micrometer-scale.papillae.with.the.diameter.of.5.to.9.µm,.which.in.turn.consists.
of.branched.nanostructures.with.the.diameter.on.the.order.of.100.to.200.nm.in.size.(Figure.15.2).
[9,10]..Therefore,.it.appears.that.this.multilevel.roughness.(micro-.and.nanoscale).gives.rise.to.the.
enhanced.hydrophobicity.of.the.leaf’s.surface..Empirical.observations.indicate.that.surface.rough-
ness.need.not.to.be.regular.or.periodic,.as.long.as.it.conforms.to.the.micro-.and.nanoscale.lengths.
required..Several.research.groups.have.directly.replicated.the.leaf.structure.by.soft.and.nanoimprint.
lithography.and.observed.superhydrophobic.behavior.on.such.surfaces.[13–20].

15.2.2  StEnocArA bEEtlE

This.species.are.known.for.their.remarkable.ability.to.harvest.water.from.humid.air..All.the.more.
impressive.are.their.exoskeleton.surface.structures.that.give.them.this.ability..Parker.and.Lawrence.

(a)

(c)

10 µm 10 µm

3 µm 3 µm

(b)

(d)

FIgure ��.�  Detailed. images.of. the.microstructures. found.on. the.surface.of. the. lotus. leafs.. (a).and.(c).
are. the.untreated,.dry. lotus. leafs;. (b). and. (d). are.heat-treated.at.150oC. for.1.hour—lotus. leaf. to.melt. any.
waxy.compounds.on.the.surface..(From.Cheng,.Y.T.,.Rodak,.D.E.,.Wong,.C.A.,.Hayden,.C.A..2006..Effects.
of.micro-.and.nano-structures.on.the.self-cleaning.behaviour.of.lotus.leafs,.Nanotechnology 17:1359–1362,.
Institute.of.Physics..With.permission.)

FIgure ��.�  Overview.photo.of.a.leaf.of.lotus..(Blossey,.R..2003..Nature Materials.2:301–306..With.per-
mission.).(See color insert following page 112.)
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[11].have.shown.that.its.back.consists.of.an.array.
of.bumps.0.5.mm.in.diameter..A.close.examina-
tion.of.these.bumps.revealed.that.the.tops.of.the.
bumps.are.smooth,.without.any.surface.films,.and.
are.hydrophilic..The.sides.of.the.bumps.and.the.
“flat”.surface.surrounding.the.bumps.are.covered.
with.microscopic. roughness,.on. the.order.of.10.
µm,.with.a.“wax”.coating.rendering.the.surfaces.
superhydrophobic..The.suggested.mechanism.on.
how. this. phenomenon. works. is. the. following..
In.the.morning.fog,.small.droplets.condense.on.
the.hydrophilic.“bumps.”.As. the.droplets.grow,.
gravity.forces.them.to.roll.down.the.bumps.and.
down.the.hydrophobic.surface.toward.the.beetle’s.
mouth..In.this.case,.there.is.the.need.for.two.types.
of. surfaces:. hydrophilic. for. water. condensation.
and. hydrophobic. for. water. transport.. Superhy-
drophobicity.is.also.required.to.assure.that.water.
droplets.will.move.without.stopping.and.pinning..
Figure.15.3.shows.photos.of.the.beetle.as.well.as.
the.details.of. its.hydrophobic. structures..Direct.
mimicking. of. such. structures. of. the. beetle. has.
recently.been.described.[21].

In.addition,.some.insects.such.as.cicada.and.
termites. are. thought. to. develop. regular. nano-
structured. patterns. on. their. wings. to. ensure.
water. repellency. and. nonwetting. [22].. The.
structures. consist. of. ordered. hexagonal. arrays.
150.to.350.nm.in.height.and.spaced.some.200.to.
1000.nm.from.each.other..The.structures.appear.
to.be.multifunctional,.with. smaller. size.arrays.
serving.also.as.antireflective.coatings.and.larger.
structures. providing. mechanical. rigidity.. Note.
that. the. antireflective. properties. would. be. sig-
nificantly.degraded.if.water.accumulated.on.the.
surface,.thus.changing.the.reflective.index..It.is.
quite. plausible. that. the. superhydrophobic. sur-
face. helps. maintain. the. required. optical. prop-
erties..Potentially,.water.striders.also.developed.
superhydrophobic. legs. to. help. support. their.
weight.while.walking.on.water.[4].

In.many.cases,.superhydrophobic.surfaces.have.evolved.in.order.to.provide.“an.instant”.dewet-
ting.(water.runoff).as.soon.as.the.plant.or.a.bird.(e.g.,.duck).or.an.insect.emerges.from.underwater..
Quere.[4].suggested. that.butterflies.may.have.developed. it. in.order. to.prevent.dew.condensation.
from.sticking.and.“welding”.their.wings.normally.closed.together.during.the.night.

15.2.3  cArnivorouS PlAntS

Drosera.is.a.carnivorous.plant.that.has.superhydrophobic.surfaces..The.surface.of.the.leaves.of.the.
Drosera.looks.like.an.entangled.web.of.submicron.hydrophobic.fibers..In.this.example,.bends.in.
the.fibers.provide.“roughness”.as.well.modulation.to.submicron.and.micron.sizes..There.are.sev-

Wax-free
peak

a

b

c

FIgure ��.�  Details. of. the. water-capturing,.
hydrophobic. surface. of. the. desert. beetle. Stenocara 
sp.. (a).Adult.beetle.. (b).A.close.up.of.a.“bump”.on.
the. fused. overwings.. Special. staining. marks. waxy.
depressed. areas. as. colored,. whereas. bumps. remain.
unstained. (black).. (c). SEM. of. the. depressed. areas..
Scale. bars:. (a). –1. mm;. (b). –0.2. mm;. (c). –10. µm..
(From. Parker,. A.R.,. Lawrence,. C.R.. 2001.. Nature.
414:33–34..With.permission.).(See color insert.)
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eral.theories.why.it.developed.such.surfaces..One.theory.suggests.that.it.may.play.a.role.in.helping.
trap.an.insect.as.a.potential.meal,.by.making.the.leaf’s.surface.extremely.slippery.to.the.feet.of.
the.insect,.hindering.its.escape.from.the.digestive.liquid.of.the.plants..Another.hypothesis.is.that.it.
needs.such.surfaces.to.help.spread.its.seeds.by.the.water.currents..The.seeds.have.been.described.
as.having.a.“rough,.waxy”.surface,.perhaps.a.reference.to.a.superhydrophobic.surface..Clearly,.the.
structures. responsible. for. the. superhydrophobic. behavior. in. this. example. are. different. from. the.
superhydrophobic.structures.found.on.lotus.leaf..A.nanostructured.superhydrophobic.surface.pre-
pared.from.nanofibers.with.high.static.contact.angle.has.been.reported.by.Shang.et.al..[23].

Another.carnivorous.pitcher.plant,.Nepenthes,.appears.to.have.superhydrophobic.surfaces.as.
well.[24]..Again,.we.see.a.combination.of.microscale.roughness.and.waxy.substance.covering.it.
(Figure.15.4)..At.present,.unanimity.has.not.been.reached.on.the.exact.action.of.this.phenomenon..
One.hypothesis.as.in.the.case.of.Drosera.plant,.is.that.the.superhydrophobic.surface.improves.trap-
ping.efficiency.by.making.surfaces.more.slippery..Another.study.on.Nepenthes.pitcher.suggested.
aquaplaning.as.a.cause.for.better.sliding.of.the.insect.into.the.digestive.tract.of.the.plant..Both.waxy.
coating.and.microscale.roughness.have.been.noticed.as.well..Authors.also.described.a.region.where.
liquid.droplets.accumulate.and.suggested.that.a.trapped.insect.then.slides.(aquaplanes).down.this.
surface.on.a.thin.layer.of.liquid.[25]..Alternatively,.we.may.propose.that.no.aquaplaning.[26].occurs,.
but.rather.an.insect.rolls.down.the.superhydrophobic.surface.because.no.droplet.pinning.can.occur.
on.such.a.surface..A.remarkable.ability.of.the.plants’.leafs.to.self-clean,.just.like.lotus,.is.cited.in.all.
accounts,.and.once.again,.superhydrophobic.surfaces.play.an.overriding.role.in.this.aspect.

Clearly,.we.presented.only.a.handful.of.superhydrophobic.structures.found.in.Nature..The.list.
is.sure.to.continue.to.grow.[27]..Consider.the.fact.that.even.the.pioneering.work.by.Neinhuis.and.
Barthlott.[9].contains.the.description.of.some.200.plant.species.exhibiting.hydrophobic.behavior..
More.work.is.needed.to.identify.which.ones.possess.superhydrophobic.structures.and.their.origins.
and.intended.functions.

��.�  man-made structures and materIals

Mankind.has.always.been.fascinated.with.finding.ways.to.replicate.Nature’s.evolution,.and.hence.
the.term.“biomimetics”.or.“biomimicry.”.In.the.following.section,.we.will.describe.mostly.recent.
attempts.in.synthesis.and.application.of.superhydrophobic.surfaces..It.must.be.kept.in.mind.that.
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FIgure ��.�  Nepenthes. pitcher. and. its. morphology.. (A). Pitcher.. (B). Butterfly. sitting. on. the. surface. of.
the.plant..(C).Details.on.the.inner.structure.with.visible.tooth-like.protrusions.and.nectar.pores..(D.and.E).
Detailed.morphology.of.the.internal.surface.of.the.plant,.notice.microscale.surface.roughness.superimposed.
on.macroscale.surface.waviness..(F.and.H).Cross-section.of.the.trapping.part.of.the.plant.with.the.arrow.indi-
cating.transition.from.the.digestive.zone..(G).Inner.digestive.gland..(I).Morphology.of.the.waxy.inner.wall..
(Bohm,.H.F.,.Federle,.W..2004.(Sept..28)..Proceedings.of.the.National.Academy.of.Sciences.101(39):14138–
14143..With.permission.)
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while. some. of. the. works. were. derived. directly.
from. the. attempts. to. mimic. Nature,. some. oth-
ers. were. performed. “independently,”. only. later.
to.realize.its.close.resemblance.to.the.naturally.
occurring.structures.

15.3.1   SuPErhydroPhobic SurfAcES 
in microfluidicS

Microfluidic.devices.receive.significant.attention.
due.to.their.promise.to.change.chemical.detection.
in.small.volumes.for.rapid.chemical,.biochemical,.
and.drug.discovery.analysis..However,.the.abil-
ity.to.alter.and.manipulate.fluid.flow.is.degraded.
in.microchannels.where.viscous.drag.conditions.
prevail..This.is.one.area.where.superhydrophobic.
surfaces.may.find.their.application..In.a.report.by.
Krupenkin.et.al.,.the.authors.showed.how.a.drop.
of.liquid.could.be.switched.between.two.distinct.
states. on. a. superhydrophobic. nanostructured.
surface. [28].. There,. a. mobile. droplet. (Cassie-
Baxter. state). freely. moving. around. the. surface.
can. be. turned. into. an. immobile. droplet. firmly.
attached. to. the.nanostructure.by.fully.penetrat-
ing. it. (Wenzel. state).. The. switching. has. been.
achieved.through.an.electrowetting.phenomenon.
[29].(Figure.15.5)..The.method.gives.an.elegant.
and.straightforward.way.to.manipulate.and.move.
liquids.on.the.solid.surface.using.digital.electron-
ics.[30,31]..Some.other.research.groups.and.com-
mercial.enterprises.are.commercializing.similar.
approaches.(or.at.least.electrowetting.aspects.of.

it).for.applications.involving.various.devices,.most.notably.for.lab-on-a-chip.devices.used.for.bio-
medical.applications.[32,33].

Other.microfluidic.applications.can.be.envisioned,.such.as.drag.reduction.of.underwater.vehi-
cles.with. the. superhydrophobic. “skin,”. cooling. structures. that. selectively. transport. heat-transfer.
fluid.to.“hot”.spots.on.computer.chips,.and.many.others,.including.self-adaptive.surfaces.[34].and.
reversible.electrically.tunable.superhydrophobic.surfaces.[35].

15.3.2  EnErgy StorAgE dEvicES

In.this.section,.we.reference.the.coauthors’.efforts.in.applying.superhydrophobic.surfaces.with.tun-
able.wetting.to.create.novel.nano-.and.microscale.electrochemical.energy.storage.devices.[36,37]..
We. know. them. in. everyday. life. as. “batteries.”. The. emphasis. is. placed. on. this. application. as. it.
points.to.not.only.using.phenomenon.of.superhydrophobic.surfaces.found.in.Nature.but.also.shows.
that.biomimicry.is.not.limited.to.direct.replication.of.the.observed.phenomenon..It.is.possible.to.
implement.this.finding.in.areas.seemingly.far.removed.from.the.original.discovery..Our.ongoing.
development.capitalizes.on. the. fundamental.work.of.Krupenkin.et.al.. [28].on. the.dynamic. tun-
ing.and.control.of.fluids.on.nanostructured.surfaces.to.create.a.special.class.of.batteries.known.as.
reserve-type.cells.

The.key.function.of.such.a.battery.is.to.keep.liquid.electrolyte.away.from.solid.electrode.materi-
als.until.energy.generation.is.required,.thus.assuring.that.no.dissipation.occurs.while.not.in.service.

a b

c d

FIgure ��.�  Man-made. tunable. nanostuctured.
surfaces.that.can.be.switched.from.completely.non-
wetting. to. completely. wetting. and. form. the. basis.
for. novel. electrochemical. energy. storage. devices.
among. other. potential. applications.. Frames. from.
the.videorecording.demonstrate.electrically.induced.
transitions.between.different.wetting.states.of.a.liq-
uid. droplet. on. the. nanostuctured. surface. (a). with.
no.voltage.applied,.a.droplet.of.ionic.liquid.(molten.
salt).forms.a.highly.mobile.ball.that.can.move.freely.
across. the. surface;. (b). upon. application. of. voltage.
pulse,.the.droplet.undergoes.a.sharp.transition.to.the.
immobile.droplet.state.on.a.fully.wetted.surface;.(c).
an. immobile. droplet. of. cyclopentanol. spreads. and.
fills.most.of.the.surface.area.(d).upon.application.of.
a.voltage.pulse..(Langmuir,.T.N.,.Krupenkine,.J.A.,.
Taylor,. T.M.. Schneider,. S.,. Yang.. 2004.. American.
Chemical. Society. 20(10):3824–3827.. With. permis-
sion.).(See color insert.)
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(and.hence,.the.term.“reserve”)..In.this.design,.
we.chose.a.superhydrophobic.surface.to.perform.
that.function..It.is.accomplished.through.the.use.
of.the.“nanograss”.surfaces..The.surfaces.consist.
of.an.array.of.cylindrical.posts,.1.to.5.µm.apart,.
5.to.10.µm.tall,.and.100.to.300.nm.in.diameter.
(Figure.15.6).. When. treated. with. an. appropri-
ate.fluorocarbon.polymer.or.other.hydrophobic.
material,.such.a.surface.demonstrates.superhy-
drophobic. behavior,. distinguishing. itself. from.
a. regular. surface. by. the. substantially. higher.
contact.angle.(i.e.,.150°.versus.90°).of.a.liquid.
suspended.on.it.and.the.absence.of.droplets’.pin-
ning.to.the.surface..Pinning.is.the.direct.result.
of.the.contact.angle.hysteresis,.where.values.of.
the.receding.and.advancing.contact.angles.dif-
fer.significantly..A.droplet.will.remain.mobile.in.
the.absence.of.pinning..Therefore,.a.larger.reservoir.of.electrolyte.does.not.stick.but.instead.remains.
highly.mobile..Moreover,.a.reservoir.on.such.a.surface.is.supported.by.the.very.tips.of.the.nanoposts.
and.does.not.penetrate.into.the.space.between.them..It.is.worth.noting.that.further.experimentation.
has.indicated.that.nanoposts.are.not.the.only.surface.structures.capable.of.supporting.the.batteries’.
architecture,.and.the.team.is.conducting.ongoing.research.that.studies.nanostructured.surfaces.with.
other.geometries.that.appear.suitable.for.a.wider.range.of.electrolyte.chemistries,.for.example,.pri-
mary.and.secondary.(rechargeable).Li-based.chemistries.for.increased.energy.density..

When.suitable.electrolyte. is.placed.on.a.nanograss.surface,. it. remains.suspended.above.the.
electrodes.and.never.comes.into.contact.with.them..Because.no.contact.between.the.electrolyte.and.
electrode.occurs,.no.energy.is.being.generated,.and.therefore,.no.dissipation.can.occur..Thus,.the.
battery.is.assured.to.have.its.full.charge.(capacity).when.triggered.by.an.external.event.or.by.a.user..
In.order.to.trigger.or.activate.this.battery,.one.needs.to.bring.the.electrolyte.and.electrode.together..
The.use.of.electrowetting.makes.it.possible.to.rapidly.change.the.contact.angle.of.the.solid–liquid.
interface.by.applying.an.external.voltage.pulse.to.the.liquid..Figure.15.7.shows.a.schematic.of.such.
a.battery.as.well. as. its.performance. in. storing.and.generating.energy..Electrowetting.has.been.
successfully.used.to.create.a.variety.of.optical.devices.(e.g.,.lenses.and.diffraction.gratings).and.is.
now.being.combined.with.nanostructures.to.create.novel.batteries.and.battery.architectures.with.
unique.characteristics.

15.3.3  SElf-clEAning WindoWS And utilitAriAn glASS StructurES

Similarly,.one.can.think.of.creating.superhydrophobic.surfaces.on.common.items.made.of.glass,.
such.as.automobile.windows,.house.windows,.and.even.glass.shower.doors,.frequently.exposed.to.
water.or.rain..Clearly,.water.droplets.impinging.upon.such.surfaces.will.not.stick.but.will.rather.
roll.off,.helping.to.improve.visibility,.while.carrying.away.dirt.or.deposits.to.increase.the.appar-
ent.cleanliness.of.the.glass.surface..Superhydrophobic.property.is.the.key.attribute.needed.for.this.
application,.as.well.as. the.means. to.prevent.droplets. from.pinning. to. the. surface.of.glass.when.
the.individual.water.beads.coalesce.as.they.roll.across.the.surface.of.the.glass..Several.attempts.
are.currently.under.way. to.develop.such.glass.materials.while. retaining.optical. transparency.by.
creating.micro-.and.nano-sized.roughness.on.glass.surfaces,.which.is.then.functionalized.with.self-
assembled.monolayers.to.render.the.surface.superhydrophobic.and.to.maintain.reasonable.transpar-
ency.[38–41]..An.obvious.difficulty.in.creating.such.materials.and.coatings.is.in.their.inherent.low.
abrasion.resistance,.whether.to.a.household.wipe,.a.car’s.wiper,.a.cleaning.solution,.or.even.repeated.
exposure.to.rain.and.dust.of.a.windshield.while.driving.a.car..Although.glass.is.chemically.and.

WD9 8: 39

3.0 kV X8.00k 3.75 µm

31–AUG–04

FIgure ��.�  Electroplated. zinc. anode. depos-
ited. on. the. bottom. of. the. tunable. nanostructured.
surfaces.
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mechanically.stable,.nanostructured.surface.layers.with.the.ultra-thin.coatings.deposited.over.them.
are.quite.the.opposite.and.will.quickly.degrade..Work.is.currently.under.way.to.address.these.issues.
as.well.[42–45].

Superhydrophobic.coatings.are.employed.in.a.similar.function.to.prevent.water,.rain,.and.snow.
accumulation.on.satellite.dish.receiver.antennas.and.radomes..There,.a.fine.mist.of.silica.particles.
and.hydrophobic.material,.mostly.fluorinated.silane,.is.spread.directly.on.the.surface.of.the.struc-
ture..Silica.particles.form.“roughness”.and.silane.assembles.into.hydrophobic.coating.covalently.
attached.to.the.silica.surface,.thus.making.the.surface.superhydrophobic.

In. summary,. we. described. several. examples. of. how. surface. topography. or. roughness. on.
the.nanoscale.modifies. the.wetting.behavior.of.such.surfaces,.making. them.highly.nonwettable..
Remarkable,.self-cleaning.properties.of.lotus.leafs,.water-harvesting.ability.of.a.desert.beetle,.and.
trapping.efficiency.of.carnivorous.plants.have.been.described.as.examples.of.nanostructured.super-
hydrophobic.surfaces.evolved.in.Nature..Several.man-made.materials.are.cited.as.having.surface.
properties.similar.to.those.in.Nature..Although.the.origin.of.these.examples.may.have.been.from.
different.scientific.disciplines.that.were.not.initially.based.on.mapping.observations.from.naturally.
occurring. phenomena,. it. is. nevertheless. striking. on. the. similarity. with. a. number. of. nano-. and.
microstructures. found. in.Nature..The.ongoing.challenge.for. the.scientific.and.engineering.com-
munities.will.be.in.extracting.technical.nuggets.in.understanding.these.phenomena.and.in.creating.
useful.and.practical.designs.for.the.advancement.of.real-world.systems.
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FIgure ��.�  Schematic.of.the.set-up.and.experimental.details.of.the.first.proof-of-principle.demonstration.
of.the.novel.energy.storage.device.based.on.tunable.superhydrophobic.nanostructured.surfaces.
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��.�  IntroductIon

Nanotechnology.has.gained.ground.in.the.twenty-first.century.and.is.rapidly.growing.due.to.the.
ability.to.manipulate.and.harness.properties.of.assemblies.that.are.at.the.nanosize.scale.of.various.
biomolecules.. In. addition,. nanotechnology. allows. scientists. to. alter. the. chemical,. physical,. and.
biological.properties.of.these.assemblies,.allowing.for.their.synthesis.at.a.controlled.size.range.of.
1.to.500.nm..When.combined.with.other.biotechnology.tools.such.as.bioinformatics,.imaging,.and.
systems.biology,.nanotechnology.holds.great.promises.to.address.challenges.faced.in.the.field.of.
drug.development.and.delivery..Nanotechnology.may.be.used.to.modify.other.factors.such.as.local-
ized.drug.delivery,.site-specific.activity,.periods.of.maintenance.within.the.body,.patient.compli-
ance,.as.well.as.adverse.drug.effects..If.these.factors.are.not.controlled,.they.may.eventually.lead.
to.lowered.drug.efficacy..The.challenges.for.site-specific.delivery.are.the.cellular.barriers,.which.
prevent.the.drug.from.reaching.the.desired.target.[1],.thus.presenting.a.need.for.a.carrier.system.that.
will.overcome.this.effect.

A.wide.variety.of.natural.polymers.have.been. investigated. for.drug.delivery..The. limitation.
of. these.natural.polymers,. however,. is. the.uncertainty.of. their. purity. as.well. as. their. efficiency.

[2]..Synthetic.polymers.have.also.been.explored,. along.with.various. systems. such.as.hydrogels,.
microspheres,.and.nanoparticles..Based.on.the.schematic.illustration.indicated.in.Figure.16.1,.it.can.
be.concluded.that.nanoparticles.have.the.best.delivery.efficiency.followed.by.microparticles.
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Since.the.last.two.decades,.synthetic.polymers.have.been.used.more.frequently.than.the.natural.
polymers,.as.they.have.fewer.limitations.than.the.latter..However,.ways.of.overcoming.these.limita-
tions.are.becoming.available.of.late,.due.to.research.inputs.in.this.field..These.will.be.discussed.
further.in.subsequent.sections..Due.to.the.challenges.that.have.been.encountered.in.the.field.of.drug.
development.and.the.treatment.of.diseases.such.as.malaria.and.tuberculosis,.which.are.of.a.major.
burden.in.Africa,.various.nano-based.carriers.have.been.developed..The.rest.of.the.chapter.will,.
therefore,.focus.on.the.use.of.polymeric.nanodrug.delivery.systems.developed.to.date,.to.address.
challenges.related.to.treatment.of.these.diseases.[4,5].

Nanoparticles,.which.are.submicron-sized.(less.than.1.micron).polymeric.colloidal.particles,.
are.used.to.encapsulate.therapeutic.agents.within.their.polymeric.matrix,.or.adsorbed.or.conjugated.
onto.the.surface..The.major.advantage.of.nanoparticulate.drug.delivery.systems.is.that.the.release.
of.the.active.agent.can.be.controlled..Thus,.the.release.may.be.cyclical,.or.it.may.be.triggered.by.
the.environment.or.by.another.external.event.[6]..The.nanopolymeric.drug.delivery.systems.have.
proved.to.have.the.following.advantages.[7]:

Ease.of.administration.
Localized.delivery/drug.targeting.
Protection.of.the.cargo.from.degradation.before.reaching.the.target.site.
Intracellular.delivery.
Provision.of.stealth.functions.
Prolonged.delivery.periods.
Decreased. drug. dosages. with. concurrent. reduction. in. possible. undesirable. side. effects.
common.to.most.forms.of.systemic.delivery.
Improved.patient.compliance.and.comfort.

��.�  malarIa

Malaria.is.the.leading.cause.of.death.in.sub-Saharan.Africa,.even.surpassing.human.immunode-
ficiency.virus.and.acquired.immunodeficiency.syndrome.(HIV/AIDS).[8]..The.annual.worldwide.
mortality.rates.due.to.malaria.range.from.0.5.to.3.million.people,.and.up.to.3000.children.in.Africa.
die.every.single.day.due.to.this.infectious.disease..Malaria.contributes.about.2.3%.of.the.disease.
burden.in.Africa.[9]..Increased.malaria.prevalence.and.higher.patient.mortality.can.be.attributed.
to. a. number. of. factors.. The. major. ones. include. increased. drug. resistance. by. malaria. parasites,.

•
•
•
•
•
•
•

•

Transdermal

Hydrogels Tablets 

Microparticles

Nanoparticles 

FIgure ��.�  Drug. release. efficiency.by.various.polymeric. systems.. (Adapted. from.Ravi.Kumar.MNV,.
Kumar.N,.Drug Dev. and Ind. Pharm..27:1–30,.2001..With.permission.)
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especially.Plasmodium falciparum [10],.which.decrease. the.efficacy.of.some.antimalarial.drugs.
and.subsequently.increase.noncompliance.in.patients..For.those.drugs.that.may.still.be.effective,.
noncompliance.to.the.drug.regimen.is.the.leading.cause.of.treatment.failure..Most.antimalarials.are.
purchased.over.the.counter.and.not.sold.as.a.prescription.drug,.especially.in.developing.countries.
where.they.are.available.in.convenience.stores.with.the.retailer.having.little.or.no.knowledge.of.
proper.dosage..In.this.case,.the.drugs.are.unlikely.to.be.taken.correctly.or.patients.may.not.adhere.to.
treatment..In.some.cases,.patients.may.take.antimalarial.drugs.when.they.feel.sick.but.may.not.have.
malaria..Therefore,.noncompliance.becomes.an.issue.when.patients.take.these.drugs.without.com-
pleting.the.full.course.and.thus.increase.the.chances.of.becoming.drug.resistant..Furthermore,.there.
are. reports.of. resistance.emerging. from.newer.artemisinin.usage. in vitro [11]..Artemisinins. are.
usually.administered.as.intramuscular.formulations.that.are.erratically.absorbed.and.hence.become.
less.bioavailable.in.the.tissues,.giving.suboptimal.concentrations.and.poor.therapeutic.outcome.

Antimalarial.drugs.are.currently.classified.into.six.groups.according.to.their.chemical.structure.
or.function..A.comprehensive.review.on.these.drugs.is.available.[12,13].(Table.16.1)..Antimalarials.
are.known.to.target.different.stages.of.the.malaria.parasite.(i.e.,.tissue.and.erythrocytic.scizonts).and.
gametocytes.as.shown.in.Table.16.1..The.older.drugs.(4-.and.8-aminoquinolines.and.folate.inhibi-
tors),.which.were.cheaper.and.readily.available.in.the.poor.countries,.are.either.ineffective.or.too.
toxic.(e.g.,.chloroquine,.primaquine,.pyrimethamine,.and.sulfadoxine)..In.the.case.of.treatment.with.
chloroquine,.the.oral.dose.is.usually.10.mg/kg.start.dose,.then.three.doses.of.5.mg/kg.each,.over.
36.to.48.hours.[14]..From.this.it.can.be.observed.that.frequent.dosages.have.to.be.given.(due.to.the.
poor.bioavailability.of.the.drug).in.order.to.maintain.the.minimum.inhibitory.concentration.(MIC)..
For.example,.the.mean.50%.inhibitory.concentration.(IC50).for.chloroquine,.quinine,.tafenoquine,.
primaquine,.dihydroartemisinin,.mefloquine,.desbutylhalofantrine,.and.proguanil.were.29.7,.64.8,.
64.6,.242.7,.0.2,.5.7,.3.0,.and.58.6.ng/ml,.respectively,.when.tested.in vitro.on.one.P. falciparum.
clone.from.Thailand.[15]..The.concentration.of.drugs.taken.is.usually.high.and.can.cause.toxic.side.
effects..For.example,.at. therapeutic.doses,.chloroquine.can.cause.dizziness,.headache,.disturbed.
visual.accommodation,.dysphagia,.nausea,.malaise,.and.pruritus.of.palms,.soles,.and.scalp.[16]..It.
can.also.cause.visual.hallucinations,.confusion,.and.psychosis.on.some.occasions.

When.used.as.a.prophylactic.at.300.mg.of.the.base/week,.it.can.cause.retinal.toxicity.after.3.
to.6.years.(i.e.,.after.an.accumulated.concentration.of.50.to.100.g.of.chloroquine)..Intramuscular.
injections.of.chloroquine.can.cause.hypotension.and.cardiac.arrest,.particularly.in.children.[10]..
Although.chloroquine.is.still.used.in.many.parts.of.the.world.as.a.first-line.drug,.it.has.been.banned.
in.several.countries.in.sub-Saharan.Africa.where.resistance.has.reached.levels.above.50%.[14]..This.
high.rate.of.chloroquine.resistance.is.partly.due.to.antimalarials.not.being.used.in.combination.so.

taBle ��.�
various classes of antimalarials and their parasite-target acti�ity

class examples acti�ity

4-Aminoquinolines Chloroquine,.amodiaquine Erythrocytic.schizonts

8-Aminoquinolines Primaquine,.tafenoquine Gametocytocidaltissue.schizonts

Aryl-amino.alcohols Quinine,.mefloquine,.halofantrine,.pyronaridine Erythrocytic.schizonts

Folate.inhibitors Pyrimethamine,.proguanil,.sulfadoxine,.
chlorproguanil,.dapsone

Tissue/erythrocytic.schizonts

Peroxides Artemether,.artesunate.dihydroartemisinin,.arteether Tissue.and.erythrocytic.schizonts

Antimicrobials Tetracycline,.doxycycline,.clindamycin,.azithromycin Erythrocytic.schizonts

Napthoquinones Atovaquone Erythrocytic.schizonts

Sources:. See.References.[12].and.[13].
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as. to. improve.efficacy.and. reduce.chances.of. resistant.parasites.emerging..Amodiaquine,. in. the.
same.class.as.chloroquine,.has.a.potential.for.resistance.and.liver.toxicity..Other.drugs.brought.in.
to.replace.chloroquine,.such.as.mefloquine,.primaquine,.atovaquone,.proguanil,.doxycycline,.and.
sulfadoxin-pyrimethamine,.are.not.faring.better.and.may.only.treat.certain.species.of.Plasmodium..
In. fact,. it.has.been. reported. that.P. falciparum. is. resistant. to.almost.all.of. these.drugs,.and. the.
spread.of.this.highly.resistant.strain.could.be.a.recipe.for.disaster.[16]..Furthermore,.the.response.
to.quinine.(aryl-amino.alcohol),.a.drug.useful.in.treating.severe.falciparum.malaria.(which.is.resis-
tant.to.chloroquine),.has.been.reducing.steadily.and.may.require.additional.artemisinin.dosage.to.
eliminate.the.parasites.from.the.body.

Newer.drugs,. termed.artemisinin-based.combination. therapies. (ACTs).are. the.best. available.
in.the.market.and.can.lower.resistance.while.enhancing.efficacy.[17]..This.drug.regimen.has.been.
adopted.as.the.first.line.of.treatment.in.43.countries.in.the.world..However,.they.are.very.expensive,.
costing.up.to.20.times.more.than.the.commonly.available.antimalarials..This.makes.treatment.dif-
ficult.to.implement.in.developing.countries..Most.artemisinin-derived.drugs.are.poorly.soluble.in.
water;.thus,.they.have.to.be.given.in.high.doses.(which.may.give.rise.to.drug.toxicity).to.maintain.
the.MIC.levels.and.increase.bioavailability.in.the.body..In.addition,.they.are.usually.administered.
intradermally. which. limits. their. use. in. rural. villages. where. no. specialized. and. skilled.medical.
personnel.are.available..The.normal.dosage.for.artemether.is.3.2.mg/kg.intramuscularly.as.a.load-
ing.dose,.followed.by.1.6.mg/kg.daily.until.oral.therapy.or.a.maximum.of.7.days..This.method.and.
length.of.treatment.period.may.lead.to.increased.noncompliance.in.patients..Artesunate,.the.oral.
artemisinin.derivative,.is.available.and.is.usually.administered.as.5.mg/kg.on.the.first.day.followed.
by.2.5.mg/kg.on.the.second.and.third.days.with.15.mg/kg.of.mefloquine.taken.as.a.single.dose.
on.the.second.day.[14]..This.treatment.regimen.over.a.maximum.of.7.days.is.quite.long.and.often.
reduces.compliance. in.patients..There. is. thus.a.need. for.a. sustainable.delivery.system. in.which.
antimalarials.can.be.given,.for.example,.in.a.nanoencapsulated.formulation,.which.can.address.dose.
frequency,. treatment.duration,. improved.bioavailability,. and.efficacy.. In. this. system.of.delivery,.
drugs.may.be.given.in.smaller.efficient.dosages.with.frequencies.in.excess.of.a.week,.maximizing.
compliance.and.successful.therapeutic.outcome.

��.�  tuBerculosIs

Tuberculosis.(TB),.once.regarded.as.a.disease.of.the.mid-twentieth.century,.is.still.a.leading.cause.
of.death.of.young.adults.worldwide.[18]..Despite.the.discovery.of.the.TB.bacillus.in.1882,.and.that.
of.anti-TB.drugs.since.1944,.efforts.to.control.TB.globally.have.so.far.failed..Approximately.2.bil-
lion.people.(i.e.,.one-third.of.the.world’s.population).are.infected.with.the.TB.bacterium..Up.to.70%.
of.adults.in.Sub-Saharan.Africa.are.infected,.and.once.infected,.a.person.stays.infected.for.life.[18]..
In.fact,.70.to.85%.of.TB.patients.are.HIV.infected.[19]..More.than.a.third.of.HIV-infected.people.
will.develop.TB,.mainly.due.to.a.suppressed.immune.system..The.immune.deficiency.state.makes.
it.possible.for.opportunistic.infections.to.thrive..TB.is.not.just.one.of.the.opportunistic.infections.
associated. with. HIV/AIDS—it. is. the. most. lethal. coinfection. [19].. Every. year,. 8. million. people.
worldwide.develop.active.TB.and.3.million.die. from. it,.while.more. than.400,000.new.cases.of.
multidrug.resistant.TB.(MDR-TB).are.diagnosed.[20]..The.first-line.drugs.currently.administered.
to.treat.TB.include.rifampicin.(RIF),.isoniazid.(INH),.pyrazinamide.(PYR),.and.ethambutol.(ETB)..
The.current.doses.administered.and.the.MIC90.of.these.drugs.are.indicated.in.Table.16.2.

This.fixed.dose.combination.has.proved.to.be.effective.when.taken.according.to.prescription..
However,. patient. noncompliance. due. to. the.patient. not. taking. the.medication. as. prescribed.has.
led. to. the.escalation.of.TB.cases.and.emergence.of.MDR-TB,.particularly. in.Africa,. leading. to.
treatment.failure..Furthermore,.clinical.management.of.these.diseases.is.limited.because.of.toxic.
side.effects.of.the.drugs,.degradation.of.drugs.before.reaching.their.target.site,.low.permeability,.
and.poor.patient.compliance.[21]..Thus,.the.drawbacks.of.conventional.chemotherapy.necessitate.
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the.development.of.a.delivery.or.carrier.system.that.can.release.drugs.slowly.over.extended.time.
periods.and.reduce.the.current.costs.of.treatment.

��.�  nanotechnology In drug delIvery

Nanotechnology. for. drug. delivery. offers. a. suitable. means. of. delivering. small-molecular-weight.
drugs.as.well.as.macromolecules.such.as.proteins,.peptides.or.genes.to.specific.tissues.and.intracel-
lular.compartments,.particularly.in.cases.of.DNA.delivery.[24]..Particles.in.the.submicron.range.
possess.very.high.surface-to-volume.ratios,.thus.allowing.for.an.intimate.interaction.between.the.
surface.of.the.particles.and.the.mucus.of.various.tissues..Additionally,.carriers.in.the.particulate.
form.reportedly.diffuse.further.into.the.mucus.layer,.enabling.them.to.reach.the.cells..The.particle.
size,. surface.properties,.and. relative.hydrophobicity.are. the.main. factors.affecting. the.particles’.
effectiveness.in.prolonging.their.transit.time.in.the.gastrointestinal.(GI).tract.and.additionally.pro-
tecting.the.active.agents.from.degradation.[25].

Polymers,.used.to.make.nanoparticles,.can.be.divided.into.two.classes:.natural.and.synthetic..
Natural.polymers.(i.e.,.proteins.or.polysaccharides).include.chitosan,.alginate,.starch,.and.albumin..
The.advantages.of.using.natural.polymers.are.that.they.are.nontoxic.and.can.easily.be.biodegraded;.
however,. they.are.not.widely.used. to.make.nanoparticles.because. they.vary. in.purity.and.often.
require. rigorous. optimization. before. successful. encapsulation. of. drugs. can. be. achieved.. Smart,.
synthetic.polymers.that.have.been.widely.used.include.polylactic.acid.(PLA),.poly(glycolic.acid).
(PGA),.poly-lactic-glycolic.acid.(PLGA),.poly-e-caprolactone.(PCL),.and.poly(alkylcyanoacrilate).
[24]..Currently,. it. is.possible.to.generate.degradable.nanoparticles.with.responsive.polymers.that.
have.accessible.surface.functionality.for.targeting,.steric.shielding.for.biocompatibility.(bioavail-
ability),. therefore. making. them. stealth,. and. with. encapsulated. polymer. prodrug. for. controlled.
release.of.specific.drugs.[26],.thus.allowing.for.the.development.of.smart.therapeutics..Although.
the.application.of.nanoparticles.for.targeted.drug.delivery.is.well.received,.much.work.still.needs.
to.be.performed.due.to.an.array.of.receptors/signals/molecules.expressed.on.infected.cells.as.well.
as.a.number.of.physiological.signals.emitted.by.the.infected.cells.or.tissue..Understanding.these.
processes.will.improve.the.development.of.targeted.nanoparticles.for.drug.delivery..It.is.envisaged.
that. these.polymeric.nanosystems.will. enable. entry. and. retention.of. the. antibiotics. in. the. cells..
Nanoparticles.also.facilitate.the.subcellular.distribution.and.activity.of.the.antibiotic.in.the.infected.
cells,. thus.addressing.the.major.shortfalls.of.failed.malaria.and.TB.therapy..In.addition.to.these.
advantages,.the.carrier.systems.will.reduce.unwanted.systemic.side.effects.associated.with.conven-
tional.free.antibiotics.[27].

taBle ��.�
properties of First-line antituberculosis drugs

First-line drugs mode of action metabolism daily dose mIc�0

RIF.(MW.=.822.9) Inhibits.assembly.of.bacterial.DNA.and.
protein.into.mature.virus

Inhibits.initiation.of.RNA.synthesis

Deacetylation 10–12.mg/kg 0.2.ug/ml

INH.(MW.=.137.1) Inhibits.synthesis.of.cell-wall.components Acetylation.and.
hydroxylation

5.mg/kg 0.3.ug/ml

PYR.(MW.=.123.1). Disrupts.membrane.potential
Inhibits.membrane.transport.functions

Hydrolysis 25.mg/kg 8.ug/ml

ETB.(MW.=.277.23) Inhibits.cell-wall.synthesis Metabolized.by.hepatic.
enzymes

15–20.mg/kg 6.ug/ml

Sources:.See.References.[21],.[22],.and.[23].
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The.anti-TB.and.antimalarial.drugs.can.be.incorporated.either.in.their.native.forms.or.as.conju-
gated.polymer.prodrugs..Controlled.release.is.dependent.on.nanoparticle.biodegradability.and.drug.
diffusion.from.the.nanoparticles..In.the.case.of.hydrophobic.drugs.such.as.rifampicin.and.halofan-
trine.(anti-TB.and.antimalarial.drugs,.respectively),.the.attachment.of.hydrophilic.polymer.chains.
greatly.enhances.water.solubility.once.released,.leading.to.better.penetration.into.infected.cells.and.
ultimate.clearance.of.the.infection.

Limited.reports.on.polymeric.encapsulation.of.antimalarials.are.available.and.are.based.on.
animal.models..For.example,.halofantrine.was.formulated.in.nanocapsules.with.an.oily.core,.pre-
pared.from.PLA.that.was.surface.modified.with.polyethylene.glycol.chains.for.longer.residence.
in.the.circulatory.system.[25]..An.encapsulation.efficiency.greater.than.90%.was.attained..When.
this. formulation.was.administered. to.Plasmodium-infected.mouse.model,. the.drug.concentra-
tion.in.plasma.was.increased.sixfold.in.comparison.with.free.drug.throughout.the.experimental.
period. of. 70. hours.. Furthermore,. no. toxic. effects. associated. with. halofantrine. were. observed.
when.it.was.nanoencapsulated.while. the.same.dose.of.free.drug.was.toxic..Other.antiparasitic.
drugs.like.pentamidine.and.atovaquone.have.been.delivered.using.nanoparticles.with.success.in.
leishmania-.and.toxoplasma-infected.mice,.respectively.[28,29]..The.ED50.(effective.dose.for.50%.
of.the.population.exposed.to.the.drug.or.a.50%.response.in.a.biological.system.that.is.exposed.
to.the.drug).of.nanoencapsulated.pentamidine.was.six.times.lower.than.that.of.free.pentamidine,.
demonstrating.the.ability.of.nanocapsules.to.increase.the.bioavailability.and.decrease.drug.tox-
icity.of.pentamidine.in.treatment.of.leishmaniasis..Similarly,.atovaquine.when.administered.in.
nanosuspensions.to.Toxoplasma-infected.murine.model.demonstrated.excellent.therapeutic.effect.
following.clearance.of.parasites. from. the. system. [29].. In. this. study,. two.groups.of.mice.were.
treated.separately.with.free.100.mg/kg.atovaquone.suspension.orally.and.different.concentrations.
of.atovaquone.nanosuspensions.(ANSs).(0.1,.1.0,.and.10.0.mg/kg.of.body.weight),.administered.
as.a.single.intravenous.dose.every.other.day.for.16.days..Survival.rates.of.mice.orally.treated.with.
atovaquone.suspension.(100.mg/kg.every.other.day).were.significantly.lower.than.those.of.mice.
treated.intravenously.with.ANSs.at.a.dose.of.10.mg/kg..Nanoencapsulation.of.atovaquone.made.
it.possible.to.administer.this.drug.orally.and.also.increased.the.plasma.concentrations.of.the.drug.
2.4.times.that.of.the.free.drug.

It.would.seem,.from.the.report.on.antiparasitics.[29],.that.it.is.possible.to.encapsulate.antima-
larials.into.polymeric.nanoparticles.for.targeted.delivery.and.release.into.body.organs..In.fact,.tri-
closan,.a.broad-spectrum.antimicrobial.agent.shown.to.be.effective.in.treating.malaria,.has.very.low.
aqueous.solubility.and.can.potentially.give.rise.to.shortfalls.in.formulation.and.bioavailability..This.
drug.has.been.loaded.into.chitosan-coated.nanocapsules.with.encapsulation.efficiency.of.93.to.98%.
[30]..Chitosan-coated.nanocapsules.were.obtained.by.adding.triclosan-loaded.submicron.emulsions,.
previously.prepared.by.solvent.displacement.method,.to.chitosan.solution..The.slow.release.studies.
were.done.in vitro.by.reverse.dialysis.bag.technique..The.drug-loaded.nanocapsules.allowed.slower.
and.more.controlled.drug.release.(over.6.hours).than.the.free.drugs,.which.rapidly.diffused.across.
the.dialysis.membrane.within.60.minutes.[30]..This.nanoencapsulated.drug.delivery.system.is.in.the.
process.of.development.before.it.can.be.used.to.deliver.trichlosan.into.human.tissues.

��.�  research In progress

16.5.1  introduction

Our.team.synthesized.nanoparticles.formulated.using.U.S..Food.and.Drug.Administration.(FDA)-
approved.biodegradable.and.biocompatible.polymers.with.a.therapeutic.agent.encapsulated.(in.this.
case.antituberculosis.drugs.[ATDs]). into. the.polymer.for. targeted.and.sustainable.drug.delivery,.
which.addresses.patient.noncompliance,.toxicity,.dose.frequency,.length.of.treatment,.and.low.bio-
availability.of.drugs.for.the.treatment.of.TB.and.also.reduces.the.current.cost.of.treatment..Once.this.
technology.is.optimized,.we.intend.to.apply.the.same.technique.for.encapsulation.of.antimalarials..
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Several.attempts.have.been.made.to.encapsulate.TB.drugs.in.micro-/nanoparticles.with.a.degree.
of.success.in.mice.models.[31]..Recently,.Pandey.et.al..[31],.developed.an.oral.anti-TB.drug-loaded.
nanoparticle.that.can.release.anti-TB.drugs.continuously.for.10.days.in.a.murine.model..The.slow.
release.of.drugs.was.possible.due.to.the.bioadhesive.properties.of.PLGA.polymers,.which.enable.
them.to.adhere.to.the.small.intestinal.mucosa..Also,.unlike.the.microparticles,.nanoparticles.can.be.
taken.up.via.various.routes.through.the.intestinal.mucosa,.as.discussed.in.Section.16.5.3..Following.
oral.admission.of.anti-TB.drug-loaded.nanocapsules.to.TB-infected.mice,.no.tubercle.bacilli.could.
be.detected.in.the.tissue.after.five.oral.doses.of.treatment.[31]..It.can.be.concluded.that.nanocapsules.
loaded.with.anti-TB.drugs.form.a.sound.basis.for.reduction.in.dosing.frequency.for.better.treatment.
of.TB..The.authors.are.now.conducting.a.clinical.trial.based.on.animal-trial.findings.

16.5.2  SynthESiS of nAnoPArticlES

PLGA.particles.of.an.average.size.of.250.nm.(Figure.16.2).have.been.prepared.and.characterized.in.
our.laboratory..In.the.preparation.process,.the.double.emulsion.solvent.evaporation.freeze-drying.
technique.was.utilized..In.addition,.several.techniques.such.as.nanoprecipitation.and.spray.drying.
have.been. explored..The. scanning. electron.microscopy. (SEM). images.of. the.particles.prepared.
using.the.above.techniques.are.presented.in.Figure.16.3A.and.Figure.16.3B,.respectively..As.illus-
trated.in.Figure.16.3C,.our.team.has.also.prepared.alginate/chitosan.particles.via.ionotropic.gela-
tion.resulting.in.particles.of.an.average.size.of.200.nm..An.encapsulation.efficiency.of.55.to.65%.for.
INH.and.rifampicin.has,.to.date,.been.achieved.

16.5.3  mEchAniSm of Action

When.orally.taken,.nanoparticles.reach.the.intestinal.mucosa.where.they.are.taken.up.paracellularly.
via.the.M.cell,.intracellularly.via.epithelial-cell–intestine.mucosa.and.into.the.lymphatic.system.via.
Peyer’s.patches.[32,33]..Due.to.the.rapid.clearance.by.macrophages.once.internalized,.the.nanopar-
ticle.degradation.rate.can.be.manipulated.by.varying.the.ratio.and.increasing.the.hydrophilicity.of.
the.polymer.surface..Preliminary.in vitro.release.assays.performed.at.this.stage.by.Pandey.et.al..
[31],.in.mice,.show.a.slow.and.prolonged.release.of.drugs.when.encapsulated.into.PLG.nanopar-
ticles..It.was.observed.that.free.drugs.are.released.almost.immediately.after.absorption.and.cleared.
within.24.hours,.and.the.release.of.encapsulated.drugs.begins.after.6.hours.of.internalization.and.
lasts.over.192.hours.[31].

S
D

FIgure ��.�  Left:.Scanning.electron.micrograph.of.poly-lactic-glycolic.acid.(PLGA).nanoparticles.con-
taining.encapsulated.isoniazid.(INH).and.rifampicin.drugs.with.particle.sizes.of.200.to.400.nm.(scale.bar.is.
200.nm)..Right:.Tuberculosis-encapsulated.drugs.showing.the.drug.(D).shaded.and.the.nanopolymeric.shell.
(S).unshaded.
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We.performed. in vitro.particle.uptake.assays. in.CaCo-2.cells,.which.are.cell.models.for. the.
colon.with.particles.that.were.labeled.with.rhodamine.dye..Based.on.the.confocal.analysis.of.particle.
uptake.as.depicted.in.Figure.16.4,.it.was.evident.that.the.size.of.the.particles.(mean.250.nm).enables.
the.uptake.of.these.particles.by.cells,.thus.making.intracellular.delivery.a.feasible.objective.

The. second. system. we. investigated. involves. the. use. of. amphiphilic. block. copolymers. of.
polyethylene.glycol.(PEG).and.polypropylene.sulphate.(PPS),. to.form.micelles.(23.nm).with.a.
hydrophobic.core.and.rubbery-core.nanoparticles.of.PPS.stabilized.with.copolymers.of.PEG.and.
poly.(propylene.oxide),.which.are.referred.to.as.Pluronics.[34,35],.to.form.solid.particles.within.a.
nano-size.range.(30.to.100.nm)..Rifampicin.was.encapsulated.into.both.of.these.particles,.and.an.
encapsulated.efficiency.of.86%.and.90%.was.achieved,.respectively..As.depicted.in.Figure.16.5A,.
the.in vitro.release.of.rifampicin.encapsulated.in.the.micelles.and.solid.nanoparticles.was.slower.
and.prolonged.for.a.period.of.10.days.when.compared.to.free.rifampicin..As.indicated.in.Fig-
ure.16.5B,.at.an.acidic.pH.of.1.2,.mimicking.stomach.conditions,.only.a.very.low.concentration.of.

A: Nanoprecipitation C: Chitosan-TPP+PVAB: Spray drying of emulsion

FIgure ��.�  Scanning.electron.micrograph.of.nanoparticles.prepared.by.(A).nanoprecipitation.resulted.in.
rifampicin,.encapsulation.efficiency.of.65%..(B).Spray.drying.resulted.in.isoniazid.encapsulation.efficiency.of.
55%..(C).Alginate/chitosan.particles.prepared.by.ionotropic.gelation.

14.72 um 13.61 um

13.61 um

FIgure ��.�  Nanocapsule.transport/uptake.by.CaCo-2.cells.viewed.under.a.confocal.microscope..(A).Z-
stack.of.cells.treated.with.nanoparticles.over.a.5.minute.incubation.period..(B).Appearance.of.cells.depicting.
lysotracker.stain.in.cells.treated.with.rhodamine-labeled.particles..(C).Same.image.showing.colocalization.of.
nanoparticles.with.lysosomes.as.indicated.by.the.orange.staining.at.60.minutes.postadministration..Rhoda-
mine.dye.was.used.as.a.fluorophore..(See color insert following page 112.)
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the.drug.was.released..This.indicates.that.with.this.system,.the.first-pass.metabolism.in.the.stom-
ach.can.be.minimized,.due.to.the.low.concentration.of.drugs.released..We.intend.on.extending.
the.study.to.mice.followed.by.nonhuman.primates.and.finally.to.human.clinical.trials..Once.this.
drug.delivery.system.is.optimized.for.TB.treatment,.we.will.explore.ways.of.using.it.to.deliver.
malaria.and.HIV.drugs.

��.�  conclusIon

Due.to.the.slow.degradation.of.polymers,.which.results.in.a.slow.release.mechanism.of.the.carrier.
systems,.it.is.envisaged.that.using.nano-based.delivery.systems.will.prolong.the.bioavailability.of.
the.drugs,.allowing.their.administration.only.once.in.7.days,.instead.of.the.current.daily.adminis-
tration..Using.this.approach,.we.aim.to.reduce.the.dose.currently.administered,.as.well.as.the.dose.
frequency,.thereby.minimizing.the.cost.of.TB.treatment,.which.will.ultimately.ease.the.economic.
burden,.estimated.to.be.$16.billion.per.annum..Once.the.system.has.been.optimized.for.TB.drugs,.
it.is.envisaged.that.the.technology.will.be.applied.for.malaria,.HIV/AIDS,.as.well.as.other.diseases,.
which.suffer.from.patient.noncompliance.and.are.major.burdens.in.Africa.

Release Assays: PBS pH 1.2 and 5.0 at 37°Celcius
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Release Assays: PBS pH 7.37 at 37°Celcius
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FIgure ��.� In vitro. release. profile. of. rifampicin. (RIF). at. different. pH. values. in. phosphate-buffered.
saline.(PBS).
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17 Nanophotonics	for	Biomedical	
Superresolved	Imaging

Zeev Zalevsky, Dror Fixler, Vicente Mico, 
and Javier García
School	of	Engineering,	Bar-Ilan	University,	Ramat-Gan,	Israel

��.�  IntroductIon

The. resolution. of. every. imaging. system. is. limited. by. the. diffraction. spot. size. that. equals.λ/(2.
NA),.where.λ.is.the.optical.wavelength.and.NA.is.the.numerical.aperture.of.the.lens..This.limit.is.
obtained.due.to.the.wave.nature.of.light,.and.it.is.considered.as.an.unsurpassable.bound.for.most.
practical.cases..Nevertheless,. the.resolution.limit. is.obtained.under.certain.assumptions,.such.as.
source.monochromaticity,.unpolarized.light,.short.time.imaging,.and.so.on..In.fact,.for.many.practi-
cal.situations,.additional.a.priori.information.can.assist.in.surpassing.the.classical.resolution.limit..
This.assertion.is.supported.by.the.classical.works.of.Toraldo.di.Francia.and.Luckosz.[1–3],.describ-
ing.a.system.by.the.numbers.of.degrees.of.freedom.it.can.transmit,.instead.of.the.space-bandwidth.
product..Later.on,.the.signal-to-noise.ratio.(SNP).of.the.image.was.also.included.in.the.computation.
[4]..Thus,.owing.to.the.invariance.of.the.information.throughput.of.a.system,.the.spatial.resolution.
of.a. system.can.be.enhanced,.at. the.expense.of.other.degrees.of. freedom.[5]..As.examples,. the.
resolution. in.one.axis.can.be.enhanced.by.sacrificing. the. resolution.on. the.orthogonal.direction.
[2,6],.or.the.two.orthogonal.polarizations.can.be.used.for.doubling.the.resolution.in.the.case.of.a.
polarization-independent.object.[7]..Methods.based.on.extrapolation.of.the.spectrum.(e.g.,.[8]).try.
to.squeeze.the.SNR.degree.of.freedom.[5].

Obviously,.the.most.appealing.degree.of.freedom.that.can.be.used.is.the.temporal.one,.due.to.
the.high.amount.of.available.bandwidth.for.the.cases.where.the.images.are.essentially.static..Even-
tually,.the.maximum.amount.of.information.that.can.be.multiplexed.is.given.by.the.time-bandwidth.

contents

17.1. Introduction.......................................................................................................................... 199
17.2. Pattern.Projection.for.Subpixel.Resolved.Imaging.in.Microscopy...................................... 201

17.2.1. Theory....................................................................................................................... 201
17.2.2.Materials,.Methods,.and.Experiments......................................................................202

17.2.2.1.Microscopic.Superresolution.Measurements.of.Beads...............................203
17.2.2.2.Microscopic.Superresolution.Measurements.of.Human.Cells.Stained.

with.Fluorescein..........................................................................................204
17.3. Phase-Shifting.Interferometric.Microscopy........................................................................205

17.3.1. Theoretical.Analysis.of.the.Optical.System.............................................................206
17.3.2.Experimental.Results................................................................................................208

Acknowledgments........................................................................................................................... 210
References....................................................................................................................................... 210

7528.indb   199 6/27/08   11:10:39 AM



�00	 Bionanotechnology

product,.related.to.the.illumination.source.temporal.spectrum..For.a.wavelength-independent.object,.
several.methods.have.been.devised.to.encode.the.spatial.resolution.in.different.wavelengths,.obtain-
ing.superresolution.[9,10]..With.a.different.approach,.but.also.exploiting.the.temporal.bandwidth.of.
the.source,.it.is.possible.to.encode.the.spatial.resolution.in.the.coherence.of.the.light.[11,12]..Both.
wavelength.and.coherence.encoding.methods.are.especially.suitable.for.a.one-point.spatial.resolu-
tion.channel,.like.a.single-mode.fiber..For.the.case.of.systems.with.a.significant.spatial.resolution,.
the.most.widely.studied.methods.are.based.on.illuminating.the.object.with.tilted.waves,.in.such.a.
way.that.the.high.spatial.frequencies.of.the.sample.are.downconverted.into.low.spatial.frequencies.
and,.thus,.can.pass.through.a.limited.resolution.system.[13,14]..Passing.high.frequencies.through.the.
optical.system.is.not.enough,.as.the.phase.of.the.frequency.bandpass.must.also.be.recovered..One.
way.to.surpass.this.problem.is.to.record.the.phase.by.interferometry.[15–17],.although.it.requires.a.
reference.arm.aside.of.the.imaging.system..Another.widely.used.method.employs.moving.gratings.
so.that.the.different.tilted.beams.coming.from.the.grating.are.encoded.in.a.phase.that.varies.linearly.
with.time.[18]..A.main.problem.of.these.systems.is.that.they.need.a.high-resolution.pattern.(namely,.
a.grating).to.be.projected.onto.the.sample.with.high.resolution..In.general,.this.means.a.high-quality.
system.preceding.the.system.to.be.enhanced.

Several. efforts. have. been. made. to. overcome. the. detector. pixel. size. limitation. when. several.
displacement.frames.of.the.same.sample.have.been.captured.[13,19–21]..Most.of.the.methods.are.
based.on.interlacing.or.averaging.the.frames.after.a.subpixel.resolved.registration..Nevertheless,.an.
increase.of.resolution.by.a.factor.of.2.is.usually.considered.the.maximum.realistic.improvement,.
owing.to.the.loss.of.information.in.each.frame.[13]..In.the.literature.[21],.a.technique.using.a.mask.
with. subpixel.details. attached. to. the.detector. is.proposed,. in.order. to.obtain.a.higher-resolution.
improvement..The.implementation.of.this.method.is.very.costly.because.of.the.need.to.prepare.a.
high-resolution.mask.and.to.set.it.in.physical.contact.with.the.sensor.(or.fabricate.the.mask.over.it).

Digital.holography.is.a.widely.useful.technique.to.record.the.complex.amplitude.distribution.of.
an.object..In.a.basic.configuration,.the.interference.pattern.composed.by.object.and.reference.wave.
is.recorded.onto.an.image.sensor.(typically.a.charge-coupled.device.[CCD]),.and.the.reconstruction.
is.performed.by.computer.using.discrete.Kirchhoff-Fresnel.propagation.equations..The.size.of.the.
CCD.pixels.is.usually.bigger.than.the.photographic.grain.size.that.composes.the.holographic.plate..
The. worse. resolution. of. digital. imaging. media. as. compared. to. conventional. holographic. media.
limits.the.maximum.angle.between.interfering.beams.to.a.few.degrees..Thus,.in.many.cases,.the.
zero.order.and.both.diffracted.images.are.overlapping.and.no.reconstruction.can.be.done..The.use.
of.an.in-line.setup.permits.the.measurement.of.the.object.complex.amplitude.distribution.by.using.
phase-shifting.interferometry.[22,23]..In.a.similar.way,.Iemmi.et.al..[24].applied.a.point.diffrac-
tion.interferometer.to.digital.holography.using.phase-shifting.steps.controlled.by.means.of.a.liquid.
crystal.device.(LCD)..This.procedure.allows.both.amplitude.and.phase.object.distributions.to.be.
obtained.and.the.three-dimensional.object.to.be.visualized.by.simple.propagation.of.the.calculated.
distributions.using.computer.tools.

One.of.the.most.useful.applications.of.digital.holography.is.microscopy..Digital.in-line.micros-
copy.with.numerical.reconstruction.[25,26].provides.a.powerful.technique.to.lensless.imaging.when.
a.low-density.object.is.imaged..As.the.interference.is.done.between.the.object.diffracted.beam.and.
the.undiffracted.one,.the.illuminated.object.should.block.only.a.fraction.of.the.cone.of.radiation.
recorded.at.the.CCD..Typical.objects.that.satisfied.the.previous.conditions.are.microspheres,.cells,.
plankton,.and.other.biological.specimens..For.not-so-transparent.objects,.the.reference.beam.must.
be.introduced.separately.(not.through.the.object),.and.it.allows.the.possibility.for.phase.recovering.
by.phase-shifting.techniques.[27].

On.the.other.hand,.digital.holographic.microscopy.involving.image.formation.with.lenses.is.a.
common.technique.that.permits.the.recovery.of.the.phase.distribution.by.adding.a.reference.beam.
onto.the.CCD.at.the.image.plane..Basically,.two.ways.are.commonly.used.to.perform.digital.holog-
raphy..One.involves.off-axis.addition.of.the.reference.wave.and.some.optical.postprocessing.stage.for.
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suppressing.the.undesired.diffraction.orders.[28–30],.and.the.second.one,.which.we.will.follow,.is.per-
formed.in.on-axis.configuration.and.using.phase-shifting.technique.to.recover.phase.information.

��.�   pattern projectIon For suBpIxel resolved 
ImagIng In mIcroscopy

In.this.section,.we.project.periodic.patterns.(grating).on.the.inspected.sample.in.order.to.obtain.
geometrical.superresolution.in.microscopic.imaging.systems.(i.e.,.we.overcome.the.resolution.limit.
dictated.by.the.geometry.of.the.detection.array)..Instead.of.projecting.the.patterns,.the.nanopho-
tonic.element.can.also.be.attached.to.the.detector.array.and.realize.the.same.functionality.[31].

17.2.1  thEory

For.the.mathematical.model,.we.assume.an.M.pixels.sensing.device.that.samples.the.scene.N.times..
In.each.sample,.the.device.is.shifted.with.respect.to.the.image.a.distance.of.∆x/N,.where.∆x.is.the.
pitch.of.the.detector’s.pixels..At.the.same.time,.a.periodic.pattern,.with.period.∆x,.is.used.to.illumi-
nate.the.sample..This.pattern.is.displaced.synchronously.with.the.detector..For.CCD.sensors,.each.
pixel.integrates.all.the.light.impinging.upon.it.within.the.cycle..We.will.deal.with.the.one-dimen-
sional.mathematical.derivations,.although.the.extension.to.two.dimensions.is.straightforward..The.
light.distribution.just.before.the.detector.for.a.subpixel.displacement.n∆x/N.is

. s x g x n x
N

( ) −










∆
. (17.1)

where.n = 0, 1, 2, ..., N–1..Denoting.by.p(x).the.spatial.shape.of.the.pixel.(a.rectangle.function.for.
instance),.the.integrated.signal.for.pixel.m.at.subpixel.displacement.n.is
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∫ dx . (17.2)

with.m = 0, 1, 2, …, M–1..Notice.that.Equation.17.2.implies.a.synchronous.subpixel.movement.of.
the.pattern.and.the.detector..This.can.be.easily.accomplished.if.instead.of.projecting.the.pattern.on.
the.object,.the.pattern.is.set.directly.in.contact.with.the.detector..Then.the.movement.of.the.pattern.
will.follow.the.movement.of.the.detector..A.simpler.way.to.achieve.the.scanning,.without.physical.
attachments.on.the.detector,.is.to.displace.the.object,.keeping.static.the.rest.of.the.system.

Owing. to. the.periodicity. of. the.pattern,.g(x) = g(x – m∆x)..Moreover,.we. can. join. the. two.
indexes.m.and.n.in.a.single.index.as.k = n + mN,.that.runs.continuously.from.1.to.NM,.covering.all.
pixels.and.subpixel.displacements..Thus,.we.can.rewrite:

. y s x g x k x
N

p x k x
Nk

 = −










−








( ) ∆ ∆
−∞

+∞

∫ dx . (17.3)

For.simplicity,.we.can.redefine:

. c x g x p x( ) ( ) ( )= . (17.4)

This.gives.the.unit.cell.of.the.pattern.modified.by.the.pixel..In.the.simplest.case,.where.the.pixel.is.
just.a.rectangle.function,.c(x).represents.a.period.of.the.pattern..With.this.definition,
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Equation.17.5.states.a.convolution.operation.between. the.original.signal.and. the.unit.cell.of. the.
combination.given.by.the.product.of.the.projected.pattern.and.the.sensing.array..The.convolution.
is.sampled.at.the.rate.given.by.the.subpixel.displacements..And,.according.to.the.sampling.theo-
rem,.these.values.are.sufficient.to.fully.recover.a.spatial.distribution.sampled.at.rate.of.∆x/N..The.
convolution.in.Equation.17.5.can.be.expressed.in.the.Fourier.domain.as.a.product..Naming. Sk{ } ,.

Yk{ } ,.and. Ck{ } .the.discrete.Fourier.transforms.(DFTs).of.the.sampled.input.and.output.and.unit.
cell.distributions,

. Y S Ck k k= . (17.6)

The.sampled.original.signal.can.be.recovered.from.the.samples. yk{ } .by.means.of.an.inverse.filter-
ing.that.removes.the.convolution.effect.of.c(x)..This.operation.is.easily.performed.in.the.Fourier.
domain;.the.restored.high-resolution.image.can.be.obtained.as.follows:

. ŝ DFT Y
Ck

k

k
=











−1 . (17.7)

In.order.to.summarize,.the.full.process.consists.of.the.following.steps:.(a).The.object.is.illuminated.
with.a.pattern.such.that.on.the.detector.plane.its.period.coincides.with.the.detector.pixel.pitch..(b).A.
set.of.images,.each.for.a.subpixel.object.displacement,.is.recorded.at.the.detector’s.resolution.(M.pix-
els)..(c).The.images.are.interlaced.to.give.an.image.with.subpixel.pitch.sampling.(MN.pixels)..(d).The.
influence.of.the.pattern.is.removed.by.inverse.filtering,.rendering.the.final.reconstructed.image.

At.this.point,.it.is.worth.considering.the.gain.obtained.by.using.the.pattern.projected.on.top.
of.the.object..In.principle,.the.same.method.could.be.used.without.the.pattern,.the.only.difference.
being.that.the.output.image.would.be.a.convolution.with.the.pixel.function.[c(x) = p(x)],.typically.
a.rectangle..The.main.drawback.of.this.approach.is.that.(according.to.Equation.17.6).the.frequen-
cies.are.attenuated.with.the.Fourier.transform.of.the.pixel.function..Normally,.this.means.a.strong.
attenuation.of.high.frequencies.and.the.presence.of.zeros.in.the.spectrum.where.the.signal.cannot.
be.recovered..In.general,.a.twofold.improvement.in.resolution.is.considered.the.maximum.achiev-
able.[13]..On.the.other.hand,.using.a.projected.pattern.with.subpixel.details.will.enhance.the.high.
frequencies.with.respect.to.the.conventional.illumination.case,.making.possible.the.recovery.of.the.
signal.at.higher.resolutions..As.an.extreme.case.example,.if.the.pattern.contains.a.single.transpar-
ent.spot,.the.resolution.obtained.will.be.the.size.of.this.spot..Also,.a.proper.design.of.the.subpixel.
structure.can.avoid.the.presence.of.zeros.in.the.Fourier.transform.of.the.unit.cell.[21],.avoiding.the.
need.of.any.regularization.when.applying.Equation.17.7.

In.the.above.analysis,.we.neglected.the.effect.of.diffraction..This.approximation.can.hold.as.long.
as.the.diffraction.spot.size.in.the.detector.plane.is.smaller.than.the.target.resolution.after.the.method.
is.applied..This.is.when.the.resolution.limit.is.given.by.the.pixel.size.and.not.by.diffraction.

17.2.2  mAtEriAlS, mEthodS, And ExPErimEntS

The.principle.of.the.proposed.method.is.demonstrated.by.means.of.two.experiments:.one.in.trans-
mission.microscopy.and.the.other.in.fluorescence.microscopy..For.the.purpose.of.comparison,.we.
use.the.binning.capability.of.the.camera.to.simulate.a.large.pixels.detector..This.way.a.reference.
high-resolution.image.is.also.available.
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The.experiments.were.done.on.biological.samples.as.beads.and.human.cells.that.were.imaged.
using.the.same.epifluorescence.microscope.(BX61,.Olympus,.Japan).as.before,.with.20×.and.4×.(0.6.
and.0.13.NA).LCPlanFl.objective.(Olympus,.Japan).and.488.nm.of.Ar.Ion.laser.(Spectra-Physics,.
California)..Images.were.collected.by.the.same.photometric.CCD.as.before.

For.the.experiments.with.cells,.human.Jurkat.T-lymphoblast.cell.line.was.grown.in.a.humidi-
fied.atmosphere.containing.5%.CO2,. in.RPMI.1640.medium.(Biological. Industries,. Israel);.sup-
plemented.with.10%.(v/v).heat-inactivated. fetal.calf. serum.(Biological. Industries,. Israel),.2.mM.
L-glutamine,.10.mM.Hepes.buffer.solution,.1.mM.sodium.pyruvate,.50.U/ml.penicillin,.and.100.
µmg/ml.streptomycin..The.cells.were.washed.twice.with.incomplete.RPMI.1640.medium,.without.
phenol.red,.containing.10.mM.HEPES.buffer.solution..An.aliquot.of.100.µl.of.cell.suspension.(5.×.
106.cells/ml).was.added.to.50.µl.of.fluorescein.diacetate.(FDA).staining.solution.(Sigma,.St..Louis,.
Missouri,.F7378).dissolved.in.phosphate-buffered.solution.(PBS).to.a.final.concentration.of.2.µM.in.
PBS,.and.incubated.at.room.temperature.for.5.minutes..At.the.end.of.incubation,.cells.were.loaded.
onto.a.microscope.slide.and.measured.

For.the.experiments.with.beads,.polyscience.fluorescent.beads.Fluoresbrite.(fluorescein).of.10.
±.0.1.µm.diameter,.with.FI.values.of.2000.to.50,000.molecules.of.equivalent.soluble.fluorochromes.
(MESF).were.used..These.were.obtained.from.Bangs.Laboratories,.Inc..(Fishers,.Indiana).

��.�.�.�  microscopic superresolution measurements of Beads

The.periodic.pattern.projection.method.was.first.tested.on.10.±.0.1.µm.diameter.beads.using.the.
4×.lens..The.diffraction.resolution.limit.is.thus.about.2.µm.in.the.sample.plane,.corresponding.to.8.
µm.in.the.sensor.plane..Thus,.the.diffraction.spot.size.is.slightly.larger.than.the.physical.pixel.size.
(6.45.µm)..A.two-dimensional.grating.with.200.line.pairs/mm.was.projected.on.the.beads.at.such.
a.magnification.that.80.line.pairs/mm.periodicity.approximately.was.generated.on.the.sample..The.
grating.is.formed.by.square.tessellation.of.replicas.of.a.unit.cell.consisting.on.a.transparent.square.
on. a.black.background..The.projection. system.magnification.was.fine-tuned.until. a. full. grating.
period.covered.eight.pixels.in.the.captured.image..The.profile.of.the.grating.is.known.from.previ-
ous.measurements.and.is.used.for.the.inverse.filtering.needed.for.the.reconstruction..For.the.proof.
of.concept,.the.captured.images.were.binned.into.macro.pixels.of.8.×.8.original.pixels..The.scan.
was.two.dimensional.with.eight.steps.in.each.axis,.and.thus,.a.total.of.64.images.were.taken.prior.
to.the.digital.processing..Figure.17.1.shows.the.high-resolution.images.prior.to.binning.while.a.long.
exposure.time.was.applied.

Figure.17.2.demonstrates.the.low-resolution.
image.when.the.8.×.8.binning.was.done.and.the.
exposure. time. was. reduced. by. a. factor. of. 64..
Indeed.many.spatial.features.have.disappeared.

Figure.17.3. illustrates. the. reconstruction.
using. the. suggested. approach. via. illumination.
with. periodic. pattern.. The. processing. consists.
of. interlacing. the. 64. images. according. to. the.
shift.of.the.sample.for.each.one.of.them.and.then.
applying.the.inverse.filtering.correction.

These. operations. are. very. fast. to. perform.
and. do. not. compromise. the. speed. of. the. final.
imaging..Note.that.the.resolution.is.comparable.
to.that.of.Figure.17.1..The.square.artifacts.(8.×.
8.pixels).in.some.parts.of.the.image.are.due.to.
nonuniform.transmittance.of.the.projected.grat-
ing..Also,.the.nonuniformities.in.the.mechanical.
scanning.of.the.sample.may.introduce.a.periodic.

FIgure ��.�  High-resolution.image.of.polyscience.
fluorescent.beads.obtained.with.long.exposure.time.
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pattern.in.the.resulting.image..Therefore,.aside.
from.the.interlacing.and.unit.cell.effect.compen-
sation,.a.simple.digital.processing.was.performed.
in.order.to.obtain.higher.uniformity,.consisting.
of. removing. the. periodic. patterns. appearing.
in. the. spectrum.of. the. reconstructed. image..A.
more.complete.processing.can.be.made.by.tak-
ing.an.image.over.a.uniform.sample.to.calibrate.
the.local.grating.transmittance.

For. comparison,. in. Figure.17.4. we. present.
the. reconstruction.obtained. from. the. set.of.64.
images. as. in. Figure.17.3,. but. without. project-
ing. the. two-dimensional. grating.. Despite. the.
increased.resolution.with.respect.to.Figure.17.2,.
the. beads. are. not. separable. as. in. Figure.17.3..
This. operation. is. equivalent. to. “micro. scan-
ning”. [21],. and. its. resolution. enhancement. is.
limited.by.the.fill.factor.of.the.detector’s.pixels..
When.the.projected.grating.is.used,.this.limita-

tion.in.the.resolution.improvement.factor.no.longer.exists,.and.it. is. then.directly.proportional. to.
subpixel.scanning.steps.

��.�.�.�   microscopic superresolution measurements of 
human cells stained with Fluorescein

In.this.subsection,.we.describe.the.experiment.performed.with.Jurkat.T-lymphoblast.cell.lines.while.
the.binning.and.scanning.were.done.in.one.dimension.only..The.scanning.was.one-dimensional,.
and.thus.only.eight.images.were.captured.to.fit.the.binning.factor.of.8..A.projection.grating.of.600.
lines.per.mm.was.used,.fitting.the.magnification.to.match.on.the.camera.one.period.of.the.grating.
to.eight.camera.pixels..The.diffraction.resolution.limit.for.the.20×.lens.is.in.this.case.about.0.5.µm.
in.the.sample.plane,.corresponding.to.10.µm.in.the.sensor.plane..Figure.17.5.shows.the.high-reso-
lution.image.obtained.with.a.long.exposure.time..This.image.was.obtained.without.binning..The.

FIgure ��.�  Reconstruction. obtained. with. the.
suggested.approach.including.the.application.of.illu-
minating.with.a.periodic.pattern.

FIgure ��.�  Reconstruction. from. a. set. of. 64.
images,. as. in. Figure.17.3,. but. without. the. grating.
illumination.

FIgure ��.�  Image.obtained.via.an.8.×.8.binning..
Exposure.time.is.reduced.from.that.in.Figure.17.1.by.
a.factor.of.64,.although.the.resolution.is.not.enough.
for.resolving.the.beads.
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inset.displays.a.magnified.portion.of.the.image.with.high-resolution.details.and.will.be.used.for.
reconstruction.quality.comparison.

Figure.17.6.displays.the.image.obtained.via.8.×.1.binning..Exposure.time.is.reduced.by.a.factor.
of.8,.although.the.resolution.is.not.enough.for.resolving.the.details.

In. Figure.17.7,. one. can. see. the. reconstructed. results. obtained. with. the. suggested. approach.
including. the.grating.projection..Note. that. the. resolution. is.comparable.with. that.of.Figure.17.6..
The.artifacts.(8.×.1.pixels),.in.some.parts.of.the.image,.are.due.to.nonuniformities.of.the.grating..
The.reconstruction.included.simple.digital.enhancement.of.the.image.in.order.to.improve.its.spatial.
uniformity,.as.described.in.the.previous.subsection.

Figure.17.8.shows.the.reconstruction.from.a.set.of.eight.images.as.in.Figure.17.7,.but.this.time.
without.the.grating.illumination..Despite.the.increased.resolution.with.respect.to.Figure.17.7.due.to.the.
“microscanning”.operation,.the.high-resolution.details.are.not.as.clearly.resolved.as.in.Figure.17.7.

��.�  phase-shIFtIng InterFerometrIc mIcroscopy

The.experiments.done.in.this.section.demonstrate.the.reconstruction.of.the.phase.information.with.
subwavelength.accuracy..To.obtain.that,.the.mirror.of.the.presented.interferometric.setup.should.
perform.subwavelength.scanning..However,.the.same.concept.may.be.obtained.without.the.mirror.

FIgure ��.�  High-resolution. image. of. Jurkat. T-
lymphoblast.cells.obtained.with.long.exposure.time..
The.inset.displays.a.magnified.portion.of.the.image.
with.high-resolution.details.for.comparison.

FIgure ��.�  Image.obtained.via.binning.of.8.×.1..
Exposure.time.is.reduced.from.that.in.Figure.17.5.by.
a.factor.of.8,.although.the.resolution.is.not.enough.for.
resolving.the.details.

FIgure ��.�  Reconstruction. obtained. with. the.
suggested.approach—illuminated.with.a.grating..The.
artifacts.(8.×.1.pixels).in.some.parts.of.the.image.are.
due.to.nonuniformities.of.the.grating.

FIgure ��.�  Reconstruction. from. a. set. of. eight.
images. as. in. Figure.17.7,. but. without. the. grating.
illumination.
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scanning.if.the.axial.information.is.encoded.by.different.wavelengths..Such.a.concept.can.be.real-
ized.using.the.same.setup.but.illuminated.with.a.white.light.source.and.therefore.having.a.white.
light.interferometer.

17.3.1  thEorEticAl AnAlySiS of thE oPticAl SyStEm

The.optical.setup.is.shown.in.Figure.17.9..A.Mach-Zehnder.interferometric.configuration.is.used.to.
implement.the.technique..A.collimated.input.laser.beam.illuminates.the.interferometric.system.

A.first.beam.splitter.(BS1).is.used.to.split.the.collimated.incoming.laser.light.into.two.optical.
beam.paths..In.the.first.one.(the.imaging.arm),.the.sample.is.imaged.by.the.microscope.objective.
into.the.CCD.after.reflection.in.a.mirror.(M1)..In.the.other.optical.path.(the.reference.arm),. the.
light.is.directed.toward.the.CCD.through.a.piezoelectrical.mirror.(PZT)..A.simple.lens.is.placed.in.
the.reference.arm.at.the.appropriate.distance.d.from.the.CCD.to.ensure.equal.divergence.of.both.
interference.beams..A.second.beam.splitter.(BS2).mixes.the.two.beams.into.the.image.plane.and.
produces.the.interferometric.recording..Notice.that.no.tilt.is.introduced.in.one.of.the.optical.beams.
versus.the.other.one,.resulting.in.an.on-axis.hologram.at.the.CCD.plane.

This.setup,.in.static.mode,.gives.no.possibility.to.recover.the.phase.information.of.the.sample..
To.obtain.this.information,.one.can.introduce.a.tilt.in.one.of.the.mirrors.(usually.in.the.reference.
mirror).of.the.interferometer.for.off-axis.hologram.recording..This.procedure.enables.the.recovery.
of.both.phase.and.amplitude.distribution.by.simple.filtering.and.relocation.process.of.the.first.order.
diffracted.by.the.hologram..Sufficient.carrier.frequency.must.be.introduced.to.avoid.the.overlapping.
between.the.different.orders.diffracted.by.the.hologram.

An.extensively.used.method.to.recover.phase.and.amplitude.information.is.the.phase-shifting.
technique..A.time-varying.phase.shift.is.introduced.in.one.of.the.optical.beams.of.the.interferom-
eter..Thus,.recording.a.set.of.holograms.with.different.phase.between.the.beams,.and.later.digital.
processing,.can.give. the.phase.object.distribution..We.introduce. the.phase.shift. in. the.reference.
beam.by.means.of.a.PZT.mirror..Several.algorithms.exist.for.phase.extraction.depending.on.the.
phase.steps.and.the.number.of.images.[32]..We.use.a.continuous-phase.shifting.produced.by.exter-
nal.modulation.of. the.PZT.mirror.power.supply.by.means.of.a.frequency.function.generator.. In.
particular,.we.applied.a.sawtooth.profile.with.higher.amplitude.than.that.necessary.to.produce.a.
2π.phase.displacement. in. the.reference.beam..This.ensures. that.at. least.one.phase.period.of. the.
reference.beam.is.covered.with.a.constant.and.linear.phase.displacement..Thus,.by.storing.in.the.
memory.of.the.computer.a.sequence.of.on-axis.holograms,.one.can.recover.the.phase.and.amplitude.
information.of.the.sample.under.test.with.a.simple.numerical.reconstruction.procedure.[32].

CCD 

BS1 

PZT
Mirror

Infinity Corrected
Microscope Objective:

0.55NA, 40x  

Biological
Sample 

Collimated
Laser Beam 

BS2

Mirror
M1 

d 

d 
Lens

FIgure ��.�  Experimental. setup.. The. object. is. imaged. onto. the. charge. coupled. device. (CCD). by. the.
microscope.lens..A.lens.placed.in.the.reference.arm.compensates.the.divergence.introduced.by.the.micro-
scope.lens.
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In.the.following.lines,.some.mathematical.expressions.of.the.proposed.method.are.presented..
The.CCD.image.sensor.records.a.hologram.of.a.microscopic.object..Let.us.denote.as. f x y( , ) .the.
input.object.complex.amplitude.distribution..Then,.the.amplitude.distribution.onto.the.CCD.done.
by.the.imaging.arm,.under.quadratic.approximation,.is

. U x y f x
M

y
M

disk rimag ( , ) ,= − −









⊗ ( )




 ∆ν








+



e

j k
d

x y
2

2 2

. (17.8)

“with.M.being.the.imaging.magnification.factor,.k = 2π/λ.the.wave.number,.λ.the.wavelength.and.d.
the.distance.between.the.laser.beam.image.plane.through.the.microscope.objective.and.the.CCD..r.
is.the.polar.coordinate.defined.as. r x y= +2 2 .and. disk r( )∆ν⋅ .is.the.point.spread.function.(PSF)..
of.the.optical.microscope.lens..The.symbol.⊗.denotes.the.mathematical.operation.of.convolution..

From.Figure.17.9,.the.intensity.distribution.recorded.at.the.CCD.comes.from.the.addition.of.a.
reference.beam.to.the.amplitude.given.by.the.previous.equation..The.reference.can.be.expressed.as

. U t C e eref
j k

d
x y j tn( ) ( )=
+



2

2 2
φ . (17.9)

where.C.is.a.constant.related.with.the.real.amplitude.of.the.reference.beam,.and.ϕn(t).is.the.temporal.
phase.shift.introduced.by.the.PZT.mirror..The.spherical.phase.factor.comes.from.the.lens.placed.at.
the.reference.beam.to.equal.beam.convergence..Then,.the.recorded.intensity.at.the.CCD.is
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assuming. linear.phase.variation. in. time,. and.calling. the. initial.phase.difference.between. imag-
ing. and. reference. beams. as.ϕo. and. the. linear. phase. increment. introduced. in. time. between. two.
subsequent.intensity.images.as.ϕm..Notice.that.the.spherical.phase.factor,.common.to.both.terms.has.
been.removed.due.to.the.absolute.value.operation.

As.the.phase.step.ϕm.is.limited.by.the.video.frequency.necessary.for.the.storage.of.each.intensity.
image,.we.can.express.the.time.dependence.of.the.recorded.intensity.as.a.function.of.the.intensity.
image.number.m.multiplied.by.the.phase.step.between.two.consecutive.images—that.is,.ϕm=m ϕk ..
So,.we.can.rewrite.Equation.17.10.considering.that.different.intensity.distribution.will.be.taken.in.
time.sequence:
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where.A(x, y).is.representative.of.the.object.image.intensity.plus.a.constant.given.by.the.reference.
beam,.and.B(x, y).is.coming.from.the.real.part.of.the.object.amplitude.distribution:
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Then,.we.are.able.to.recover.the.initial.phase.distribution.ϕo.between.object.and.reference.by.
applying.a.phase-shift.algorithm.for.known.phase.shifts.and.computing.the.different.stored.inten-
sity.distributions.. In.particular,.we.have. applied. the.method. that. takes. into. account.m. intensity.
images.in.one.phase.shift.period.and.that.permits.the.recovering.of.the.initial.phase.distribution.as
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17.3.2  ExPErimEntAl rESultS

We.have.tested.the.experimental.setup.presented.in.Figure.17.9..We.used.a.Mitutoyo.infinity.cor-
rected.microscope.objective.with.0.55NA.and.40×.magnification..All.the.images.of.the.input.object.
correspond.to.a.histological.sample.of.a.mouse.small.intestine,.dissected.and.fixed.in.a.10%.for-
mol-saline.solution..Figure.17.10.shows.the.images.obtained.using.the.microscope.lens.and.without.
reference.beam..We.use.a.coherent.illumination.beam.coming.from.a.532.nm.laser.source..For.an.
initial.configuration.of.the.experimental.setup,.we.have.an.on-axis.interferogram.recorded.at.the.
CCD..Then,.we.applied.a.sawtooth.function.to.the.PZT.mirror.using.an.external.function.generator.
to.produce.the.continuous.phase.shifting.between.both.interferometric.beams..This.allows.us.to.
store.a.sequence.of.intensity.images.that.contains.the.information.of.the.different.phase.shifts.pro-
duced.by.the.PZT.mirror..The.overall.process.takes.nearly.2.seconds.to.record.18.intensity.images.
(0.11.seconds.per.image)..The.phase.shift.between.subsequent.images.is.0.11π.

After. the. image. sequence. is. stored,. we. perform. digitally. the. algorithm. (Equation. 17.13). to.
recover.the.phase.information.of.the.biological.sample.(see.Figure.17.11)..As.can.be.clearly.seen,.the.
phase.information.for.this.sample.is.much.more.relevant.than.the.amplitude.one..It.also.should.be.
noted.that.the.phase.extraction.process,.to.a.given.extent,.produces.a.cleaner.image.than.the.direct.

FIgure ��.�0  Conventional.intensity.image. FIgure ��.��  Phase. extracted. from. the. phase.
shifting.interference.microscope.
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intensity.image..This.fact.derives.from.the.implicit.removal.of.the.reference.inhomogeneities.along.
the.process.

Aside.of.the.phase.observation,.the.combination.of.amplitude.and.phase.information.includes.the.
full.information.of.the.field.of.the.sample..This.means.that.from.the.combination.of.both.images,.any.
optical.image.processing.can.be.performed.digitally..A.clear.example.is.refocusing.that.can.be.done.
by.any.conventional.Fresnel.diffraction.procedure.applied.to.this.image.[33]..One.more.possibility.
is.the.digital.reproduction.of.the.phase.visualization.techniques.that.are.usually.performed.optically,.
such.as.the.phase.contrast.or.differential.interference.contrast.(DIC).techniques..The.main.advantage.
is.that.now.the.same.system.serves.to.provide.all.possible.phase.visualization.techniques,.from.the.
obtained.phase.and.amplitude.image,.without.the.need.to.change.to.special.lenses.or.system.

Figure.17.12.depicts.two.examples.of.phase.contrast.obtained.for.the.sample.under.examination..
To.stress.the.potential.of.the.method,.we.have.performed.the.phase.contrast.with.two.different.phase.
plates.(π.and.π/2)..In.an.optical.microscope.this.involves.the.physical.change.of.the.lens,.or.even.a.
very.complex.objective.with.programmable.phase.delay..Figure.17.13.shows.the.output.of.digitally.
generated.DIC.images..This.is.very.simply.obtained.by.subtracting.two.displaced.images..In.con-
trast.with.the.optical.equivalent,.the.change.of.image.shift.as.well.as.the.image.shearing.orientation.
are.immediately.done.in.the.computer.

As.a.final.example,.Figure.17.14.shows.a.dark.field.image,.obtained.by.blocking.the.DC.term.
of.the.image.

We.can.observe.that.each.possible.technique.enhances.the.visibility.of.different.features.of.the.
sample..It.is.noteworthy.that.the.computing.time.is.extremely.low,.once.the.phase.information.is.

(a) (b)

FIgure ��.��  Digitally.obtained.phase.contrast.image..The.phase.plate.introduces.(a).π.phase.shift.and.(b).
π/2.phase.shift.

(a) (b)

FIgure ��.��  Digitally.obtained.differential.interference.contrast.image..The.shearing.is.introduced.in.the.
(a).horizontal.and.(b).vertical.axes.
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provided.by.the.optoelectronic.system..The.processing.at.most.involves.a.couple.of.digital.Fourier.
transforms,.giving.a.clear.chance.for.real-time.processing.
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18 DNA	as	a	Scaffold	for	
Nanostructure	Assembly

Michael Connolly
Integrated	Nano-Technologies,	Henrietta,	New	York,	USA

��.�  IntroductIon

Advances.in.technology.have.led.to.increasingly.smaller.levels.of.manipulation.to.achieve.greater.
results..As.this.trend.continues,.we.begin.to.approach.the.limits.of.conventional.processes.to.the.
point.where.improvements.go.from.small,.to.incremental,.to.significant..In.microelectronics,.the.
theoretical. end. of. the. silicon-based. lithographic. process. is. drawing. near,. while. in. material. sci-
ence.the.need.to.control.characteristics.beyond.the.macroscale.is.becoming.necessary.to.continue.
innovating..There.is.an.imminent.need.for.controlled.manipulation.at.the.nanoscale,.and.until.it.is.
reliably.achieved,.progress.in.some.arenas.may.plateau..Once.it.is.achieved,.however,.a.new.chapter.
in.technical.innovation.will.be.open.

Nanotechnology. has. been. put. forward. as. the. approach. to. solve. this. fabrication. problem..
Nanoscale.structures.would.be.self-assembled.from.the.“bottom-up.”.Over.the.past.several.years,.
new.materials.having.unique.properties.have.been.identified..For.example,.carbon.nanotubes.have.
extraordinary.strength.and.electrical.properties.[1–2],.and.numerous.labs.have.demonstrated.sim-
ple.patterning.of.these.materials..However,.more.complex.structures.require.a.material.capable.of.
directing.multiple.components.to.precise.locations.

Molecular.biotechnology.is.a.promising.point.from.which.nanotechnology.can.evolve,.because.
living.systems.are.successful.examples.of.atomic.and.molecular.manipulation.on. the.nanoscale..
Although. enzymes. manipulate. atoms. and. molecular. fragments. on. the. Angstrom. scale,. biologi-
cal.systems.make.their.structural.components.on.the.nanometer.scale,.where.weak.intermolecular.
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energies.direct.the.self-assembly.process..This.latter.approach.is.likely.to.be.the.simplest.motif.for.
building.the.first.nanoscale.devices.whose.synthesis.and.assembly.are.controlled,.to.a.degree,.with.
current.technology..These.objects.can.be.used.for.scaffolding.to.orient.and.juxtapose.other.mol-
ecules.to.form.devices,.mechanisms,.and.structures.[3].

Because.the.predominant.examples.of.nanotechnology.in.nature.derive.from.living.systems,.it.
is.reasonable.to.look.to.those.systems.for.the.components.of.the.first.nanotechnological.objects.and.
devices..Because.of.this,.nanotechnology,.which.can.come.from.many.routes,.is.likely.to.evolve.in.
part.from.molecular.biotechnology..The.bottom-up.approach.entails.making.objects.and.devices.on.
the.nanoscale.from.molecular.and.macromolecular.components..There.is.good.reason.to.believe.that.
this.approach.is.practical.to.some.extent,.because.living.systems.already.exemplify.its.success:.cells.
manipulate.chemical.structure.on.the.Angstrom.scale.via.their.enzymatic.proteins,.and.in.addition,.
they.contain.self-assembling.structural.components..Self-assembly. is.spontaneous..Manipulation.
that.involves.the.breaking.or.formation.of.bonds.requires.the.control.of.processes.in.which.large.
amounts.of.energy.can.be.liberated.or.consumed.[3].

Although.processes.for.manipulating,.enhancing,.and.modifying.biological.entities.exist,.they.
are.predominantly.effective.on.a.sample.en.masse,.rather.than.on.an.individual.cell.or.molecule..By.
applying.chemical,.electrical,.mechanical,.and.biological.processes,.a.volume.of.a.sample.can.be.
affected..This.is.useful.in.a.serial.manner,.but.what.about.when.a.multistep.process.is.required.to.
achieve.a.result?.Batch.processes.quickly.become.either.too.cumbersome.or.ineffective,.rendering.
the.desired.result.either.too.complicated.or.functionally.impractical..If.there.were.a.way.to.direct.
manipulation.at.the.nanoscale,.whereby.molecules.would.behave.in.a.predictable.and.reliable.fash-
ion,.the.goal.of.nanoscale.achievement.could.begin.to.be.realized.

Nature.has.been.doing.nanotechnology.for.millennia,.and.one.of.the.most.powerful.nanotech-
nology.mechanisms.is.present.in.every.living.thing..That.mechanism.is.called.Watson–Crick.base.
pairing.of.DNA..DNA.can.store.and.transfer.information,.perform.computations,.and.build.struc-
tures..These.things.already.occur.in.nature.without.human.interaction;.however,.manipulating.them.
for.a.specific.purpose.and.connecting.the.activity.to.a.useful.human.interface.is.what.lies.between.
theory.and.practical.application.

��.�  dna as a scaFFold For BuIldIng structures

Nature.has.designed.DNA.such.that.it.is.an.ideal.molecule.for.building.nanoscale.structures..Because.
of.how.the.molecule.is.constructed,.strands.of.DNA.can.be.“programmed”.to.assemble.themselves.
into.complex.arrangements.in.two.and.three.dimensions..Self-assembly.requires.information.to.be.
carried.on.the.substrates;.therefore,.the.greater.the.information-carrying.capacity,.the.greater.is.the.
complexity.of.the.structures.that.are.produced..This.specific.programmability.stems.from.the.four.
nucleic.acids.that.make.up.the.rungs.of.the.DNA.double.helix..These.four.acids.(adenine,.thymine,.
guanine,.and.cytosine).are.represented.by.the.letters.A,.T,.G,.and.C,.respectively..The.character-
istics.of.these.acids.(also.referred.to.as.nucleotides.or.bases).dictate.specific.pairings.of.A.and.T,.
and.G.and.C..Each.nucleic.acid.makes.up.one.half.of.each.rung.in.the.twisted.ladder.structure.of.a.
complete.DNA.strand..Because.each.base.will.only.match.up.with.an.appropriate.complement,.both.
naturally.occurring.and.synthesized.DNA.are.predictable.and.stable.

An.important.property.of.DNA.is. its.double-stranded.nature..Because.every.DNA.sequence.
has.a.natural.complement.(i.e.,.if.a.sequence.is.ATTACGTCG,.its.complement.is.TAATGCAGC),.
these. two. strands.will. come. together. (or.hybridize). to. form.double-stranded.DNA,.as. shown. in.
Figure.18.1.

By.producing.strands.with. the.appropriate.combinations.of.complementary.bases,.DNA.can.
be.designed.to.automatically.create.a.nearly.infinite.number.of.self-assembling.structures..These.
structures.can.be.as.simple.as.a.naturally.occurring.double.helix.or.a.highly.complex,.three-dimen-
sional.shape.
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Nadrian.C..Seeman,.Professor.of.Chemistry.
at. New. York. University,. has. published. exten-
sively.on.this.subject.and.has.put.forth.several.
models. for. using. DNA. to. create. simple,. com-
pound,.and.complex.structures..Using.a.combi-
nation.of.ligation,.restriction,.and.hybridization.
steps,. Seeman. has. been. able. to. create. three-
dimensional. structures. like. the. cube. in. Fig-
ure.18.2.[4].

A.group.of.scientists.at.The.Scripps.Research.
Institute.has.designed,.constructed,.and.imaged.
a.single.strand.of.DNA.that.spontaneously.folds.
into.a.highly.rigid,.nanoscale.octahedron.[5].

Beyond. the. specificity. and.predictability.of.
DNA,.nature.has.provided.a.comprehensive.toolbox.to.manipulate.DNA..In.fact,.nature.provides.vir-
tually.every.tool.an.engineer.would.need.to.build..Restriction.enzymes.cut.DNA.at.specific.sequences.
of.bases..Ligase.fuses.the.ends.of.two.molecules..More.complex.sets.of.enzymes.can.be.used.to.make.
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FIgure ��.�  Structure.of.DNA.

11

2

1012
9

5

1
4

3

8 6
7
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virtually. unlimited. copies. of. a. DNA. molecule..
Polymerase.chain.reaction.technology.uses.DNA.
polymerases. to. exponentially. copy. DNA. mol-
ecules.. Enzymes. facilitate. restriction. (cutting),.
ligation.(fusing),.and.polymerization.(copying).of.
DNA.strands..Numerous.site-specific.DNA-bind-
ing.proteins.can.be.used. to.mask.specific. loca-
tions.on.DNA..Other.enzymes.can.edit.mistakes.
and.twist.or.untwist.DNA..Similar.proteins.also.
work.with. ribonucleic.acid. (RNA)..When.com-
bined.with.the.macro.effects.of.temperature.and.
pH,. these. naturally. occurring. substances. pro-
vide.for.a.nearly.infinite.number.of.creation.and.
assembly.combinations.

��.�   coatIng dna wIth 
metals or plastIcs

As. discussed. earlier,. DNA. is. uniquely. suited.
for.the.formation.of.complex.three-dimensional.
structures..However,. to. produce. electronic. cir-
cuits. and. nanoscale. structures,. it. is. necessary.
to. be. able. to. alter. the. properties. of. the. DNA.
molecules..Fortunately,.DNA.reacts.with.a.wide.
variety. of. materials.. Charged. molecules. are.
attracted. to. the. negatively. charged. phosphate.
backbone..Other. reagents. react.with. the.active.
groups.on.the.bases..Yet.other.compounds.inter-
calate.between.the.stacked.bases.of.the.single-.
or. double-stranded. molecules.. Using. these.
compounds,.it.is.possible.to.alter.the.electronic.
and.physical.properties.of.the.DNA.molecules.

Over.the.last.decade,.several.research.efforts.
have.concluded.that.a.strand.of.DNA.can.act.as.
an. electrical. conductor. or. semiconductor. [6]..
During. the. same. time. period,. an. almost. equal.
number. of. studies. concluded. just. the. opposite,.
that.DNA.is.either.a.poor.conductor.or.a. resis-
tor.[7]..Although.it.is.true.that.under.certain.cir-
cumstances,.DNA.may.appear.to.carry.a.current,.
no.research.has.been.able.to.put.forth.consistent.
circumstances.under.which.DNA,.in.its.natural.
form,.is.a.reliable.conductor.

In. order. to. convert. a. DNA. molecule. into.
a. highly. conductive. wire,. researchers. at. the.
Technion.(Israel.Institute.of.Technology).began.
work.on.a.process.to.coat.DNA.with.metal..To.
instill. electrical. functionality,. silver. metal. is.
deposited.along.the.DNA.molecule,.as.shown.in.
Figure.18.3..The.three-step.chemical.deposition.

Ag+/OH–

Hydroquinone/OH–

Ag+ ions + Hydroquinone/H+

2Ag+ + Hq

Conductive silver wire

AG+ AG+ AG+ AG+

AG+
AG+AG+AG+AG+

AG+

Ag0

Ag0

Ag0

Ag0

Ag0

Ag Ag0

Ag0
Ag0

Ag0

Ag0

Ag0 Ag0

Ag0

Ag0

2Ag0 + Bq + 2H+ 

FIgure ��.�  Silver.DNA.wire.development..(From.
Braun,.E.,.Eichen,.Y.,.Sivan,.U.,.and.Ben-Joseph,.G.,.
Nature,.391,.775,.1998..With.permission.)
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process. is. based. on. selective. localization. of.
silver. ions. along. the. DNA. through. Ag+/Na+.
ion-exchange. 18. and. formation. of. complexes.
between.the.silver.and.the.DNA.bases..The.Ag+/
Na+. ion-exchange.process. is.monitored.by. fol-
lowing. the. almost. instantaneous. quenching. of.
the.fluorescence.signal.of.the.labeled.DNA..The.
ion-exchange.process,.which.is.highly.selective.
and. restricted. to. the. DNA. template. alone,. is.
terminated.when. the.fluorescence.signal.drops.
to.1.to.5%.of.its.initial.value.(the.quenching.is.
much.faster.than.normal.bleaching.of.the.fluo-
rescent.dye)..The.silver. ion-exchanged.DNA.is.
then. reduced. to. form. nanometer-sized. metal-
lic. silver. aggregates. bound. to. the. DNA. skel-
eton.. These. silver. aggregates. are. subsequently.
further. “developed,”. much. as. in. the. standard.
photographic. procedure,. using. an. acidic. solu-
tion.of.hydroquinone.and.silver.ions.under.low.
light.conditions..Such.solutions.are.metastable,.
and. spontaneous. metal. deposition. is. normally.
very.slow..However,.the.silver.aggregates.on.the.
DNA.act.as.catalysts.and.significantly.acceler-
ate.the.process..Under.the.experimental.conditions,.metal.deposition.therefore.occurs.only.along.the.
DNA.skeleton,.leaving.the.passivated.glass.practically.clean.of.silver..The.silver.deposition.process.
is.monitored.in situ.by.differential.interference.contrast.(DIC).microscopy.and.terminated.when.a.
trace.of.the.metal.wire.is.clearly.observable.under.the.microscope..The.metal.wire.follows.precisely.
the.previous.fluorescence.image.of.the.DNA.skeleton..The.structure,.size,.and.conduction.proper-
ties.of.the.metal.wire.are.reproducible.and.dictated.by.the.“developing”.conditions.[8].

The.coating.process.works.equally.well.with.compounds.other. than.metal.and.has.therefore.
been.developed.into.a.process.for.coating.DNA.for.purposes.beyond.conductivity..The.process.in.its.
most.simplified.form.(as.shown.in.Figure.18.4).is.as.follows:

. 1..Synthesized.or.naturally.occurring.DNA.is.isolated.

. 2..Positively.charged.(primary).ions.are.introduced.and.are.attracted.to.the.negatively.charged.
phosphates.(along.the.DNA.backbone).and.the.negatively.charged.NH2.on.the.bases.

. 3..Once.the.ions.attach,.the.DNA.is.rinsed.and.the.secondary.substance.is.added..This.sub-
stance.develops.(or.grows).on.the.primary.ions.creating.a.continuum.of.material.along.the.
entirety.of.the.DNA.strand.[9].

The.coated.DNA.can.now.possess.a.wide. range.of.characteristics.depending.on. the. type.of.
material.used.in.the.coating.process..The.coated.strand.can.now.bear.electrical.characteristics.of.a.
conductor,.semiconductor,.or.a.resistor.as.shown.in.Figure.18.5..Structurally.it.can.be.rigid,.semi-
rigid,.or.with.any.level.of.flexibility..By.running.a.wide.range.of.materials.through.this.process,.
DNA.becomes.an.ideal.foundation.for.both.electrical.and.structural.tasks..A.nanoscale.wire.(or.any.
other.coated.strand).by.itself.is.not.particularly.useful;.however,.once.a.reliable.process.for.coating.
DNA.was.established,.a.whole.new.world.of.possibility.was.opened.

Three.DNA.metallization.chemistries.have.been.used.to.convert.DNA.into.a.conducting.wire.
[5,8–10]..These.chemistries.fall.into.two.reaction.categories:.(1).ion-exchange.of.a.metal.(silver).ion.
for.the.positive.sodium.counterion.associated.with.the.phosphate.groups.of.the.DNA.backbone.and.
(2).formation.of.a.covalent.bond.between.a.metal.ion.(palladium.or.platinum).and.amine.groups.

(1)

(2)

(3)

FIgure ��.�  DNA.coating.(1).interdigitated.wires.
DNA.strand..(2).Oligonucleotide.probes.primary.ions.
applied.. (3). Hybridized. target. secondary. material.
developed.on.the.primary..(From.Keren,.K.,.Berman,.
R.,.Buchstab,.E.,.Sivan,.U.,.and.Braun,.E.,.Science,.
302,.1380–1382,.2003..With.permission.)
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of. the.DNA.bases.. In.both. cases,. the. attached.
ions.are.reduced.to.form.a.metal.that.can.act.as.
a.catalytic.site.for.the.deposition.of.an.alternate.
metal.on.the.surface.of.the.DNA.[11].

��.�   sodIum–sIlver 
Ion exchange

A.silver-catalyzed.gold.chemistry.has.also.been.
studied. [8].. This. chemistry. also. involves. ion.
exchange.of.silver.ions.for.sodium.followed.by.
reduction. with. hydroquinone.. In. this. case,. the.
particles. of. metallic. silver. are. incubated. in. a.
three-part. solution. containing.potassium. tetra-

chloroaurate.to.develop.gold.on.the.surface.of.the.DNA..Keren.et.al..[9].performed.electronic.testing.
on.such.metalized.DNA.and.reported.ohmic.behavior.with.a.resistance.of.25.Ω .for.a.2.5. µ m-long.
wire.at.a.voltage.of.0.to.2.mV..This.chemistry.has.also.been.shown.to.form.60.to.70.nanometer-
sized.gold.particles.along.the.surface.of.DNA.with.no.background.deposition.elsewhere..However,.
a. problem.was. encountered.with. a.precipitate.of.gold. thiocyanate.produced.during. synthesis.of.
the. tetrachloroaurate. solution..This.precipitate. is. formed.as.particles.with.diameters. ≤0.8. µ m.
and.then.redissolved.into.a.phosphate.buffer..If.these.particles.are.not.completely.redissolved.or.
removed.before.metallization,.they.can.cause.aberrant.results.

��.�  palladIum–amIne covalent BIndIng

Another.metallization.chemistry.[9–11].involves.the.formation.of.a.covalent.bond.between.palladium.
and.platinum.ions.and.the.amine.groups.of.DNA.bases..A.solution.of.palladium.acetate.is.mixed.
with.a.solution.of.DNA,.and.the.palladium.ions.become.associated.with.DNA.by.forming.covalent.
bonds.with.the.amine.groups.of.the.DNA.bases..Subsequent.reduction.of.the.palladium.ions.allows.
them.to.form.autocatalytic.sites.for.the.deposition.of.a.palladium.metal.coating.on.the.surface.of.the.
DNA..Reduction.of.the.palladium.bonded.to.the.DNA.results.in.very.small.metal.deposits.of.palla-
dium..However,.there.may.not.be.enough.metal.to.form.a.continuous.conducting.wire.after.a.single.
treatment.with.the.palladium.acetate.solution..The.initial.palladium.deposits.can.serve.as.catalytic.
sites.for.the.further.deposition.of.palladium..Subsequent.rounds.of.treatment.with.palladium.acetate.
and.the.reducing.agent.enhance.these.deposits.with.additional.metallic.palladium.

Richter.et.al..[12,13].electrically.characterized.wires.formed.by.the.palladium-catalyzed.depo-
sition.of.palladium.on.lambda.DNA.immobilized.between.gold.electrodes.with.an.interelectrode.
gap.of.5.to.10. µ m..DNA.was.dried.on.the.surface.of.a.comb-shaped.contact.structure.so.that.the.
DNA.strands.were.perpendicular.to.the.gold.electrodes..Palladium.metallization.was.then.carried.
out.on.the.microchips.and.voltages.applied.across.the.wires..Applied.voltages.in.the.range.of.tens.
of.millivolts.produced.currents.in.the.range.of.tens.of.microamps..Resistance.measurements.were.
reported.for.individual.wires.by.comparing.the.system.resistance.before.and.after.individual.wires.
were.broken..Resistance.measurements.were.made.for.more.than.100.wires.and.all.showed.ohmic.
behavior.at.room.temperature..Data.showed.that.a.diameter.of.approximately.50.nm.is.sufficient.
to.achieve.continuous.metallization.of.the.DNA..Although.the.initial.resistance.of.the.wires.was.
proportional. to. their. length,.none.of. the.wires.exhibited. resistance. less. than.5.kΩ ,. even.when.
wire.diameter.was.increased.to.200.nm..These.higher.resistances.were.attributed.to.contact.resis-
tances.between.the.palladium.wire.and.the.gold.electrodes.when.electron-beam–induced.carbon.
lines.were.written.over.the.ends.of.the.wires.where.contact.was.made.with.the.gold.electrodes..
The. resistance.of. individual.wires.was. less. than.1.kΩ ..For.example,.a.16.5. µ m.wire.with.an.

FIgure ��.�  Scanning.electron.micrograph.(SEM).
of.metal-coated.DNA.
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average.diameter.of.50.nm.had.a.resistance.of.743.Ω ..The.two-terminal.I–V.curve.of.this.wire.
was.recorded.after.cutting.all.other.wires..Linear.current–voltage.dependence.was.observed.for.
bias.voltages.down.to.1.mV,.and.no.evidence.of.a.nonconducting.region.or.diode-like.behavior.was.
found.at.room.temperature.

��.�  patternIng materIals on dna

To.fully.take.advantage.of.DNA.as.a.substrate,.one.would.like.to.direct.coatings.to.specific.regions.
of.the.DNA.molecule..Reaching.into.nature’s.toolbox,.it.is.possible.to.mask.regions.of.the.DNA.
molecule.using.sequence-specific.DNA-binding.proteins..During. the.synthesis.of. the.DNA.mol-
ecules,.binding.sites.for.masking.proteins.are.engineered.into.the.molecules..With.the.engineered.
molecules,.it.is.possible.to.mimic.the.lithography.process.on.DNA.to.produce.structures.with.more.
than.one.coating.on.a.DNA.molecule..Nanoscale.electronic.components.are.created.through.the.
multistep.process.outlined.below.[14]:

. 1..A. specifically. designed. DNA. strand. is. synthesized. with. single-stranded. “tailed”. ends..
These.ends.will.be.used.in.the.self-assembly/manipulation.process.once.the.component.is.
created.

. 2..Blocking.proteins.are.applied.to.specific.locations.along.the.strand,.providing.a.mask.from.
the.coating.process..Depending.on.the.complexity.of.the.component,.several.different.pro-
teins.may.be.used.

. 3..Once.the.proteins.are.applied,.the.first.coating.step.is.applied.to.the.unblocked.section.of.
DNA.

. 4..The.masking.proteins.are.removed.with.enzymes.

. 5..The.now-exposed.area.is.coated.with.the.
next.coating.material..Steps.4.and.5.may.
be. repeated. several. times. to. achieve. the.
desired.characteristics.

. 6..Once. the. internal. areas. are. coated,. the.
blocking.proteins.on.the.ends.are.removed.
and. the. nanoscale. component. is. created.
(see.Figure.18.6).

Proper.design.of.the.components.is.the.key.
to. assembly.. The. unique. ends. of. each. compo-
nent. will. only. bond. to. its. intended. counter-
part..Designs.can.create.circuits.in.two.or.three.
dimensions.and.can.be.independent.(free.float-
ing).or.be. joined. to.a.substrate. like.silicon.for.
connection.to.more.conventional.circuitry..With.
complete. circuits. thousands. of. times. smaller.
than.their.conventional.counterparts,.an.entirely.
new.(previously.unthinkable).world.of.develop-
ment.is.created.

In. 2002,. Keren. et. al.. [9]. demonstrated. a.
detailed. masking. process. for. creating. DNA-
based.electronic.components..A.region.of.DNA.
was. coated. with. RecA. protein.. The. DNA. was.
then.exposed.to.silver.nitrate,.and.then.gold.was.
deposited.onto.the.regions.of.DNA.unprotected.

1. Synthesized DNA strand with tailed ends 

2. Proteins applied to the ends and center 

3. Unblocked section of DNA, metallized 

4. Center proteins removed 

5. Electrical material applied to exposed center 

6. End proteins removed, component created

FIgure ��.�  DNA. patterning. process.. (From.
Thorstenson,.Y.R.,.Hunicke-Smith,.S.P.,.Oefner,.P.J.,.
and. Davis,. R.W.,. Genome Res.,. 8,. 848–855,. 1998..
With.permission.)

7528.indb   219 6/27/08   11:11:16 AM



��0	 Bionanotechnology

by.RecA..The.RecA.protein.was.then.removed.to.expose.an.uncoated.region.of.the.DNA.molecule..
This.demonstration.of.sequence-specific.lithography.on.a.single.molecule.was.an.important.step.
toward.DNA-templated.electronics.

In.November.2003,.the.same.group.took.the.approach.further.with.the.creation.of.a.DNA-tem-
plated.field.effect.transistor.(FET)..The.details.of.the.FET.creation.are.summarized.here.

Assembly.of.a.DNA-templated.FET:

. 1..RecA.monomers.polymerize.on.a.ssDNA.molecule.to.form.a.nucleoprotein.filament.

. 2..A.homologous.recombination.reaction.leads.to.binding.of.the.nucleoprotein.filament.at.the.
desired.address.on.an.aldehyde-derivatized.scaffold.dsDNA.molecule.

. 3..The.DNA-bound.RecA.is.used.to.localize.a.streptavidin-functionalized.single-walled.nano-
tubule.(SWNT),.utilizing.a.primary.antibody.to.RecA.and.a.biotin-conjugated.secondary.
antibody.

. 4.. Incubation.in.an.AgNO3.solution.leads.to.the.formation.of.silver.clusters.on.the.segments.
that.are.unprotected.by.RecA.

. 5..Electroless.gold.deposition,.using.the.silver.clusters.as.nucleation.centers,. results. in. the.
formation.of.two.DNA-templated.gold.wires.contacting.the.SWNT.bound.at.the.gap.(Fig-
ure.18.7).[9].

These. DNA-based. components. can. be. synthesized. in. solution. and. then. combined. to. make.
electronic.circuits..As.indicated.above,.single-stranded.DNA.ends.can.be.protected.using.single-
stranded.DNA.binding.protein.(SSB).to.leave.the.ends.available.for.binding.with.other.components..
The. single-stranded. regions. are. designed. to. specifically. bind. to. the. end. of. another. component..
Using.this.approach,.it.is.possible.to.create.self-assembling.electronic.circuits.or.devices.in.solution.
(see.Figure.18.8).

(1) RecA Polymerization

(2) Homologous recombination

(3) Localization of a SWNT using antibodies

(4) RecA protects against silver reduction

(5) Gold metallization

ssDNA

dsDNA

RecA

+

biotin
antimouse

anti
RecA

Streptavidin-
SWNT

+

+

+

AgNO3

Ag

AuSWNT
KAuCI4+

KSCN+HQ

FIgure ��.�  Assembly.of.a.DNA-based.field.effect.transistor..(From.Keren,.K.,.Berman,.R.,.Buchstab,.E.,.
Sivan,.U.,.and.Braun,.E.,.Science,.302,.1380–1382,.2003..With.permission.)
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��.�   coated dna structures In practIce—pcr-Free, 
BIologIcal detectIon, and IdentIFIcatIon systems

A.growing.percentage.of. the. things. that. threaten.health,. safety,. economy,. and.national. security.
are.nearly.invisible..From.bacteria.on.a.piece.of.uncooked.chicken,.to.a.stranger.with.a.contagious.
cough,.to.the.looming.threat.of.bioterrorism,.pathogens.can.cause.disease.ranging.from.a.simple.
inconvenience.to.a.catastrophic.pandemic..Because.of.their.size,.detection.and.accurate.identifica-
tion.of.biological.pathogens.is.difficult.through.traditional.means..Current.technology.has.proven.
moderately.accurate,.but.often.too.slow.to.be.effective.in.many.situations.

A.technology.that.could.read.the.DNA.from.a.sample.and.rapidly.and.accurately.identify.the.
organisms.therein.would.address.this.problem..Using.the.mechanisms.discussed.previously.in.this.
chapter,.a.system.has.been.developed.with.these.capabilities..Currently,.polymerase.chain.reaction.
(PCR).amplification.followed.by.fluorescent.analysis.is.the.most.common.method.of.DNA.iden-
tification..PCR.is.a.well-understood.and.reliable.laboratory.process,.but.it.is.highly.susceptible.to.
contamination,.is.labor.intensive,.and.requires.a.skilled.operator.and.specialized.equipment..It.is.
best.suited.for.use.within.a.laboratory.or.other.controlled.environment..Attempts.to.deploy.PCR.to.
field.environments.have.proven.largely.ineffective.

This.electronic.approach.to.detection.and.identification.of.biological.organisms.actually.uses.
DNA.to.identify.DNA..This.sensor.technology.does.not.require.any.PCR.and.is.rapid.and.highly.
accurate..The.sensor.uniquely.combines.a.biological.event.(DNA.hybridization),.a.chemical.event.
(metal.coating),.and.microelectronics,.to.electronically.produce.a.strong.electrical.signal.that.indi-
cates.the.presence.of.an.organism.[16].

The.sensor.consists.of.oligonucleotide.probes.attached.to.multiple.pairs.of.interdigitated.elec-
trodes.on.a.microchip..Biological.samples.are.processed.to.produce.a.solution.of.DNA.fragments.
that.are.passed.over.the.sensor’s.surface..Hybridization.of.a.target.DNA.to.the.DNA.capture.probes.
bound. to. the. electrodes. forms. a.DNA.bridge. connecting. the. two.electrodes..Coating. this.DNA.
bridge. with. metal. converts. it. to. a. conductive. wire. (Figure.18.9).. The. sensor. is. then. electrically.
analyzed.to.determine.if.any.bridges.have.formed..When.as.little.as.one.bridge.is.formed.and.metal-
ized,.the.electrical.resistance.of.the.sensor.is.reduced.more.than.1000-fold.

Once.prepared,.the.DNA.is.introduced.to.the.chip.surface.containing.capture.probes.comple-
mentary.to.a.DNA.target.sequence..Hybridization.occurs.with.a.high.degree.of.specificity.because.
(1).two.complementary.binding.events.are.required.(one.to.each.electrode).and.(2).the.DNA.frag-
ment.must.be.of.sufficient.length.to.span.the.interelectrode.gap.

Because.DNA.by.itself.is.not.a.reliable.conductor.[7],.the.DNA.must.be.made.conductive.using.
the.coating.techniques.previously.discussed..The.decreased.resistance.of.test.structures.with.metal-
ized.(coated).DNA.bridges.indicates.the.presence.of.a.target.DNA..Several.metallization.chemistries.

DNA-based resistor

DNA/histone-based inductorDNA-based transistorDNA-based diode

FIgure ��.�  DNA-based,. nanoscale,. electronic. components.. (From.Thorstenson,. Y.R.,. Hunicke-Smith,.
S.P.,.Oefner,.P.J.,.and.Davis,.R.W.,.Genome Res.,.8,.848–855,.1998..With.permission.)
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have.been.developed.for.use.with.the.biosensor.focusing.on.the.ideal.balance.of.rapid.reaction.time,.
minimal.background,.and.no.adverse.effect.on.hybridization.

The.final.step.in.the.process.is.to.measure.the.electrical.resistance.of.each.of.the.test.structures..
Voltage.is.applied.to.one.of.the.two.electrodes.in.each.test.structure,.and.the.resistance.is.obtained.
by.probing.the.opposite.electrode..It.has.been.observed.that.a.single.DNA.bridge.formation.results.
in.at.least.a.1000-fold.reduction.in.resistance.on.the.test.structure.

Other.groups.have.developed.technologies.that.rely.on.electronic.signals.for.the.detection.of.
modified.DNA.[17–19],.but. these.systems.are. limited.by.a. requirement. for.a.high.concentration.
of.target.DNA.within.the.sample..Motorola.used.a.gold.electrode.to.form.a.complicated.sandwich.
of. target.and. reporter.probes. that.contained. ferrocene.capable.of.donating.electrons. [19].. In. the.
presence.of.a.specific.target.DNA,.ferrocene.reporters.donated.electrons.that.were.captured.by.the.
gold.electrode..However,. in. this.system,.many.molecules.of. target.DNA.were.required.to.gener-
ate.enough.electrons.to.give.a.robust.signal..Park.et.al..[10].reported.an.electronic.DNA.detection.
technology.based.on.a.gold.sol.hybridization.technique..Gold.sols.were.used.to.immobilize.specific.
target.DNAs.from.solution.to.gold.surfaces.in.between.two.electrodes..Silver.was.then.deposited.on.
the.gold.sols.to.close.the.electrode.gap.and.form.a.conductive.bridge..This.technique.also.required.
a.high.concentration.of.specific.target.DNA.molecules.to.capture.sufficient.gold.sols.to.produce.an.
electrical.signal.

The.approach.detailed.above.is.not.dependent.on.the.presence.of.a.high.concentration.of.target.
DNA.within.the.sample,.and.it.has.a.high.signal-to-noise.ratio..In.this.approach,.prior.amplification.
of.the.target.DNA.is.unnecessary..The.target.DNA.forms.the.connection.between.the.two.electrodes.
and.is.converted.to.a.conductive.wire.by.direct.metallization..Thus,.in.theory,.with.this.technology.
it.might.be.possible.to.detect.even.a.single.hybridization.event.

��.�  components

The.biosensor.system.is.built.around.a.two-component.design:.a.self-contained.disposable.test.
cartridge.and.an.analyzer.into.which.the.cartridge.is.loaded.for.testing..Within.each.test.cartridge,.
there.is.a.simple.silicon.chip.with.multiple.independently.addressable.test.structures.arrayed.upon.
it..Current.chip.architecture.supports.14.and.64.test.structures,.each.of.which.may.test.for.the.
same.or.multiple-target.organisms.simultaneously..Each.independently.addressable.test.structure.
measures.about.400.×.400.µm..The.next.chip.in.development.will.have.more.than.250.indepen-
dently. addressable. test. structures.with. embedded. logic. that.will. permit. quantitation. assays. in.
addition.to.identification.

The.scanning.electron.micrographs.(SEMs).of.the.sensors.after.metallization.reveal.the.conduc-
tive.nanowires.formed.between.electrodes.when.a.target.biological.is.present..Figure.18.10.shows.a.
test.structure.of.target.DNA.hybridized.to.capture.probes,.and.Figure.18.11.shows.a.magnified.view.
of.a.single.wire.(20.to.40.nm.in.diameter).

The.system.has.successfully.demonstrated.electronic.detection.of.gene.targets.from.samples.
of.genomic.DNA.from.Bacillus anthracis..No.amplification.of.the.target.sequences.is.performed.
before.detection..Current.research.involves.an.expanding.list.of.pathogens.

Metallized bridgeHybridized targetOligonucleotide probesInterdigitated wires

FIgure ��.�  DNA/electronic.biosensor.process.
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��.�  sample preparatIon

For.a.sample.to.be.read.by.the.electronic.biosensor,.preparation.requires.efficient.release.and.isola-
tion.of.DNA.and.breaking.the.DNA.down.to.an.appropriate.size..Because.the.system.does.not.require.
amplification.of.the.target.nucleic.acid.molecules,.sample.preparation.and.processing.requirements.
can.be.incorporated.into.a.simple,.automated.procedure..Most.inhibitors.of.the.enzymes.required.
for.amplification.will.not.have.an.effect.on.the.process.utilized..Additionally,.detergents.and.organic.
solvents.can.be.used.to.decrease.nonspecific.binding.and.inhibit.degradation.of.target.nucleic.acid.
molecules,.especially.RNA.targets.

There.are.several.effective.methods.for.releasing.DNA.from.cells,.including.chemical.lysis.and.
sonication..Chemical.lysis.works.well.for.human.cells,.common.bacteria,.and.viruses..Sonication.
is. more. effective. for. disrupting. bacterial. spores.. For. most. samples,. chemical. disruption. is. suf-
ficient..After. lysis,. the.sample.is.filtered.to.remove.anything.in.the.sample.that.could.aberrantly.
short.the.sensors..Again,.because.the.system.does.not.use.enzymes,.it.is.not.necessary.to.remove.

512 × 480
10 µm

KV17F10.TIF
20 KV 16 mm×3000

FIgure ��.�0  Thousands.of.DNA.bridges.on.a.sensor.

2 µm×10000
512 × 480

20 kV 15 mm
C010C.I IF

FIgure ��.��  Single.DNA.bridge.

7528.indb   223 6/27/08   11:11:27 AM



���	 Bionanotechnology

all. chemical. contaminants.. Furthermore,. the.
nucleic. acid.analog.probes.are.not. affected.by.
salt.concentrations.

The. released. DNA. must. be. sheared. to. a.
length. that. works. with. the. BioDetect. sensor..
Current. DNA. fragment. size. is. between. 1000.
and. 6000. base. pairs. in. length.. Future. chip.
designs. will. lower. the. required. target. DNA.
length.to.several.hundred.base.pairs..A.mechan-
ical.shearing.method.provides.fragments.within.
the.desired.ranges.[15,20]..This.method.involves.
pushing.DNA.through.a.small.bore.opening.into.
a.larger-bore.vessel..The.average.length.can.be.
controlled.by.changes.to.flow.rate.and.the.size.of.
the.opening..The.resulting.fragments.fall.within.
a.twofold.size.distribution.

The. sheared. DNA. is. then. moved. into. the.
hybridization.chamber.where.it.can.bind.to.the.
test. sites. on. the. sensor.. The. DNA. is. manipu-
lated. by. mechanical. mixing,. electrical. fields,.
and.pulsing.of.the.fluids..After.hybridization,.all.
unbound.DNA.is.washed.into.a.waste.chamber.

In. summary,. the. system. requires. minimal.
sample. preparation.. The. process. that. involves.
cell. lysis,. DNA. shearing,. and. filtering. can. be.
accomplished. in. a. single. pass. through. a. car-
tridge.that.can.be.integrated.with.the.detection.
sensor. to. produce. a. fully. automated. system.
(Figure.18.12).

��.�0  Future capaBIlItIes

The.system.can.be.highly.multiplexed.to.test.for.
numerous. biological. agents. simultaneously,. to.
provide.confirmatory. tests. for.different.unique.
sequences. from.a. target.organism,.and. to.pro-
vide.highly.accurate.and.quantitative.results.

The. new. design. under. development. will.
incorporate.CMOS-based.logic..This.will.allow.
the.system.to.produce.highly.multiplexed.results.
quickly.and.inexpensively.using.a.combination.
of. on-chip. logic,. statistics,. and. bioinformat-
ics.. The. logic. chips. will. have. 256. separately.

addressable.test.sites..Future.chips.may.have.several.thousands.of.test.sites.with.each.site.possessing.
a.unique.set.of.probes..Additionally,.each.test.site.will.be.subdivided.into.thousands.of.subsensors,.
allowing.for.the.collection.of.data.for.statistical.and.quantitative.analysis..The.data.will.be.analyzed.
using.algorithms.that.will.weigh.results.from.the.various.sensors.and.calculate.the.statistical.level.
of.certainty.of.a.positive.or.negative.result.and.provide.quantitative.results..Error-recognition.soft-
ware.will.be.utilized.to.recognize.patterns.from.handling.damage.to.electrical.signals.from.debris,.
further.increasing.the.reliability.of.the.system.

Sample injection

Cell lysis

Filtration

DNA shearing

Hybridization and detection

FIgure ��.��  DNA.sample.preparation. for. elec-
tronic.detection.
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Due.to.the.ability.to.multiplex,.the.system.can.provide.for.more.information.regarding.an.agent.
than.simply.a.yes.or.no.identification..Through.the.proper.design.of.probe.sets,.the.chips.can.identify.
genetically.altered.organisms,.determine.drug.resistances,.and.even.provide.a.taxonomic.analysis.
of.an.unknown.organism.

This.detection.system.provides.a.glimpse.into.the.possibilities.of.DNA-based.nanostructures..
Using.a.simple.nanowire.based.on.a.naturally.occurring.strand,.the.system.provides.a.significant.
advance.over.current.technologies,.matching.or.exceeding.the.sensitivity.and.accuracy.of.PCR-based.
assays.in.the.field.while.delivering.the.speed,.portability,.and.ease-of-use.of.much.simpler.assays.

��.��  conclusIon

DNA-directed.assembly.is.making.the.promise.of.self-assembling.nanosized.devices.a.reality..The.
ability.to.realize.the.dream.of.self-assembly.allows.for.low-cost.fabrication.of.simple.devices.that,.
to.date,.could.not.be.produced..DNA-based.nanoelectronics.and.mechanisms.will.start.appearing.
in.products.in.the.foreseeable.future..Research.and.development.in.this.arena.hold.the.promise.of.
great.possibilities..Imagine.materials.that.can.communicate.with.the.devices.that.they.are.made.up.
of,.nanoscale.machines.that.can.accurately.perform.medical.tasks.currently.dependent.on.high-risk.
surgery,.high-efficiency.hydrogen.fuel.cells,.radio-frequency.identification.(RFID).tags.embedded.
into.products.at.the.material.level,.virtually.eliminating.time.spent.checking.out.in.stores..These.
things.and.many.more.are.not.only.possible.but.are.likely.in.a.world.where.DNA-based.nanoelec-
tronics.are.used..The.example.of.the.DNA.sensor.system.is.only.the.beginning.of.the.kinds.of.things.
that.are.possible.as.this.exciting.new.arena.begins.to.take.shape.
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��.�  proteIn-Based devIces

Protein-based.photonic.devices.gain.comparative.advantage.from.the.unique.properties.of.proteins,.
and.the.fact.that.nature.has.optimized.many.proteins.for.the.efficient.conversion.of.light.to.struc-
tural.changes..Additional.advantages.derive.from.the.fact.that.many.proteins.produce.a.voltage,.a.
current,.or.a.change.in.polarizability.in.response.to.light.absorption,.and.carry.out.this.function.with.
a.high.quantum.efficiency.and.speed.[1]..More.recently,.investigators.have.been.approaching.the.use.
of.proteins.in.device.applications.from.the.perspective.that.nature.has.provided.a.template.for.opti-
mization.rather.than.a.material.with.optimal.properties..This.view.is.made.possible.by.significant.
advances.in.genetic.engineering.and.the.use.of.techniques.such.as.directed.evolution..The.combina-
tion.of.in vitro.genetic.diversification.with.tunable.selective.pressures.has.enabled.investigators.to.
tailor.biological.macromolecules.for.electronic.and.photonic.device.applications.[2–5].

The.topic.of.this.brief.chapter.is.bacteriorhodopsin.(BR).and.the.use.of.genetic.engineering.to.
optimize.the.protein.for.devices.that.are.based.on.the.long-lived.Q.state..BR.is.grown.by.the.halo-
phile.archaeon.Halobacterium salinarum,.which.uses.the.protein.as.a.solar.energy.converter.[6]..H. 
salinarum.has.survived.on.Earth.for.more.than.3.billion.years.and.has.evolved.a.light-transducing.
protein. that.has. intrinsic.properties. appropriate. to.device. applications..These.properties. include.
high.quantum.efficiency,.thermal.stability,.and.photochemical.cyclicity.that.combine.to.make.the.
native.protein.useful.for.making.thin-film.memories.[7,8],.photovoltaic.converters.[9],.holographic.
processors.[10],.artificial.retinas.[11–13],.associative.memories.[14],.logic.gates.[15],.and.protein-
semiconductor.hybrid.devices.[16]..In.all.cases.investigated,.however,.a.genetically.or.chemically.
modified.form.of.the.protein.outperforms.the.native.protein.when.a.systematic.study.is.carried.out.
to.identify.or.create.an.optimized.variant.[17,18]..There.are.a.number.of.techniques.currently.used.
to.make.modifications.to.the.structure.of.proteins.at.different.levels.of.variability..These.techniques.
include.site-directed,.semirandom,.and.random.mutagenesis..However,.the.most.efficient.technique.
in.optimizing.the.structure.or.function.of.biological.materials.is.known.as.directed.evolution.where.
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repeated.mutagenesis.experiments.of.screening.and.selection.yield.a.material.with.a.particular.char-
acteristic.[3]..In.this.chapter,.mutagenesis.techniques.are.discussed.as.a.method.for.the.optimization.
of.BR.for.use.in.biomolecular.devices.

��.�  BacterIorhodopsIn

Bacteriorhodopsin. is. a. membrane-bound. protein. with. seven. transmembrane. helices,. 248. amino.
acid.residues,.and.a.chromophore.(retinal).covalently.bound.via.a.protonated.Schiff.base.linkage.
to.Lys-216.near.the.center.of.the.protein..BR.is.used.by.H. Salinarum.as.a.photosynthetic.protein..
Upon.the.absorption.of.light,.this.protein.pumps.protons.across.the.cell.membrane..The.resulting.
pH.gradient.is.used.to.convert.ADP.and.inorganic.phosphate.into.ATP.[6]..The.primary.photochem-
ical.event.involves.the.photoisomerization.of.the.chromophore.from.all-trans.to.13-cis,.which.forms.
the.ground.state.species.called.K.(Figure.19.1)..The.proton-pumping.process.then.takes.place.in.the.
dark.through.a.complex.photocycle.as.shown.in.Figure.19.1..Figure.19.1.also.shows.the.branched.
photocycle.involving.the.P.and.Q.states.[19]..The.change.in.the.absorption.maximum.of.each.inter-
mediate. is. caused. by. three. factors:. the. conformation. and. protonation. state. of. the. chromophore.
(indicated.under.the.absorption.max.in.Figure.19.1),.protonation.changes.of.amino.acids.near.the.
chromophore,.and.other.protein–chromophore.interactions.[20]..Note.that.the.symbol.bR.is.used.to.
reference.the.light-adapted.resting.state.of.bacteriorhodopsin.and.the.symbol.BR.is.used.to.refer-
ence.the.protein.or.a.protein.variant.in.an.undefined.state.

The.two.states.of.primary.interest.for.photonic.applications.are.the.blue-shifted.M.and.Q.states..
In.general,.the.M.state.is.used.for.real-time.holographic.devices.and.memories.[10,17,21,22],.and.
the.Q.state,.the.long-lived.state.within.the.“branched.photocycle,”.is.used.for.both.long-term.holo-
graphic.storage.and.three-dimensional.memories.[11,19]..The.M.state.has.significant.advantages.for.
holography.because.it.is.produced.with.high.quantum.efficiency.(0.65).and.generates.a.significant.
change.in.refractive.index.(Figure.19.2)..A.thin.film.of.BR.adjusted.to.have.an.absorptivity.of.5.at.
280.nm.produces.a.film.with.a.6.4%.holographic.efficiency.at.670.nm..The.only.disadvantage.is.that.
the.holographic.image.is.relatively.short-lived.(milliseconds.to.hours),.and.M-state.holograms.find.
primary. application. in. real-time.holographic.processing. [10,17,21,22]..A. single.mutation. involv-
ing.the.replacement.of.Asp96.with.Asn.(D96N).has.generated.one.of.the.most.useful.holographic.
materials.known.[17]..Long-term.holography.and.data.storage.are.carried.out.using.the.branched.
photocycle.to.form.the.Q.state.(Figure.19.1)..The.branching.reaction.from.O.to.P.is.the.gateway.to.
the.Q.state.and.involves.an.all-trans.to.9-cis.photochemical.event..The.Q.state.is.unique.because.
the.chromophore.separates.from.the.covalent.bond.to.the.protein.to.form.an.isolated.9-cis.retinal.
chromophore,.which.remains.caged.in.the.binding.site..The.Q.state.is.a.very.long-lived.blue-shifted.
intermediate.that.has.a.lifetime.of.many.years.at.ambient.temperature.(Figure.19.2)..Because.this.
state. has. a. lower. oscillator. strength. and. is. blue. shifted. relative. to. the. M. state,. the. holographic.
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efficiency.of.comparable.BR.films.based.on.Q-state.formation.is.higher.(8.5%).than.M-state.films.
(see.Figure.19.2)..Furthermore,.the.Q.state.has.additional.uses.as.a.binary.storage.component.in.
three-dimensional.memories..Space.constraints.prevent.a.detailed.discussion.of.the.three-dimen-
sional.memory,.and.the.interested.reader.is.directed.to.the.literature.[3,11].for.details.

Holographic.systems.based.on.the.M.state.and.the.D96N.variant.are.near.optimal.for.real-time.
holography.[10,17,21,22]..But. the.native.protein.can.also.be.used.for. real-time.holography.with.
adequate. results.. In. contrast,. competitive.devices.based.on. the.Q.state. cannot.be.generated.by.
using.the.native.protein..Some.form.of.chemical.or.genetic.optimization.of.the.protein.is.required.
to.create.a.viable.system.[3,11]..The.problem.can.be.explained.by.reference.to.Figure.19.1..Note.
that.the.only.method.of.generating.Q.is.via.a.branching.reaction.involving.photoconversion.of.the.
red-shifted.O.intermediate..In.the.native.protein,.the.O-state.concentration.rarely.exceeds.3.to.5%.
of. the.activated.protein.concentration,.and. thus. the.O.→.P.photoreaction. is.compromised.by.a.
lack.of.available.O.states..One.of.the.first.characteristics.that.needs.to.be.optimized.is.the.O-state.
concentration,.and.the.remaining.portion.of.this.chapter.will.focus.on.methods.to.manipulate.the.
formation.and.decay.kinetics.of.this.red-shifted.intermediate..In.addition,.the.quantum.efficiency.
of.the.O.→.P.all-trans.to.9-cis.photochemistry.is.a.problem,.but.one.that.can.be.addressed.by.using.
site-directed.mutagenesis.

��.�  proteIn optImIzatIon vIa mutagenesIs

Genetic.modifications.can.be.created.by.using. site-directed. (SDM).or. semirandom.mutagenesis.
(SRM).to.insert,.delete,.or.more.often,.replace.one.or.more.residues..SDM.is.a.method.that.carries.
out. the.substitution.of.a.given. residue.with.a.specific. replacement. residue,.normally. involving.a.
single.site..Using.a.commercially.available.mutagenesis.kit,.protein.variants.are.easily.engineered.
once.an.expression.system.for.protein.production.is.in.place..SDM.requires.mutation.of.the.pro-
tein.coding.sequence,.then.expression.of.this.gene.in.a.host.(Escherichia coli.or.H. salinarum).for.
protein.production..Because.of.the.large.number.of.mutations.that.are.possible,.SDM.methods.are.
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not.useful.tools.for.protein.optimization.unless.a.good.structure–function.model.of.the.protein.is.
available.to.guide.mutation..In.most.cases,.theory.is.incapable.of.accurately.predicting.the.impact.
of.a.given.mutation,.and.hence.SDM.plays.a.minor.role.in.protein.optimization.

Semirandom. mutagenesis. or. saturation. mutagenesis. allows. each. amino. acid. in. a. specified.
region. to.be.mutated.with.an.equal.probability,. leaving. the. rest.of. the.protein.unchanged..SRM.
generates.a.large.number.of.mutant.proteins.and.therefore.requires.an.effective.screening.method.
to.analyze.the.photokinetic.properties.of.a.library.of.mutations..In.some.cases,.it.is.more.efficient.
to.generate.mutations.throughout.the.entire.protein..Error-prone.polymerase.chain.reaction.(PCR).
is.one.such.technique.and.introduces.mutations.at.a.frequency.from.1.to.20.mutations.per.1.kb.by.
enhancing.the.natural.error.rate.of.polymerase.(usually.Taq).by.the.modification.of.standard.PCR.
methods.[23]..In.the.case.of.BR,.there.is.enough.structural.and.prior.mutagenesis.work.to.preempt.
the.need.for.a.purely.random.search..For.example,.we.know.that.residues.in.the.region.from.190.
to.210.are.involved.in.the.exit.channel.of.the.protein..Thus,.it.is.not.surprising.that.the.mutation.of.
residues.in.this.region.has.a.profound.impact.on.the.lifetime.of.the.O-state,.which.must.transfer.a.
proton.from.Asp85.into.this.region.prior.to.reformation.of.the.bR.resting.state..Carrying.out.random.
mutagenesis.in.this.region.has.a.much.higher.probability.of.generating.long-lived.O-state.mutants.
than.random.mutations.throughout.the.entire.protein..As.we.explore.in.the.next.section,.directed.
evolution.may.offer.the.best.combination.of.efficiency.and.speed.in.finding.an.optimal.mutation.or.
set.of.mutations.

��.�  dIrected evolutIon

Biological. systems. have. evolved. over. the. past. 3. billion. years. via. an. algorithm. of. mutation. and.
natural.selection.[23]..Present-day.mutagenesis.techniques.and.in vitro.recombination.methods.are.
aimed.to.mimic.the.genetic.diversification.that.occurs.in.natural.ecosystems..The.major.advantage.
to.the.artificial.creation.of.genetic.diversity.is.its.attenuated.timescale,.relative.to.natural.mutation.
rates..Countless.mutations.can.be.inserted.into.the.genetic.code.of.nearly.any.biological.macromol-
ecule.in.a.matter.of.hours..Combining.this.technology.with.a.selection.method.that.is.specific.to.a.
parameter.of.interest.is.the.fundamental.essence.of.directed.evolution.

Although.mutagenesis.and. in vitro.recombination.methods.can.be.applied.to.any.genetically.
amenable.system,.the.limiting.factor.in.most.directed.evolution.investigations.is.the.screening.sys-
tem.used.to.select.for.optimized.variants..The.architectural.design.and.stringency.of.the.system.
must.be.tailored.to.the.biochemical.and.biophysical.parameters.that.are.being.optimized..Selection.
of.optimized.variants.is.followed.by.genetic.and.phenotypic.characterization.of.the.molecule..Select.
variants.are.then.used.as.parental.templates.in.subsequent.rounds.of.directed.evolution..The.selec-
tive.pressure.in.ensuing.rounds.of.directed.evolution.is.typically.increased,.in.order.to.drive.and.
direct.the.evolution.of.the.macromolecule.

For.BR.to.serve.as.a.biomaterial.in.photochromic.and.optoelectronic.device.applications,.the.
branched.photochemistry.of.the.protein.must.be.optimized..Optimization.of.the.O-state.concentra-
tion.and.the.quantum.efficiency.of.the.O.→.P.transition.are.key.to.the.architecture.of.BR-based.
optical. memories.. Although. traditional. mutagenesis. techniques. (SDM. and. SRM). are. useful. for.
probing.localized.regions.of.a.protein,.global.modifications.account.for.more.of.the.complicated.
and.oftentimes.distant.molecular. interactions. that.contribute. to. the.photochemistry.of.a.protein..
Random.mutagenesis,.DNA.shuffling,. and. in vitro. recombination.are. just. a. few.of. the.methods.
available.for.introducing.global.diversity.into.a.biological.macromolecule.[23].

Photochemical. selection. of. BR. variants. requires. a. high-throughput. screening. method. for.
mutants.with.long.O-state.concentrations.and.efficient.O.→.P.transitions..Two.types.of.selection.
methods.currently.exist.for.BR-based.libraries..Type.1.selection.involves.the.in vitro.characteriza-
tion.of.isolated.purple.membrane.fragments,.and.type.2.involves.screening.the.photochemistry.of.
whole.cell.cultures..The.photokinetic.properties.of.each.variant.protein.are.directly.measured.in.
type.1.screening..The.drawback.to.this.method.is.the.time.and.cost.involved.with.isolating.each.
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variant. protein. from. whole. cell. cultures.. Type. 2. screening. probes. the. photocycle. of. whole. cell.
cultures.and.indirectly.selects.for.variants.with.optimized.branched.photochemistry.(long.Q-state.
concentrations)..Selecting. for.variants.with. long.Q-state. concentrations. is. automated.by.using.a.
modified,.bioflow.cell.reactor..These.apparatuses.sort.out.variants.with.undesirable.photochemistry.
while.cataloging.the.cells.with.high.Q-state.yields..Candidate.mutants.are.then.grown.in.large.quan-
tities.and.isolated.for.more.detailed.photochemical.analysis..Mutants.with.favorable.photochemistry.
are.used.as.starting.points.for.subsequent.rounds.of.diversification.and.differential.selection.

The.ability.to.tailor.a.biomaterial.to.the.demands.of.protein-based.applications.is.a.testament.to.
the.flexibility.of.directed.evolution.and.its.usefulness.to.the.field.of.biomolecular.electronics.

��.�  conclusIons

By.using.directed.evolution.and.other.mutagenesis.techniques,.we.greatly.increase.the.possibility.
for.discovering.a.genetic.variant.of.BR.with.optimal.performance.in.a.biomolecular.device..Starting.
with.a.protein.that.nature.has.provided.as.a.template.will.allow.researchers.to.optimize.proteins.for.
device.applications.by.achieving.a.high.level.of.optimization.in.a.short.period.of.time..BR.variants.
with.altered.photochemistry.have.already.been.produced.that.are.functional.and.stable;.directed.
evolution.could.enhance.these.properties.even.further.
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20 Semiconductor	Quantum	
Dots	for	Molecular	and	
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�0.�  IntroductIon

Biological. probes. are. indispensable. tools. for. studying. biological. samples,. cells. in. culture,. and.
animal.models..Exogenous.probes.are.frequently.multifunctional,.having.one.component.that.can.
detect.a.biological.molecule.or.event,.and.another.component.that.reports.the.presence.of.the.probe..
A.fundamental.example.of.this.functionality.is.a.fluorescently.labeled.antibody:.when.administered.
to.a.monolayer.of.fixed.cells,.the.antibody.binds.to.its.target.molecule,.and.the.fluorophore.emits.
light. to. signal. its. presence.. Of. the. many. available. reporters. (e.g.,. radioactive. isotopes,. chromo-
phores,.and.fluorophores),.fluorescent.molecules.have.been.found.to.be.invaluable.due.to.their.inher-
ently.high.sensitivity.of.detection,.low.cost,.ease.of.conjugation.to.biological.molecules,.and.lack.of.
ionizing.radiation..Indeed,.organic.fluorophores.and.fluorescent.proteins.have.been.used.in.nearly.
all.avenues.of.biological.sensing,.from.in vitro.assays.to.living.animal.imaging..Recently,.quantum.
dots.(QDs).have.been.developed.as.a.new.class.of.biological.fluorophore..With.easily.tunable.prop-
erties.and.significant.spectral.advantages.over.conventional.fluorophores,.QDs.have.already.been.
used.for.ultrasensitive.biological.detection.

Semiconductor.QDs.have.captivated.scientists.and.engineers.over.the.past.two.decades.due.to.
their. fascinating.optical. and.electronic.properties. that. are.not. available. from. isolated.molecules.
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or.from.bulk.solids..QDs.are.nanocrystals.of.inorganic.semiconductors.that.are.restricted.in.three.
dimensions.to.a.somewhat.spherical.shape,.typically.with.a.diameter.of.2.to.8.nm.(on.the.order.of.
200.to.10,000.atoms)..Bulk-phase.semiconductors.are.characterized.by.valence.electrons.that.can.
be.excited.to.a.higher-energy.conduction.band..The.energy.difference.between.the.valence.band.
and. the.conduction.band. is. the.bandgap.energy.of. the.semiconductor..The.excited.electron.may.
then. relax. to. its.ground.state. through. the.emission.of.a.photon.with.energy.equal. to. that.of. the.
bandgap..When.a.semiconductor.is.of.nanoscale.dimensions,.the.bandgap.is.dependent.on.the.size.
of.the.nanocrystal..As.the.size.of.a.semiconductor.nanocrystal.decreases,.the.bandgap.increases,.
resulting.in.shorter.wavelengths.of.light.emission..This.quantum.confinement.effect.is.analogous.
to.the.quantum.mechanical.“particle.in.a.box,”.in.which.the.energy.of.the.particle.increases.as.the.
size.of.the.box.decreases..Cadmium.selenide.(CdSe).is.the.prototypical.QD,.and.its.size-tunable.
fluorescence.throughout.the.visible.light.spectrum.is.depicted.in.Figure.20.1a..Other.semiconductor.
materials.display.fluorescence.in.different.spectral.ranges,.so.that.QDs.can.be.synthesized.to.emit.at.
wavelengths.between.400.and.2000.nm.by.changing.their.composition.and.size.[1–3]..An.important.
consequence.of.this.quantum.confinement.effect.for.biologists.is.that.these.size-tunable.properties.
occur.at.the.same.size.regime.as.biological.macromolecules.like.proteins.and.nucleic.acids.

�0.�  Quantum dots versus organIc Fluorophores

Fluorescent.dyes.have.been.valuable.in.the.study.of.biological.phenomena.due.to.their.inherent.high.
sensitivity.of.detection.and.ease.of.use..QDs.may.provide.a.new.class.of.biological.labels.that.could.
overcome.the.limitations.of.organic.dyes.and.fluorescent.proteins..With.size-tunable.fluorescence.
emission,.QDs.can.be.generated.for.any.specific.wavelength,.from.the.UV.through.the.near-infrared.
[4]..QD.emission.peaks.are.narrow.(FWHM.typically.25.to.35.nm).and.symmetric.compared.to.
organic.fluorophores,.making.them.ideal.for.applications.involving.the.simultaneous.detection.of.
multiple.fluorophores.[5]..In.addition,.the.broad.absorption.spectra.of.QDs.allow.the.excitation.of.
multiple.fluorophores.with.a.single.light.source,.at.any.wavelength.shorter.than.the.emission.peak.
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region.by.changing.the.nanoparticle.size.while.keeping.the.composition.constant..(b).The.size.of.QDs.may.
also.be.held.constant,.and.the.composition.may.be.used.to.alter.the.emission.wavelength..In.the.above.exam-
ple,.5.nm.diameter.quantum.dots.of.the.ternary.alloy.CdSexTe1–x.may.be.tuned.to.emit.at.longer.wavelengths.
than.either.of.the.binary.compounds.CdSe.and.CdTe.due.to.a.nonlinear.relationship.between.the.alloy.band-
gap.energy.and.composition..(From.Bailey,.R.E..and.Nie,.S.M.,.J. Am. Chem. Soc..125,.7100–7106,.2003..
With.permission.)
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wavelength. [5]..QDs.are.highly. resistant. to.photobleaching,. a. commonly.occurring.problem. for.
organic.fluorophores,.thus.making.them.useful.for.continuous.monitoring.of.fluorescence.[6]..QDs.
have.very.large.molar.extinction.coefficients.and.high.quantum.yields,.resulting.in.bright.fluores-
cent.probes.in.aqueous.solution.[7]..Moreover,.QDs.have.long.fluorescence.lifetimes.on.the.order.of.
20.to.50.nsec,.which.may.allow.them.to.be.distinguished.from.background.and.other.fluorophores.
for.increased.sensitivity.of.detection.[4].

It.should.be.noted,.however,.that.QDs.are.unlikely.to.replace.organic.dyes..Although.QDs.are.
commercially.available,.they.are.currently.expensive.compared.to.organic.dyes,.and.changing.an.
already.established.biological.detection.system.from.dyes.to.QDs.will.require.time.and.optimiza-
tion..Also,.QDs.are.an.order.of.magnitude.larger.than.organic.dyes..Therefore,.applications.such.
as.real-time.monitoring.of.biomolecular.interactions.(in.which.steric.hindrance.is.of.concern).may.
require.the.use.of.organic.dyes,.as.QDs.smaller.than.1.nm.are.inherently.unstable..In.addition,.most.
organic.dyes.are.of.similar.sizes,.so.that.fluorophores.of.different.emissions.are.similar.sterically,.
compared.to.the.large.difference.in.QD.size.required.to.tune.their.wavelength..However,.it.has.been.
shown.that.the.emission.wavelengths.of.alloy.QDs.may.be.tuned.by.altering.the.alloy.composition,.
while.keeping.the.size.constant.(Figure.20.1b).[1].

�0.�  synthesIs and BIoconjugatIon

20.3.1  SynthESiS And cAPPing

The.prototypical.QD.is.CdSe.because.colloidal.syntheses. for.monodisperse.nanocrystals.of. this.
semiconductor.are.well.established..CdSe. is.most.often.synthesized. through. the.combination.of.
cadmium.and.selenium.precursors.in.the.presence.of.a.QD-binding.ligand.that.stabilizes.the.grow-
ing.QD.particles.and.prevents.their.aggregation.into.bulk.semiconductor..Among.various.synthetic.
methods.reported.in.the.literature,.high-temperature.synthesis.in.coordinating.solvents.has.yielded.
the.best.size.monodispersity.and.fluorescence.efficiencies..A.coordinating.solvent.serves.as.a.sol-
vent.and.as.a.ligand,.and.is.most.commonly.a.mixture.of.trioctylphosphine.(TOP),.trioctylphos-
phine.oxide. (TOPO),. and.hexadecylamine. (HDA)..The.basic. functional.groups.of. these. ligands.
(phosphines,.phosphine.oxides,.and.amines).attach.to.the.QD.surface.during.synthesis,.leaving.the.
ligand.alkyl.chains.directed.away.from.the.surface..The.resulting.QDs.are.highly.hydrophobic,.and.
only.soluble.in.nonpolar.solvents.such.as.chloroform.and.hexane..The.CdSe.core.is.often.capped.
with.a.thin.layer.of.a.higher.bandgap.material,.such.as.ZnS.or.CdS,.which.removes.surface.defects,.
significantly.improving.fluorescence.quantum.yields.

20.3.2  WAtEr SolubilizAtion And bioconjugAtion

For.use.in.biological.labeling,.QDs.must.be.rendered.hydrophilic.so.that.they.are.soluble.in.aqueous.
buffers..Two.general.strategies.have.been.developed.for.phase.transfer.of.QDs.to.aqueous.solution.
(Figure.20.2).. In. the. first. approach,. hydrophobic. surface. ligands. are. replaced. with. bifunctional.
ligands.such.as.mercaptoacetic.acid,.which.contains.a. thiol.group.that.binds.strongly. to. the.QD.
surface. as.well. as. a. carboxylic. acid.group. that. is. hydrophilic. [7]..Other. functional.groups.may.
also.be.used;.for.example,.silane.groups.can.be.polymerized.into.a.silica.shell.around.the.QD.after.
ligand.exchange.[4]..In.the.second.method,.coordinating.ligands.(e.g.,.TOPO).on.the.QD.surface.are.
used.to.interact.with.amphiphilic.polymers.or.lipids.[6,8],.resulting.in.micelle-like.encapsulation.of.
the.QD..This.latter.method.is.more.effective.than.ligand.exchange.at.maintaining.the.QD.optical.
properties.and.storage.stability.in.aqueous.buffer,.but.it.increases.the.overall.size.of.QD.probes..
Water-soluble.QDs.may.be.rendered.biologically.active.through.conjugation.to.biomolecules,.such.
as.nucleic.acids,.proteins,.or.small.molecules..Attachment.of.these.biomolecules.has.been.demon-
strated.using.a.variety.of.intermolecular.interactions,.including.covalent.coupling.[4,7],.ionic.attrac-
tion.[9],.and.streptavidin–biotin.bridging.[6].
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FIgure �0.�  Diagram. of. two. general. strategies. for. phase. transfer. of. trioctylphosphine. oxide. (TOPO)-
coated. quantum. dots. (QDs). into. aqueous. solution.. Ligands. are. drawn. disproportionately. large. for. detail..
(a).TOPO.ligands.may.be.exchanged.for.heterobifunctional.ligands.for.dispersion.in.aqueous.solution..This.
scheme.can.be.used.to.generate.a.hydrophilic.QD.with.carboxylic.acids.or.a.shell.of.silica.on.the.QD.surface..
(b).The.hydrophobic.ligands.may.be.retained.on.the.QD.surface.and.rendered.water.soluble.through.micelle-
like.interactions.with.an.amphiphilic.polymer-like.octylamine-modified.polyacrylic.acid.
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�0.�  BIologIcal applIcatIons

Fluorescence.is.a.sensitive.and.routine.means.for.monitoring.biological.events.using.fluorescent.dyes.
and.fluorescent.proteins..Since.1998,.QDs.have.also.been.used.as.biological.labels.in.a.variety.of.bio-
assays,.some.of.which.would.not.have.been.possible.with.conventional.fluorophores..In vitro.bioana-
lytic.assays.were.developed.by.using.QD-tagged.antibodies,.fluorescence.resonance.energy.transfer.
quantum.dot.(FRET-QD).biosensors,.as.well.as.by.using.QD-encoded.microbeads..In.addition.to.
solution-based.assays,.the.spectroscopic.advantages.of.QDs.have.allowed.for.sensitive.optical.imag-
ing.in.living.cells.and.animal.models..Many.reports.have.concentrated.on.simply.replacing.organic.
dyes.with.QDs,.without.utilizing.their.unique.properties..This.analysis.will.focus.on.the.publications.
that.have.exploited.their.resistance.to.photobleaching.and.potential.for.multiplexed.detection.

20.4.1  bioAnAlytic ASSAyS

Organic.fluorophores.are.commonly.used.as.reporters.in.a.large.number.of.in vitro.bioassays,.such.
as.quantitative.immunoassays.and.fluorescence.quenching.assays.for.macromolecular.interactions..
High.sensitivity.has.been.realized.with.the.use.of.organic.dyes,.but.the.spectral.properties.of.QDs.
could.lead.to.further.improvements..Research.in.the.application.of.QDs.for.in vitro.bioanalysis.has.
been.advanced.primarily.by.Mattoussi.and.his.coworkers.at.the.U.S..Naval.Research.Laboratory.
[9,10],.and.can.be.divided.into.two.areas:.immunoassays.and.biosensors.

Immunoassays.typically.involve.the.specific.binding.of.a.labeled.antibody.to.an.analyte,.fol-
lowed.by.physical.removal.of.unbound.antibody.to.allow.the.quantification.of.the.bound.label..QDs.
have.been.conjugated.to.antibodies.for.use.in.an.assortment.of.these.fluoroimmunoassays.for.detec-
tion.of.proteins.and.small.molecules.[10]..The.results.of.these.studies.proved.that.QDs.may.be.used.
as.“generalized”.reporters. in. immunoassays,.but.did.not.demonstrate.an.advantage.over.organic.
fluorophores,. in. that. their.sensitivity.was.comparable. to. that.of.commercial.assays.(protein.con-
centrations.down.to.2.ng/ml,.or.100.pM).[11]..The.main.advantages.of.QDs.for.immunoassays.are.
their.narrow,.symmetric.emission.profiles.and.the.excitability.of.many.different.QDs.with.a.single.
light.source,.allowing.the.detection.of.multiple.analytes.simultaneously..Taking.advantage.of.these.
spectral.properties,.Goldman.et.al.. [10].simultaneously.detected. four. toxins.using. four.different.
QDs,.emitting.between.510.and.610,.in.a.sandwich.immunoassay.configuration..Although.there.was.
spectral.overlap.of.the.emission.peaks,.deconvolution.of.the.spectra.revealed.fluorescence.contribu-
tions.from.all.four.toxins..This.assay.was.far.from.quantitative,.however,.and.it.is.apparent.that.fine-
tuning.of.antibody.cross-reactivity.will.be.required.to.make.multiplexed.immunoassays.useful.

Whereas. immunoassays. require. the. physical. separation. of. unbound. QD. conjugates. prior. to.
analysis,.biosensors.can.be.developed.to.detect.biomolecular.targets.on.a.real-time.or.continuous.
basis..QDs.are.ideal.for.biosensor.applications.due.to.their.resistance.to.photobleaching,.allowing.
for.continuous.monitoring.of.a.signal..FRET.has.been.the.major.proposed.mechanism.to.render.
QDs.switchable.from.a.quenched.“off”.state.to.a.fluorescent.“on”.state..FRET.is.the.nonradiative.
energy.transfer.from.an.excited.donor.fluorophore.to.an.acceptor..The.acceptor.can.be.any.mol-
ecule.(another.nanoparticle,.a.nonemissive.organic.dye,.or.fluorophore).that.absorbs.radiation.at.the.
wavelength.of.donor.emission..QDs.are.promising.donors.for.FRET-based.applications.due.to.their.
continuously.tunable.emissions.that.can.be.matched.to.any.desired.acceptor,.and.their.broadband.
absorption,.allowing.excitation.at.a.short.wavelength.that.does.not.directly.excite.the.acceptor.

It.has.been.confirmed.that.QDs.can.be.FRET.donors,.quenchable.with.efficiencies.up.to.99%,.
using.organic.fluorophores,.nonemissive.dyes,.gold.nanoparticles,.or.other.QDs.as.acceptors..Med-
intz.et.al..[9].used.QDs.conjugated.to.maltose.binding.proteins.as.an.in situ.biosensor.for.carbo-
hydrate.detection..Adding.a.maltose.derivative.covalently.bound.to.a.FRET.acceptor.dye.caused.
QD.quenching,.and.fluorescence.was.restored.upon.addition.of.native.maltose,.which.displaced.the.
sugar–dye.compound..A.key.element.of.this.work.was.that.the.physical.orientation.and.stoichiometry.
of.the.maltose.receptors.on.the.QDs.were.controlled.so.that.the.restoration.of.QD.fluorescence.upon.
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maltose.addition.could.be.directly.related.to.maltose.concentration..Although.the.FRET.quenching.
efficiency.was.low,.this.work.demonstrates.the.potential.of.QD-based.in situ.biosensing.

20.4.2  Qd-Encoding

Rather.than.using.single.QDs.for.biological.detection.schemes,.it.has.been.proposed.that.different.
colors.of.QDs.can.be.combined.into.a.larger.structure,.such.as.a.microbead,.to.yield.an.“optical.
barcode”.[5]..With.the.combination.of.six.QD.emission.colors.and.ten.QD.intensity.levels.for.each.
color,.one.million.different.codes.are.theoretically.possible..Biological.molecules.may.be.optically.
encoded.by.conjugation.to.these.beads,.opening.the.door.to.the.multiplexed.identification.of.many.
biomolecules.for.high-throughput.screening.of.biological.samples..Pioneering.work.was.reported.
by.Han.et.al..[5].in.2001,.in.which.1.2.µm.polystyrene.beads.were.encoded.with.three.colors.of.
QDs.(red,.green,.and.blue).and.different.intensity.levels..The.beads.were.then.conjugated.to.DNA,.
resulting. in.different.nucleic.acids.being.distinguished.by. their. spectrally.distinct.optical.codes..
These.encoded.probes.were.incubated.with.their.complementary.DNA.sequences,.which.were.also.
labeled.with.a.fluorescent.dye.as.a.target.signal..The.hybridized.DNA.was.detected.through.colo-
calization.of.the.target.signal.and.the.probe.optical.code,.via.single-bead.spectroscopy,.using.only.
one.excitation.source..The.bead.code.identified.the.sequence,.and.the.intensity.of.the.target.signal.
corresponded.to.the.presence.and.abundance.of.the.target.DNA.sequence.

The.high-throughput.potential.of.this.seminal.report.was.realized.in.2003.with.the.use.of.a.sim-
ilar.system.to.detect.DNA.sequences.that.differed.by.only.one.nucleotide.(single.nucleotide.poly-
morphisms).[12]..In.this.work,.194.samples.of.ten.different.DNA.sequences.from.specific.alleles.
of.the.human.cytochrome.P450.gene.family.were.correctly.identified.by.hybridization.to.encoded.
probes..High-throughput.analysis.was.achieved.by.the.use.of.flow.cytometry.to.identify.spectral.
codes,.rather.than.single-bead.spectroscopy..This.identification.would.have.been.considerably.more.
difficult.with.organic.fluorophores.due.to.the.fact.that.their.emission.peaks.overlap,.obscuring.the.
distinct.codes,.and.the.fact.that.multiple.excitation.sources.would.be.required.

Once.encoded.libraries.have.been.developed.for. identification.of.nucleic.acid.sequences.and.
proteins,.solution-based.multiplexing.of.QD-encoded.beads.could.quickly.produce.a.vast.amount.
of.genomic.and.protein.expression.data..Another.approach.to.gene.multiplexing.has.been.the.use.
of.planar.chips,.but.bead-based.multiplexing.has.advantages.of.greater.statistical.analysis,.faster.
assaying.time,.and.the.flexibility.to.add.additional.probes.at.lower.costs.

20.4.3  imAging of cEllS And tiSSuES

Fluorescent.dyes.are.used.routinely.for.determining.the.presence.and.location.of.biological.mol-
ecules.in.cultured.cells.and.tissue.sections..Two.original.papers.in.1998.demonstrated.the.feasibility.
of.using.QDs.for.cell.labeling,.displaying.distinct.advantages.over.organic.dyes.(Figure.20.3)..Bru-
chez.et.al..[4].demonstrated.dual-color.labeling.of.fixed.mouse.fibroblasts,.staining.the.nucleus.with.
green.QDs,.and.labeling.the.F-actin.filaments.in.the.cytoplasm.with.red.QDs..Chan.et.al..[7].showed.
that.QDs.maintained.their.bright.fluorescence.in.live.cells,.by.imaging.the.uptake.of.transferrin-
conjugated.QDs.by.HeLa.cells..These.studies.showed.that.QDs.were.brighter.and.more.photostable.
than.organic.fluorophores,.a.claim.that.has.been.verified.by.independent.reports.[6].

In.2003,.QDs.were.used.for.the.first.time.to.visualize.cellular.structures.at.high.resolution,.as.
Wu.et.al..[6].illustrated.immunocytochemical.stains.of.membrane,.cytoplasmic,.and.nuclear.anti-
gens.in.fixed.cells..Although.imaging.of.fixed.cells.is.useful.and.sufficient.for.many.applications,.
live.cell.microscopy.is.ideal.for.visualizing.cellular.processes.but.is.considerably.more.difficult..It.
has.been.shown.that.many.cell.types.naturally.engulf.QDs.through.a.nonspecific.uptake.mechanism.
[13]..This.mechanism.was.used.to.track.the.migration.of.breast.tumor.cells.on.a.substrate.coated.
with.red.QDs;.the.fluorescence.inside.the.cells.increased.as.the.cells.transversed.and.engulfed.the.
QDs,.leaving.behind.a.dark.path.[13]..This.and.other.studies.demonstrated.that.QDs.can.be.imaged.
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inside.living.cells.for.long.periods.of.time.(over.a.week),.a.task.that.is.not.possible.with.organic.
fluorophores.due.to.photobleaching..Indeed,.QDs.have.opened.up.a.new.avenue.for.studying.biomo-
lecular.processes.inside.living.cells.

Two.true.marvels.of.real-time.live.cell.imaging.have.recently.been.demonstrated.using.QDs..
Dahan.et.al..[14].labeled.glycine.receptors.on.neuronal.membranes.with.QDs..Imaging.of.the.cells.
revealed.the.ability.to.observe.the.motion.of.single.QDs,.in.real.time.(single,.isolated.QDs.can.be.
identified. visually. because. they. “blink”).. This. first. example. of. single. molecule. detection. using.
QDs.in.living.cells.produced.remarkable.movies.of.glycine.receptor.diffusion..In.a.second.report,.
Lidke.et.al..[15].used.QDs.conjugated.to.epidermal.growth.factor.(EGF).to.monitor.the.interactions.
between.EGF.and.the.erbB/HER.receptor.on.living.cell.membranes..Single.molecules.of.EGF.were.
visualized.in.real.time.as.they.bound.to.receptors.and.were.endocytosed..This.allowed.the.study.of.
receptor.interactions.and.revealed.a.new.cellular.filopodial.transport.phenomenon.

Because.the.use.of.QDs.as.reporters.in.living.cells.may.soon.become.conventional,.the.possibil-
ity.of.QD.cytotoxicity.is.of.interest.and.concern..Almost.all.of.the.reports.of.QDs.in.living.cells.have.
revealed.little.or.no.obvious.cytotoxicity.or.changes.in.cellular.differentiation.[8,13]..Although.QDs.
contain.toxic.elements,.most.importantly.divalent.cadmium,.cytotoxicity.issues.may.only.become.
relevant.for.truly.long-term.(months.to.years).visualization.of.QDs.in.cells,.a.time.period.in.which.
QD.degradation.could.become.significant.

QDs.have.been.used.as.labels.for.studying.single.molecules.that.interact.with.the.membranes.of.
living.cells..Performing.the.same.task.with.intracellular.targets.will.be.much.more.difficult.but.is.
essential.for.visualizing.processes.in.living.cells..Advanced.delivery.methods.are.needed.to.deliver.

(a) 0 min QD 10 min

0 min TR 1 min

QD 200 secQD 0 sec

FITC 20 secFITC 0 sec

(b)

FIgure �0.�  Immunofluorescent. labeling. of. human. breast. tumor. cells. with. antibody-conjugated. quan-
tum.dots.(QDs),.and.comparison.of.signal.brightness.and.photostability.with.organic.dyes..(a).Cancer.cells.
labeled.with.antibody-conjugated.QD.or.Texas.Red.(TR).targeting.cell.surface.antigen.uPAR..(b).Cancer.cells.
labeled.with.antibody-conjugated.QD.or.fluorescein.isothiocyanate.(FITC).targeting.cell.surface.antigen.Her-
2/neu..Excitation.from.a.100.W.mercury.lamp.caused.negligible.photobleaching.of.QDs,.compared.to.the.two.
organic.fluorophores..(Courtesy.of.Dr..Xiaohu.Gao,.Emory.University.)
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QD.probes.into.living.cells,.and.the.delivered.probes.must.be.available.for.binding.to.intracellular.
targets,.and.not.trapped.in.endosomes,.lysosomes,.or.other.organelles..Until.this.becomes.possible,.
intracellular.processes.can.only.be.modeled.by.using.isolated.macromolecules.under.in vitro.condi-
tions..For.example,.QD-actin.bioconjugates.have.been.used.to.observe.single-molecule.motorized.
motion. of. actin. filaments. sliding. across. myosin. proteins. in. an. ATP-driven. reaction. [16].. These.
model.systems.should.be.visualizable. intracellularly.once.a.protocol.for. translocation.across. the.
cellular.membrane.is.established.

20.4.4  In VIVo AnimAl imAging

The.progression.from.optical.microscopy.of.cells.in vitro.to.optical.imaging.of.entire.organisms.has.
mainly.been.inhibited.by.poor.penetration.of.visible.light.through.tissue..Due.to.this.attenuation.
problem,.QDs.were.initially.used.as.optical.imaging.contrast.agents.only.in.simple.model.systems..
In.2002,.Akerman.et.al..[17].conjugated.QDs.to.peptides.for.targeting.endothelial.cell.receptors.
in.specific. tissues. (lung,. tumor.blood.vessels,.or. tumor. lymphatic.vessels).. Intravenous. injection.
of.these.bioconjugated.nanoparticles.into.a.mouse.revealed.accumulation.of.QDs.in.the.targeted.
tissue,.visualized.histologically..Whole-organism.imaging.was.not.performed.in.this.work.but.was.
achieved.by.Dubertret.et.al..[8].on.small.Xenopus.embryos.containing.intracellular.QDs..Micro-
injection.of.more.than.a.billion.QDs.into.single.cells.allowed.cell.lineage.tracking.and.real-time.
imaging.of.stably.fluorescent.QDs.

To.solve.the.attenuation.problem.for.optical.imaging.in.larger.organisms.and.in.deeper.tissue,.it.
has.been.shown.that.the.far-red.and.near-infrared.(NIR).spectral.regions.are.characterized.by.less.
scattering.and.absorption.by.biological.tissue..For.sensitive.detection,.wavelengths.must.be.chosen.
so.that.excitation.light.can.penetrate.tissue.to.the.desired.depth,.and.the.emitted.light.must.be.able.
to.travel.back.to.a.photodetector..Several.semiconductor.materials.have.been.used.to.generate.bright.
QDs.that.emit.between.650.and.2000.nm.[1,3]..There.are.no.conventional.dyes.that.are.bright.and.
photostable.that.can.emit.fluorescence.light.beyond.~850.nm,.which.is.why.QDs.are.expected.to.
provide.substantial.advantages.for.NIR.optical.imaging..NIR.QDs.with.emission.maxima.between.
750.and.860.nm.were.used.to.image.coronary.vasculature.in.a.rat.model.[18],.and.to.visualize.sen-
tinel.lymph.nodes.in.a.pig,.in.1-cm.deep.tissue.[19].

Most.imaging.systems.generate.image.contrast.based.on.attenuation.of.radiation.through.tis-
sue..Imaging.with.contrast.based.on.molecular.differences.in.tissue.is.called.molecular.imaging..
Organic.fluorescent.dyes. and.fluorescent.proteins.have.already.been.used.as. contrast. agents. for.
fluorescent.molecular.imaging.in.animal.models..NIR.QDs.will.be.powerful.tools.for.molecular.
imaging.because.they.can.be.imaged.in.real.time.with.multiplexed.detection.to.monitor.biomolecu-
lar.phenomena.in vivo..In.our.own.lab.we.have.recently.been.able.to.perform.molecular.imaging.for.
the.detection.of.subdermal.tumors..Targeting.of.antibody-conjugated.QDs.to.tumors.has.allowed.
generation.of.whole-body.fluorescence.imaging.of.mice.with.contrast.based.on.biomolecular.differ-
ences.between.normal.and.cancerous.tissue.[20].

�0.�  Future dIrectIons

Quantum.dots.have.already.fulfilled.some.of. their.promise.as.groundbreaking.biological. labels..
The.tremendous.amount.of.interest.in.QDs.is.sure.to.quickly.improve.the.previous.applications.and.
inspire.new.ones..Organic.fluorophores.may.never.be.completely.supplanted.due.to.their.inherently.
small.size,.but.research.in.the.past.5.years.has.shown.that.QDs.offer.remarkable.advantages.

In.the.near.future,.the.development.of.efficient.QD.biosensors.may.make.QDs.into.powerful.
tools.not.just.for.in vitro.biosensing,.but.also.for.living.cell.studies.and.in vivo.imaging..Biosensors.
based.on.organic.fluorophores.have.already.shown.promise.in vivo,.as.tumors.in.mice.were.detected.
with.“stealth”.quenched.probes,.activatable.upon.exposure.to.proteases.in.the.tumor.microenviron-
ment..The.ability.of.a.biochemical.signal.to.switch.a.QD.from.an.“off”.to.an.“on”.state.would.be.an.
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important.and.powerful.tool.for.studying.intracellular.signaling..The.development.of.a.“quantum.
dot.beacon”.would.be.a.monumental.advance..For.this.to.become.a.reality,.however,.biosensing.QDs.
must.be.translocated.across.the.cell.membrane..Although.microinjection.and.nonspecific.uptake.have.
been.used,.widespread.applications.must.wait.for.a.generalizable.methodology.for.efficient.delivery.
of.QD.probes.into.living.cells..Recent.research.in.our.lab.has.shown.that.delivery.peptides.can.be.
used. for. rapid. intracellular.QD. translocation,. and.other.groups.have. already.demonstrated. their.
efficacy.for.the.delivery.of.other.types.of.nanoparticles..The.QD.combination.of.real-time.imaging,.
multiplexing.capabilities,.single-molecule.detection,.and.biological.sensing.on.the.nanoscale.should.
allow.scientists.to.address.a.broad.array.of.analytical.problems.and.biological.questions.

A. major. goal. in. nanotechnology. research. is. to. develop. smart. multifunctional. devices. with.
nanometer.dimensions..Although.this.is.a.lofty.goal.seemingly.for.the.distant.future,.many.multi-
functional.devices.have.already.been.created,.and.many.tools.have.been.developed.for.the.assem-
bly.of.QDs.into.complex,.ordered.structures..One.proposed.multifunctional.device.is.a.nanoscale.
contrast.agent.for.multimodality.imaging..QDs.are.fluorescent.contrast.agents,.but.they.can.also.be.
used.as.markers.for.electron.microscopy.due.to.their.high.electron.density..Multimodal.imaging.has.
already.been.performed.in.cells.to.correlate.fluorescence.staining.with.electron.micrographs.using.
QDs.[14]..QDs.may.also.be.combined.with.magnetic.resonance.imaging.(MRI).contrast.agents.like.
Fe2O3.and.FePt.nanoparticles..By.correlating.the.deep.imaging.capabilities.of.MRI.with.ultrasensi-
tive.optical.fluorescence,.a.surgeon.could.visually.identify.tiny.tumors.or.other.small.lesions.during.
an.operation.and.remove.the.diseased.cells.and.tissue.completely..Medical.imaging.modalities.such.
as.MRI.and.PET.(positron.emission.tomography).can.identify.diseases.noninvasively,.but.they.do.
not.provide.a.visual.guide.during.surgery..The.development.of.magnetic.or.radioactive.QD.probes.
could.solve.this.problem.

Another.desired.multifunctional.device.would.be.the.combination.of.a.QD.imaging.agent.with.
a.therapeutic.agent..Not.only.would.this.allow.tracking.of.pharmacokinetics,.but.diseased.tissue.
could.be.treated.and.monitored.simultaneously.and.in.real.time..Surprisingly,.QDs.may.be.innately.
multimodal. in. this.fashion,.as. they.have.been.shown.to.have.potential.activity.as.photodynamic.
therapy.agents..These.combinations.are.only.a.few.possible.achievements.for.the.future..Practical.
applications.of.these.multifunctional.nanodevices.will.not.come.without.careful.research,.but.the.
multidisciplinary.nature.of.nanotechnology.may.expedite.these.goals.by.combining.the.great.minds.
of.many.different.fields..The.success.seen.so.far.with.QDs.points.toward.the.success.of.QDs.in.bio-
logical.systems,.and.also.predicts.the.success.of.other.avenues.of.bionanotechnology.
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��.�  overvIew

Bionanotechnology.is.defined.by.science’s.growing.ability.to.work.at.the.molecular.level,.atom.by.
atom,.combining.biological.materials.and.the.rules.of.physics,.chemistry,.and.genetics.to.create.tiny.
synthetic.structures..The.end.result.of.bionanotechnology.is.to.create.a.highly.functional.system.of.
biosensors,.electronic.circuits,.nanosized.microchips,.molecular.“switches,”.and.even.tissue.analogs.
for.growing.skin,.bones,.muscle,.and.other.organs.of.the.body—all.accomplished.in.ways.that.allow.
these. structures. to. assemble. themselves,. molecule. by. molecule.. On. the. other. side,. medical. and.
biotechnological.advances.in.the.area.of.disease.diagnosis.and.treatment.are.dependent.on.an.in-
depth.understanding.of.biochemical.processes..Diseases.can.be.identified.based.on.anomalies.at.the.
molecular.level,.and.treatments.are.designed.based.on.activities.in.such.low.dimensions..Although.
a.multitude.of.methods.for.disease.identification.as.well.as.treatment.already.exists,. it.would.be.
ideal. to.use.research.tools.with.dimensions.close. to. the.molecular. level. to.better.understand.the.
mechanisms. involved. in. the. processes.. These. tools. can. be. nanoparticles. (NPs),. nanoprobes,. or.
other.nanomaterials,.all.of.which.exist.in.ultrasmall.dimensions.and.can.be.designed.to.interrogate.
a.biochemical.process.of.interest.

Nanomaterials.are.at.the.leading.edge.of.the.rapidly.evolving.field.of.nanotechnology..NPs.usu-
ally.form.the.core.of.nanobiomaterials.[1]..The.unique.size-dependent.physical.and.chemical.prop-
erties.of.NPs.make.them.superior.and.indispensable.in.many.areas.of.human.activity..Typical.size.
dimensions.of.biomolecular.components.are.in.the.range.of.5.to.200.nm,.which.is.comparable.with.
the.dimensions.of.man-made.NPs..Using.NPs.as.biomolecular.probes.allows.us.to.probe.biological.
processes.without.interfering.with.them.[2].

The.representative.NP.probes.include.semiconductor.NPs.(quantum.dots),.gold.NPs,.polysty-
rene.latex.NPs,.magnetic.NPs,.and.dye-doped.NPs..In.our.laboratory,.dye-doped.silica.NPs.have.
been.developed,.which.possess.unique.properties.of.high.signal.amplification.[3],.excellent.photo-
stability,.and.easy.surface.modification.
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��.�  nanopartIcle surFace modIFIcatIon

To.employ.NPs.as.biological.tags,.a.biological.or.molecular.coating.or.layer.acting.as.a.bioinorganic.
interface.should.be.attached.to.the.NPs..The.approaches.used.in.constructing.nanobiomaterials.are.
schematically.presented.in.Figure.21.1..To.prepare.such.conjugates.from.NPs.and.biomolecules,.the.
surface.chemistry.of.the.NPs.must.be.such.that.the.ligands.are.fixed.to.the.NPs.and.possess.ter-
minal.functional.groups.that.are.available.for.biochemical.coupling.reactions..A.variety.of.surface.
modification.and.immobilization.procedures.have.been.utilized.in.our.laboratory.[4–8]..Recently.
we.developed.new.methods.by.cohydrolysis.of.organosilanes.with.TEOS.(tetra.ethyl.orthosilicate).
[9–13].for.NP.surface.modification,.which.facilitates.NP.bioconjugation.as.well.as.NP.dispersion.

Dye-doped. silica.NPs.are.first. prepared.using. a.water-in-oil.microemulsion. system..After. a.
24.hour.polymerization.process,.organosilanes.with.a. range.of. terminal. functional.groups. (Fig-
ure.21.2).are.introduced.into.the.microemulsion.together.with.TEOS..Thiol.groups.(Figure.21.2a).are.
immobilized.onto.NPs.by.cohydrolysis.of.TEOS.with.MPTS.(3-mercaptopropyltrimethoxy-silane)..
Amino.groups.can.be.introduced.onto.NPs.with.the.addition.of.APTS.(3-aminopropyltriethoxysi-
lane).(Figure.21.2b),.and.carboxyl.group.modified.NPs.can.be.obtained.by.cohydrolyzing.CTES.
(carboxyethylsilanetriol,. sodium.salt). (Figure.21.2d).with.TEOS..To.produce.an.overall.negative.
surface.charge,.inert.phosphonate.groups.(Figure.21.2c).can.also.be.introduced.onto.NP.surfaces.

Magnetic nanoparticleDNA

Antibody detection

Linker

Linker

Linker

Fluorescent signaling

Biocompatibility

FIgure ��.�  Typical.configurations.utilized.in.functionalized.nanoparticles.applied.to.bioanalysis.
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FIgure ��.�  Structure.of.representative.organosilanes.for.nanoparticle.surface.modification.
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Silica.NPs.are.hydrophilic.in.nature.and.can.be.easily.dispersed.in.water..For.reactions.in.a.
nonpolar.medium,.it.is.essential.to.coat.the.NPs.with.hydrophobic.alkyl.groups..These.hydrophobic.
silica.NPs.can.be.prepared.during.a.postcoating.process.by.cocondensation.of.alkyl.functionalized.
triethoxy.silane,.such.as.octadecyl.triethoxysilane.(Figure.21.2e).and.TEOS..The.surface-modified.
NPs.thus.act.as.a.scaffold.for.the.grafting.of.biological.moieties.(DNA.oligonucleotides.or.aptam-
ers,.enzymes,.proteins,.etc.).to.the.functional.groups.by.means.of.standard.covalent.bioconjugation.
schemes.or.electrostatic.interactions.between.NPs.and.charged.adapter.molecules.

��.�  nanopartIcles For cellular ImagIng

For.effective.cellular.labeling.techniques,.biomarkers.need.to.have.excellent.specificity.toward.bio-
molecules.of.interest.and.also.have.optically.stable.signal.transducers..Dye-doped.silica.NPs.are.
ideal.candidates.for.cellular.membrane.labeling.and.imaging..An.example.was.demonstrated.for.
the.biomarking.of.leukemia.cells..Mouse.antihuman.CD10.antibody.was.used.as.the.cell.recogni-
tion.element.and.labeled.with.NPs.pretreated.with.CNBr.[7]..The.mononuclear.lymphoid.cells.were.
incubated.with.CD10.labeled.NPs..After.incubation,.unbound.NPs.were.washed.away.with.phos-
phate-buffered.saline.(PBS).buffer.(pH.6.8)..The.cell.suspension.was.then.imaged.with.both.optical.
and.fluorescence.microscopy..As.shown.in.Figure.21.3,.all.of.the.cells.in.the.field.of.view.of.the.
microscope.were.labeled,.indicated.by.the.bright.emission.of.the.dye-doped.NPs..The.optical.image.
(Figure.21.3a).correlated.well.with.the.fluorescence.image.(Figure.21.3b)..The.control.experiments.
with.bare.dye-doped.NPs.(no.antibody.attached).did.not.show.labeling.of. the.cells.as.shown. in.
Figure.21.3c.and.Figure.21.3d.(optical.image.and.fluorescence.image)..This.clearly.shows.that.the.
NPs.conjugated.with.antibody.are.able.to.perform.as.biomarkers.for.cells.via.antibody–antigen.rec-
ognition..With.further.development.of.this.system,.the.NPs.can.serve.as.an.efficient.biomolecular.
analysis.tool.

��.�  nanopartIcles For mIcroarray technology

Dye-doped.NPs.have.distinct.advantages.over.conventional.dye.molecules.in.terms.of.their.excel-
lent.photostability.and.extremely.high.signal.amplification,.which.allow.them.to.be.favorably.used.
as.luminescent.probes.for.bioassays..For.every.binding.event,.one.NP.provides.thousands.of.dye.
molecules.rather.than.only.a.few,.resulting.in.an.increased.sensitivity.for.most.bioanalytical.applica-
tions.such.as.ultrasensitive.DNA.detection.

Dye-doped.NPs.can.be.potentially.applied.as.staining.probes.for.DNA/protein.microarray-based.
technology..Current.imaging.and.detection.of.microarrays.suffer.from.weak.signal.intensities.and.low.
photobleaching.threshold.of.the.staining.probes..To.overcome.these.problems,.NP-based.microarray.
detection.has.been.proposed.as.an.alternative.for.microarray.technology..Metal.NPs.[14–16],.magnetic.

(a)

(c)

(b)

(d)

FIgure ��.�  Nanoparticles.(NPs).as.biomarkers.for.cell.labeling..(a).Optical.and.(b).fluorescence.images.of.
leukemia.cells.incubated.with.antibody-immobilized.dye-doped.NPs,.(c).optical,.and.(d).fluorescence.images.
of.leukemia.cells.incubated.with unmodified.dye-doped.NPs.as.a.control.
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NPs.[17–18],.and.semiconductor.nanocrystals.[19].have.been.employed.as.labels.for.chip-based.DNA.
detection..To.further.increase.the.sensitivity.to.lower.molecular.concentrations,.dye-doped.silica.NPs.
can.be.employed.as.fluorescent.labels.for.DNA.and.protein.microarray.detection..The.strategies.are.
shown.in.Figure.21.4a.and.Figure.21.4b.for.DNA.and.protein.microarray.applications..Basically,.strep-
tavidin-labeled.NPs.bind.to.biotinylated.target.DNA.(DNA.microarray).or.biotinylated.detection.anti-
body.(protein.microarray)..The.highly.fluorescent.NPs.provide.amplified.signal.for.trace.amounts.of.
samples,.solve.the.major.sensitivity.limitation.of.microarray.technology,.and.push.the.boundaries.of.
discovery..This.advance.is.of.significant.importance.when.microarray.analysis.is.applied.in.areas.such.
as.genetic.screening,.proteomics,.safety.assessment,.and.medical.diagnosis.

��.�  Future perspectIves

Although. NPs. have. been. successfully. utilized. as. biomolecular. probes,. they. have. not. yet. been.
exploited.to.their.full.potential..Some.key.advances.include.making.NPs.for.drug-delivery.regimes.

(a)

(b)

Biotinylated
target DNA NP–SA

ScanningHybridizationPrinting probe DNA 

Capture Ab

Blocking buffer

Target protein

Detection Ab-biotin

NP–SA

FIgure ��.�  Strategies.of.nanoparticle-based.labeling.for.(a).DNA.microarray.and.(b).protein.microar-
ray.technology.
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and.targeting.biologically.relevant.diseases,.using.NPs.for.whole-cell.labeling.and.cytoplasmic.or.
nuclear. target. labeling,. and. developing. NP. detection. probes. for. single. molecule. separation. and.
detection. techniques.. All. of. these. promising. techniques,. designed. with. nanometer. dimensions,.
show.that.NPs.will.have.a.far-reaching.impact.on. the.ultrasensitive.detection.and.monitoring.of.
biological.events.
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22 Nanohydroxyapatite	for	
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��.�  IntroductIon

Pure. crystalline. hydroxyapatite. (HA). has. the. composition. of. Ca10(PO4)6(OH)2. with. the. calcium.
to.phosphor.mole.ratio.Ca/P.=.1.67..The.main.composition.of.the.biological.bone.is.nanograined.
hydroxyapatite.(HA).with.the.grain.size.of.about.5.to.50.nm.(see.Figure.22.1)..In.a.physiological.
environment,.bone.is.a.nonstoichemical.HA.of.Ca/P.mole.ratio.=.1.5.to.1.67,.dependent.on.the.age.
and.bone.site..Some.ions.such.as.HPO 4

2− ,.CO 3
2− ,.and.F–1.replace.partial.PO 4

3− .and.OH–1..Some.
other.earth.elements.such.as.Mg2+.and.Sr2+.can.replace.Ca2+,.too..The.common.formula.should.be.
Ca10–x+y(PO4)6–x(OH)2–x–2y,.where.0.<.x <.2.and.0.<.y <.x/2..For.example,.the.bone.composition.can.
be.represented.by.the.formula.of

. 8 3 4 4 3 4 3 1 7 3 0 3. . . ., ,Ca PO HPO CO OH CO( ) ( ) ( )

Bone.is.a.living.tissue.and.undergoes.constant.change.in.composition.by.either.dissolving.or.depo-
sition.of.bone.minerals.through.osteoclast.and.osteoblast.cells,.respectively..The.nano-HA.has.a.
nanocrystalline.feature.similar.to.the.bone,.thus.being.used.as.the.bone.substitute.material.[1–3].

Synthetic.nano-HA.has.been.used.in.medical.application.since.the.1970s..The.major.products.
are.coatings.on.metallic.dental,.hip,.and.spine.implants.for.the.acceleration.of.early.stage.healing.
and.decreasing.the.pain..Other.products.such.as.nano-HA.powders.or.porous.blocks.are.used.as.bone.
fillers..From.the.1980s.to.1990s,.a.calcium.phosphate.cement.(nano-HA.formed.after.cementation).
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has. been. used. for. cosmetic. surgery. and. spine.
fusion..From.1990s.to.the.present,.nano-HA.has.
been.used.for.tissue.engineering.and.drug.deliv-
ery..In.this.chapter,.we.will.briefly.introduce.the.
basic. science. of. HA. material,. manufacturing.
process,.application,.and.try.to.reflect.on.the.lat-
est.progress.of.applications.

��.�  BasIc scIence oF 
nanohydroxyapatIte

Nanostructured. hydroxyapatite. is. defined. as.
the.HA.material.with.the.grain.size.of.less.than.
100. nm.. The. nanostructured. materials. exhib-
ited.some.unique.properties.that.normal.micro-
structured.materials.do.not.have,. such.as.high.
hardness. and. low. wear. rate. for. engineering.
materials..For.hydroxyapatite,.the.nanomaterial.
will.have.extremely.high.surface.area..Because.
the.atoms.in.the.surface.layer.have.unsaturated.

atomic.bond,.nano-HA.exhibit.a.high.bioactivity,.which.accelerates.the.early.stage.bone.growth.and.
tissue.healing.[3–10]..Supposing.the.0.8.nm.thick.surface.layer.(about.one.crystal.lattice.parameter,.
a= .9 418 .Å,. c= .6 884 .Å).on.the.spherical.ball,.the.volume.fraction.of.surface.bioactive.atoms.
can.be.calculated.to.be. 1 1 0 8 3− − . /( )D ,.where.D.is.the.diameter.of.the.particle..The.calculated.
result.is.shown.in.Figure.22.2..For.10.nm.grain.size,.the.surfaced.atoms.account.for.about.22%,.and.
the.50.nm.grains.have.only.5%.atoms.on.the.surface..If.the.grain.size.is.larger.than.100.nm,.the.
surface.atoms.account.for.less.than.2.5%..The.smaller.the.grain.size.is,.the.higher.the.number.of.
surface.atoms,.resulting.in.quicker.bone.growth.and.faster.dissolution.rate..Experimental.results.of.
magnetic.nano-NiZnFe2O4.particles.are.demonstrated.in.Figure.22.2.[11–13].

��.�  nano-ha chemIstry

Hydroxyapatite.is.composed.of.CaO,.P2O5,.and.H2O,.and.thus.its.stability.is.dependent.on.both.
the.temperature.and.water-vapor.pressure..Figure.22.3.shows.the.phase.diagram.of.CaO.and.P2O5.
at.500.mm.Hg.partial.pressure.of.water..At.500.mm.Hg.water.vapor,.HA.is.the.stable.phase.below.

5 µm

FIgure ��.�  Biological.hydroxyapatite.from.den-
tal.enamel.etched.30.seconds.with.35%.phosphoric.
acid.. (From. Buddy. D.. Ratner,. Allan. S.. Hoffman,.
Frederick. J..Schosen,. and. Jack.E..Lemons,.Bioma-
terials Science,.Academic.Press,.New.York,.1996,.p..
321..With.permission.)
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FIgure ��.�  Surface.atoms.fraction.as.a.function.of.grain.size.for.a.spherical.particle,.supposing.the.sur-
face.layer.is.0.8.nm.
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1360°C,. and. decomposed. into. tetracalcium.
phosphate. (C4P. or. TTCP),. (Ca4(PO4)2O). and.
alfa-tricalcium. phosphate. (α-C3P),. Ca3(PO4)2.
at. >1360°C.. The. complete. decomposition.
occurs.at.1550.to.1570°C,.and.HA.becomes.the.
mixture.of.liquid,.C4P,.and.α-C3P.at.>1570°C..
Without. water. vapor,. HA. starts. losing. OH. at.
even.as.low.as.900°C,.and.the.decomposition.is.
significant.at.>1000°C.in.air,.N2,.or.Ar..For.sin-
tering,.the.preferred.temperature.is.at.<1360°C.
under. at. least. 500. mm. Hg. water-vapor. pres-
sure..For.plasma.thermal.spray.at.temperature.
>5000°C,.the.decomposition.is.inevitable..The.
final.phase.composition.of.HA.coating.contains.
crystalline.HA,.amorphous.phase,.C4P,.α-C3P,.
β-C3P,.and.CaO.

Hydroxyapatite. stability. in. water. is. shown.
in.Figure.22.4.[15]..HA.has.the.lowest.calcium.
ion.concentration.and.is.the.stable.phase.at.the.
same.pH.when.pH.>.4.2,.and.all.other.calcium.phosphate.compounds,.such.as.Ca4(PO4)2O.(TTCP).
and.CaHPO4.(DCPA),.transfer.to.HA.through.reaction.with.water..At.pH.<.4.2,.CaHPO42H2O.is.
the.stable.compound,.and.HA.decomposes.into.CaHPO42H2O..Figure.22.4.is.the.base.of.calcium.
phosphate.cement..For.powder.synthesis,.the.chemical.precipitation.process.should.be.controlled.at.
pH.8.5.to.9.5,.where.the.Ca.ion.concentration.in.the.solution.is.at.minimum..In.a.body.fluid.system,.
the.pH.is.7.3.at.37°C,.therefore.any.kind.of.calcium.phosphate.fillers.or.coatings.will.finally.form.
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FIgure ��.�  Phase.diagram.of.CaO–P2O5..(From.Buddy.D..Ratner,.Allan.S..Hoffman,.Frederick.J..Schosen,.
and.Jack.E..Lemons,.Biomaterials Science,.Academic.Press,.New.York,.1996,.p..82..With.permission.)
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FIgure ��.�  Phase. diagram. of. Ca(OH)2-H3PO4-
H2O.at.25°C..(From.L.C..Chow.and.S..Takagi,.J. Res. 
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HA,.then.the.HA.is.gradually.transformed.into.bone.through.balancing.with.the.Ca2+.and.PO 4
3− .as.

well.as.other.ions.such.as.Mg2+,.F–.in.body.fluids.

��.�  nano-ha mechanIcs

The.HA.mechanical.properties.are.listed.in.Table.22.1.for.different.forms.of.products.as.compared.
with. bone.. It. is. found. that. the. sintered. HA. has. the. grain. size. >500. nm,. which. has. the. highest.
compressive.and. tensile.strength..Researchers.have.demonstrated. that. the.mechanical.properties.
are.dominated.by.composition,.porosity,.and.microstructure..For.sintered.HA.bulk.material,. the.
compressive.strength.( σc ).and.tensile.strength.( σt ).exponentially.decrease.with.volume.porosity.
(Vp)—that.is,. σc p= −700 5exp( )V .and. σt p= −220 20exp( )V .[1]..Using.hot.pressing.or.sintering.
in.water.vapor.at.1150.to.1250°C,.the.HA.relative.density.reached.99%..The.CO 3

2− .or.F–.replaced.
HA.has.different.values..The.sintered.HA.is.a.hard.and.brittle.material,.too..Its.Young’s.modulus.is.
110.GPa,.Vicker’s.hardness.is.500.kg/mm2.at.200.g.load,.and.fracture.toughness.is.about.1.0.to.1.2.
MPa. m1 2/ .[16–19]..Because.the.sintered.HA.has.a.very.low.Weibull.factor.(n.=.12).in.physiological.
solution,.the.bulk.HA.cannot.be.used.in.load-bearing.applications.[1]..Most.applications.of.the.bulk.
HA.are.under.the.nonload.conditions.such.as.in.the.middle.ear.

The.majority.of.HA.products.are.powder.blocks,.cements,.and.coatings,.with.grain.size.about.50.
to.100.nm,.and.they.are.highly.porous.(30.to.80%.pores)..These.pores.make.the.HA.have.extremely.
low.tensile.strength.of.2.to.3.MPa.and.compressive.9.to.60.MPa,.which.are.similar.to.cancellous.
bone.of.3.and.5.5.MPa,.but.far.lower.than.the.cortical.bone..For.nonload.applications,.the.porous.
coralline.and.cemented.HA.have.little.foreign.body.reaction.and.finally.merge.and.transform.into.
physiological.bone.3.to.5.years.after.surgery;.this.is.the.real.advantage.of.HA.materials.[15,20].

��.�  nano-ha BIology In VItro and In VIVo

Because.the.biological.apatite.of.bone.mineral.is.a.nanoapatite,.the.synthesized.nano-HA.is.expected.
to.be.recognized.as.belonging.to.the.body.[21]..In.other.words,.the.synthesized.nano-HA.could.be.
directly.involved.in.the.natural.bone.remodeling.process,.rather.than.being.phagocytosized.[21]..
On.the.other.hand,.the.biocompatibility.of.HA.is.being.governed.by.a.thin.layer.of.apatitic.mineral.
matrix.as.a.result.of.the.dissolution.and.reprecipitation.of.HA.[22,23]..The.biological.responses.to.
HA.surfaces.are.known.to.be.influenced.by.the.size,.morphology,.and.structure.of.HA.particles.
[3,4,24,25]..For.example,.as-received.HA.with.smaller.crystal.particles.have.been.reported.to.stimu-
late.greater. inflammatory.cytokine. release.as.compared. to.well-sintered.HA.with.bigger.crystal.
particles.[5]..In.addition,.well-sintered.HA.was.observed.to.significantly.enhance.osteoblast.differ-
entiation.as.compared.to.as-received.HA.[6]..In.contrast,.nano-HA.is.expected.to.lead.to.different.
biological.responses.because.nano-HA.may.have.higher.solubility.

taBle ��.�
mechanical properties of hydroxyapatite

sintered ha 
(��% density) coralline ha cemented ha Bone

Grain.size.(nm) >500 50–500 50–500 5–50

Tensile.strength.(MPa) 80–180 2.8 2.1 3.(Cancellous)

151.(Cortical)

Compression.strength.(MPa) 470 9.3 55 5.5.(Cancellous)
162.(Cortical)
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In.the.in vitro.study,.human.monocyte-derived.macrophages.and.human.osteoblast-like.(HOB).
cell.models.have.been.used.to.study.the.biocompatibility.of.nano-HA.coatings.[5]..The.nano-HA.
coatings.were.prepared.by.means.of.electrospraying.nano-HA.particles.onto.glass.substrates..The.
cells.were.seeded.onto.the.nano-HA.coatings.and.cultured.for.a.week..The.release.of.lactate.dehy-
drogenase.(LDH).and.tumor.necrosis.factor.alpha.(TNF-α).from.cells.were.used.to.evaluate.the.
cytotoxicity.and.inflammatory.responses,.respectively..Although.there.was.some.evidence.of.LDH.
release.from.macrophages.in.the.presence.of.high.concentrations.of.nano-HA.particles,.there.was.
no.significant.release.of.TNF-α..In.addition,.nano-HA.was.observed.to.support.the.attachment.and.
the.spread.of.HOB.cells.[5]..In.another.study.using.porous.nano-HA.scaffolds,.periosteal-derived.
osteoblast.(POB).was.isolated.from.the.periosteum.of.4-month.human.embryos.aborting.and.seeded.
on.porous.nano-HA.scaffolds..The.attachment.and.the.growth.of.POB.on.the.scaffolds.were.evalu-
ated.by.measuring.the.POB.morphology,.proliferative.abilities,.and.osteogenic.activity..POB.could.
fully.attach.to.and.extend.on.HA.scaffolds,.and.form.extracellular.matrix..Moreover,.the.presence.
of.nano-HA.scaffolds.in.cell.culture.could.promote.cell.proliferation.as.compared.to.tissue.culture.
plate.(p <.0.5).[7]..In.another.separate.study,.a.porous.nano-HA/collagen.composite.was.produced.
in.sheet.form.and.convolved.into.a.three-dimensional.scaffold..Bone-derived.mesenchymal.cells.
from.neonatal.Wistar.rats.were.seeded.on.the.scaffolds.and.cultured.up.to.21.days..Spindle-shaped.
cells.were.found.to.continuously.proliferate.and.migrate.throughout.the.network.of.the.coil..Eventu-
ally,.three-dimensional.polygonal.cells.and.new.bone.matrix.were.observed.within.the.composite.
scaffolds.[8].

In.a.comparison.study.between.nanosize.HA.filler.and.micronsize.HA.filler.using.a.rat.cal-
varial.defect.model,.histological.analysis.and.mechanical.evaluation.showed.a.more.advanced.bone.
formation.and.a.more.rapid.increase.in.stiffness.in.the.defects.with.the.nanosize.HA.augmented.
poly(propylene.glycol-co-fumaric.acid),.suggesting.an.improved.biological.response.to.the.nano-
HA.particles.[9]..Other.studies.investigating.the.tissue.response.to.a.nano-HA/collagen.composite.
implanted. in. the.marrow.cavity.of.New.Zealand. rabbit. femur. reported. implant.degradation.and.
bone.substitution.during.bone.remodeling.[10]..The.process.of.implant.degradation.and.bone.sub-
stitution.during.bone.remodeling.suggested.that.the.composite.can.be.involved.in.bone.metabolism..
In.addition.to.the.process.of.degradation.and.bone.substitution,.the.composite.exhibited.an.isotropic.
mechanical.behavior.and.similar.microhardness.when.compared.to.the.femur.compacta.[10].

��.�  ha products and theIr applIcatIons

As.indicated.in.HA.biology,.the.HA.as.bone.substitute.has.the.ability.to.perform.osteointegration.
and.osteoconduction..The.clinical.applications.are.basically.divided.into.two.categories:.nano-HA.
granular.and.calcium.phosphate.cement.for.bone.repair.and.nano-HA.coating.for.bone.replacement..
In.research.areas,.nano-HA.combined.with.polymer.and.bone.growth.factors.(BMPs).have.been.
used.for.drug.delivery.and.tissue.engineering..The.details.are.described.below.

22.6.1  PorouS nAno-hA grAnulES or blocKS

Porous.nano-HA.can.be.prepared.by.two.methods:.sintering.and.hydrothermal.reaction..The.sinter-
ing.method.is.first.mixing.naphthalene.with.HA.particles,.then.compact.the.particles.into.a.com-
posite,.and.finally.sintering..Naphthalene.particles.would.sublime.during.the.sintering,.thus.leaving.
a.pore-filled.structure..This.method.can.make.spherical.porous.HA.particles,.but.pores.are.isolated..
Hydrothermal.reaction.is.using.natural.coral.as.raw.material..This.method.was.developed.in.1971,.
marked.as.ProOsteon.(Interpore.International,.Irvine,.California)..The.coral.is.first.treated.in.boil-
ing.water.with.about.5%.sodium.hypochrorite.(NaClO).to.remove.the.organics.and.left.calcium.car-
bonate.(CaCO3).and.pores..Then.the.CaCO3.is.reacted.with.ammonium.monohydrogen.phosphate.
((NH4)2HPO4).to.form.a.coralline.HA.under.temperature.around.250°C.at.3.8.MPa.for.24.hours..
The.coralline.HA.has.both.needle-like.grains.with.a.length.of.1.to.2.μm.and.a.width.of.100.to.200.
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nm..The.most.important.is.that.the.coralline.HA.has.the.microconnective.pores.of.100.to.150.μm.
(Figure.22.5),.which.provide.bone.in.the.growth.channel..Fifty.to.eighty.percent.of.the.voids.are.
filled.within.3.months..When.the.fibro-osteous.tissue.ingrowth.is.complete,.the.implant.consists.of.
about.17%.bone,.43%.soft.tissue,.and.40%.residual.HA..Therefore,.the.coralline.HA.becomes.as.
strong.and.tough.as.the.cancellous.bone.[26–28].

22.6.2  nAno-hA cEmEnt

Calcium.phosphate.cements.are.another.kind.of.porous.HA.product.used.as.a.bone.filler..Different.
from.coral.HA,.the.cements.are.paste-like.slurries.or.gels.that.can.be.directly.injected.to.the.void.site.
and.molded.to.shape.and.set.in vivo..This.flow.ability.is.unique.and.especially.suitable.for.cosmetic.
surgery..There.are.two.kinds.of.calcium.cements..One.was.invented.by.Chow.et.al..and.made.by.
equal.mole.percent.of.Ca4(PO4)2O.and.CaHPO4.mixed.with.water.to.form.a.paste.[15]..This.cement.
sets.via.isothermal.reaction.in.15.minutes.and.then.fully.hardens.over.4.hours..Another.calcium.
cement.uses.CaHPO4H2O.and.CaCO3.as.raw.materials.and.H3PO4.as.the.liquid.[26,27]..At.37°C,.the.
cement.has.2.minutes.working.time.(mixing.and.injection.while.flowing.ability.is.kept).and.sets.in.
about.8.minutes..In.all.the.calcium.phosphate.cements,.the.raw.materials’.particle.size,.powder-to-
liquid.ratio,.temperature,.pH,.and.seeding.are.all.variables.to.influence.the.microstructure,.working.
and.setting.times,.and.mechanical.properties.[31–37]..There.are.many.manufacturers.in.the.world.to.
commercially.supply.these.two.types.of.cements..In.the.U.S..market,.Bone.Source,.made.by.Leibin-
ger.(Dallas,.Texas).is.a.trade.name.of.the.first.type.of.cement..Norrian.SRS.Cement.(Norian.Corp.,.
Cupertino,.California).is.another.commercial.product.for.the.second.type.of.cement.[26,27].

All. these. products. have. similar. mechanical. properties. as. mentioned. before.. A. porous. nee-
dle-like. structure.Ca10(PO4)6(OH)2. crystals. are. their. typical.microstructure. (Figure.22.6)..These.
cements.have.been.successfully.used.in.sinus.repair,.cranioplasty,.and.distal.radial.and.calcaneal.
fracture..It.has.also.been.reported.that.the.calcium.phosphate.cement.has.been.used.for.percutanous.
vertebroplasty.[15,26–37].

22.6.3  nAno-hA coAting

Hydroxyapatite.has.been.coated.on.metallic.dental.and.orthopedic.implants.by.high-temperature.
plasma.thermal.spray.since.the.1980s.[24,25]..In.this.process,.HA.powders.are.fed.into.a.plasma.
flame.(temperature.5000.to.15,000°C)..The.powders.are.quickly.melted.and.quenched.on.the.metal-
lic.implant.substrate.to.form.a.thick.film.coating..Because.the.temperature.is.high,.the.coating.con-
tains.melted.and.crystallized.HA,.unmelted.HA,.amorphous.phase,.and.some.decomposed.phases.

100 µm 

FIgure ��.�  Scanning. electron. micrograph.
(SEM). of. coralline. hydroxyapatite.. (From. B.. Ben-
Nissan,.A..Milev,.and.R..Vago,.Biomaterials.2004;.
25:.4971–4975..With.permission.)

25 kV X35, 000 0.5 µm 020603

FIgure ��.�  Nanohydroxyapatite.formed.by.cal-
cium.phosphate.cementation..(From.L.C..Chow.and.
S..Takagi,.J. Res. Natl Inst. Standard Technol..2001;.
106:.1029–1033..With.permission.)
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such.as.C4P,.α-C3P,.β-C3P,.and.CaO,.as.shown.in.Figure.22.2..Clinically,.plasma.thermal-sprayed.
HA.coating.has.been.successfully.used.in.dental.implants.and.femoral.stems.for.hip.replacement,.
but.the.HA.coating.on.cups.has.a.high.failure.rate..The.special.advantage.of.plasma-sprayed.HA.
coating. on. the. stems. is. the. acceleration. of. the. cup’s. early. stage. healing,. no. sigh-pain,. and. the.
enhancement.of.bone.growth.across.a.gap.of.1.mm.between.the.bone.and.the.implants.under.stable.
and.unstable.mechanical.conditions..Filling.the.gap.is.very.important.for.the.revision.of.hips.where.
patients.had.bone.loss.during.the.primary.hip.replacement.

However,.the.plasma.thermal-sprayed.HA.has.the.disadvantage.of.low.bond.strength.at.the.coat-
ing–implant.interface,.and.the.strength.decreases.over.time.in.simulated.fluid.(SBF).(Figure.22.7)..
This.is.attributed.to.its.low.crystallinity.(typically.70%).and.microcracks.formed.due.to.high-tem-
perature.quenching,.decomposition,.and.thermal.expansion.mismatch.between.the.HA.and.metal-
lic.substrates.(α HA C= × /−13 10 6  ,.α Ti = . × /−9 8 10 6  C,.α CoCr = × /−16 10 6  C)..There.was.a.
controversy.about.the.amorphous.HA..Theoretically,.the.amorphous.HA.is.quickly.dissolved.in vivo,.
which.generates.high.local.Ca2+.and.PO 4

3− .ion.concentration.and.forms.supersaturated.conditions..
Based.on.thermodynamics.(Figure.22.4),.the.supersaturated.Ca2+.and.PO 4

3− .will.be.deposited.into.
the.biological.bone,.thus.proving.beneficial.to.the.early.stage.gap.healing,.about.30%.amorphous.
phase.is.necessary.[24,25,38,39]..Experimentally,.the.beneficial.effect.of.the.amorphous.phase.did.
not.happen.[40–44]..In.a.recent.specific.study,.HA-coated.titanium.of.50%.(low),.70%.(medium),.
and.90%.(high).crystallinity.were.inserted.into.the.canine.femur.for.1,.4,.12,.and.26.weeks..No.
significant.differences.could.be.found.in.the.percentage.of.bone.contact.and.interfacial.attachment.
strength.between.the.three.types.of.HA-coated.implants.throughout.the.four.implantation.periods.
[44]..In.another.study,.after.3.months.of.implantation,.the.high.crystallinity.(98%).coating.showed.
the.higher.shear.bond.strength.and.integrated.bone/coating.interface,.whereas.the.separation.of.the.
coating.fragments.was.clearly.observed.in.the.coating.that.had.low.crystallinity.(56%).[45].

In.order.to.avoid.the.disadvantages.of.the.plasma.thermal.spray,.a.chemical.precipitation.was.
introduced.in.the.1990s.[46,47]..This.method.is.a.room-temperature.process,.deposing.nano-HA.
thin.film.(grain.size.60.to.100.nm.and.thickness.<5.μm).on.porous.beaded.implants.in.the.supersatu-
rated.Ca2+.and.PO 4

3− .solution..This.process.has.been.successfully.used.for.coating.porous.cups.and.
porous.stems..Because.the.chemical.precipitation.is.a.liquid-based.room-temperature.process,.the.
coating.is.uniform.on.the.beads.and.in.the.inside.of.pores,.which.helps.the.tissue.and.bone.ingrowth.
in.the.pores..Therefore,.this.is.the.fixation.of.combined.mechanical.interlocking.and.osteointegra-
tion..Some.companies.even.coat.only β-C3P.on.the.porous.implant.and.let.β-C3P.transform.into.HA.
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FIgure ��.�  Scanning.electron.microscope.(SEM).picture.(left).and.tensile.bond.strength.of.electropho-
resis.deposited.(EPD).nanohydroxyapatite.coating.in.SBF.at.37°C,.as.compared.to.the.commercial.products..
(See.also.Zhang.Z.,.Xiao.T.D.,.and.Tongsan.D.,.U.S..Patent.No..2003099762.A1.2003;.Zhang.Z.,.Dunn.M.F.,.
Xiao.T.D.,.Tomsia.A.P.,.and.Saiz.E.,.Proc. Mater. Res. Soc. Symp. 703 Nanophase and Nanocomposite Mater. 
IV,.2002,.pp..291–296;.Yang.C.Y.,.Wang.B.C.,.Chang.E.,.and.Wu.B.C.,.J. Mater. Sci. Mater. Med..1995;.6:.
258–265;.and.Han.Y.,.Fu.T.,.Lu.J.,.and.Xu.K.,.J. Biomed. Mater. Res..2000;.54:.96–101.)
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in vivo..The.basic.function.of.the.thin-film.nano-HA.coating.is.stimulation.of.early.bone.growth.into.
the.macropores..Unfortunately,.the.chemically.precipitated.HA.is.only.mechanically.bonded.on.the.
implant.surface.with.an.extremely.low.bond.strength,.even.one’s.finger.can.scratch.the.coating.off..
This.requires.a.careful.handling.of.the.coated.implants.during.surgery..Any.chips.of.the.coating.
might.migrate.in.the.articulating.area.and.result.in.accelerated.wear.of.the.bearing.surface.

Because.both.plasma.thermal-sprayed.and.chemically.precipitated.HA.coatings.have.disadvan-
tages.in.low.bond.strength.or.the.strength.decrease.over.time,.many.other.processes.have.been.used.
for.coating.HA,.including.sol-gel,.dip.coating,.electrophoretic.deposition,.ion.implantation,.chemi-
cal.vapora.deposition,.and.sputtering.[48–55]..In.all.of.these.new.processes,.Inframat.Corporation.
has.developed.an. innovative. electrophoretic.deposition.process. to. coat. a. special. nano-HA.coat-
ing..This.nano-HA.coating.has.the.combined.advantages.of.nanograin.structure,.high.crystallinity.
(>90%),.and.the.capability.to.coat.the.beaded.porous.surfaces..Figure.22.7.shows.the.typical.surface.
microstructure.and.bond.strength.comparison.[40,41].

In.addition.to.the.dental,.hip,.knee,.and.maxillofacial.applications,.nano-HA.is.also.used.for.drug.
delivery.and.tissue.engineering..These.usually.make.a.composite.containing.HA.and.other.ingredi-
ents,.such.as.anti-infection.drugs,.bone.growth.factors,.and.biodegradable.polymers.[56–65].
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23 Nanotechnology	Provides	New	
Tools	for	Biomedical	Optics

Jennifer L. West, Rebekah A. Drezek, and Naomi J. Halas
Rice	University,	Houston,	Texas,	USA

��.�  IntroductIon

Continuing.advances.in.nanotechnology.are.generating.a.variety.of.nanostructured.materials.with.
highly. controlled. and. interesting. properties—from. exceptionally. high. strength. to. the. ability. to.
carry.and.target.drugs.to.unique.optical.properties..By.controlling.structure.at.the.nanoscale.dimen-
sions,.one.can.control.and.tailor.the.properties.of.nanostructures,.such.as.semiconductor.nanocrys-
tals.and.metal.nanoshells,.in.a.very.accurate.manner.to.meet.the.needs.of.a.specific.application..
These.materials.can.provide.new.and.unique.capabilities.for.a.variety.of.biomedical.applications.
ranging.from.diagnosis.of.diseases.to.novel.therapies..In.particular,.nanotechnology.may.greatly.
expand.the.impact.of.biophotonics.by.providing.more.robust.contrast.agents,.fluorescent.probes,.
and.sensing.substrates.

In.addition,.the.size.scale.of.nanomaterials.is.very.interesting.for.many.biomedical.applications..
Nanoparticles.are.similar.in.size.scale.to.many.common.biomolecules,.making.them.interesting.for.
applications.such.as.intracellular.tagging.and.for.bioconjugate.applications.such.as.antibody-target-
ing.of.imaging.contrast.agents..In.many.cases,.one.can.make.modifications.to.nanostructures.to.
better.suit.their.integration.with.biological.systems.(e.g.,.modifying.their.surface.layer.for.enhanced.
aqueous. solubility,. biocompatibility,. or. biorecognition).. Nanostructures. can. also. be. embedded.
within.other.biocompatible.materials.to.provide.nanocomposites.with.unique.properties.

Many.of.the.biomedical.applications.of.nanotechnology.will.involve.bioconjugates..The.idea.
of.merging.biological.and.nonbiological.systems.at. the.nanoscale.has.actually.been. investigated.
for.many.years..The.broad.field.of.bioconjugate. chemistry. is.based.on.combining. the. function-
alities.of. biomolecules. and.nonbiologically.derived.molecular. species. for. applications. including.
markers.for.research.in.cellular.and.molecular.biology,.biosensing,.and.imaging.[1]..Many.current.
applications.of. nanotechnology,. particularly. in. the. area. of. biophotonics,. are. a. natural. evolution.
of.this.approach..In.fact,.several.of.the.“breakthrough”.applications.recently.demonstrated.using.
nanostructure.bioconjugates.are. in. fact. traditional. applications.originally.addressed.by. standard.
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molecular.bioconjugate.techniques.that.have.been.revisited.with.these.newly.designed.nanostructure.
hybrids,.often.with.far.superior.results..Typically,.nanostructured.materials.possess.optical.proper-
ties.far.superior.to.the.molecular.species.they.replace—higher.quantum.efficiencies,.greater.scat-
tering.or.absorbance.cross-sections,.optical.activity.over.more.biocompatible.wavelength.regimes,.
and.substantially.greater.chemical.or.photochemical.stability..Additionally,.some.nanostructures.
provide.optical.properties.that.are.highly.dependent.on.particle.size.or.dimension..The.ability.to.
systematically.vary.the.optical.properties.via.structure.modification.not.only.improves.traditional.
applications.but. also.may. lead. to. applications.well.beyond. the. scope.of. conventional.molecular.
bioconjugates..In.this.chapter,.we.introduce.several.successful.examples.of.nanostructures.that.have.
been.applied.to.relevant.problems.in.biotechnology.and.medicine.

��.�  Quantum dots as Fluorescent BIologIcal laBels

Semiconductor.nanocrystals,.also.referred.to.as.“quantum.dots,”.are.highly.light-absorbing,.lumi-
nescent.nanoparticles.whose.absorbance.onset.and.emission.maximum.shift.to.higher.energy.with.
decreasing.particle.size.due.to.quantum.confinement.effects.[2,3]..These.nanocrystals.are.typically.
in.the.size.range.of.2.to.8.nm.in.diameter..Unlike.molecular.fluorophores,.which.typically.have.very.
narrow.excitation.spectra,.semiconductor.nanocrystals.absorb.light.over.a.very.broad.spectral.range.
(Figure.23.1)..This.makes.it.possible.to.optically.excite.a.broad.spectrum.of.quantum.dot.“colors”.
using.a.single.excitation.laser.wavelength,.which.may.enable.one.to.simultaneously.probe.several.
markers.in.imaging,.biosensing,.and.assay.applications..Although.the.luminescence.properties.of.
semiconductor.nanocrystals.have.historically.been.sensitive.to.their.local.environment.and.nano-
crystal.surface.preparation,.recent.core-shell.geometries.where.the.nanocrystal.is.encased.in.a.shell.
of. a.wider.bandgap. semiconductor.have. resulted. in. increased.fluorescence.quantum.efficiencies.
(>50%).and.greatly.improved.photochemical.stability..In.the.visible.region,.CdSe–CdS.core-shell.
nanocrystals.have.been.shown. to.span. the.visible. region. from.approximately.550.nm.(green). to.
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FIgure ��.�  Semiconductor. nanocrystals,. also. referred. to. as. “quantum. dots,”. are. highly. light-absorb-
ing,.luminescent.nanoparticles.whose.absorbance.onset.and.emission.maximum.shift.to.higher.energy.with.
decreasing.particle.size.due.to.quantum.confinement.effects..As.seen.in.this.typical.excitation–emission.plot.
for.a.type.of.quantum.dot,.strong.emission.is.observed.over.a.broad.range.of.excitation.wavelengths.
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630.nm.(red)..Other.material.systems,.such.as.InP.and.InAs,.provide.quantum.dot.fluorophores.in.
the.near-infrared.region.of.the.optical.spectrum,.a.region.where.transmission.of.light.through.tis-
sues.and.blood.is.maximal.[4]..Although.neither.II–VI.nor.III–V.semiconductor.nanocrystals.are.
water. soluble,. let. alone.biocompatible,. surface. functionalization.with.molecular. species. such. as.
mercaptoacetic.acid.or.the.growth.of.a.thin.silica.layer.on.the.nanoparticle.surface.facilitate.aque-
ous.solubility.[5]..Both.the.silica.layer.and.the.covalent.attachment.of.proteins.to.the.mercaptoacetic.
acid.coating.permit.the.nanoparticles.to.be.at.least.relatively.biocompatible..Quantum.dots.have.also.
been.modified.with.dihydrolipoic.acid.to.facilitate.conjugation.of.avidin.and.subsequent.binding.of.
biotinylated.targeting.molecules.[6]..Quantum.dots.can.also.be.embedded.within.polymer.nano-.or.
microparticles.to.improve.biocompatibility.while.maintaining.the.unique.fluorescence.

Specific.binding.of.quantum.dots.to.cell.surfaces,.cellular.uptake,.and.nuclear.localization.have.
all.been.demonstrated.following.conjugation.of.semiconductor.nanocrystals.to.appropriate.target-
ing.proteins.such.as.transferring,.growth.factors,.peptides,.or.antibodies.[2,4,7,8]..This.could.be.use-
ful.in.a.variety.of.microscopy.and.imaging.applications.(Figure.23.2)..Several.preliminary.reports.
of.in vivo.imaging.using.quantum.dots.show.considerable.promise..For.example,.cancerous.cells.
labeled.with.quantum.dots.ex vivo.were.injected.intravenously.to.track.extravasation.and.metastasis.
[9]..Five.different.populations.of.cells,.each.labeled.with.a.different.size.of.quantum.dot,.could.be.
simultaneously.tracked.in vivo.using.multiphoton.laser.excitation..Another.study.evaluated.in vivo.
imaging.with.quantum.dots.following.direct.injection.[10]..A.surface.modification.with.polyethyl-
ene.glycol.of.at.least.5000.Da.was.required.for.sustained.(>15.min).circulation.of.the.particles.in.
the.bloodstream.

Quantum.dots.may.also.be.useful.in.a.variety.of.in vitro.diagnostic.applications,.particularly.
because.concerns.about.semiconductor.nanocrystal.biocompatibility.can.be.neglected.in.such.uses..
One.example.is. the.development.of.a.fluorescent. immunoassay.using.antibody-conjugated.quan-
tum.dots.[6];.several.protein.toxins.have.been.successfully.detected.using.this.system..In.another.
example,.quantum.dots.embedded.in.polymer.microbeads.have.been.used.for.DNA.hybridization.
studies. [11]..Encasing. the.nanocrystals. in. the.polymer.beads.allows.for.simultaneous.reading.of.
a.huge.number.of.optical.signals..The.emission.of.different.nanocrystal.species.can.be.tuned.by.
varying.the.particle.size..Microbeads.can.then.be.prepared.with.varying.colors.and.intensities.of.
quantum.dots..Using.ten.intensity.levels.and.six.colors,.one.could.theoretically.code.1.million.opti-
cally.differentiated.signals.to.mark.different.nucleic.acid.or.protein.sequences.for.high-throughput.
screening.and.diagnostics..Similarly,.quantum.dots.bound.to.oligonucleotides.have.been.used.as.
probes.for.fluorescent.in situ.hybridization.(FISH).[12]..This.could.enable.more.detailed.analysis.of.

FIgure ��.�  Quantum.dots.can.be.used.for.live.cell.imaging..They.are.advantageous.due.to.their.bright.
fluorescence.over.a.broad.range.of.excitation.wavelengths,.resistance.to.photobleaching,.and.stability..Surface.
modifications.are.required.for.biocompatibility.
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gene.expression.profiles.with.localization.within.tissue.than.is.currently.possible.with.conventional.
molecular.fluorophores.

��.�  gold nanopartIcle BIoconjugate-Based colorImetrIc assays

The.use.of.gold.colloid.in.biological.applications.began.in.1971.when.Faulk.and.Taylor.invented.
the.immunogold.staining.procedure..Since.that.time,.the.labeling.of.targeting.molecules,.such.as.
antibodies,.with.gold.nanoparticles.has.revolutionized.the.visualization.of.cellular.components.by.
electron.microscopy.[13]..The.optical.and.electron.beam.contrast.properties.of.gold.colloid.have.
provided.excellent.detection.capabilities.for.applications.including.immunoblotting,.flow.cytometry,.
and.hybridization.assays..Furthermore,.conjugation.protocols. to.attach.proteins. to.gold.nanopar-
ticles.are.robust.and.simple.[1],.and.gold.nanoparticles.were.shown.to.have.excellent.biocompat-
ibility.[13].

Gold.nanoparticle.bioconjugates.were.recently.applied.to.polynucleotide.detection.in.a.man-
ner. that. exploited. the. change. in.optical.properties. resulting. from.plasmon–plasmon. interactions.
between.locally.adjacent.gold.nanoparticles.[14]..The.characteristic.red.color.of.gold.colloid.has.
long.been.known. to.change. to.a.bluish-purple.color.upon.colloid.aggregation.due. to. this.effect..
In.the.case.of.polynucleotide.detection,.mercaptoalkyloligonucleotide-modified.gold.nanoparticle.
probes.were.prepared..When.a.single-stranded.target.oligonucleotide.was.introduced.to.the.prepara-
tion,.the.nanoparticles.aggregated.due.to.the.binding.between.the.probe.and.target.oligonucleotides,.
bringing.the.nanoparticles.close.enough.to.each.other.to.induce.a.dramatic.red-to-blue.color.change.
as.depicted.in.Figure.23.3..Because.of.the.extremely.strong.optical.absorption.of.gold.colloid,.this.
colorimetric.method.can.be.used.to.detect.~10.fmol.of.an.oligonucleotide,.which.is.~50.times.more.
sensitive.than.the.sandwich.hybridization.detection.methods.based.on.molecular.fluorophores.

A.similar.approach.has.been.used.to.develop.a.rapid.immunoassay.that.can.be.performed.in.
whole.blood.without. sample.preparation. steps..This. assay.utilizes. a. relatively.new. type.of.gold.
nanoparticle.called.a.gold.nanoshell..Gold.nanoshells.are.concentric.sphere.nanoparticles.consist-
ing.of.a.dielectric.core.nanoparticle.(typically.gold.sulfide.or.silica).surrounded.by.a.thin.gold.shell.
[15]..By.varying.the.relative.dimensions.of.the.core.and.shell.layers,.the.plasmon-derived.optical.
resonance.of.gold.can.be.dramatically.shifted.in.wavelength.from.the.visible.region.into.the.mid-
infrared.as.depicted.in.Figure.23.4.[16]..By.varying.the.absolute.size.of.the.gold.nanoshells,.they.
may.be.designed.to.either.strongly.absorb.(for.particles.<~75.nm).or.scatter. (for.particles.>~150.
nm).the.incident.light.[16]..The.gold.shell.layer.is.formed.using.the.same.chemical.methods.that.are.

FIgure ��.�  When. gold.nanoparticles. come. into. close.proximity,. plasmon–plasmon. interactions. cause.
dramatic.changes.in.optical.properties..Using.appropriately.conjugated.nanoparticles,. this.behavior.can.be.
exploited.for.DNA.hybridization.assays.and.immunoassays.
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employed.to.form.gold.colloid;.thus,.the.surface.properties.of.gold.nanoshells.are.virtually.identi-
cal.to.gold.colloid,.providing.the.same.ease.of.bioconjugation.and.excellent.biocompatibility..To.
develop.a.whole.blood.immunoassay,.gold.nanoshells.were.designed.and.fabricated.for.near-infra-
red.resonance,.and.antibodies.against.target.antigens.were.conjugated.to.the.nanoshell.surfaces.[17]..
When.introduced.into.samples.containing.the.appropriate.antigen,.the.antibody–antigen.linkages.
caused.the.gold.nanoshells.to.aggregate,.shifting.the.resonant.wavelength.further.into.the.infrared..
This.assay.system.was.shown.to.have.sub-ng/ml.sensitivity..More.importantly,.this.assay.can.be.per-
formed.in.whole-blood.samples.because.the.wavelengths.utilized.are.in.the.near.infrared,.above.the.
absorption.of.hemoglobin.yet.below.the.water.absorption.band,.where.penetration.of.light.through.
blood.is.relatively.high.[4]..Additionally,.because.gold.nanoshells.have.highly.tunable.optical.prop-
erties,.it.may.be.possible.to.probe.for.several.antigens.simultaneously.using.nanoshells.with.varying.
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FIgure ��.�  Gold.nanoshells.consist.of.a.dielectric.core.nanoparticle.surrounded.by.a.thin.metal.shell..By.
varying.the.relative.dimensions.of.the.core.and.shell.constituents,.one.can.design.particles.to.either.absorb.or.
scatter.light.over.the.visible.and.much.of.the.infrared.regions.of.the.electromagnetic.spectrum..(a).These.vials.
contain.suspensions.of.either.gold.colloid.(far.left.with.its.characteristic.red.color).or.gold.nanoshells.with.
varying.core:shell.dimensions..(b).The.optical.properties.of.nanoshells.are.predicted.by.Mie.scattering.theory..
For.a.core.of.a.given.size,.forming.thinner.shells.pushes.the.optical.resonance.to.longer.wavelengths.
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optical.resonances..Nanoshells.are.also.effective.substrates.for.surface-enhanced.Raman.scattering.
[18],.which.may.enable.alternative.methods.for.near-infrared.biosensing.

��.�  photothermal therapIes

Gold.nanoshells,.described.above,.can.be.designed.to.strongly.absorb.light.at.desired.wavelengths,.
in.particular.in.the.near.infrared.between.700.and.1100.nm.where.the.tissue.is.relatively.transparent.
[4]..Very.few.molecular.chromophores.are.available.in.this.region.of.the.electromagnetic.spectrum,.
let.alone.ones.with.low.toxicity..When.optically.absorbing.gold.nanoshells.are.embedded.in.a.matrix.
material,.illuminating.them.at.their.resonance.wavelength.causes.the.nanoshells.to.transfer.heat.to.
their.local.environment..This.photothermal.effect.can.be.used.to.optically.modulate.drug.release.
from. a. nanoshell–polymer. composite. drug. delivery. system. [19].. To. accomplish. photothermally.
modulated.drug.release,.the.matrix.polymer.material.must.be.thermally.responsive..Copolymers.of.
N-isopropylacrylamide.(NIPAAm).and.acrylamide.(AAm).exhibit.a.lower.critical.solution.tempera-
ture.(LCST).that.is.slightly.above.body.temperature.[20]..When.the.temperature.of.the.copolymer.
exceeds.its.LCST,.the.resultant.phase.change.in.the.polymer.material.causes.the.matrix.to.collapse,.
resulting.in.a.burst.release.of.any.soluble.material.(i.e.,.drug).held.within.the.polymer.matrix.[20]..
As.demonstrated.in.Figure.23.5,.when.gold.nanoshells.that.were.designed.to.strongly.absorb.near-
infrared.light.were.embedded.in.NIPAAm-co-AAm.hydrogels,.pulsatile.release.of.insulin.and.other.
proteins.could.be.achieved.in.response.to.near-infrared.irradiation.

In. another. application,. nanoshells. are. being. used. for. photothermal. tumor. ablation. [21,22]..
When. tumor.cells. are. treated.with.nanoshells. and. then.exposed. to.near-infrared. light,. cells. are.
efficiently.killed,.while.neither.the.nanoshells.alone.nor.the.near-infrared.light.had.any.effect.on.
cell.viability,.as.shown.in.Figure.23.6.[21]..Furthermore,.particles.in.the.size.range.of.60.to.400.nm.
will.extravasate.and.accumulate.in.tumors.due.to.the.enhanced.permeability.and.retention.effect.
that.results.from.the.leakiness.of.tumor.vasculature.[23]..Near-infrared.absorbing.nanoshells.are.
in.the.appropriate.size.range.for.this.phenomenon..When.polyethylene.glycol-modified.nanoshells.
were.injected.intravenously.in.tumor-bearing.mice,.the.nanoshells.accumulated.in.the.tumor.[22]..
Subsequent.exposure.of.the.tissue.region.to.near-infrared.light.led.to.complete.tumor.regression.and.
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FIgure ��.�  Release. of. insulin. from. NIPAAm-coAAm. hydrogels. with. nanoshells. embedded. in. their.
structure. can.be.modulated.by. exposure. to.near-infrared. light. (832.nm,.1.5.W/cm2)..The. top.panel. is. the.
release.rate.of.insulin.from.the.nanocomposite.hydrogel.materials.versus.time,.and.the.bottom.panel.indicates.
the.pattern.of.laser.illumination.
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survival.of.the.nanoshell-treated.mice..The.light.alone.had.no.effect..Nanoshells.can.be.conjugated.
to.antibodies.against.oncoproteins.to.potentially.have.cellular-level.specificity.of.therapy.[17,21].

��.�  sIlver plasmon resonant partIcles For BIoassay applIcatIons

Silver. plasmon. resonant. particles. have. been. used. as. reporter. labels. in. microarray-based. DNA.
hybridization.studies.[24].and.sandwich.immunoassays.[25]..Silver.plasmon.resonant.particles.con-
sist.of.a.gold.nanoparticle.core.onto.which.a.silver.shell.is.grown..Particles.of.this.type.in.the.size.
range.of.40.to.100.nm.scatter.light.very.strongly,.as.many.as.107.photons/sec.to.the.detector.[24],.
allowing.them.to.act.as.diffraction-limited.point.sources.that.can.be.observed.using.a.standard.dark.
field.microscope.with.white.light.illumination..In.the.bioassay.applications.that.have.been.devel-
oped,.bioconjugates.are.prepared.with.antibodies.either.against.a.target.antigen.for.an.immunoassay.
or.against.biotin.for.subsequent.attachment.of.biotinylated.DNA..In.both.the.immunoassay.and.the.
hybridization.assay,.the.results.are.determined.by.counting.the.number.of.particles.bound.to.the.
substrate.via.microscopy.. In. the.DNA.hybridization.assay,. the.sensitivity.obtained.was.approxi-
mately.60×.greater.than.what.is.typically.achieved.using.conventional.fluorescent.labels.
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��.�  IntroductIon

Rapid.advances.in.the.field.of.nanotechnology.have.resulted.in.the.development.of.methods.to.pre-
pare,.modify,.and.study.materials.and.mechanisms.at.the.molecular.and.atomic.levels,.providing.
tools.to.probe.biological.structures.and.processes.on.a.scale.not.previously.possible.[1]..This.greater.
understanding. of. biology. has,. in. turn,. fuelled. nanotechnology. by. directing. research. in. medical.
materials,.devices,.and.treatments.[2]..Divisible.into.complementary.branches.of.biological.discov-
ery.and.biological.mimicry,.research.in.this.field.forms.a.nascent.multifaceted.domain.requiring.
collaborative.expertise. from.biologists,.physicists,.chemists,.and.engineers,.which. is.collectively.
defined.as.nanobiotechnology.[3]..Specific.application.of.nanobiotechnology.to.nano-.and.molecu-
lar-scale.design.of.devices.for.the.prevention,.treatment,.and.cure.of.illness.and.disease.is.called.
nanomedicine.[1].

Nanotechnology,.the.parent.research.domain.of.nanobiotechnology,.represents.one.of.the.few.
fields.in.which.government.funding.has.continued.to.increase..Between.1997.and.2003,.government.
organizations.globally.increased.funding.in.the.nanotechnology.sector.from.$432.million.to.almost.
$3.billion.[3]..A.report.by.the.National.Nanotechnology.Initiative.(NNI,.United.States).indicates.
that.funding.in.nanobiotechnology.accounts.for.less.than.10%.of.this.worldwide.government.sup-
port..In.sharp.contrast,.over.50%.of.nanotechnology.venture.capital.is.invested.in.nanobiotechnol-
ogy,.indicative.of.the.potential.benefit.to.be.reaped.from.this.burgeoning.field.[3].

Still.in.its.infancy,.nanomedicine.has.the.potential.to.revolutionize.the.future.practice.of.medi-
cine..The.majority.of.work.in.the.area.can.be.classified.in.one.of.the.following.three.areas:.(1).thera-
peutic.delivery.systems.with.the.potential. to.deliver.genes.and.pharmaceuticals. through.specific.
cellular.pathways;.(2).novel.biomaterials.and.tissue.engineering.for.active.tissue.regeneration;.and.
(3).biosensors,.biochips,.and.novel.imaging.techniques.for.the.purposes.of.diagnostic.monitoring.
and. imaging.. In. the. sections. that. follow,. each. of. these. areas. is. discussed. and. supplemented. by.
examples.of.current.research.

��.�  partIcle-Based therapeutIc systems

Current.pharmaceutical.treatments.for.illnesses.ranging.from.cystic.fibrosis.to.cardiovascular.inter-
vention.and.the.myriad.of.known.cancers.suffer.a.variety.of.drawbacks.related.to.their.methods.of.
administration..Systemic.delivery.requires.high.concentrations,.which.can.lead.to.adverse.toxic.side.
effects,.unsustainable.drug.levels,.and.developed.drug.resistance..Additionally,.oral.medications.are.
subject.to.individual.patient.compliance,.further.complicating.the.challenge.of.sustained.therapeu-
tic.levels..Though.illness-specific.treatments.each.have.unique.associated.detriments,.the.applica-
tion.of.nanofabrication.techniques.promises.to.offer.a.range.of.delivery.systems.designed.to.remedy.
these.obstacles.by.providing.methods.of.controlled.therapeutic.delivery.and.release.to.specific.tis-
sues.and.tumors.over.a.desired.timeline.

Therapeutic.delivery.systems.are.designed.to.deliver.a.range.of.therapeutic.agents,.including.
poorly.soluble.drugs,.proteins,.vaccine.adjuvants,.and.plasmid.DNA.(pDNA).for.gene.therapy,.by.
exposing.target.cells.to.their.payload..This.requires.the.carrier.to.enter.cells.through.endocytic.or.
phagocytic.pathways.where,.once. internalized,. the. therapeutic. agent. is. released. through.vehicle.
degradation.and.diffusion.mechanisms..Accomplishing.these.tasks.while.addressing.other.issues,.
such.as.biocompatibility,.biodegradability,.and.an.ability.to.avoid.capture.and.clearance.by.the.retic-
uloendothelial.system.(RES),.has.proved.challenging;.systems.excelling.at.certain.aspects.often.fail.
to.incorporate.all.required.characteristics.for.in vivo.application.

Current. nanoscale. delivery. systems. are. divisible. into. two. major. categories:. surface. modifi-
cation.systems.designed.to.prevent.immune.response.or.promote.cell.growth,.and.particle-based.
systems.designed.to.deliver.therapeutics.to.cells.and.tissues..The.major.research.focus.of.surface.
modifications.is.antiproliferative.drug-eluting.stent.coatings.designed.to.prevent.restenosis,.a.reoc-
clusion.affecting.30.to.50%.of.angioplasty.patients.[4–7].
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Alternatively,. particle-based. systems. include. viral. carriers,. organic. and. inorganic. nanopar-
ticles,. and. peptides.. Current. trends. indicate. that. particle-based. systems. will. likely. replace. sur-
face.modifications.as.treatments.move.toward.less-invasive.interventions,.as.evidenced.by.recent.
research. attempting. to. ameliorate. the. shortfalls. in.drug-eluting. stent. coatings.with.nanoparticle.
systems.[8–10].

Within.the.field.of.particle-based.delivery,.the.major.focus.of.research.now.lies.in.biocompatible.
polymers.for.gene.therapy..Although.the.efficient.targeted.delivery.of.therapeutic.drugs.remains.a.
significant.challenge.with.enormous.potential.benefit,.the.unfolding.nature.of.proteomics.has.led.
more.researchers. to.focus.on.the.potential.for.gene.therapy.as. the.future.of.nanomedicine. treat-
ments..Accordingly,.the.majority.of.the.studies.discussed.refer.to.gene.transfection..However,.the.
considerations.necessary.for.efficient.transfection.are.equally.applicable.to.drug.delivery.systems.

Viruses,.particularly.retroviruses.and.adenoviruses,.continue.to.be.used.for.transfection,.though.
their.DNA.carrying.capacity.is.limited.[11]..Despite.their.highly.efficient.transfection.capabilities.
and.the.ability.to.achieve.permanent.insertion.of.the.therapeutic.gene.into.the.cell.genome,.their.
immunogenic.and.mutagenic.impacts.have.led.research.toward.less-hazardous.vectors..The.present.
design.conundrum.is.in.developing.vehicles.that.transfect.as.efficiently.as.viral.vectors.while.avoid-
ing.the.mutagenic.and.carcinogenic.risks..Nonviral.vectors.include.liposomes,.and.nanoparticles.of.
peptides.and.synthetic.and.natural.polymers,.with.vector.selection.governed.by.a.myriad.of.factors.
including.the.therapeutic.agent,.desired.pharmacokinetics,.and.the.target.cells.

Liposomes.are.the.primary.choice.for.plasmid.transfection,.favorable.for.their.ability.to.con-
dense.pDNA,.protecting.it.against.degradation.by.serum.nucleases..Cationic.lipids.electrostatically.
compact.DNA.up.to.2.3.Mb.[12],.forming.complexes.having.a.positive.surface.potential.and.diam-
eter.less.than.200.nm;.such.particles.are.capable.of.being.internalized.through.endocytic.pathways..
Complexes. may. consist. of. lipid. cores.with. adsorbed.plasmids. [13]. or. lipid. shells.with. internal-
ized.plasmids.[14–16]..Due.to.the.associated.high.surface.charge,.circulatory.proteins.are.easily.
adsorbed.and.allow.for.rapid.clearance.of.these.vehicles.from.the.circulatory.system.by.the.RES..
This.has.led.to.the.development.of.“stealth”.coatings.with.hydrophilic.polyethylene.glycol.(PEG).or.
longer-chain.polyethylene.oxide.(PEO),.allowing.circulation.times.in.the.range.of.hours.rather.than.
minutes.[17]..Added.through.physical.adsorption.or.as.block.copolymers,.the.flexible.hydrophilic.
region.of.PEG.chains.form.a.“conformational.cloud,”.preventing.adhesion.of.opsonizing.proteins.
[18].(Figure.24.1).

The.incorporation.of.PEG.is.also.commonplace.for.synthetic.polymeric.nanoparticles,.generally.
used.as.block.copolymers.with.the.complemen-
tary.polymer.selected.based.on.the.properties.of.
the.drug.to.be.delivered.[19,20]..Cationic.poly-
mers.commonly.selected.for.their.ability.to.con-
dense.negative.plasmids.demonstrate.a.positive.
surface.charge,.or.zeta.( ξ ).potential,.which.per-
mits.binding.of.opsonizing.proteins.in.the.blood;.
as. with. liposomes,. the. integration. of. PEG. in.
nanoparticles. prevents. opsonization.. Although.
the. list. of. polymers. employed. is. lengthy,. the.
most. common. is.U.S..Food.and.Drug.Admin-
istration. (FDA)-approved. poly(d,l-lactide-co-
glycolide). (PLGA). [5].. It. should. be. noted. that.
polyethyleneimine. (PEI),.whose.proton.sponge.
behavior. is. thought. to.cause.endosome.disrup-
tion,. is. generally. the. comparison. standard. for.
synthetic.polymer.transfection,.though.its.cyto-
toxicity.inhibits.clinical.application..In.addition.
to.plasmid.transfection,.synthetic.polymers.are.

Plasmid DNA

(b)(a)

FIgure ��.�  (a). The. “conformational. cloud”.
prevents. opsonization. of. a. polyethylene. glycol.
(PEG)-coated.polymeric.nanoparticle.loaded.with.a.
pharmaceutical.. (b). Liposome. section. depicts. how.
plasmid.DNA.is.compacted.by.charge.and.encapsu-
lated.or.adsorbed.depending.on.fabrication.method.
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also.being.developed.for.delivery.of.poorly.soluble.hydrophobic.drugs.such.as.cisplatin.[21],.clon-
azepam.[22],.and.paclitaxel.[9,18,23].

A.common.concern.with.synthetic.polymers.is.the.inability.of.cells.to.adequately.metabolize.
the.polymer.vehicles.and.constituents.that.may.be.used.in.their.fabrication,.such.as.poly(vinyl.alco-
hol).(PVA),.which.may.comprise.nearly.10%.w/w.of.PLGA.vehicles.[5,24]..Though.synthetic.poly-
mers.provide.better.sustained.release.and.gene.expression.profiles.than.their.natural.counterparts.
[5],.recognition.that.in vivo.safety.is.as.important.as.therapeutic.success.has.pushed.research.efforts.
toward.natural.biopolymers.in.the.hopes.of.achieving.true.immune.transparency.[5].

Natural.polymers.such.as.chitosan.and.alginate.have.received.recent.attention.due.to.their.desir-
able.biodegradability.characteristics.[25–27]..Research.in.this.field,.to.date.limited.in.contrast.to.
liposomes.and.synthetic.polymers,. indicates. that. these.natural.vectors.have. inferior. transfection.
capabilities.when.compared. to.viral.and.synthetic.vectors..As.nanoparticles.are.producible.with.
similar.size.and.surface.charge,.it.remains.to.be.ascertained.where.the.breakdown.in.natural.poly-
mer.transfection.occurs..Though.biopolymeric.nanoparticles.have.yet.to.reach.the.transfection.effi-
ciency. of. commercial. liposome. formulations. such. as. Lipofectamine™. (Invitrogen. Corporation,.
Carlsbad,.California),.or.that.of.synthetic.polymers,.their.slow.biodegradation,.ensuring.a.burst-free.
release.of.therapeutic.plasmid,.and.the.promise.of.transfection.without.immune.response.continues.
to.fuel.research.in.this.field.

In.addition.to.natural.biopolymers,.recent.attention.has.focused.on.biocompatible.peptides.as.
delivery.vectors..By.condensing.pDNA.in.a.simple.complexation. fashion.similar. to.polycations,.
protein.transduction.domain.peptides.demonstrate.carrier.uptake.of.80.to.90%.within.30.minutes,.
significantly.more.rapid.than.PEI.or.commercial.liposomes.[28]..These.vectors.are.able.to.bypass.
traditional.endocytic.pathways.to.reach.the.nucleus.within.1.hour..Similarly,.nuclear.localization.
sequence.(NLS).peptides.allow.superior.transfection.over.synthetic.polyplexes,.and.may.be.incor-
porated.in.traditional.liposome.complexes.to.assist.in.plasmid.nuclear.penetration.[29,30].

It.is.evident.that.particle-based.vectors.have.yet.to.reach.their.envisioned.capabilities..Research.
focus.has. shifted. from.viral.vectors,.which.continue. to.offer. the.highest. transfection.efficiency,.
through.synthetic.polymer.and.liposome.systems,.commercially.available.and.suitable.for.in vitro.
transfection,. to. natural. compounds. in. search. of. transfection. using. a. biodegradable. vector.. The.
enhanced.biocompatibility.of.peptides.and.natural.biopolymers.will.certainly.drive.research.as.the.
quest.for.suitable.in vivo.vectors.continues,.though.the.balance.between.attaining.biocompatibility.
while.preserving.transfection.efficiency.has.yet.to.be.found.

24.2.1  PrActicAl conSidErAtionS for nAnoScAlE vEctorS

Evident.within. the.research. to.date. is. the.superiority.of.certain.vectors. for.particular.aspects.of.
the.delivery.process..The.initial.stage.in.the.transfection.process.is.endocytosis,.which.generally.
requires.vectors.to.be.less.than.200.nm.in.diameter,.though.size.limit.is.dependent.on.the.target.cells.
[24,28,31]..Size. trials.of.a.nonphagocytic.cell. line. indicate. that.smaller.particles.are.much.more.
rapidly.internalized,.with.100.and.200.nm.particles.being.internalized.3.to.4.and.8.to.10.times.more.
slowly,.respectively,.than.50.nm.particles.[31]..Particle.sizing.methods.must.also.be.considered,.as.
dynamic.light.scattering.(DLS).frequently.gives.larger.measurement.than.electron.microscopy.and.
is.particularly.dependent.on.the.presence.of.aggregate-inducing.ions.and.proteins.

Cellular.internalization.is.also.strongly.impacted.by.particle. ξ .potential..Though.a.positive. ξ .
potential.is.required.for.binding.to.negative.cell.membranes,.excessive.surface.charge.leads.to.rapid.
systemic.clearance.and.accumulation.in.the.liver.and.spleen.[27,32,33]..To.control. ξ .potential,.PEG.
and.PEO.are.incorporated.either.as.block.copolymers.for.synthetic.particles.or.as.coatings.for.other.
vectors.to.produce.a.near.neutral.surface.charge.[17,21,34,35]..These.elements.also.serve.to.prevent.
leeching.of.the.therapeutic.cargo.by.forming.hydrogen.bonds.with.the.aqueous.surroundings.[20]..
Unfortunately,.the.neutral. ξ .potential.of.these.particles.impairs.the.vector’s.ability.to.disrupt.the.
lysosomal.membrane.for.release.to.the.cytosol,.thought.to.occur.upon.a.charge.reversal.as.protons.
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accumulate.in.nanoparticles.within.acidic.lysosomes,.limiting.their.transfection.efficiency.[5,33]..
To.exploit.environmental.pH.change,.polymers.having.degradable.cross-linkers.in.acidic.surround-
ings.have.been.developed.[36,37].

The.increased.circulation.times.provided.by.PEG.coatings.certainly.increase.the.likelihood.
of.vectors.reaching.the.desired.cells.and.demonstrate.enduring.in vivo.protein.production.follow-
ing. transfection. [38,39]..To. further. improve.delivery.characteristics,.a.broad. range.of. targeting.
moieties,.including.transferrin,.folate,.peptides,.vitamins,.and.antibodies,.have.been.incorporated.
into.particle.surfaces.to.actively.target.cells.[10,33,40,41]..Although.transferrin.and.folate.increase.
endocytosis. in.general,. antibodies.have. the.potential. to. target. cell-specific.membrane.proteins..
This.enables.targeting.of.particular.cell.types.for.specific.therapies,.such.as.localized.delivery.of.
costly.and.toxic.chemotherapeutics.to.tumor.growths..For.example,.antibody.targeting.of.endo-
thelial.surface.receptors.results.in.a.tenfold.increase.in.cell.binding.and.a.doubling.in.transfection.
in vitro.[10].

Vector. targeting.of. specific. tissues.may.also.be.achieved. through.magnetic,.heat,. and. light-
affected.vehicles. [17,19,36,42,43]..External.fields. retain.magnetic.vectors. in. the.vasculature.of.a.
target.region,.giving.cells.greater.contact.time.to.endocytose.the.vector..Alternatively,.heat-affected.
vectors.can.induce.structural.changes.in.polymeric.vectors,.leading.to.local.pharmaceutical.release.
in.stimulated.regions.[17],.and.light-stimulated.vectors.provide.localized.heating.of.metallic.vec-
tors..By.active.oncoprotein.antibody.targeting,.or.passive.enhanced.permeation.and.retention.(EPR).
targeting,.which.allows.50. to.100.nm.vectors. to.extravasate. from.leaky. tumor.vasculature,.gold.
nanoshells. demonstrate. tumor. ablation. when. stimulated. with. near-infrared. lasers. [43,44].. Even.
though.such.external.targeting.is.effective,.the.biodegradability.of.the.metallic.and.synthetic.vec-
tors.remains.an.obstacle.

These.noted.considerations.are.further.compounded.by.such.factors.as.route.of.administration,.
target.cells,.vector.stability,.therapeutic.cargo,.and.desired.pharmacokinetics,.as.well.as.entrapment.
efficiency,.loading.rate,.and.release.kinetics..Of.primary.importance.is.vector.stability.relative.to.the.
route.of.administration..Many.synthetic.polymer.systems.are.rapidly.cleared.when.injected.intra-
venously.as.protein.adsorption.leads.to.agglomeration.or.RES.removal,.eliminating.any.potential.
therapeutic.benefit..Similarly,.a.synergy.is.required.between.the.target.cell.and.the.vector’s.phar-
macokinetic.characteristics..For.example,.slowly.dividing.cells.require.vectors.capable.of.entering.
the.nucleus.or.retarded.system.clearance.and.release.profiles..Balance.between.the.entrapment.effi-
ciency.and.the.total.mass.loading.of.individual.vectors.must.also.be.considered..Vectors.with.high.
encapsulation.efficiency.avoid.waste.of.expensive.therapeutic.agents,.and.vectors.with.high.mass.
loading.require.fewer.particles.to.be.delivered.to.achieve.therapeutic.benefit..One.study.found.that.
encapsulation.efficiency.was.reduced.by.more.than.half.when.loading.was.increased.from.1.to.3%.
w/w.[18]..The.vector.must.also.be.capable.of.releasing.sufficient.quantities.with.controllable.kinet-
ics..Finally,.the.dosage.must.ensure.a.continued.presence.of.vector.in.the.vicinity.of.the.target.cells.
while.simultaneously.assuring.that.overdosing.does.not.lead.to.tumor.development.or.toxic.effects.
[5].. Ultimately,. the. current. findings. and. the. corollaries. within. indicate. that. suitable. therapeutic.
delivery.systems.need.to.be.developed.for.specific.in vivo.or.in vitro.applications.

24.2.2  ExAmPlE dElivEry nAnoSyStEmS

��.�.�.�  vaccine adju�ants

Plasmid.vaccines.that.can.successfully.elicit.humoral.and.cellular.immune.response.have.the.poten-
tial. to.provide.safer.alternatives. than.live.viral.or.heat-killed.bacterial.vaccines..Therapeutically.
relevant.immune.response.is.attainable.with.adjuvants.such.as.cholera.toxin.and.lipid.A.delivered.
using.cationic.nanoparticles.by.topical.and.subcutaneous.administration,.respectively.[45]..Addi-
tionally,.protein-based.vaccines.may.be.encapsulated.in.pH-sensitive.polymers,.where.low.pH.in.the.
phagosomes.of.antigen-presenting.cells.disrupts.the.vectors.to.release.vaccines.[37].
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��.�.�.�  drug deli�ery

Delivery.of.paclitaxel,.a.poorly.soluble.antitumoral,.benefits.from.vector.delivery.by.eliminating.
the.hypersensitivity.found.in.25.to.30%.of.patients.administered.commercial.Cremophor™.(BASF.
Corporation,.Mount.Olive,.New.Jersey). [23]..Relying.on.EPR,.PEG-coated. liposomes.and.syn-
thetic.particles.such.as.polycaprolactone.[46],.polylactide.[18],.and.PLGA.[47].allow.lower.doses.
over.prolonged.periods..Similarly,.hepatoma.cells.can.be.targeted.through.galactosylated.ligands.
using.10.to.30.nm.PEG–PLA.(poly(lactic.acid)).nanoparticles.to.deliver.clonazepam.[22],.while.
cisplatin-loaded.PEG–polyglutamic.acid.block.micelles.demonstrate.advanced.tumor.regression.
[21].. In. an. example. of. innovative. drug. delivery,. temperature-sensitive. PEG-coated. liposomes,.
whose.drug.diffusivity.greatly. increases. in. the.40. to.45°C.range,.demonstrate.prolonged.circu-
lation.and.increased.accumulation.of.a.model.drug. in. tumor. tissue.[17].. (See.LaVan.for.a.drug.
delivery.review.[36].)

��.�.�.�  antimicrobial therapy

Bacterial. detection. using. vancomycin-modified. magnetic. FePt. particles. demonstrates. an. ability.
to.detect.and.entrap.Gram-positive.and.Gram-negative.strains,. including.highly. lethal.vancomy-
cin-resistant.Enterococci.(VRE).[42]..Self-assembling.peptides.forming.cylindrical.nanotubes.also.
display.antimicrobial.activity.by.penetrating.bacterial.cell.membranes.and.increasing.permeabil-
ity,. with. demonstrated. in vivo. effectiveness. against. methicillin-resistant. Staphylococcus aureus.
(MRSA).[48].

��.�.�.�  antisense therapy

Aimed. at. inhibiting. the. production. of. specific. proteins,. antisense. oligonucleotides. entrapped. in.
PLGA.nanospheres.disrupt.growth.regulation.of.vascular.smooth.muscle.cells.and.prevent.resteno-
sis.following.angioplasty.[8]..Potential.applications.for.this.nascent.field.are.innumerable.and.will.
become.increasingly.prominent.as.proteomics.unfolds.the.nature.of.protein.interactions.and.identi-
fies.the.function.of.individual.proteins.

��.�.�.�  gene therapy

Contrary.to.antisense.therapy,.the.ability.to.induce.production.of.specific.proteins.identified.by.pro-
teomics.has.similar.potential.for.future.clinical.therapeutics..In vitro.application.is.widespread,.and.
researchers.continue.to.develop.new.liposome.[10,49],.synthetic.[33,34,50–52].and.natural.polymer.
[25,27],.and.peptide.[28].vectors.in.pursuit.of.more.efficient.and.compatible.formulations..Although.
human.in vivo.application.of.nonviral.gene.therapy.remains.limited,.the.wealth.of.research.focused.
on.developing.suitable.vectors.cannot.sufficiently.emphasize.the.potential.for.successful.applica-
tion-specific.transfection.vehicles.

24.2.3  SummAry

Given.the.range.of.therapeutic.delivery.systems.presently.available.and.the.extent.of.continuing.
research,.the.above.discussion.is.intended.as.a.general.background..Most.evident.in.the.majority.
of.findings.to.date.is.the.inability.of.individual.vectors.to.simultaneously.satisfy.biocompatibility.
and. delivery. efficiency. requirements.. Further,. results. are. nontransferable. across. applications,.
emphasizing.the.necessity.of.developing.systems.for.specific.therapeutic.agents,.specific.cells,.
and.even.specific.cellular.compartments.[5]..Novel.screening.methods.for.transfection.efficiency.
of.new.vectors.will.certainly.accelerate.advancement.in.this.process.[50]..Though.delivery.sys-
tems.have.yet.to.attain.their.promise,.they.are.certainly.well.poised.to.revolutionize.nanomedi-
cine,. therapeutic.delivery,. and.most. importantly,. the. range. and.acuteness.of. illnesses. that. are.
considered.treatable.
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��.�  tIssue engIneerIng

One.of.the.main.goals.of.biomedical.engineering.is.the.repair.or.replacement.of.defective.or.dam-
aged.organs.and.tissues.[53]..To.date,.numerous.methods.have.been.used.to.fabricate.constructs.to.
repair.tissues.in vitro and.in vivo,.ranging.from.bone.to.blood.vessels.[54–56]..Recently,.increas-
ing. awareness.of. the. influence.of.molecular. composition. and.nanoscale. architecture.on. cellular.
responses. to. materials. has. focused. nanobiotechnology. research. on. controlling. these. fabrication.
parameters.in.the.development.of.better.materials.for.tissue-engineering.applications.

Present.tissue-engineering.methods.consist.primarily.of.porous.three-dimensional.scaffolds.of.
various.materials.designed.to.imitate.and.replace.the.extracellular.matrix.(ECM).that.supports.all.
cell.growth.in.the.body.[57]..Ideal.tissue.engineering.would.result.from.full.implant.integration,.
followed.by.its.gradual.degradation.and.replacement.by.natural.cell-produced.ECM.as.new.tissue.
is.generated..For.this.to.occur,.scaffolds.should.promote.cellular.migration,.adhesion,.proliferation,.
and. differentiation,. while. supporting. natural. cell. processes. [58].. Development. of. more. suitable.
scaffolds.requires.materials.that.exhibit.not.only.appropriate.mechanical.characteristics,.but.also.
that.elicit.favorable.cellular.responses.[59]..Fueled.by.a.greater.understanding.of.surface.topography.
and.composition.on.cell–scaffold.interaction,.research.continues.to.improve.nanoscale.control.of.
scaffold.architecture.in.the.design.of.more.compatible.engineered.materials.[60].

The. term. “biocompatible,”. often. used. to. describe. ceramic,. metal,. and. polymers. utilized. in.
biological.applications,.is.rather.imprecise.given.the.broadness.of.its.accepted.definition:.“the.abil-
ity.of.a.material.to.perform.with.an.appropriate.host.response.in.a.specific.application.”.Such.an.
indefinite.description.fails.to.suggest.what.type.of.host.response.should.be.desired.or.considered.
acceptable.[61]..Despite.the.range.of.physical.and.chemical.properties.exhibited.by.biomaterials,.the.
body.reacts.in.a.similar.fashion.after.implantation;.a.layer.of.proteins.is.randomly.adsorbed.onto.
the.surface.immediately,.followed.by.macrophage.attack,.and.finally.encapsulation.of.the.device.
through.the.classic.foreign.body.reaction.(Figure.24.2).[62,63]..This.encapsulation.segregates.the.
device.from.the.body,.impeding.normal.wound-healing.processes.and.preventing.the.device.from.
functioning.as.intended.

The. need. to. develop. biomaterials. capable. of. eliciting. specific. responses. was. recognized. as.
early.as.1993.[58]..The.resulting.emerging.class.of.engineered.biomaterials.aims.to.design.bioac-
tive.materials.that.control.the.host.response.to.promote.full.tissue–scaffold.integration.and.natural.
wound. healing. while. simultaneously. preventing. the. foreign. body. reaction. [62].. The. main. tech-
niques.presently.investigated.for.tissue.engineering.endeavor.to.address.one.or.more.of.the.follow-
ing.objectives.[58]:

. 1..Control.of.the.chemical.environment.through.surface.biomolecule.immobilization.or.self-
assembled.systems.

. 2..Control.of.the.nanostructure.through.surface.modification.or.de novo fabrication.

. 3..Control.of.the.biological.environment.of.the.surface.through.cell.patterning.

Each.of.these.seeks.to.reproduce.an.environment.that.successfully.mimics.in vivo conditions.for.
successful.tissue.integration..It.should.be.noted.that.very.few.examples.of.in vivo tissue.replacement.
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encapsulation
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FIgure ��.�  Implantation.of.a.biomaterial.ultimately.leads.to.fibrous.encapsulation.of.the.device.in.the.
foreign.body.reaction,.preventing.natural.tissue.formation.and.device.integration.
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or.repair.have.been.reported..For.this.reason,.promising.in vitro results.are.discussed.in.the.sections.
that.follow,.together.with.examples.of.preliminary.tissue-engineering.applications.

24.3.1  SurfAcE molEculAr EnginEEring for controllEd ProtEin intErAction

It. is.hypothesized.that.nonordered.protein.adsorption.on.materials.begins.the.cascade.leading.to.
the.foreign.body.reaction,.because.all.normal.biological.events.operate.on.a.system.based.on.spe-
cific.recognition.of.proteins.and.polysaccharides.[62,63]..To.control.nonspecific.adsorption,.several.
surface.modification.approaches.have.been.explored:.“stealth”.materials.are.designed.to.decrease.
nonspecific.protein.adsorption.and.others.promote.adsorption.of.specific.proteins. in.an.effort. to.
direct.biological.processes.[63,64].

��.�.�.�  stealth materials

There.are.three.main.methods.used.in.the.development.of.protein-resistant.stealth.materials,.also.
referred.to.as.nonfouling.or.noninteractive.surfaces.[65]:

. 1..Hydrophilic.surfaces.can.be.achieved.through.thin-film.deposition.of.hydrogels,.phospho-
lipids,.or.other.suitable.materials,.such.as.PEG.and.PEO.

. 2..Chemical.surface.modification.leads.to.surface.expression.of.specific.functional.groups.
known.to.inhibit.protein.adsorption..For.example,.surfaces.rich.in.carboxylic.acid.groups.
support.cell.growth,.whereas.methyl,.hydroxyl,.and.carboxymethyl.ester.groups.generally.
do.not..Interestingly,.surfaces.modified.by.random.mixtures.of.organic.functional.groups.
can.exhibit.significant.bioactivity.and.specificity.[63].

. 3..Surface.immobilization.of.biomolecules,.including.proteins,.seeks.to.recreate.the.natural.
in vivo.environment.

The.first.two.approaches.address.the.problem.of.nonspecific.adsorption.but.fail.to.address.the.
coexisting.need.to.promote. the.favorable.cell–surface.interactions.required.to.encourage.natural.
healing.and.tissue.repair.processes..Alternatively,.the.last.method.represents.a.tactic.that.addresses.
both. issues.by.creating.materials. that.manage.biological. interactions.while. resisting.nonspecific.
protein.adsorption.

��.�.�.�  Biomimetic materials

Immobilization. of. proteins. to. control. tissue–surface. interaction. represents. a. more. biomimetic.
approach.to.material.development,.in.contrast.to.stealth.materials.that.prevent.interaction..Natural.
biomolecules.have.the.dual.capability.of.triggering.specific.cellular.responses.while.their.presence.
can.prevent.nonspecific.adsorption..The.techniques.used.to.append.biologically.active.moieties.on.
surfaces.can.be.grouped.into.three.main.categories:.physical.micro-/nanofabrication,.imprinting,.
and.direct.chemical.immobilization.

Conventional. microfabrication. techniques. used. to. pattern. biomolecules. on. surfaces. include.
photolithography,.photochemistry,.and.microcontact.printing.[66]..Capable.of. immobilizing.bio-
molecules.on.a.variety.of.surfaces,. the.resolution.of. these. techniques. is.generally. limited. to. the.
microscale..Though.nanometer-scale.configurations.are.achievable.through.modifications.of.these.
techniques,.including.the.application.of.lasers.and.finely.focused.ion.beams.(FFIBs).to.photolithog-
raphy,.they.remain.unable.to.meet.the.desired.resolution.[66,67].

Recently.developed.nanofabrication.techniques.include.dip-pen.nanolithography.(DPN),.which.
uses.functionalized.atomic.force.microscopy.(AFM).tips.to.deposit.biomolecules.on.surfaces.with.
pattern. features. as. small. as. 10. nm. [68].. Used. for. the. creation. of. protein. nanoarrays. and. virus.
arrays,. this. technique.can.create.patterns.with.multiple.components. [68,69]..Enzymes.have.also.
been.selectively.deposited.for.biochemical.modification.of.self-assembled.monolayers.[70]..While.
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nanofabrication. techniques.are.effective. for.patterning. two-dimensional.surfaces,. these.methods.
are.quite.limited.in.terms.of.processing.time.and.are.not.suitable.for.three-dimensional.scaffolds.

Imprinting.is.an.approach.used.to.confer.biological.recognition.to.surfaces.through.the.cre-
ation.of.templates.in.synthetic.polymers..This.process.yields.surfaces.with.imprint.accuracy.at.the.
nanometer.scale,.resulting.in.binding.cavities.that.possess.the.correct.conformation.and.function-
ality.to.allow.selective.binding.to.the.appropriate.molecules.[71]..Despite.the.promising.results,.
this.technique.is.also.limited.to.two.dimensions,.and.multicomponent.systems.would.be.difficult.
to.achieve.

Chemical. immobilization,. a. more. facile. method. of. introducing. biomolecules. on. materials,.
exploits.functional.groups.present.at.the.surface.as.binding.sites..Successful.covalent.and.noncova-
lent.immobilization.of.biomolecules.on.synthetic.polymers.has.been.reported.extensively,.resulting.
in.modified.bioactivity.and.specificity.[63]..Polymers.requiring.functionalization.are.modified.by.
blending,.copolymerization,.and.chemical.and.physical. treatments,.among.others.[64]..Although.
not.amenable.to.specific.patterning,.multicomponent.systems.and.three-dimensional.surface.modi-
fication.are.feasible..For.example,.the.natural.interaction.between.osteopontin.and.type.I.collagen.
can.be.exploited.to.functionalize.a.surface.with.oriented.protein.binding,.leading.to.increased.endo-
thelial.cell.adhesion.and.proliferation.[72].

In.many.cases,.it.is.preferential.to.chemically.immobilize.peptide.segments.rather.than.whole.
proteins,. as. they. retain. the. activity. of. full. proteins. while. being. less. likely. to. invoke. immune.
responses.and.are.more. resistant. to.degradation..RGD.(arginine–glycine–aspartic.acid),.perhaps.
the.most.studied.peptide.sequence.for.tissue.engineering,.is.well.documented.as.a.stimulant.for.cell.
adhesion.on.synthetic.surfaces.and.its.ability.to.interact.with.multiple.cell.adhesion.receptors.(for.a.
review.see.[64])..Several.in vivo.studies.have.investigated.the.fate.of.peptide-covered.surfaces.in.the.
body,.including.an.RGD-functionalized.hydrogel.that.demonstrates.improved.neural.tissue.adhe-
sion,.tissue.regeneration,.and.host.tissue.infiltration.when.implanted.into.brain.lesions,.as.compared.
to.the.nonmodified.hydrogel.[73]..A.similar.material.also.improves.neurite.repair.and.angiogenesis.
in.spinal.cord.repair.[74]..Bone.tissue.ingrowth.and.direct.tissue-implant.contact.is.also.promoted.
on.scaffolds.with.immobilized.RGD-bearing.peptides,.whereas.uncoated.scaffolds.become.segre-
gated.by.a.fibrous.tissue.layer.resulting.from.the.foreign.body.reaction.[75].

Control. of. protein–surface. interaction. is. essential. to. the. development. of. materials. designed.
for.biological.application..Reduction.of.nonspecific.protein.adsorption.with.stealth.materials.is.a.
promising.first.step.to.avoiding.the.foreign.body.reaction..Surface.immobilization.of.biological.mol-
ecules.is.a.more.sophisticated.approach,.leading.to.materials.exhibiting.favorable.cell.interactions.
and.having.the.potential.to.influence.biological.processes..Continued.advancements.in.this.area.will.
require.the.development.of.additional.nanoscale.techniques.to.allow.greater.control.over.surface.
characteristics..Such.advancements.must.be.supported.by.microbiological.research.to.elucidate.the.
nature.of.interactions.between.proteins.and.surfaces,.as.well.as.the.protein.spatial.arrangements.and.
orientations.necessary.for.the.desired.application-specific.response.

��.�.�.�  nanostructured surfaces

In.addition. to. the. importance.of. recognition.events,.advances. in.microbiology.provide.a.greater.
understanding.of.the.effect.of.surface.micro-.and.nanostructure.on.cell.behavior..In vivo,.all.cells.
live.within.the.structural.support.of.a.complex.nanoscale.topology.of.pores,.ridges,.and.fibers.pro-
vided.by.the.ECM.[53]..Interactions.between.the.substrate.and.cells.are.thought.to.activate.the.cyto-
skeleton.in.a.way.that.mediates.attachment,.migration,.growth,.and.differentiation,.in.addition.to.
affecting.cytokine.and.growth.factor.production.[60,76]..As.noted.by.Miller.et.al..[77],.it.is.surpris-
ing.that.the.design.of.optimal.tissue.engineering.structures.has.not.focused.more.on.nanostructure,.
given.that.ECM.has.been.known.for.some.time.to.be.crucial.to.cell.and.tissue.growth..However,.
advanced.techniques.allowing.nanostructured.construction.have.renewed.research.interest,.with.the.
majority.of.work.to.date.related.to.blood.vessel.and.bone.tissue.regeneration.
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Several.methods.are.used.to.create.nanoscale.architecture.in.polymers,.including.phase.separa-
tion.[53,57,59,78],.electrospinning.[79],.rubbing.[80],.chemical.etching.[77,81],.colloidal.lithogra-
phy. [82],.AFM-assisted.nanolithography. [83],. and. template.patterning. [76,84]..Phase. separation.
is.particularly.useful.because.it. is.amenable.to.the.production.of.three-dimensional.scaffolds..In.
addition.to.polymers,.hydroxyapatite.(HAP).and.collagen.are.generally.the.materials.of.choice.for.
nanostructured.bone.regeneration.scaffolds..Two.novel.ways.of.coating.nanoscale.HAP.onto.three-
dimensional.scaffolds.include.chemical.vapor.deposition.and.growth.directly.from.aqueous.solu-
tions.[85,86]..Regardless.of.the.method.or.material.used.to.produce.nanostructures,.cell.adhesion.
and.proliferation.increase.compared.to.smooth.or.microstructured.surfaces,.with.cell.morphology.
more.closely.resembling.the.native.state.[59,76,77,82,87,88]..Further,.protein.adsorption,.a.neces-
sary.precursor.to.cell.adhesion,.is.improved.on.nanostructured.surfaces.[88]..Additionally,.submi-
cron-sized.grooves.in.surfaces.can.affect.cell.alignment.for.directed.growth.[87,89].

In.addition.to.angiogenesis.and.osteogenesis,.nanostructured.materials.demonstrate.application.
for.the.growth.of.neurons.and.smooth.muscle.cells..Successful.in vitro.neurite.growth.is.achievable.
with.a.biodegradable.porous.nanostructured.PLA.scaffold,.where.nanoscale.topography.promotes.
neuron.adhesion.and.differentiation,. including.neurite.outgrowth.[53]..Similarly,.bladder.smooth.
muscle.cell.growth.is.improved.on.chemically.treated.PLGA.and.polyurethane.(PU)-bearing.nano-
structures.[81].

In.a.considerably.different.application,.nanofabricated.polyimide.surfaces.can.be.useful.for.the.
preparation.of.cell.spheroids,.roughly.spherical.masses.composed.of.cells.and.associated.ECM.that.
demonstrate.tissue-like.morphological.and.physiological.functions..Cell.culture.on.nanostructured.
fluorinated.polyimides.results.in.fibroblast.cell.spheroids.with.a.density.comparable.to.tissue.in vivo,.
fostering.interest.in.their.development.for.tissue-engineering.applications.[90].

Research.in.this.field.demonstrates.the.importance.of.nanoscale.architecture.on.cell.adhesion,.
growth,.differentiation,.and.phenotype.expression..Furthermore,. it.promotes. the.development.of.
techniques.for.producing.nanostructured.surfaces,.which.are.certain.to.be.an.important.component.
in.the.future.of.successful.tissue-engineering.scaffolds.

��.�.�.�  self-assembled systems

The.techniques.previously.discussed.represent.approaches.based.on.modifications.to.materials.
already.employed.in.biomedical.applications..Conversely,.natural. tissues.consist.of.hierarchi-
cal.organizations.of.molecules,.giving. rise. to.a.multitude.of.nanostructures,.microstructures,.
and. macrostructures. [91].. This. has. led. researchers. to. explore. the. “bottom-up”. approach. of.
self-assembling.systems,.using.biological.systems.as.a.design.base.to.create.biomaterials.with.
improved.properties.

Biomimetic.approaches.to.self-assembly.are.used.to.apply.surface.functionality.onto.materi-
als.to.direct.specific.cell.responses,.while.also.displaying.nanostructure.resembling.natural.tissue.
ECM..Advantages.of.this.approach.include.ease.with.which.functional.groups.can.be.incorporated;.
well-defined.structures.and.intrinsic.stability;.and.a.lack.of.defects.in.the.surfaces,.which.reduces.
nonspecific.interactions.[63,92]..The.two.main.methods.of.self-assembly.include.the.formation.of.
self-assembled.monolayers.(SAMs).on.surfaces.and.the.formation.of.nano-,.micro-,.and.macroscopic.
structures.from.natural.self-assembly..To.date,.the.majority.of.research.into.SAMs.uses.molecularly.
flat.surfaces.as.templates..Multicomponent.SAMs.with.controllable.nanoscale.features.are.attain-
able.with.a.variety.of.patterning.techniques.(for.a.review.see.[93])..Though.largely.dependent.on.the.
functional.groups.of.the.surface.on.which.they.form.and.the.nature.of.the.molecules.to.be.assembled.
[94],.successful.biomedical.SAM.application.would.require.application.to.three-dimensional.struc-
tures.and.to.materials.used.for.medical.applications;.such.reports.are.limited.[92].

In. contrast. to. two-dimensional. self-assembly,. self-assembly. of. three-dimensional. structures.
holds.much.promise.and. is.of.greater. interest. for. tissue.engineering..The.challenge. in. this.field.
remains. the. design. of. molecules. that. spontaneously. self-organize. into. stable. structures. with.
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desirable.characteristics.[95]..Peptides.are.particularly.well.suited.as.they.are.capable.of.self-assem-
bly,.are.sufficiently.robust,.can.confer.biological.activity.to.a.surface,.and.degrade.into.nontoxic.
constituents..A.particular.advantage.is.that.peptides.may.be.designed.to.incorporate.specific.chains.
and.functional.groups.to.confer.cell.adhesive.properties.or.cell.differentiation.signaling.abilities.to.
a.surface..Several.examples.of.synthetic.and.natural.peptides.demonstrate.self-assembling.abili-
ties.and.form.favorable.structures,.with.amphiphilic.peptides.proving.exceptionally.useful.in.this.
domain.[95].

In vitro,. self-assembled. peptide. scaffolds. facilitate. cell. attachment,. migration,. proliferation,.
and.differentiation.for.a.number.of.cell.lines;.cells.are.also.found.to.produce.components.of.natu-
ral.ECM.[95]..Primary.rat.neuronal.cells.project.lengthy.axons.following.the.contours.of.a.pep-
tide.nanofiber.scaffold.and.form.active.and.functional.synapses..Chondrocytes.encapsulated.in.the.
same.scaffold.produce.components.of.natural.ECM,.including.collagen.and.glycosaminoglycans..
As.well,.liver.progenitor.cells.differentiate.and.demonstrate.natural.enzyme.activity..In vivo,.these.
scaffolds.promote.repair.of.brain.lesions.[96]..In.a.separate.application,.an.engineered.amphiphilic.
self-assembling.peptide.forms.collagen-like.cylindrical.structures.that.guide.HAP.crystal.forma-
tion.in.orientations.and.sizes.similar.to.natural.bone.[97]..Finally,.an.interesting.combination.of.
self-assembly.and.cell.patterning.techniques.developed.by.Auger.et.al..employs.a.cohesive.sheet.of.
self-assembled.human.vascular.cells.as.a.template.for.fibroblast.adhesion.on.the.exterior.surface..
The.interior.surface.then.acts.as.a.scaffold.for.endothelial.cell.growth,.resulting.in.the.formation.of.
tissue-engineered.blood.vessels.exhibiting.appropriate.structural.characteristics.and.in vitro.hemo-
compatibility.[98,99].

24.3.2  SummAry

It.has.long.been.recognized.that.the.materials.and.constructs.used.to.replace.damaged.tissues.are.
vastly.inferior.to.their.natural.counterparts..There.is.little.doubt.that.an.ability.to.induce.heal-
ing.processes.to.produce.natural.tissue.would.bestow.an.enormous.wealth.of.medical.treatment.
options..Expanded.understanding.of. the.processes. involved. in.healing. and. tissue.growth.pro-
cesses,.provided.by.progress.in.nanobiotechnology.and.microbiology,.has.furthered.insight.into.
the.interactions.occurring.between.cells.and.substrates,.leading.to.improved.designs.that.dem-
onstrate.promising.results.for.future.in vivo.tissue.applications..Though.nanomedicine.has.yet.to.
benefit.from.the.true.promise.held.in.tissue.engineering,.it.is.clear.that.further.developments.in.
this.area,.including.fabrication.processes.amenable.to.three-dimensional.constructs.with.modifi-
able.bioactivity,.possess.the.potential.to.provide.achievable,.application-specific,.tissue-engineer-
ing.methods.for.medical.treatments.

��.�  dIagnostIc ImagIng and monItorIng

The.principles.and.methods.employed.in.the.nanoscale.development.of.materials.for. therapeutic.
delivery.systems.and.tissue.engineering.serve.equally.well.in.the.design.of.imaging.and.monitoring.
diagnostics..Nanoparticles,.primarily.of.inorganic.materials.such.as.silica,.gold,.and.silver,.serve.as.
imaging.aids.for.a.range.of.in vitro.and.in vivo.investigations,.while.tissue.engineering.methods.of.
controlled.biomolecule.immobilization.aid.in.the.creation.of.biosensors.to.detect.a.range.of.proteins,.
DNA,.and.pathogenic.compounds..Many.of.the.techniques.that.now.fall.within.the.realm.of.nano-
medicine.were.originally.developed.for.other.applications,.such.as.the.polymerase.chain.reaction.
(PCR).used.to.amplify.DNA.samples.prior.to.diagnostic.genetic.screening.[100]..The.broad.range.
of. nanoscale. manipulations. used. in. diagnostic. nanomedicine. are. highly. cross-application. tools,.
rendering.difficult.the.categorization.of.such.methods.as.biomolecule.detection.using.nanoparticles.
for.intracellular.sensing.[101]..The.following.division.of.imaging.and.diagnostic.monitoring.tools.
is. intended. to. simplify. these.multidisciplinary. applications,. though. the. scope.of. current. studies.
certainly.exceeds.these.boundaries.
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24.4.1  bioPhotonicS

Imaging.techniques.have.benefited.from.progress.in.nanotechnology,.with.the.main.advances.incor-
porating.nanoparticles.and.quantum.dots..Although.not.yet.applicable.for.diagnostic.purposes,.new.
optical.techniques.are.also.being.designed.to.improve.nanoscale.imaging.

��.�.�.�  nanoparticles in Imaging

Advances.in.imaging.have.occurred.in.conjunction.with.the.development.of.nanoparticles,.which.
are.used. to.enhance.existing. imaging. techniques.by.serving.as.contrast.agents.or.as.markers. in.
various.optical.techniques..The.myriad.of.diagnostic.imaging.techniques.currently.used.includes.
radiography. (x-ray),. magnetic. resonance. imaging. (MRI),. computed. tomography. (CT),. positron.
emission.tomography.(PET),.and.ultrasound..Each.of.these.methods.represents.an.invaluable.medi-
cal.tool.permitting.diagnosis.and.monitoring.of.numerous.conditions;.however,.each.suffers.from.
limitations.due.to.one.or.more.tissues.that.are.difficult.to.image..Nanoparticles.have.been.designed.
to.overcome.these.limitations.and.to.expand.functionality.of.the.techniques.

Radionuclide-encapsulating.liposomes.are.used.to.prolong.the.lifetime.of.positron.emitters.in.
the.body.for.improved.diagnostic.PET.imaging..Liposomal.radionuclides.are.designed.to.enhance.
blood.pool.imaging.and.specific.tissue.observation,.with.leaky.tumor.vasculature.and.subsequent.
accumulation.making.them.particularly.useful.for.diagnostic.tumor.imaging.[102]..Radioisotope-
carrying.polymeric.nanoparticles.are.similarly.used.to.target.bone.and.bone.marrow.[35]..As.with.
drug.delivery.systems,.these.particles.must.be.designed.to.avoid.RES.clearance.and.with.appropri-
ate.molecular.markers.to.allow.accumulation.in.the.target.tissue.

Analogous.strategies.for.improved.radiography.include.the.use.of.liposome-encapsulated.con-
trast.enhancers..In.soluble.form,.these.contrast.enhancers.are.rapidly.cleared.from.the.body.and.
pose. some. toxicity. risks.. In.contrast,. the.nontoxic. liposomal. iohexol. formulation. increases. resi-
dence.time.to.3.hours,.with.applications.in.cardiac.imaging.and.early.tumor.detection.[103]..Simi-
larly,.improvements.in.MRI.imaging.result.from.the.use.of.a.gadolinium.carrying.polyamidoamine.
dendrimer.as.a.contrast.agent..This.nanosized.paramagnetic.molecule.allows.noninvasive.localiza-
tion.of.sentinel.lymph.nodes.and.mestastases.in.breast.cancer.patients,.which.is.crucial.for.treatment.
design.[104].

Although.nanoparticles.provide.improved.imaging.using.existing.techniques,.image.resolution.
remains.limited.by.the.system.design..Therefore,.nanoparticles.are.being.designed.to.be.used.with.
systems.capable.of.nanoscale.resolution..New.optical.imaging.techniques.have.emerged.as.support-
ing. technology.enables.more.precise. imaging.and. labeling.at. the.nanoscale..Fluorescence-based.
imaging. systems.are.by. far. the.most.popular. and.most. studied. systems. for. cell. analysis..These.
systems,.based.on.bioconjugation.of.an.optical.dye.to.biological.molecules,.offer.the.same.resolu-
tion.as.optical.microscopy.systems,.but.allow.for.precise.localization.and.sensitive.quantification.
of.individual.biomolecules..However,.fluorescent.dyes.suffer.from.limitations,.including.potential.
toxicity,.reduced.sensitivity.compared.to.radioactivity,.and.interference.from.other.molecules.

To.improve.upon.the.sensitivity.of.fluorescent.imaging.modalities,.several.methods.of.signal.
enhancement.are.employed.in.optical.systems..Signal.enhancement.through.fluorescence.resonance.
energy.transfer.(FRET,.also.called.fluorescence.in situ.hybridization,.or.FISH),.which.results.when.
two. fluorescent. molecules. are. brought. into. close. proximity. leading. to. a. change. in. fluorescence.
intensity,.permits.the.intracellular.detection.of.specific.sequences.in.nucleic.acids,.including.mRNA.
and.DNA.[105]..Signal.enhancement.is.also.achieved.with.plasmon–plasmon.resonance.interactions,.
which.are.similar.to.FRET..Gold.and.silver.plasmon-resonant.particles.(PRPs),.as.well.as.super-
particles.consisting.of.colloidal.gold.nanoparticle.shells.around.silica.cores,.strongly.scatter.opti-
cal.light,.making.them.easily.visible.using.conventional.microscopy.or.surface-enhanced.Raman.
scattering.(SERS).[44,106]..Two.PRPs.in.close.proximity.produce.changes.in.their.plasmon.optical.
resonance,.allowing.their.distinct.and.bright.signals.to.be.quantified;.a.single.PRP.is.as.bright.as.5.
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×.106.fluorescein.molecules.or.105.quantum.dots.[107]..These.are.used.for.highly.sensitive.detection.
of.antibodies.in.whole.blood,.as.well.as.investigations.of.intracellular.transport.pathways.[44,106].

��.�.�.�  nanosensor probes

Nanoparticles.are.also.used.to.enhance.and.exploit.fluorescent.signals.in.the.form.of.optical.nano-
sensors..These.sensors,.which.generally.consist.of.an.encapsulated.fluorescent.detection.system,.are.
designed.to.take.advantage.of.fluorescent.systems.while.improving.their.sensing.abilities.and.reduc-
ing. toxicity. [108].. Dendrimers,. in. particular,. allow. the. colocalization. of. several. chromophores,.
increasing. the. signal. and. sensitivity. to. levels. provided. by. less-favorable. radioactive. tags. [109]..
Nanosensors.are.more.complex. than.simple.fluorescent. tags,.usually.consisting.of.a.fluorophore.
that.is.activated.or.quenched.by.a.particular.analyte.

Nanosensors. incorporating. several. different. molecules,. including. fluorophores,. enzymes,.
fluorionophores,.and.associated.ionophores,.are.being.designed.for.the.detection.of.specific.ana-
lytes,.including.intracellular.pH,.glucose,.and.potassium.[108,110]..These.show.fast.response.time,.
reversible.analyte.detection,.and.high.selectivity.[111]..For.example,.quantitative.glucose-sensing.
nanosensors,.also.called.PEBBLEs,.contain.glucose.oxidase.and.an.oxygen-sensitive.fluorescent.
indicator. to.detect. intracellular.glucose. levels.(Figure.24.3).[112]..The.versatility.of.nanosensors.
allows.encapsulation.of.a.variety.of.molecules,.leading.to.“particle.labs”.that.perform.complex.tests.
intracellularly. through.synergistic. reactions..They.can.be. targeted. to.specific.organelles,. though.
they.do.suffer.some.cell.entry.limitations..Physical.cell.delivery.methods.are.also.viable,.including.
injection.and.gene.gun.delivery,. though. liposomal.and.ultrasound-based.delivery. leads. to.better.
cell.survival.[106,108]..Advances.in.delivery.vehicle.design.will.also.benefit.nanosensors,.enabling.
improved.cellular.entry.

The.development.and.use.of.nanoparticles.for.diagnostic.imaging.is.a.relatively.new.endeavor.
that.is.likely.to.increase,.owing.to.the.promising.results.obtained.to.date..It.can.be.expected.that.the.
development.and.use.of.nanosensors.and.image.enhancers.for.common.diagnostic.techniques.will.
predominate.in.the.coming.years.
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FIgure ��.�  Nanosensors,.or.“particle.labs,”.allow.complex.tests.to.be.performed.intracellularly.through.
synergistic.reactions..Intracellular.glucose.enters.the.nanosensor.(1).and.is.enzymatically.altered.in.a.process.
that.consumes.oxygen.(2),.causing.a.reduction.in.fluorescence.from.the.oxygen-sensitive.fluorophore.(3).
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��.�.�.�  Quantum dots in Imaging

Although.these.nanosized.devices.could.tech-
nically. be. included. with. nanoparticles,. their.
unique.properties.place.quantum.dots.(Qdots).
in.their.own.category..Qdots.are.semiconduc-
tor. nanocrystals. (diameter. 2. to. 10. nm). that.
exhibit. broad. excitation. spectra. and. narrow.
emission. spectra. in. the. visible. range. [44]..
Originally. designed. for. information. technol-
ogy.purposes,.their.application.to.biophotonic.
imaging. through. conjugation. with. biomole-
cules.was.quickly.realized..They.demonstrate.
significant.advantages.over.classic.fluorescent.
dyes,. including. size-tunable. emission. wave-
length,. photobleaching. resistance,. increased.
stability,.reduced.toxicity,.and.persistent.resi-
dency. in. cells. [113–115];. as. well,. simultane-
ous.detection.of.multiple.agents.is.possible.due.
to. their. broad. excitation. and. tunable. narrow.
emission.spectra.

Qdots.are.used. in.a.number.of.biological.
applications,. including. visualization. of. DNA.
hybridization. [116],. immunoassays. [117],.
receptor-mediated. endocytosis. [118],. and. in 
vivo. cellular. imaging. [113].. In vitro. and. in 
vivo.intracellular.labeling.with.Qdots.does.not.

interfere.with.cell.viability,.growth,.or.differentiation.over.extended.periods.of.time.[119],.and.
no.signs.of.systemic.toxicity.result.from.intravenous.administration.[120]..Their.persistence.in.
cells.makes.them.amenable.for.following.extended.tissue.development,.including.embryo.devel-
opment.[116].

The.versatility.of.Qdots.is.best.demonstrated.through.the.design.of.multicolor.optical.coding.
systems..Hundreds.of.thousands.of.unique.Qdots.can.be.created.through.the.encapsulation.of.com-
binations.of.zinc.sulfide-capped.cadmium.selenide.nanocrystals.of.slightly.different.sizes.in.poly-
meric.beads.expressing.various.biomolecules.at.the.surface.(Figure.24.4).[121]..This.ability.makes.
them.ideal.for.high-throughput.parallel.analysis.of.biological.molecules,.such.as.gene.expression.
studies.and.medical.diagnostics..The.use.of.Qdots.in.analysis.is.expected.to.replace.planar.DNA.
chips.due.to.reduced.costs,.faster.binding.kinetics,.and.greater.flexibility.in.target.selection.[121].

Even.greater.promise.for.Qdots.lies.with.in vivo.application..As.with.all.nanoparticles,.these.
must.be.designed.with.surface.coatings.to.reduce.RES.clearance.and.to.promote.cell-specific.target-
ing;.they.must.also.demonstrate.sufficient.lifetimes.to.allow.visualization..Amphiphilic.poly(acrylic.
acid).surface.coatings.allow.noninvasive.whole-body.fluorescence.imaging.of.targeted.tissues.up.
to.4.months.postinjection.[122]..Qdots.are.used.for.live.imaging.of.tumors.[123],.capillaries,.skin,.
and.adipose.tissue.[120]..Further.in vivo.application.will.require.Qdots.with.near-infrared.(NIR).
emission.spectra,.because.transmission.of.these.wavelengths.is.possible.through.tissue.[44,113,122]..
They.may.also.find.application.in.tracking.of.viral.particles,.drug.molecules,.and.migratory.tumor.
cells. in vivo. [113]..Qdots.may.also.play.a. role. in. the.development.of.spectroscopic.and.spectral.
imaging.techniques.for.molecular.analysis.of.pathologic.tissue,.leading.to.the.identification.of.“dis-
ease.fingerprints”.and.subsequent.diagnostic.techniques.[124]..As.interest.and.research.in.Qdots.
increases,.it.is.likely.that.the.consequential.development.of.new.noninvasive.imaging.techniques.
will.ensue.

Ouantum dots of various sizes lead to
different emission spectra (color)

Color outputQuantum dot beads

FIgure ��.�  The. versatility. of. quantum. dots.
allows.preparation.of.numerous.distinctive.tags.using.
encapsulated.combinations.of.uniquely.colored.dots.
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24.4.2  diAgnoStic bioSEnSorS

Though.the.majority.of.biorecognition.techniques.incorporate.nanoscale.manipulations,.the.major-
ity.of.these.methods.would.more.classically.fall.within.the.domains.of.analytical.chemistry.than.
applied. nanomedicine.. However,. the. increasing. sensitivity. of. these. techniques. greatly. improves.
their.utility.as.diagnostic.aids.and.broadens.the.scope.of.applied.and.investigative.nanomedicine.

��.�.�.�  molecular Biointerfaces for gene and protein Biorecognition

Biomolecule. detectors. incorporate. a. biorecognition. device. capable. of. selectively. recognizing. the.
analyte.of.interest.in.connection.with.a.signal.transducer.and.a.suitable.output.device..Transduction.
methods.include.a.variety.of.optical.(surface.plasmon.resonance.[SPR],.fluorescence),.electrochemical.
(voltammetry,.impedance,.field.effect),.mechanical.(cantilever,.surface.probe.microscopy),.and.mass-
based.systems.(quartz.crystal.microgravimetry.[QCM],.mass.spectrometry)..Selection.of.the.appro-
priate.transduction.system.is.partially.determined.by.the.nature.of.information.sought.(quantitative.or.
qualitative),.the.analyte.(concentration,.molecular.weight),.the.sample.size,.and.assay.timeline.

The.study.of.genomics.promises.to.unravel.the.link.between.specific.gene.sequences.and.phe-
notype..Consequently,. the.majority.of.present.diagnostic. research. focuses.on. the. recognition.of.
specific. oligonucleotide. (ON). sequences,. DNA. mutations,. and. single. nucleotide. polymorphisms.
(SNPs).in.order.to.identify.predisposition.to.genetic.disorders.or.the.presence.of.disease..Recogni-
tion.using.any.of.the.above.transduction.methods.requires.the.immobilization.of.biomolecules.to.
a.surface.to.form.a.biointerface.in.a.manner.similar.to.the.design.of.tissue-engineering.scaffolds..
However,.biosensors.not.intended.for.in vivo.implantation.avoid.biocompatibility.requirements.and.
can.employ.inorganic.and.metallic.substrates.

Common.DNA.recognition.protocols.rely.on.thiolated.ONs.adhered.to.gold.surfaces.as.recogni-
tion.ligands..Following.PCR.amplification.of.DNA.to.increase.assay.sensitivity,.samples.are.exposed.
to.the.biointerface.with.the.immobilized.ON..Even.though.label-free.assays.are.possible.[125],.the.
majority.of.hybridization.and.mutation.assays.use. labels. to.obtain.additional.sensitivity. through.
transduction.dependent.signal.amplification..For.example,.silver.and.gold.nanoparticles.(PRPs).act.
as.reporters.for.hybridization.monitoring.of.cystic.fibrosis.genes.by.Raman.scattering.detection.of.
plasmon.resonance.[126],.and.in.the.quantitative.detection.of.SNPs.in.breast.cancer.genes.using.
optical.microscopy.[127]..Monitoring.of.plasmon.effects.has.the.added.advantage.of.multiple.label-
ing.capacity,.where.particles.may.generate.different.colors.to.label.different.sequences.

Nanoparticles.are.also.used. for.fluorescent. transduction.methods,.with. single.base.mutation.
detection.using.2.5.nm.gold.particles.as.scaffolds.for.fluorescently.labeled.ONs.[128],.or.2.to.100.
nm.fluorophore-loaded.silica.nanoparticles.conjugated.to.unlabeled.ONs.[129]..For.nonoptical.trans-
duction,.charged. liposomes.amplify.DNA.recognition. in.electrochemical.methods. [130]..Recent.
studies.also.demonstrate.amplified.recognition.of.DNA.hybridization.using.gold.nanoparticles.with.
QCM,.which.act.as.secondary.ligands.to.increase.the.mass.of.recognized.sequences.[131],.and.pro-
vide.sublayers.to.which.the.ligand.ON.is.immobilized.[132]..Continuing.research.has.lowered.the.
detection.sensitivity.of.DNA.hybridization.events.by.three.to.four.orders.of.magnitude.in.as.many.
years,.with.current.sensitivity.in.the.subfemtomolar.concentration.range.for.fluorescence.and.QCM-
based.techniques.[129,132]..For.the.more.difficult.task.of.identifying.single.base.mutations,.assays.
are.approximately.one.order.of.magnitude.less.sensitive.in.terms.of.molar.concentration.[131].

The.use.of.biosensors.is.not. limited.to.genomic.applications.and.DNA.analysis..Proteomics,.
which.seeks.to.identify.and.define.the.roles.played.by.cellular.proteins,.has.led.to.improved.pro-
tein.recognition.sensors.[133]..Traditional.highly.sensitive.enzyme-linked.immunosorbent.assays.
(ELISA).are.being.replaced.with.microarray.format.protein.assays.similar.to.DNA.analyses.with.the.
goal.of.increasing.knowledge.of.associated.disease.biomarkers,.protein.functions,.and.drug.target.
identification..Depending.on.the.transduction.method,.detection.relies.on.protein.composition.(mass.
spectroscopy),.or.on.the.immobilization.of.a.monoclonal.antibody.to.a.biointerface.for.optical.(SPR,.
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fluorescence).[134,135].and.mass.(QCM)-based.strategies.[136,137]..Such.methods.require.the.ori-
ented.immobilization.of.a.functional.protein.to.allow.correct.binding.with.the.target.analyte.

To.achieve.proper.antibody. immobilization.while.preventing.nonspecific.protein.adsorption,.
which.is.a.particular.necessity.to.maintain.assay.sensitivity.and.specificity.for.serum.or.unpurified.
samples,.biointerfaces.are.designed.using.principles. similar. to. those.used. in. tissue.engineering..
The.importance.of.such.nanoscale.design.factors.is.clearly.demonstrated.by.the.tenfold.increase.in.
sensitivity.obtained.in.one.study.upon.a.doubling.of.the.distance.at.which.the.antibody.was.immo-
bilized.from.the.surface.[138]..The.sensitivity.of.immobilized.ligands.to.their.environment.is.an.
additional.obstacle.with.protein.arrays.as.individual.antibodies.require.unique.pH.and.ionic.condi-
tions.to.maintain.functional.conformation.[139]..Despite.the.advances.in.this.field,.the.sensitivity.
of.specific.protein.biorecognition.has.yet.to.experience.the.enormous.gain.in.sensitivity.found.with.
DNA.assays,.which.benefit.from.the.advantage.of.sample.amplification.

The.array.formats.popular.for.both.protein.and.DNA.detection.are.well.adapted.to.genetic.screen-
ing.for.a.multitude.of.illnesses..By.using.automation.to.process.large.numbers.of.samples,.databases.
generated.from.mass.samplings.are.used.to.correlate.genetic.presence.or.susceptibility.to.illnesses.
such.as.breast.cancer.[140,141].and.bacterial.infection.[142,143]..The.genetic.test.for.cystic.fibrosis,.
which.requires.25.genetic.traits.to.be.tested,.highlights.the.utility.of.arrays.for.both.exploratory.and.
diagnostic.studies.[144]..Presently,.the.requirements.of.such.broad.analysis.limit.testing.to.optical.
methods..However,.the.prohibitive.cost.of.specialized.optical.analyzers,.in.conjunction.with.improve-
ments.in.electrochemical.and.QCM.sensors,.may.soon.popularize.alternative.diagnostic.techniques..
Ideally,.these.technologies.will.soon.permit.nanomedicine.diagnostics.to.attain.current.sensitivity.
limits.in.a.point-of-care.device.that.requires.no.sample.preparation,.amplification,.or.labeling.

��.�.�.�  pathogen recognition

In.addition.to.providing.identification.of.disease.susceptibility,.advances.in.DNA.hybridization.tech-
niques.have.greatly.enhanced.pathogen.detection..These.improvements.permit.the.diagnosis.timeline.
for.sepsis,.a.rapidly.advancing.systemic.infection.for.which.timely.treatment.is.critical,.to.narrow.from.
the.24.to.48.hours.required.for.culturing.methods.to.5.to.6.hours.using.PCR.amplification.methods.
[145]..Specific.pathogenic.nucleotide.sequences.correlate.with.a.variety.of.pathogens,.allowing.detec-
tion.using.biorecognition.techniques:.the.16S.rRNA.gene.is.detectable.in.a.range.of.Gram-negative.
and.Gram-positive.bacteria.[146],.the.mecA.gene.is.specific.for.the.detection.of.methicillin-resistant.
staphylococci.[147],.and.the.18S.rRNA.sequence.is.indicative.of.the.fungus.Candida albicans.[148].

Viral.genetic.materials.are.also.quantitatively.detectable.using.PCR-amplified.fluorescent.tech-
niques,.the.sensitivity.of.which.is.particularly.important.for.measuring.human.immunodeficiency.
virus.(HIV).loads.in.patients.undergoing.retroviral.therapies.that.reduce.viral.loads.to.below.the.
detection.limit.of.commercial.diagnostic.methods.[149]..Though.the.majority.of.pathogen.detec-
tion.relies.on.PCR.amplification.followed.by.electrophoretic.or.fluorescent.identification,.hybrid-
ization.of.viral.DNA.has.recently.been.reported.using.alternate.transduction.methods..Thiolated.
ONs.immobilized.on.gold.nanoparticles.provide.a.platform.for.optical.Rayleigh.scattering.to.detect.
hepatitis.B.and.C.viral.DNA.[150],.and.ester.linkages.to.immobilize.hepatitis.B.fragments.allow.
for.similar.detection.by.voltammetry.[151]..Silicon.miniaturization.technology.also.presents.future.
possibilities.for.point-of-care.viral.detection.using.arrayed.electrodes.for.amperometric.techniques.
[152]..However,.the.true.potential.of.bacterial.and.viral.recognition.techniques.will.not.be.achieved.
until.assays.are.capable.of.detecting.natural.load.levels,.negating.the.necessity.of.PCR.amplifica-
tion,.to.provide.more.rapid.and.cost-effective.diagnosis.

24.4.3  SummAry

Imaging.and.biorecognition.systems.used.in.diagnostic.techniques.rely.predominantly.on.biopho-
tonics,. though. alternate. transduction. methods. are. becoming. more. prevalent. in. biorecognition..

7528.indb   284 6/27/08   11:12:38 AM



Nanomaterials	 ���

Both.domains.mutually.benefit.from.rapid.technological.advances,.fueled.by.an.enormous.research.
focus.in.the.application.of.nanoparticles.for.enhanced.imaging.and.DNA.recognition.techniques..
Nanoparticles.have.been.developed.to.improve.contrast.and.allow.imaging.of.target.tissues.using.
conventional. medical. diagnostic. equipment,. such. as. PET,. MRI,. and. X-ray.. Fluorescence-based.
nanoparticle.systems.are.also.generating.much. interest,.particularly.as.nanosensors.demonstrate.
the. capability. for. detecting. and. quantifying. intracellular. processes.. Greater. interest. still. stems.
from.advances. in.quantum.dots,.which.have.already.demonstrated.superiority.over.conventional.
fluorescent.tags,.and.demonstrate.a.capacity.for.in vivo.live.imaging..Such.interest.is.paralleled.in.
biorecognition.techniques,.where.similar.particle-based.tagging.and.amplification.strategies.have.
vaulted.hybridization.sensitivity.to.subfemtomolar.levels..These.techniques.expand.medical.diagno-
ses.to.include.abilities.to.genetically.screen.for.disease.susceptibility.using.microarrays.that.simul-
taneously.analyze.thousands.of.genes,.as.well.as.to.detect.disease.and.pathogen.presence.through.
DNA.fingerprints..Continued.development.of.nanobiotechnology.techniques.will.increase.the.ease.
with. which. such. diagnostic. routines. are. performed,. ensuring. that. analytical. nanomedicine. will.
prevail.in.the.future.of.medical.diagnostics.

��.�  on the horIzons oF nanomedIcIne

Even. though. the.methods.discussed. represent.applied.modalities. that.promise. to.be. implemented.
within.years,. the.scope.of.nanobiotechnology.encompasses.research. that,. though.currently.on. the.
very.frontiers.of.modern.science,.presents.innumerable.possibilities.for.the.future.of.nanomedicine..
The.prophesied.ability.of.nanoscale.machines,.or.nanobots,.to.provide.molecular-level.construction.
and.repair.to.exterminate.disease.and.erase.genetic.defects.represents.the.pinnacle.of.nanomedicine.
aspirations..Although.the.inherent.difficulties.in.the.design.and.manufacture.of.such.devices.raise.
questions.as.to.their.feasibility.[153],.research.continues.to.explore.nature’s.nanomachines.and.issues.
crucial.to.the.development.of.nanobots..In.cells,.proteins.are.nanomachines.that.act.as.transporters,.
actuators,.and.motors,.and.are.responsible.for.meticulous.monitoring.and.repair.processes.[154,155].

Single.molecule.analysis.can.reveal.the.mechanistic.details.of.protein.function,.with.AFM.and.
FRET.imaging.being.the.favored.tools.in.such.investigations..FRET.imaging.allows.observation.
of.biomolecular.structure.and.intracellular.motion.[156,157],.and.AFM.is.used.to.explore.molecu-
lar. forces.and.energetics,.and.can.be.used. to.manipulate. folding.and.structure. [154]..A.recently.
developed.imaging.technique,.scanning.near-field.optical.microscopy.(SNOM),.offers.visual.imag-
ing.with.nanometer.resolution,.promising.further.developments.in.this.field..Combining.AFM.and.
SNOM. advances. single. molecule. analysis. by. allowing. simultaneous. nanoscale. topographic. and.
fluorescence.imaging,.making.nano-FRET.analysis.possible.[158].

Through.analysis.of.individual.molecules,.researchers.aim.to.elucidate.the.principles.of.bio-
molecular.machinery.to.understand.the.mechanisms.governing.gene.activation,.DNA.repair,.and.
motor.proteins.such.as.kinesin.and.myosin..These.biological.motors.have.the.capability.of.precise.
molecular.positioning.in.the.construction.of.energetically.unfavorable.structures..Advances.in.this.
field.could.lead.to.the.exploitation.of.nanomotors.for.molecular.assembly;.researchers.have.already.
begun.to.envisage.the.use.of.kinesin.motors.as.molecular.transporters.in.nanoscale.syntheses.[155]..
Whether.or.not.these.discoveries.ultimately.contribute.to.the.future.development.of.nanorobots,.the.
wealth.of.knowledge.generated.by.single.molecule.analyses.will.undoubtedly.expand.the.boundar-
ies.of.treatment.and.diagnosis.in.nanomedicine.

��.�  conclusIons

The.term.“nanomedicine”.presently.incorporates.a.vast.multitude.of.techniques.that.are.roughly.
divisible.into.categories.of.therapeutic.delivery.systems,.tissue.engineering,.and.diagnostic.imaging.
and.biorecognition..As.discoveries.in.various.fields,.such.as.nanofabrication,.proteomics,.and.bio-
photonics,.continue,.and.given.the.enormous.funding.presently.directed.toward.nanotechnology.by.
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government.and.private-sector.investors,.this.field.will.undoubtedly.proliferate..Ultimately,.nano-
medicine. treatments.and.diagnostics.must.bypass.or.control. the.host. immune.response. to. fulfill.
their.function.over.a.desired.timeline..Though.many.of.the.treatments.currently.under.development.
have.yet.to.reach.their.envisioned.performance.at.a.research.level,.the.potential.clinical.application.
of.such.interventions.provides.sufficient.promise.to.ensure.that.nanomedicine.represents.the.future.
of.medical.care.
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��.�  IntroductIon

Nanomedicine.is.the.medical.application.of.nanotechnology.in.prevention,.diagnostics,.and.treat-
ment.of.diseases..In.this.handbook,.the.term.“biomedical.nanoengineering”.is.used.to.address.the.
engineering. issues. in. the.biomedical.applications.of.nanomaterials.and.nanodevices.. In.October.
2003,.the.National.Institutes.of.Health.(NIH).announced.the.NanoMedicine.Initiative.(NMI).[1]..
The.NMI.envisions,. for.example,. the.biomedical.nanodevices.or.nanosystems. to.search.out.and.
destroy.the.very.first.cancer.cells.of.a.tumor.developing.in.the.body,.the.biological.nanomachines.
to.remove.and.replace.the.cell’s.broken.part,.and.the.molecule-sized.pumps.to.deliver.life-saving.
medicines.precisely.where.they.are.needed.in.the.human.body.

Nanomedicine.was.mentioned. in.many.early.publications..For. example,. in. two.books. [2,3],.
the.nanomachines.were.proposed. to.monitor. and. repair. the.damaged.cells. and. the. intracellular.
structures,.the.nanorobots.equipped.with.wireless.transmitters.to.circulate.in.the.blood.and.lymph.
systems.and.send.out.warnings.when.chemical. imbalances.occur.or.worsen,.and.at. the.extreme,.
these.nanosystems.to.replicate.themselves.or.correct.genetic.deficiencies.by.altering.or.replacing.
DNA.molecules.

These.scenarios.may.have.sounded.unbelievable.years.ago.and.may.sound.so.even.now,.but.
the. rapid,. tremendous. progress. in.nanotechnology. is. promising. the. formation.of. the.nanomedi-
cine. through.development.of. the.biomedical.nanoengineering..For.example,.nanostructures.such.
as. functional.nanoparticles,.dendrimers,. fullerenes,.carbon.nanotubes,.and.semiconductor.nano-
crystals.including.quantum.dots.have.been.exploited.for.drug.delivery,.diagnostics,.and.treatment.
of.diseases.at.the.molecular.level;.the.assembled.nanostructured.fibrous.scaffolds.reminiscent.of.
extracellular.matrix.have.been.used. for.mimic.properties.of.bone;. and.protein.nanotubes.based.
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on.self-assembly.of.unique.cyclic.peptides.for.novel.antibiotics..Although.most.work.is.still.in.the.
laboratory. research,.some.has. found.applications..For.example,.nanoparticles.have.been.used. in.
commercial.products.including.drug-delivery.systems.and.point-of-care.diagnostics.

Tremendous.medical.benefits.for.health.care.from.nanotechnology.have.been.repeatedly.described.
in.many.publications.and.media.reports..Continued.nanotechnology.research.in.biomedicine.is.bring-
ing.up.as.much.challenge.as.opportunities..Nanomedicine.is.a.multidisciplinary.field.that.needs.the.
integrated.teamwork.and.mutual.understanding.from.professionals.and.public.in.the.areas.of.medi-
cine,.biology,.chemistry,.physics,.materials.science,.engineering,.health.care,.law,.and.government.

Biomedical.nanoengineering.is.a.very.broad.yet.deep.multidisciplinary.field.and.cannot.be.fully.
covered.in.this.chapter..This.chapter.is.only.to.offer.a.basic.understanding.of.this.emerging.field.for.
the.professionals.and.public.with.different.backgrounds..It.will.mainly.discuss.biologically.func-
tional.nanomaterials.such.as.dendrimers,.single-crystal.nanoparticles.and.nanowires,.and.fullerenes.
and.carbon.nanotubes,.and.their.biomedical.applications.mainly.in.the.prevention,.diagnostics,.and.
treatment.of.diseases.

��.�  nanomaterIals and nanodevIces

The. NIH. defines. nanotechnology. as. “the. creation. of. functional. materials,. devices. and. systems.
through.control.of.matters.at.the.scale.of.1.to.100.nanometers,.and.exploitation.of.novel.properties.
and.phenomena.at.the.same.scale.”.Nanomaterials.can.be.simply.defined.to.have.three.features:.1.to.
100.nm.in.one.dimension,.functional.in.applications,.and.producible.in.manufacturing..They.have.
to.be.biologically.engineered.for.biomedical.applications.

Living.systems.are.built.upon.from.molecular.materials.or.nanostructures.such.as.nucleic.acids.
(DNA.and.RNA).and.protein..They.are.2.and.5.to.50.nm.wide,.respectively..They.can.be.produced.
from.the.self-assembly.or.self-organization.processes.in.the.living.system.or.by.chemical.synthesis..
DNA.or.RNA.and.associated.enzymes.and.proteins.or.lipids.can.be.self-assembled.into.75.to.100.
nm.wide.viruses..They.can.be.further.assembled.into.bacteria..Bacteria.are.1.to.10.µm.in.size,.with.
thin,.rubbery.cell.membrane.surrounding.the.fluid.(cytoplasm).and.all.genetic.information.needed.
to.make.copies.of.its.own.DNA..Viruses.and.bacteria.cause.many.diseases..A.white.blood.cell.is.
about.10.µm.big,.whereas.all.materials.internalized.by.cells.are.smaller.than.100.nm.

The.size.domain.of.nanomaterials.is.similar.to.that.of.the.biological.structures,.as.shown.in.
Figure.25.1..For.example,.a.single-wall.carbon.nanotube.is.as.wide.as.a.double-strand.DNA;.den-
drimers.and.nanoparticles.can.be.made.similar.to.the.sizes.of.proteins.or.viruses;.and.fullerene.may.
present. the. smallest.molecular. nanostructures..These.nanostructures. have. significantly.different.
properties. from.bulk.or.microstructures.and. they.are.especially.suitable. for.biomedical.applica-
tions..For.example,

Nanoscale.single-crystal.or.ordered.structures.are.stronger,.lighter,.and.less.corrosive,.yet.
cause.less.damage.to.cells.or.tissues.
High.specific.surface.allows.to.load.the.recognition.molecules.and.drugs,.enter.the.cells,.
and.seek.out.specific.nucleic.acids.and.proteins.or.other.molecular.marks.
Quantum.confinement.at.nanoscale.makes.them.more.electrically.conductive,.superpara-
magnetic,.and.tunable.optical.emission.for.control.of.drug.delivery.and.sensing.at.intra-.
and.extracellular.levels.through.external.light.and.magnetic.or.electric.field.
Electricity.or.heat.generated.by.external.light,.magnetic.field,.or.electric.field.can.destroy.
sick.cells.locally.while.leaving.neighboring.healthy.cells.intact.

The.nanomaterials.shown.in.Figure.25.1.are.commercially.available.now..The.biological.func-
tionalization.to.load.drugs.or.recognition.molecules.chemically.or.physically.is.the.critical.step.in.
their.biomedical.applications..A.brief.introduction.to.these.nanomaterials.and.their.properties.and.
biomedical.application.is.presented.in.Figure.25.2.

•

•

•

•
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25.2.1  fullErEnES And cArbon nAnotubES

Fullerenes.(C60.and.C70).were.discovered.in.1985.by.Smalley,.Curl,.and.Kroto,.which.won.the.1997.
Nobel.Prize.in.Chemistry.[4]..Fullerenes.are.roughly.spherical.in.shape.and.approximately.1.nm.
big..A.carbon.atom.sits.at. each.vertex.of.a.buckyball,.bonding.with. three.of. its.neighbors..The.
strained.sp2.configuration.allows.them.to.be.chemically.or.biologically.modified.with.small.or.large.
molecules.for. the.biomedical.applications..Fullerenes.are. transparent.over.a.wide.spectral. range.
extending.from.the.mid-infrared.throughout.the.visible..They.possess.a.high.thermal.and.oxidative.
stability.compared.to.many.other.organic.materials,.and.they.are.extremely.resilient.and.relatively.
impervious.to.damage..They.do.not.react.with.corrosive.compounds.and.are.capable.of.absorbing.
and.releasing.electrons.without.being.harmed.or.without.changing..Fullerenes.are.mainly.used.for.
drug.delivery.and.implanted.sensing.and.treatment.devices..They.allow.active.pharmacopheres.to.

Atom

1 1 nm 10 nm 100 nm 1 µm 10 µm 100 µm

0.18 µm 1.5 µm

Silicon transistors,
integrated circuit and computer

Fullerene, nanotube, dendrimer,
nanoparticle, nanowire

Water Sugar DNA Protein Virus Bacterium Cell Hair

Year197219852000
Transistor size 10 µm

3,500275,00042 million Transistor number
1,500 MHz 33 MHz 0.2 MHz Speed

Computer800880386Pentium 4

FIgure ��.�  Nano-.and.microscale.materials,.devices,.and.systems.

Fullerenes, C60, 0.7 nm, functional drug carrier with linked
antibodies or other targeting agents on the surface carbon
atoms, and implanted medical devices.

Dendrimers (5–50 nm), branched structure allows to link
labels, probes, and drugs individually for drug carrier,
implanted sensors, and medical devices.

Nanoparticles (<100 nm, inorganic or organic) for implanted
materials, nanoshells, and nanoemulsions for drug delivery;
quantum dots (<8 nm) and magnetic nanoparticles for labeling
in diagnostics and implanted sensors and medical devices.

Carbon nanotubes (1 nm for single wall and 10–100 nm for multi-
wall), one dimensional fullerene nanoelectrode arrays for in
vitro, in vivo, and implanted sensors and medical devices;
capable for diagnostic handheld systems for multiplexing without
need of labeling and PCR. 

Single crystal nanowires (5–100 nm), one-dimensional
nanoparticles (magnetic, electrical, and optical), capable of doing
what nanoparticles and carbon nanotubes can do.

FIgure ��.�  Biologically.functional.nanomaterials.and.biomedical.applications.
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be.grafted.to.its.surface.in.three-dimensional.orientations.for.precise.control.in.matching.biological.
targets,. in.entrapping.atoms.within. the. fullerene.cage,.and. for.attaching. fullerene.derivatives. to.
targeting.agents.

Carbon.nanotubes.(CNTs).are.one-dimensional.fullerenes.with.a.cylinder.shape,.discovered.by.
Sumio.Iijima.in.1992.[4]..These.cylinders.can.be.closed.or.open.in.the.ends,.have.single.or.multiple.
walls,.can.be.metallic.or.semiconducting,.and.can.be.tens.of.nanometers.to.tens.of.micrometers.
long.. They. are. about. 1. nm.wide. for. single-wall. structures. and. 5. to. 100.nm.wide. for. multiwall.
structures..While.retaining.the.properties.of.the.fullerenes,.the.one-dimensional.extension.and.the.
quantum.confinement.in.the.circumference.make.nanotubes.intrinsically.highly.electrical.and.ther-
mal.conductive,.mechanically. strong,.but.very.gentle. to.biological. structures..Therefore,. carbon.
nanotubes.can.be.made.stand-alone.functional.devices.such.as.probe.tips.for.biological.images.and.
chemical.force.detection,.and.vertically.aligned.nanoelectrode.arrays.for.diagnostics.and.implanted.
medical.sensing.and.treatment.devices..The.chemical.functionalization.is.relatively.easier. in. the.
open.end.than.in.the.sidewall.or.closed.ends.

25.2.2  dEndrimEr

Dendrimer,.discovered.by.Don.Tomalia.in.1992.[5],.is.precisely.constructed.molecules.built.on.the.
nanoscale.in.a.multistep.process.through.up.to.ten.generations.(5.to.50.nm)..Each.step.doubles.the.
complexity.at.the.branching.end..Drugs.and.recognition.molecules.can.be.attached.to.their.ends.or.
placed.inside.cavities.within.them..Dendrimers.are.versatile,.with.discrete.numbers.and.high.local.
densities. of. surface. functionalities. in. one. molecule,. very. attractive. for. biomedical. applications,.
especially. in.cancer. therapy..The.dendritic.multifunctional.platform. is. ideal. to.combine.various.
functions.like.imaging,.targeting,.and.drug.transfer.into.the.cell.

��.�.�.�  nanoparticles and nanowires

Nanoparticles.might.be.the.earliest.nanomaterials.[6,7]..Their.research.and.applications.started.at.
least.two.decade.ago..They.can.be.made.of.almost.all.known.materials,.whereas.the.biomedical.appli-
cations.have.been.mainly.highlighted.for.organic.and.several.types.of.inorganic.nanoparticles:

Polymer.nanoparticles.have.been.widely.used.for.drug.delivery.and.implantable.materials..
They. can. be. made. into. nanoshells. for. drug. encapsulation,. and. hydrophilic. and. hydro-
phobic.for.the.expected.biocompatibility..Their.diameter.ranges.from.10.to.100.nm..The.
first.nanoparticles.were.reported.in.1976.with.protein.molecules.entrapped.inside.80.nm.
hydrophilic.polymers.
Magnetic.nanoparticles.can.be.made.from.most.of. the.bulk.magnetic.materials.such.as.
cobalt,. iron,. and. nickel,. and. their. alloys,. ferrite,. nitride,. or. oxide.. The. superparamag-
netic.properties.of.smaller.nanoparticles.(<10.nm).can.provide.control.for.drug.delivery,.
implanted.sensing,.and.heating.treatment.to.destroy.sick.cells.through.an.external.electro-
magnetic.field.
Quantum.dot.nanoparticles.can.be.made.of.the.semiconductors.and.metals.when.the.par-
ticle.size.is.less.than.8.nm..They.are.capable.of.confining.a.single.electron,.or.a.few,.and.in.
which.the.electrons.occupy.discrete.energy.states.just.as.they.would.in.an.atom.(quantum.
dots.have.been.called.artificial.atoms)..These.particles.show.optical.gain.and.stimulated.
emission.at.room.temperature..They.are.suitable.for.biological.markers,.drug.delivery,.and.
implanted.sensing.and.heating.devices.through.external.lighting.

25.2.2.1.1 Single-Crystal Nanowires
Single-crystal.nanowires.(SNWs).are.one-dimensional.single-crystal.nanoparticles.like.fullerenes.
versus. carbon. nanotubes.. Although. retaining. the. properties. of. nanoparticles,. SNWs. have. been.

•

•

•
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made.into.functional.devices.such.as.transistors,.nanoelectrode.arrays,.and.probes.for.biological.
sensing..Depending.on.the.material.type.and.diameter,.SNWs.and.devices.can.be.made.electrically,.
optically,.or.magnetically.functional.

Nanomaterials.and.nanodevices.can.be.fabricated.basically.using.two.approaches..The.bottom-
up.approach.builds.up.devices.or.systems.from.atoms.or.molecules. through.chemical.synthesis,.
self-assembly,.or.self-organization.processes..This.has.been.a.natural.way.in.life.science.to.build.
up.viruses,.bacteria,.cells,.and.living.systems.from.molecular.materials.such.as.DNA.and.proteins..
The.top-down.approach.works.from.bulky.materials.through.machining,.etching,.and.lithography.
processes..There.has.been.a.drive.in.the.semiconductor.industry.to.make.faster.and.more.powerful.
computers.by.scaling.down.silicon.transistor.devices.from.10.µm.in.1972.to.about.0.1.µm.or.90.nm.
in.2004,.as.shown.in.Figure.25.1..In.this.chapter,.we.mainly.discuss.the.bottom-up.nanomaterials.
and.nanodevices.

The.scaling.in.top-down.approaches.is.reaching.the.limit.(or.100.nm.barriers).beyond.which.the.
previous.working.principle.and.optical.lithography.may.no.longer.work.or.may.work.at.an.extremely.
high. cost.. On. the. other. hand,. 100. nm. is. also. a. scale. boundary. in. biotechnology. and. medicine.
between.cellular.or.larger.scale.and.molecular.scale.(DNA.and.protein.level)..Thus,.we.can.under-
stand.why.nanotechnology.defines.the.scale.below.100.nm.

The.impact.of.the.semiconductor.technology.is.felt.far.beyond.laptop.and.desktop.computers,.
accounting.for.personal.electronics,.telecommunications,.medical.devices,.automotive.applications,.
and.almost.every.aspect.of.our.daily.lives,.all.reaping.healthy.benefits.from.the.increasing.power.
of.semiconductor.chips..It.has.enabled.the.micro-electrical-mechanical-systems.(MEMS),.micro-
fluidics,.DNA.microarrays.or. gene. chips,. protein. chips,. and. all. kinds.of.micromedical. devices..
These.technologies.will.be.further.brought.down.to.nanoscale.by.using.the.bottom-up.biologically.
functional.nanomaterials.

Nanomaterials.offer.many.unique,.novel.features.in.biomedical.applications,.which.other.scale.
materials.and.technologies.may.not.reach..For.example,

Intracellular delivery capability:.The.size.of.virus,.bacterium,.and.cell.is.approximately.100.
nm,.1.and.10.µm.or.larger,.respectively.(which,.interestingly,.corresponds.to.the.feature.
size.of.transistors.in.2003,.1985,.and.1972).as.shown.in.Figure.25.1..The.biologically.func-
tional.nanostructures.with.the.size.of.less.than.100.nm.can.enter.cells.and.the.organelles.
inside.them.to.interact.with.DNA.and.proteins.or.stick.on.the.surface.of.specific.cells.or.
organelles..This.enables. the.earliest.prevention.and. treatment.of.diseases..For.example,.
detection.of.cancer.at.early.stages.is.a.critical.step.in.improving.cancer.treatment..Cur-
rently,.detection.and.diagnosis.of.cancer.usually.depend.on.changes.in.cells.and.tissues.
that.are.detected.by.a.doctor’s.physical.touch.or.imaging.expertise..In.many.cases,.it.was.
too.late.to.treat.when.it.was.diagnosed.at.microscale.cellular.or.larger.image.scale.level..
The.best.way.is.to.detect.the.earliest.molecular.changes,.long.before.a.physical.exam.or.
imaging.technology.is.effective.or.even.a.tumor.is.formed.

PCR- and label-free detection capability:.Nanomaterials.can.readily.be.chemically.attached.
with.specific.probes.such.as.cDNA.and.antibody,.which.can.seek.out.specific.target.DNA,.
RNA,.or.proteins.for.diagnostics.and.treatment..For.example,.a.specific.tag.can.be.attached.
onto.the.nanotube.ends.to.look.for.the.specific.mutations.responsible.for.the.diseases.of.
interest.. Nanoparticles. or. dendrimers. can. be. attached. with. cDNA. for. gene. expression.
analysis..Conventionally,.gene.expression.analysis.or.mutation.detection.has.to.be.carried.
out. after.or.during. the. tedious. sample.amplification.and.optical. labeling..However,. the.
utilization.of.nanodevices.as.biosensor.can.eliminate. these. tedious. laboratory.steps. for.
the.sample.preparations..For.example,.the.carbon.nanotube.electrodes.attached.with.DNA.
probes.have.been.developed.for.label-.and.PCR-free.detection.for.DNA.samples.

Drug- and surgery-free intracellular treatment capability:.The.detection.or.diagnosis.is.car-
ried.out.with.optical,.magnetic,.and.electrical.response.of.the.nanodevices.to.the.interaction.
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or.binding..In.addition,. the.treatment.can.be.carried.out.using.the.magnetic,.optical,.or.
electrical.properties.of.nanostructures..For.example,.heat.generated.by.the.light-absorbing,.
electrical.thermal.emission,.and.magnetic.thermal.generation.can.kill.tumor.cells.while.
leaving.neighboring.cells.intact.

In.the.following.section,.we.will.briefly.introduce.the.biomedical.applications.associated.with.
these.unique.features.

��.�  BIomedIcal applIcatIons

Biomedical. applications. of. nanotechnology. or. nanomedicine. have. been. reviewed. by. the. nano-
technology. alliance. in. Canada. [8]. and. classified. into. the. following. category,. as. summarized. in.

Table.25.1.. In. this. chapter,.we.will.only.briefly.
introduce. some. of. the. applications. listed. in.
Table.25.1,. which. we. believe. will. illustrate. the.
unique. features. of. nanomaterials. and. nanode-
vices. in. biomedical. applications. that. conven-
tional. technologies. may. not. reach.. In. addition,.
we.will.discuss. these.applications.based.on. the.
prevention,. diagnostics,. and. treatment. of. dis-
eases..Nanomedicine.and.biomedical.nanoengi-
neering.are.only.emerging,.and.much.information.
has.been.appearing.only.at.conferences,.and.not.
much. has. come. from. referred. journals.. There-
fore,. the. references. in. this. chapter. are. mainly.
from.the.Internet.and.Reference.[8].

25.3.1  PrEvEntion

The. best. health. care. or. medicine. is. preventive.
medicine.. Common. diseases. to. many. people.
include. diverticulitis,. kidney. failure,. dialysis,.
gallstones,.diabetes,.osteoporosis,.hypertension,.
coronary.artery.disease,.stroke,.aging,.and.numer-
ous.cancers..Virtually.all.our.major.diseases.are.
associated. with. the. consumption. of. (1). smoke.
and. pollutants. through. the. respiratory. system;.
(2).alcohol,.colas,.and.caffeine;.and.(3).an.abun-
dance.of. fats,. animal.proteins,. and. sweets,. and.
the.neglect.of.exercise..In.addition.to.air.clean-
ing,.exercise,.and.vegetarian.program,.nutritional.
approaches.for.personal.care.including.skincare.
will.be.the.best.for.multiple.disease.prevention..
Although. it. has. not. been. greatly. addressed. in.
publications,. the.author.believes.that.nanomate-
rials.are.promising.the.most.effective.preventive.
medicines.. This. is. because. of. the. intracellular.
delivery.features.of.the.nanomaterials.

Infection.control.is.very.important.in.the.pre-
vention. of. diseases.. Conventional. disinfectants.
for. infection.control.have.not.been.safe.enough.

taBle ��.�
nanomedicine taxonomy

Biopharmaceutics
Drug.delivery

Drug.encapsulation

Functional.drug.carriers

Drug.discovery

Implantable materials
Tissue.repair.and.replacement

Implant.coatings

Tissue.regeneration.scaffolds

structural Implant materials
Bone.repair

Bioresorbable.materials

Smart.materials

Implantable de�ices
Assessment.and.treatment.devices

Implantable.sensors

Implantable.medical.devices

Sensory.aids

Retina.implants

Cochlear.implants

surgical aids
Operating.tools

Smart.instruments

Surgical.robots

diagnostic tools
Genetic.testing

Ultrasensitive.labeling.and.detection.technologies

High-throughput.arrays.and.multiple.analyses

Imaging

Nanoparticle.labels

Imaging.devices

7528.indb   294 6/27/08   11:12:48 AM



Biomedical	Nanoengineering	for	Nanomedicine	 ���

in.applications..Nanoengineered.delivery.system.technology.is.now.offering.a.solution..For.exam-
ple,.scientists.at.the.University.of.Michigan.and.EnviroSystems,.Inc.,.located.in.northern.California.
have.independently.demonstrated.safe.and.effective.use.of.nanoemulsions.as.antimicrobial.solu-
tions..Nanoemulsions,.which.are.suspensions.of.nanoparticles.in.water,.have.the.emergent.property.
of.killing.bacteria.and.inactivating.enveloped.viruses..EnviroSystems.developed.a.nanoemulsion.
as.a.targeted.delivery.device.for.the.biocide.PCMX..This.PCMX-loaded.nanoemulsion.has.a.broad.
spectrum.of.activity.against.bacteria.including.tuberculosis.(TB),.both.enveloped.and.nonenveloped.
viruses,.and.fungi..Because.the.nanoemulsion.is.targeted,.it.has.no.toxicity.to.higher.animal.cells..
Other.respective.benefits.of.the.new.nanoemulsion.disinfectants.are.contributions.to.institutional.
productivity..For.example,.because.nanoemulsion.disinfectants.are.not.considered.hazardous.mate-
rials,.they.do.not.require.any.special.compliance.with.the.Occupational.Safety.and.Health.Admin-
istration.(OSHA),.the.Environmental.Protection.Agency.(EPA),.or.local.water.systems..Many.of.the.
widely.used.disinfectants.have.been.implicated.in.occupational.dermatitis.and.respiratory.illness..A.
reduction.in.the.hazardous.waste.stream.also.contributes.to.a.healthier.local.environment.

Another.example.of.application.in.the.marketplace.is.skin-care.products.using.nanoparticles.
[11].. Nanoparticles. encapsulating. different. agents. of. cosmetic. and. pharmaceutical. interest. have.
been.developed.for.novel.skin-care.applications..The.nanoparticles.were.found.to.show.unique.addi-
tional.physical.properties.and.offer.new.application.possibilities.that.conventional.technology.can-
not.reach..The.nanoparticles.were.also.found.to.be.very.stable.and.have.a.high.affinity.to.the.stratum.
corneum..In.addition,.nanoparticle.delivery.systems.have.been.developed.to.target.the.vesicles.to.
hair.and.for.that.purpose.they.have.dotted.the.nanoparticle.shell.with.cationic.molecules,.thus.pro-
ducing.a.positively.charged.surface.

Nanoparticles. in. skin-care. products. include. various. types. of. delivery. systems. and. can. be.
subdivided.on.the.basis.of.the.encapsulating.membrane.structure.into.liposomes,.nanoemulsions,.
nanosomes,.and.nanotopes..They.can.carry.many.actives.to.penetrate.into.skin.quickly.and.into.
intracellular.structures.while.conventional.skin-care.products.usually.do.not.penetrate.the.skin.and.
release.the.active.by.diffusion.or.by.capsule.destruction..Nanoparticles.also.bring.up.many.other.
new.applications..For.example,.skin.whitening.or.lightening.is.a.more.recent.application.in.which.
actives.carried.by.nanoparticles.penetrate.beyond.the.skin.barrier,.and.more.active.reaches.the.nec-
essary.site.of.action.in.the.skin,.resulting.in.improved.performance.

In. addition. to. novel. drug-delivery. systems,. biomedical. nanoengineering. also. offers. new.
approaches.for.the.earlier.detection.of.diseases.or.pathogens..This.is.also.very.important.for.the.
purpose.of.screening.or.diagnostics.testing.in.preventive.medicine.as.well.as.treatment,.as.intro-
duced.below.

25.3.2  diAgnoSticS

Nanoparticles,. especially. gold. nanoparticles,. have. been. used. for. diagnostics. applications.. For.
example,.Quantum.Dot.Corporation.uses.quantum.dots.to.detect.biological.material.[11]..Because.
their.color.can.be.tailored.by.changing.the.size.of.the.dot,.the.potential.for.multiple.colors.increases.
the.number.of.biological.molecules.that.can.be.tracked.simultaneously..In.addition,.quantum.dots.
do.not.fade.when.exposed.to.ultraviolet.light,.and.the.stability.of.their.fluorescence.allows.longer.
periods.of.observation..These.technologies.are.expected.to.be.more.sensitive.than.fluorescent.dyes.
and.could.more.effectively.detect.low.abundance.and.low-level.expressioning.genes..They.may.also.
make.use.of.smaller.and.less-expensive.equipment.to.light.and.detect.the.samples..Without.the.need.
for.gene.amplification,.they.can.also.provide.results.in.less.time.

In.addition.to.optical.detection.approaches,.new.effort.has.been.made.in.electrical.detection..
Chad.Mirkin.and.Nanosphere.Company.[12].use.gold.nanoparticle.probes.coated.with.a.string.of.
nucleotides.that.complement.one.end.of.a.target.sequence.in.the.sample..Another.set.of.nucleotides,.
complementing.the.other.end,.is.attached.to.a.surface.between.two.electrodes..If.the.target.sequence.
is.present,.it.anchors.the.nanoprobes.to.the.surface.like.little.balloons,.and.when.treated.with.a.silver.

7528.indb   295 6/27/08   11:12:48 AM



���	 Bionanotechnology

solution,.they.create.a.bridge.between.the.electrodes.and.produce.a.current..The.nanotechnology.
group.at.NASA.Ames.Research.Center.has.developed.carbon.nanotube.electrodes.with.attached.
DNA.probes.for.DNA.diagnostics.applications.[13]..They.claim.their.technology.can.detect.1000.
DNA.molecules.and. therefore.does.not.need. the.sample.amplification.methods.such.as.PCR..In.
addition,.they.use.nanoelectrodes.for.guanine.oxidation.in.the.DNA.sample.and.therefore.do.not.
need.any.sample.labeling.

Nanomaterials.also.offer.new.biomedical.imaging.that.provides.high.quality.not.possible.with.
current.technologies,.along.with.new.methods.of.treatment..Researchers.at.the.University.of.Michi-
gan. [14]. are. developing. magnetic. nanoparticles. attached. to. a. cancer. antibody. and. a. dye. that. is.
highly.visible.on.a.magnetic.resonance.image.(MRI)..When.these.nanoparticles.latch.onto.cancer.
cells,. the. cancer. cells. will. be. detected. on. the. MRI. and. then. destroyed. by. laser. or. low-dosage.
killing.agents.that.attack.only.the.diseased.cells..Another.group.at.Washington.University.[15].is.
using.nanoparticles.to.attract.to.proteins.emitted.from.newly.forming.capillaries.that.deliver.blood.
to.solid.tumors..The.nanoparticles.circulate.through.the.bloodstream.and.attach.to.blood.vessels,.
containing.their.complementary.protein..Once.attached,.chemotherapy.is.released.into.the.capillary.
membrane..The.nanoparticles.traveling.in.the.bloodstream.would.be.able.to.locate.additional.cancer.
sites.that.may.have.spread.to.other.parts.of.the.body.

Miniature.wireless.nanodevices.are.being.developed.for.providing.high-quality.images.not.pos-
sible.with.traditional.devices..Given.Imaging.has.developed.a.pill.containing.a.miniature.video.sys-
tem..When.the.pill.is.swallowed,.it.moves.through.the.digestive.system.and.takes.pictures.every.few.
seconds..The.entire.digestive.system.can.be.assessed.for.tumors,.bleeding,.and.diseases.in.areas.not.
accessible.with.colonoscopies.and.endoscopies..A.company,.MediRad,.is.trying.to.develop.a.minia-
ture.x-ray.device.that.can.be.inserted.into.the.body..They.are.attempting.to.make.carbon.nanotubes.
into.a.needle-shaped.cathode..The.cathode.would.generate.electron.emissions.to.create.extremely.
small.x-ray.doses.directly.at.a.target.area.without.damaging.surrounding.healthy.tissue.

Implantable. or. wearable. nanosensors. are. being. developed. for. providing. continuous. and.
extremely. accurate. medical. information,. incorporated. with. complementary. microprocessors. to.
diagnose. disease,. transmit. information,. and. administer. treatment. automatically. if. required.. For.
example,.researchers.at.Texas.A&M.and.the.Pennsylvania.State.University.use.polyethylene.gly-
col.beads.coated.with.fluorescent.molecules.to.monitor.diabetes.blood.sugar.levels..The.beads.are.
injected.under.the.skin.and.stay.in.the.interstitial.fluid..When.glucose.in.the.interstitial.fluid.drops.
to.dangerous.levels,.glucose.displaces.the.fluorescent.molecules.and.creates.a.glow..This.glow.is.
seen.on.a.tattoo.placed.on.the.arm.

Researchers.at.the.University.of.Michigan.[16].are.using.dendrimers.attached.with.fluorescent.tags.
to.sense.premalignant.and.cancerous.changes.inside.living.cells..The.dendrimers.are.administered.
transdermally.and.pass.through.membranes.into.white.blood.cells.to.detect.early.signs.of.biochemical.
changes.from.radiation.or.infection..Radiation.changes.the.flow.of.calcium.ions.within.the.white.blood.
cells.and.eventually.triggers.apoptosis,.or.programmed.cell.death.(PCD).due.to.the.radiation.or.infec-
tion..The.fluorescent.tags.attached.to.the.dendrimers.will.glow.in.the.presence.of.the.death.cells.when.
passed.through.a.retinal.scanning.device.using.a.laser.capable.of.detecting.the.fluorescence.

25.3.3  trEAtmEnt

Biomedical. nanoengineering. is. showing. great. potentials. in. drug. delivery. nanosystems. and. bio-
medical.nanodevices.for.safe.and.effective.treatment.

For.example,.Advectus.Life.Sciences.is.developing.a.nanoparticle-based.drug-delivery.system.
for.the.treatment.of.brain.tumors..The.antitumor.drug.doxorubicin.is.adhered.to.a.poly.butylcyano.
acrylate.(PBCA).nanoparticle.and.coated.with.polysorbate.80..The.drug.is.injected.intravenously.
and.circulates.through.the.bloodstream..The.polysorbate.80.attracts.plasma.apolipoproteins.and.is.
used.by.the.bloodstream.to.carry.lipids..This.is.to.create.a.camouflage.effect.similar.to.low-density.
lipoprotein.(LDL).cholesterol,.allowing.the.drug.to.pass.through.the.blood–brain.barrier..Neurotech.
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Company.is.developing.a.nanoencapsulated.cell.therapy.to.treat.eye.diseases..It.uses.a.semiperme-
able.membrane.to.encapsulate.cells,.which.also.permits.therapeutic.agents.produced.by.the.cells.
to.diffuse.through.the.membrane..The.membrane.isolates.the.cells.from.the.local.environment.and.
minimizes.immune.rejection..The.encapsulated.cells.are.administered.by.a.device.implanted.in.the.
eye.to.permit.the.continuous.release.of.therapeutic.molecules.from.living.cells..This.avoids.direct.
injections.into.the.eye,.which.may.not.be.practical.for.regular.administrations.

C. Sixty. [17]. is. developing. fullerene-based. drug-delivery. platforms. that. link. fullerenes. with.
antibodies.and.other.targeting.agents..Their.drug-delivery.systems.include.fullerene-decorated.che-
motherapeutic.constructs,. fullerene-radiopharmaceuticals,.and. fullerene-based. liposome.systems.
for.the.delivery.of.single.drug.loads.or.multiple.drug.cocktails..Employing.rational.drug.design,.
C.Sixty.has.produced.several.drug.candidates.using.its.fullerene.platform.technology.in.the.areas.
of.HIV/AIDS,.neurodegenerative.disorders,. and.cancer..Nanospectra.Company. is.developing.an.
interesting.drug-delivery.nanosystem.in.which.a.gold.exterior.layer.covers.interior.layers.of.silica.
and.drugs..This.nanoshell.structure.can.be.made.to.absorb.light.energy.and.then.convert.it.to.heat..
As.a.result,.when.nanoshells.are.placed.next.to.a.target.area.such.as.a.tumor.cell,.they.can.release.
tumor-specific.antibodies.when.infrared.light.is.administered.

Perhaps. the. most. exciting. biomedical. nanoengineering. research. is. implantable. nanodevices.
that.can.integrate.sensing,.monitoring,.and.treatment.functionalities..For.example,.researchers.at.
Aalborg.University.in.Denmark.are.applying.nanostructures.to.the.electrode.surfaces.to.improve.
biocompatibility.and.acceptance.in.the.neural/muscle.tissue..When.placed.within.a.cell.membrane,.
the.nanostructures.form.a.bioelectric.interface.with.the.neuron.or.muscle.cell.that.enables.the.intra-
cellular.potential.of.the.cell.to.be.observed.and.manipulated..They.are.further.using.nanostructures.
to.activate.denervated.muscles.caused.by.injuries.to.the.lower.motor.neurons.located.in.the.spinal.
cord..This.can.result.from.traumatic.spinal.cord.injury,.strokes.in.the.spinal.cord,.repeated.verte-
bral.subluxation,.brachial.plexus.injuries,.and.peripheral.myopathies.such.as.polio,.which.destroy.
the.nerve.cells.controlling.muscle.(i.e.,.denervated.muscle)..Similar.nanodevices.can.be.also.used.
to. restore. lost.vision.and.hearing. functions..The.devices.collect.and. transform.data. into.precise.
electrical.signals.that.are.delivered.directly.to.the.human.nervous.system..Degenerative.diseases.of.
the.retina,.such.as.retinitis.pigmentosa.or.age-related.macular.degeneration,.decrease.night.vision.
and.can.progress.to.diminishing.peripheral.vision.and.blindness..These.retinal.diseases.may.lead.
to.blindness.due.to.a.progressive.loss.of.photoreceptors.(rods.and.cones),.the.light-sensitive.cells.of.
the.eye.

Retinal. implants. are.being.developed. to. restore.vision.by.electrically. stimulating. functional.
neurons. in. the. retina.. One. approach. being. developed. by. various. groups. including. a. project. at.
Argonne.National.Laboratory.is.an.artificial.retina.implanted.in.the.back.of.the.retina..The.artifi-
cial.retina.uses.a.miniature.video.camera.attached.to.a.blind.person’s.eyeglasses.to.capture.visual.
signals..The.signals.are.processed.by.a.microcomputer.worn.on.the.belt.and.transmitted.to.an.array.
of.electrodes.placed.in.the.eye..The.array.stimulates.optical.nerves,.which.then.carry.a.signal.to.the.
brain..Optobionics.Company.makes.use.of.a.subretinal.implant.designed.to.replace.photoreceptors.
in.the.retina..The.visual.system.is.activated.when.the.membrane.potential.of.overlying.neurons.is.
altered.by.current.generated.by.the.implant.in.response.to.light.stimulation..The.implant.makes.use.
of.a.microelectrode.array.powered.by.as.many.as.3500.microscopic.solar.cells.

A.new.generation.of.smaller.and.more.powerful.cochlear.implants.is.intended.to.be.more.pre-
cise.and.offer.greater.sound.quality..An.implanted.transducer.is.pressure-fitted.onto.the.incus.bone.
in. the. inner.ear..The.transducer.causes. the.bones. to.vibrate.and.move.the.fluid.in. the. inner.ear,.
which.stimulates.the.auditory.nerve..An.array.at.the.tip.of.the.device.makes.use.of.up.to.128.elec-
trodes,.which.is.five.times.higher.than.current.devices..The.higher.number.of.electrodes.provides.
more.precision.about.where.and.how.nerve.fibers.are.stimulated..This.can.simulate.a.fuller.range.
of.sounds..The.implant.is.connected.to.a.small.microprocessor.and.a.microphone,.which.are.built.
into.a.wearable.device.that.clips.behind.the.ear..This.captures.and.translates.sounds.into.electric.
pulses.which.are.sent.down.a.connecting.wire.through.a.tiny.hole.made.in.the.middle.ear..Implant.
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electrodes.are.continuously.decreasing.in.size.and.in.time.could.enter.the.nanoscale..The.nanotech-
nology.group.at.NASA.Ames.Research.Center.is.developing.the.carbon.nanotube.electrode.arrays.
for.this.purpose.[13].

��.�  conclusIon

Biomedical.nanoengineering.is.an.offshoot.of.biomedical.engineering.at.nanoscale..It.will.be.fur-
ther. defined,. as. the. engineering. issues. at. nanoscale. in. a. biological. system. are. being. addressed.
during.the.application,.research,.and.practice.of.nanotechnology.to.biomedicine..This.chapter. is.
intended.for.researchers.to.pay.attention.to.many.engineering.issues.in.nanomedicine.research.

For.example,.many.engineering.issues.have.not.been.addressed..They.include.fluid.mechan-
ics,.diffusions,. interactions,. and. self-assembling.of.nanomaterials. and.nanodevices. in. inter-. and.
intracellular.structures..Others. to.be.studied.include.the.characterization.for. the.exact.quantities.
and.variations,.location,.timescales,.interactions,.affinities,.force.generation,.flexibility,.and.inter-
nal.motion.of.the.nanomaterials.and.nanodevices..These.engineering.studies.will.help.identify.and.
define.the.design.principles.and.operational.parameters.of.nanodevices.

Biocompatibility. is. another. important. issue. to. be. addressed.. The. electrically,. magnetically.
functional. carbon. nanotubes,. inorganic. nanoparticles,. and. nanowires. present. the. most. existing.
nanomaterials,.but.may.suffer.from.poor.biocompatibility..If.so,.can.these.materials.be.modified.
while.retaining.the.expected.properties.or.new.nanomaterials.be.developed.to.be.used.in vivo?

It.surely.takes.great.effort.and.time.to.answer.these.and.many.other.questions.for.nanomedicine.
practice..NIH.Roadmap’s.Nanomedicine.initiative.anticipates.nanomedicine.will.yield.medical.ben-
efits.as.early.as.10.years.from.now.
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��.�  physIogenomIcs and nanotechnology

26.1.1  introduction

A.revolution.in.our.understanding.of.human.health.and.disease.has.been.launched.by.the.sequenc-
ing.of.a.prototypical.human.genome..To.a.large.degree,.this.achievement.represents.the.pinnacle.
of.reductionist.scientific.thought,.as.having.all.genes.dissected,.one.could.in.principle.allow.recon-
stitution.of.the.organism..In.contrast,.the.classical.discipline.of.physiology.has.been.dealing.with.
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systems.from.its.very.outset..Although.clinically.extraordinarily.relevant,.physiology.remained.an.
engineering.embodiment.of.scientific.thought.distant.from.the.molecular.basis.of.function..Physi-
ogenomics.bridges.the.gap.between.the.systems.approach.and.the.reductionist.approach.by.using.
human.variability.in.physiological.process,.either.in.health.or.disease,.to.drive.their.understanding.
at.the.genome.level..Physiogenomics.is.particularly.relevant.to.the.phenotypes.of.complex.diseases.
and.the.clustering.of.phenotypes.into.domains.according.to.measurement.technique,.ranging.from.
functional.imaging.and.clinical.scales.to.protein.serology.and.gene.expression.

Nanotechnology.probes.can.serve.as.ultrasensitive.reporters.of.dynamic.cellular.phenomena.
and.protein.interactions,.allowing.precise.physiological.phenotypes.to.be.coupled.to.genomics,.the.
new.discipline.of.physiogenomics..Nanotechnologies.allow.delivery.of.nutrients,.supplements,.and.
growth.factors.in.localized.and.compartmentalized.cellular.environments..Nanotechnology.allows.
veering.into.cellular.function.with.materials.and.constructs.of.the.same.scale.as.biological.organ-
elles.and.even.macromolecules..With.the.level.of.specificity.and.individualization.achievable.with.
nanotechnology,.the.emerging.paradigm.is.“genomically.guided.nanotechnology.”.The.coupling.of.
physiogenomics.and.nanotechnology.provides.key.underpinnings.to.personalized.health.preserva-
tion.as.well.as.disease.management.and.treatment.[9].

Although.single.gene.effects.are.the.basis.of.“genetic.diseases,”.partial.penetrance.is.the.rule.
in.common.clinical.care..The.pathways.of.physiology.in.personalized.medicine.are.multigenetic,.as.
they.rely.on.networks.of.genes.and.not.on.single.receptors.and.enzymes..With.the.advent.of.gene.
nanotechnology-based.arrays,.parallel.processing.of.gene.variability.is.practically.possible.at.the.
level.of.physiological.systems.

The.concept.of.“average.response”.and.“deviation.from.the.mean”.are.ingrained.in.biomedical.
science..Learning. from.variability. in. response,.and. translating. that. into.predictive.diagnostics. for.
personalized.medicine.is.the.challenge.confronting.physiogenomics.and.nanotechnology..Positioning.
each.individual.along.a.continuum.of.response.to.environmental.inputs.is.the.goal.of.array.technol-
ogy..There.is.a.major.need.to.couple.the.engineering.advances.in.highly.parallel.genomic.screens.with.
statistical.tools.to.derive.valid.information.from.pattern-recognizing.algorithms..The.practical.conse-
quence.is.that.by.learning.from.variability,.and.not.depending.on.means.and.standard.deviations,.we.
can.expect.reduced.sample.sizes.in.clinical.studies,.and.most.importantly.the.ability.to.discover.the.
markers.and.implement.them.in.practice.for.prototyping.and.clinical.validation..In.this.chapter,.we.
introduce.physiogenomics.theory.and.application.through.nanotechnology.capabilities.for.the.under-
standing.of.disease.etiology.and.treatment.and.for.the.advancement.of.personalized.medicine.

26.1.2  fundAmEntAlS of PhySiogEnomicS

Physiogenomics. utilizes. an. integrated. approach. composed. of. genotypes. and. phenotypes. and. a.
population.approach.deriving.signals.from.functional.variability.among.individuals..In.physioge-
nomics,.genotype.markers.of.gene.variation.or.“alleles”.(single.nucleotide.polymorphisms.[SNPs],.
haplotypes,. insertions/deletions).are.analyzed. to.discover.statistical.associations. to.physiological.
characteristics.(phenotypes)..The.phenotypes.are.measured.in.populations.of.individuals.either.at.
baseline.or.after.they.have.been.similarly.exposed.or.challenged.to.environmental.triggers..These.
environmental.interactions.span.the.gamut.from.exercise.and.diet.to.drugs.and.toxins,.and.from.
extremes.of.temperature,.pressure,.and.altitude.to.radiation..In.the.case.of.complex.diseases,.we.are.
likely.to.find.both.baseline.characteristics.and.response.phenotypes.to.as.yet.undetermined.environ-
mental.triggers..Variability.in.a.genomic.marker.among.individuals.that.tracks.with.the.variability.
in.physiological.characteristics.establishes.associations.and.mechanistic.links.with.specific.genes.
(Figure.26.1).

Physiogenomics.integrates.the.engineering.systems.approach.with.molecular.probes.stemming.
from.genomic.markers.available.from.nanotechnologies.that.have.altered.the.face.of.life.sciences.
research..Physiogenomics.is.a.biomedical.application.of.sensitivity.analysis,.an.engineering.disci-
pline.concerned.with.how.variation.in.the.input.of.a.system.leads.to.changes.in.output.quantities.[8]..
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Physiogenomics.marks.the.entry.of.genomics.into.systems.biology,.and.requires.novel.analytical.
platforms.to.integrate.the.data.and.derive.the.most.robust.associations..Once.physiological.systems.
are.under.scrutiny,.the.industrial.tools.of.high-throughput.genomics.do.not.suffice,.as.fundamental.
processes.such.as.signal.amplification,.functional.reserve,.and.feedback.loops.of.homeostasis.must.
be.incorporated..Physiogenomics.includes.marker.discovery.and.model.building..We.will.describe.
each.of.these.interrelated.components.in.a.generalized.fashion.

26.1.3  PhySiotyPE modElS

We.term.the.diagnostic.models.derived.from.physiogenomic.diagnostics.as.“physiotypes.”.Phys-
iotypes.have.several.unique.features..Physiotypes.are.predictive.models.incorporating.genotypes.
from. various. genes. and. any. covariates. (e.g.,. baseline. levels).. Physiotypes. are. thus. multigenetic.
in.nature,. and.also. include. clinical. information. routinely.gathered. in.medical. care..Physiotypes.
harness.the.combined.power.of.genotypes.(“nature”).and.phenotypes.(“nurture”).to.predict.drug.
responses.and.the.responses.to.other.environmental.challenges..Physiotypes.are.multimodular,.and.
each. individual.module. is.derived. from.whether. a. significant. association. is. found.by.univariate.
testing.of.the.respective.end.point..The.overall.operational.features.of.physiotypes.are.specificity.
and.sensitivity.each.of.80%.or.more..Even.though.each.component.has.individual.characteristics,.
physiotypes.reflect.combined.features.of.the.various.modules..Physiotypes.provide.answers.to.clini-
cal.management.questions.with.high.reliability.and.impact.and.can.be.used.to.address.issues.such.
as.the.risk.of.side.effects.from.a.medication.

Various.specific.genetic.features.of.physiotypes.are.attractive.for.studying.environmental.inter-
actions.in.prevention.and.treatment.of.disease..The.genotype.component.does.not.change.and.is.not.
confounded.with.environment..Some.genotypes.associated.with.a.phenotype.can.become.surrogate.
markers.for.the.actual.measurement.of.the.phenotype..This.capability.may.be.particularly.useful.when.
measurement.of. the.phenotype. is.difficult,.expensive,.or.confounded.by.environmental.conditions..
Most.importantly,.genotyping.technologies.are.rapidly.decreasing.in.cost.and.are.becoming.increas-
ingly.automated..To.this.end,.multiple.genotypes.from.different.genes.coding.for.proteins.in.interacting.
pathways.allow.sampling.the.genetic.variability.in.entire.physiological.networks.quite.economically.

Physiogenomics. requires. the. highly. multiplexed. parallel. processing. capabilities. available. from.
nanotechnology..At.Genomas.we.have.employed.automated,.high-throughput.genotype.analysis.with.
state-of-the-art.fiber.optic.systems.[3]..The.genotyping.analysis.has.an.initial.capacity.of.300,000.SNPs.
per.day.and.a.multiplexing.capability.of.1500.SNPs.from.each.genomic.DNA.sample..Our.approach.is.
to.analyze.each.gene.for.variation.at.the.SNP.and.haplotype.level.[11]..SNPs.are.available.in.the.public.
domain.from.the.National.Center. for.Biotechnology.Information.(www.ncbi.nlm.nih.gov/SNP),.and.
most.have.been.confirmed.for.physical.location.in.the.chromosome.locus.of.the.gene,.and.validated.
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FIgure ��.�  Physiogenomic.analysis.of.gene.marker.frequency.as.a.function.of.phenotype.variability..An.
associated.gene.marker.is.one.whose.frequency.in.the.cohort.tracks.with.the.variability.in.physiological.responses..
A.neutral.marker.is.one.whose.frequency.is.unchanged.along.the.spectrum.of.response.in.the.cohort.
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as.highly.heterozygous. in.various.populations.by. the.International.Haplotype.Map.Consortium.[6]..
Genomas.also.has.access.to.Illumina’s.“SNP.Knowledge.Resource,”.a.large,.rapidly.expanding.SNP.
database.of.currently.more.than.1,000,000.high-confidence,.mapped,.and.annotated.SNP.markers.

��.�  physIogenomIc marker dIscovery

26.2.1  ASSociAtion ScrEEning

The.purpose.in.association.screening.is.to.identify.any.of.a.large.set.of.genetic.markers.(SNPs,.hap-
lotypes).and.physiological.characteristics.that.have.an.influence.on.the.disease.status.of.the.patient,.
or.the.progression.to.disease..A.single.association.test.will.proceed.initially.according.to.accepted.
multivariate.methods.in.epidemiology.[5]..The.objective.of.the.statistical.analysis.is.to.find.a.set.of.
physiogenomic.factors.that.together.provide.a.way.of.predicting.the.outcome.of.interest..The.asso-
ciation.of.an.individual.factor.with.the.outcome.may.not.have.sufficient.discrimination.ability.to.
provide.the.necessary.sensitivity.and.specificity,.but.by.combining.the.effect.of.several.such.factors,.
this.objective.may.be.achieved.

The.purpose.of.the.analysis.at.first.is.to.identify.significant.covariates.among.demographic.data.
and. the.other.phenotypes.and.delineate.correlated.phenotypes.by.principal. component. analysis..
Covariates.are.determined.by.generating.a.covariance.matrix.for.all.markers.and.selecting.each.sig-
nificantly.correlated.marker.for.use.as.a.covariate.in.the.association.test.of.each.marker..Serological.
markers.and.baseline.outcomes.are.tested.using.linear.regression.

Next.in.the.analysis.is.performing.unadjusted.association.tests.between.genotypes.and.linear.
regression.for.serum.levels.and.baselines..Tests.will.be.performed.on.each.marker,.and.markers.that.
clear.a.significance.threshold.of.p.<.0.05.are.selected.for.permutation.testing.

26.2.2  PhySiogEnomic control And nEgAtivE rESultS

Each.gene.not. associated.with.a.particular.outcome.effectively. serves.as.a.negative.control. and.
demonstrates.neutral.segregation.of.nonrelated.markers..The.negative.controls.altogether.constitute.
a.“genomic.control”.for.the.positive.associations,.where.segregation.of.alleles.tracks.segregation.
of.outcomes.by.requiring.the.representation.of.the.least.common.allele.for.each.gene.to.be.at.least.
5%.of.the.population,.and.then.one.can.ascertain.associations.clearly.driven.by.statistical.outliers..
Negative.results.are.particularly.useful.in.physiogenomics.because.one.can.still.gain.mechanistic.
understanding.of.complex.systems.from.those,.especially.for.sorting.out.the.influences.of.the.vari-
ous.candidate.genes.among.the.various.phenotypes.

��.�  physIogenomIc modelIng

26.3.1  modEl building

Once.the.associated.markers.have.been.determined,.a.model.is.built.for.the.dependence.of.response.
on.the.markers..In.phase.I,.linear.regression.models.will.be.used.of.the.following.form:

. R R M D
i

i i
j

j j= + + +∑ ∑0 α β ε

where.R.is.the.respective.phenotype.variable,. Mi .are.the.marker.variables,. Dj .are.demographic.
covariates,.and. ε .is.the.residual.unexplained.variation..The.model.parameters.that.are.to.be.esti-
mated.from.the.data.are. R0 ,.α i ,.and. β j .

The.association.between.each.physiogenomic.factor.and.the.outcome.is.calculated.using.a.regres-
sion.model,.controlling.for.the.other.factors.that.have.been.found.to.be.relevant..The.magnitude.of.
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these.associations.is.measured.with.the.odds.ratio,.and.statistical.significance.of.these.associations.
will.be.determined.by.constructing.95%.confidence.intervals..Multivariate.analyses.include.all.fac-
tors.that.have.been.found.to.be.important.based.on.univariate.analyses.

26.3.2  ovErAll rAtionAlE

The.objective.of.these.analyses.is.to.search.for.genetic.markers.that.modify.the.effect.produced.by.a.
particular.type.of.intervention,.which.epidemiologists.refer.to.as.an.effect.modifier..These.markers.
are.parameterized.in.our.models.as.gene-intervention.interactions..For.example,.if. Mi .is.a.0.or.1.
indicator.of.the.presence.of.at.least.one.recessive.allele.of.gene.i,.and. X j .represents.the.level.of.inter-
vention,.then.the.entire.contribution.to.the.outcome.is.given.by.the.contribution.of.not.only.the.gene.
and.intervention.main.effects,.but.their.interaction,.as.well—that.is,. M X M Xi i j j i j ijα β αβ+ + ( ) ..
Under.this.model,.when.the.allele.is.absent.( Mi = 0 ),.the.effect.of.a.unit.change.in.the.intervention.
is.described.by.the.slope,. β j ,.but.when.the.allele.is.present.( Mi = 1 ),.the.effect.of.a.unit.change.
in.the.intervention.is. β αβj ij+ ( ) ..Thus,.the.gene-intervention.interaction.parameter,. ( )αβ ij ,.repre-
sents.the.difference.in.the.effect.of.the.intervention.seen.when.the.allele.is.present.

In.the.usual.modeling.framework,.the.response.is.assumed.to.be.a.continuous.variable.in.which.
the.error.distribution.is.normal.with.mean.0.and.a.constant.variance..However,.it.is.not.uncommon.
for.the.outcomes.to.have.an.alternative.distribution.that.may.be.skewed,.such.as.the.gamma,.or.it.
may.even.be.categorical..In.these.circumstances,.we.will.make.use.of.a.generalized.linear.model,.
which. includes.a.component.of. the.model. that. is. linear,. referred. to.as. the. linear.predictor,. thus.
enabling.us. to. still. consider. the. concept.of. a.gene-intervention. interaction,. as.described. earlier..
The.advantage.of.this.broader.framework.is.that.it.allows.for.considerable.flexibility.in.formulating.
the.model.through.the.specification.of.the.link.function.that.describes.the.relationship.between.the.
mean.and.the.linear.predictor..It.also.provides.considerable.flexibility. in. the.specification.of. the.
error.distribution.[7]..The.S-Plus.statistical.software.provides.functions.that.calculate.the.maximum.
likelihood.estimates.of.the.model.parameters.

To.this.point,.we.have.described.an.analysis.in.which.the.effect.of.the.intervention.is.assumed.
to.be.linear,.but.in.practice.the.effect.may.not.take.place.until.a.threshold.is.past,.or.it.may.even.
change.directions..Thus,.an.important.component.of.our.exploration.of.the.intervention.effect.on.
a.particular.response.will.involve.the.form.for.the.relationship..In.this.case.we.will.make.use.of.
generalized.additive.models.(GAMs).[4]..In.GAMs,.the.contribution.of.the.marker.and.intervention.
is.given.by. M X M Xi i j i jα β βα+ +( ) ( ) ..In.this.case,.the.effect.when.the.allele.is.absent.( Mi = 0
).is. β( )X j .which.is.an.unspecified.function.of.the.level.of.the.intervention..In.subject.in.which.the.
allele.is.present.( Mi = 1 ),.the.effect.is.given.by.the.function. β βα( ) ( )X M Xj i j+ ..In.practice,.we.
can.estimate.these.functions.through.the.use.of.cubic.regression.splines.[1].

Predictive. models. may. be. sought. by. starting. out. with. a. hypothesis. (which. may. be. the. null.
model.of.no.marker.dependence).and.then.adding.each.one.out.of.a.specified.set.of.markers.to.the.
model.in.turn..The.marker.that.most.improves.the.p-value.of.the.model.is.kept,.and.the.process.is.
repeated.with.the.remaining.set.of.markers.until.the.model.can.no.longer.be.improved.by.adding.
a.marker..The.p-value.of.a.model.is.defined.as.the.probability.of.observing.a.data.set.as.consistent.
with.the.model.as.the.actual.data.when.in.fact.the.null.model.holds..The.resulting.model.is.then.
checked.for.any.markers.with.coefficients.that.are.not.significantly.(at. p<.05 ).different.from.zero..
Such.markers.are.removed.from.the.model.

26.3.3  modEl PArAmEtErizAtion

The.models.built. in. the.previous.steps.can.be.parameterized.based.on.physiogenomic.data..The.
maximum.likelihood.method.is.used,.which.is.a.well-established.method.for.obtaining.optimal.esti-
mates.of.parameters..S-plus.provides.very.good.support.for.algorithms.that.provide.these.estimates.
for.the.initial.linear.regression.models,.as.well.as.other.generalized.linear.models.that.we.may.use.
when.the.error.in.distribution.is.not.normal.
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In.addition.to.optimizing.the.parameters,.model.refinement.is.performed.by.analyzing.a.set.of.
simplified.models.and.eliminating.each.variable.in.turn.followed.by.reoptimizing.the.likelihood.
function..The. ratio.between. the. two.maximum. likelihoods.of. the.original. versus. the. simplified.
model.then.provides.a.significance.measure.for.the.contribution.of.each.variable.to.the.model..In.a.
probabilistic.network.model,.the.approach.is.the.same,.except.that.instead.of.removing.variables,.
dependency.links.are.removed.

26.3.4  modEl vAlidAtion

A.cross-validation.approach.is.used.to.evaluate.the.performance.of.models.by.separating.the.data.
used.for.parameterization.(training.set).from.the.data.used.for.testing.(test.set)..A.model.to.be.
evaluated.is.reparameterized.using.all.data.except.for.one.patient..The.likelihood.of.the.outcome.
for. this.patient. is.calculated.using. the.outcome.distribution. from. the.model..The.procedure. is.
repeated.for.each.patient,.and. the.product.of.all. likelihoods. is.computed..The.resulting. likeli-
hood.is.compared.with.the.likelihood.of. the.data.under. the.null.model.(no.markers,.predicted.
distribution.equal.to.general.distribution)..If.the.likelihood.ratio.is.less.than.the.critical.value.for.
p =..05,.the.model.will.be.evaluated.as.providing.a.significant.improvement.of.the.null.model..
If.this.threshold.is.not.reached,.the.model.is.not.sufficiently.supported.by.the.data,.which.could.
mean.either.that.there.is.not.enough.data,.or.that.the.model.does.not.reflect.actual.dependencies.
between.the.variables.

26.3.5  multiPlE comPAriSon corrEctionS

Because.the.number.of.possible.comparisons.is.very.large.in.physiogenomics,.we.routinely.include.
in.our.analysis.a.random.permutation.test.for.the.null.hypothesis.of.no.effect.for.two.to.five.combi-
nations.of.genes..The.permutation.test.is.accomplished.by.randomly.assigning.the.outcome.to.each.
individual.in.the.study,.which.is.implied.by.the.null.distribution.of.no.genetic.effect,.and.estimating.
the.test.statistic.that.corresponds.to.the.null.hypothesis.of.the.gene.combination.effect..Repeating.
this.process.provides.an.empirical.estimate.of.the.distribution.for.the.test.statistic,.and.hence.a.p-
value.that.takes.into.account.the.process.that.gave.rise.to.the.multiple.comparisons.

For.permutation.testing,.1000.permuted.data.sets.are.generated,.and.each.candidate.marker.will.
be.retested.on.each.of.those.1000.sets..A.p-value.is.assigned.according.to.the.ranking.of.the.original.
test.result.within.the.1000.control.results..A.marker.is.selected.for.model.building.when.the.original.
test.ranks.within.the.top.50.of.the.1000.(p <..05).

The.purpose.of.multiple.comparison.corrections.is.to.generate.a.nonparametric.and.marker.
complexity. adjusted. p-value. by. permutation. testing.. This. procedure. is. important. because. the.
p-value.is.used.for.identifying.a.few.significant.markers.out.of.the.large.number.of.candidates..
Model-based. p-values. are. unsuitable. for. such. selection,. because. the. multiple. testing. of. every.
potential.serological.marker.and.every.genetic.marker.will.be. likely. to.yield.some.results. that.
appear.to.be.statistically.significant.even.though.they.occurred.by.chance.alone..If.not.corrected,.
such.differences.will.lead.to.spurious.markers.being.picked.as.the.most.significant..The.correc-
tion.is.made.by.permutation.testing—that.is,.the.same.tests.are.performed.on.a.large.number.of.
data.sets.that.differ.from.the.original.by.having.the.response.variable.permuted.at.random.with.
respect. to. the. marker,. thereby. providing. a. nonparametric. estimate. of. the. null. distribution. of.
the.test.statistics..The.ranking.of.the.unpermuted.test.result.in.the.distribution.of.permuted.test.
results.provides.a.nonparametric.and.statistically.rigorous.estimate.of.the.false-positive.rate.for.
this.marker..We.also.consider.hierarchical.regression.analysis.to.generate.estimates.incorporat-
ing.prior.information.about.the.biological.activity.of.the.gene.variants..In.this.type.of.analysis,.
multiple.genotypes.and.other.risk.factors.can.be.considered.simultaneously.as.a.set,.and.estimates.
are.adjusted.based.on.prior.information.and.the.observed.covariance,.theoretically.improving.the.
accuracy.and.precision.of.effect.estimates.[10].
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26.3.6  SummAry of ASSociAtion rESultS

The.basis.of.the.physiogenomics.informatics.platform.is.a.parallel.search.for.associations.between.
multiple.phenotypes.and.genetic.markers.for.several.candidate.genes..The.summary.in.Table.26.1.
depicts. the.data. set.gathered. from.a.hypothetical. application.of.physiogenomics. to. a. complex.
environmental.exposure.such.as.exercise.or.diet..In.the.top.panel,.each.column.represents.a.single.
phenotype.measurement..Among.the.ten.phenotypes.in.this.example,.various.biochemical.mark-
ers.(denoted.A–G).and.physiological.parameters.(denoted.H–J).are.shown..Each.row.represents.
alleles.for.a.given.gene,.and.quantitatively.renders.associations.of.specific.alleles.to.the.variabil-
ity.in.the.phenotype.

The.various.numbers.in.Table.26.1.refer.to.the.negative.logarithms.of.p-value.times.10..These.
p-values.are.adjusted.for.multiple.comparisons.using.the.nonparametric.permutation.test.described.
earlier..For.example,.30.refers. to.a.p-value.of. less.than.10–3,.or.p <..001..The.interface.currently.
under.development.will.also.include.the.capability.of.interacting.with.the.cell.in.the.table.to.generate.
a.further.detailed.analysis..As.already.noted,.the.p-value.displayed.in.a.cell.is.generated.under.the.
assumption.of.a.linear.trend.for.the.effect.of.an.intervention..The.interface.will.be.constructed.to.also.
generate.a.nonparametric.estimate.of.the.dose–response.relationship.for.the.different.alleles.using.
cubic.splines.[1],.as.well.as.other.summary.statistics.such.as.the.distribution.of.different.alleles.

The.interface.allows.visual.recognition.of.highly.significant.association.domains.to.both.bio-
chemical.and.physiological.responses..Note.the.phenotype.associations.of.gene.1.to.both.biochemi-
cal. and.physiological.values..The.biochemical. and.physiological.outputs. are. associated.by. their.
relationship.to.the.same.gene..Noteworthy.also.are.high-ranking.associations.of.gene.2.to.biochemi-
cal.markers.F–G.and.physiological.phenotypes.H.and.I..A.summary.table.could. list. in.order.of.
significance.the.“hits”.of.positive.association.between.genes.and.phenotypes.

There.are.also.clearly.negative.fields..The.same.gene.is.associated.to.some.phenotypes.but.not.
to.others..Similarly,.a.given.phenotype.may.have.associations.to.some.genes,.but.not.others..Each.
negative.result.lends.power.to.the.positive.associations..Some.genes.(G7.to.G9).denoted.as.“genomic.
controls”.have.no.association.to.any.phenotype..Had.a.phenotype.arisen.from.unsuspected.popu-
lation.founder.effects,.most.genes.would.have.had.specific.founder.allele.frequencies.reflected.in.
the.overall.analysis..Such.population.stratification.would.give.rise.to.a.disproportionate.number.of.
genes.associated.to.the.phenotype.

taBle ��.�
example of physiogenomics data analysis and 
screening for gene marker/phenotype associations

Biochemical physiological

a B c d e F g h I j genotypes

snp hits
. 4 . 0 . 3 23 . 2 . 5 . 1 27 30 . 0 G1

. 4 . 3 . 1 . 5 . 3 16 17 25 23 . 3 G2

. 0 . 3 . 4 . 6 . 0 27 . 0 . 7 . 3 11 G3

. 0 . 0 . 3 . 0 . 3 . 2 . 4 . 1 . 5 16 G4

21 32 21 . 0 . 1 . 2 11 . 2 . 3 . 6 G5

. 9 . 5 . 0 . 0 23 . 5 . 3 . 9 12 11 G6

genomic controls
. 4 . 6 . 5 . 2 . 1 . 1 . 0 . 3 . 1 . 2 G7

. 1 . 2 . 0 . 1 . 5 . 8 . 9 . 1 . 0 . 0 G8

. 2 . 2 . 3 . 4 . 6 . 0 . 4 . 0 . 2 . 2 G9
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The.physiogenomics.analysis. includes. the.number.of. individuals.with.and.without. the.asso-
ciated.allele..The. individuals’.counts.among.various.phenotypes.may.be.different.depending.on.
genotype.sampling.during.a.study..Physiogenomics.can.derive.information.from.both.well-repre-
sented.distributions.among.the.“in”.and.“out”.groups.and.also.those.potentially.driven.by.outliers..
Thus,.an.association.given.an.“in”.group.of.33%.is.interesting.in.most.analytical.platforms,.whereas.
another.with.an.“in”.group.of.only.6%.is.potentially.tractable.only.with.physiogenomics.with.well-
represented.genomic.controls..If. the.phenotype.represents.an.undesirable.outcome,. the.power.of.
physiogenomics. to.detect. trends.among.a.small.group.of.outliers. is.particularly.valuable.. In. the.
case.of.side.effects,.the.outliers.may.actually.represent.the.susceptible.population.associated.with.a.
lower-frequency.predictive.marker.

��.�  Future research and prospects

26.4.1  futurE rESEArch

In.the.near.future,.more.sophisticated.models.can.be.built.using.probabilistic.networks..A.proba-
bilistic.network.is.a.factorization.of.the.joint.probability.function.over.all.the.considered.variables.
(markers,.interventions,.and.outcomes).based.on.knowledge.about.the.dependencies.and.indepen-
dencies.between.the.variables..Such.knowledge.is.naturally.provided.by.the.hits.coming.out.of.the.
association.screen,.where.each.association.can.be.interpreted.as.a.dependency,.and.the.absence.of.
an.association.as.an.independency.between.variables..The.model.can.then.be.parameterized.by.fit-
ting.to.the.data,.similarly.to.the.linear.and.logistic.regression.models,.which.are.in.fact.special.cases.
of.probabilistic.network.models.

We.also.envision.the.informatics.analysis.to.incorporate.systems.modules.that.could.attribute.
various.weights.to.each.gene.according.to.their.relevance.to.the.physiological.mechanisms.and.pre-
dictive.power.statistically..The.interface.will.include.a.framework.for.the.expert.physiologist.to.query.
the.data.set.for.mechanistic.hypothesis,.including.feedback.inhibition.and.signal.amplification.

We.know.a.priori.that.any.list.of.candidate.genes.will.miss.some.known.key.genes,.and.will.
certainly.lack.those.genes.not.discovered.so.far.or.not.identified.yet.as.relevant..Physiogenomics.
posits. the. gene. representation. question. in. the. following. logic:. representative. genes. are. selected.
based.on.various.functional.criteria,.and.the.associated.genes.are.assembled.into.a.predictive.model..
Through.clinical.research.the.predictive.power.of.the.model.is.ascertained..The.hypothesis.is.that.
the.genes.in.the.panel.together.will.explain.a.useful.fraction.of.the.variability.in.response.among.
individuals..If.the.answer.is.affirmative,.then.the.hypothesis.is.accepted,.and.the.model.is.used..If.
the.answer.is.inconclusive,.the.roster.of.genes.will.be.modified.until.the.multigene.model’s.predic-
tive.level.is.clinically.useful..Failure.to.establish.predictive.models.with.genes.selected.by.either.
gene.expression.or.pathway.analysis.can.be.circumvented.with.a.supplementary.analysis.with.other.
gene.candidates.

An.alternative.physiogenomics.strategy.is.genome-wide.association.study..The.ultimate.goal.
of.The.International.Haplotype.Map.Consortium.[6].is.to.render.such.an.approach.feasible,.and.the.
high.multiplexing.capacity.of.the.various.nanotechnology.array.platforms.would.be.perfectly.suited.
for.such.analysis..Such.a.strategy.has.been.successful.in.family.study.of.genetic.traits.but.remains.
unproven.for.population.studies.

26.4.2  ProSPEctS And concluSionS

The.wealth.of.interesting.associations,.some.certainly.unexpected,.points.to.the.power.of.physioge-
nomics..The.above-described.analytical.tools.permit.the.extension.of.physiogenomics.to.several.
thousand.additional.genes.with.the.modern.array.nanotechnologies..Phenotypes.could.be.added.
as.well—for.example,. inflammatory.and.neuroendocrine.markers.are.an.area.of. intense. inter-
est.in.clinical.medicine..The.ability.to.measure.changes.in.these.markers.for.disease.prevention.

7528.indb   306 6/27/08   11:13:05 AM



Physiogenomics	 �0�

strategies.provides.us.a.unique.opportunity.to.
examine.genes.determining.a.path.to.personal-
ized.health..The.research.can.now.utilize.saved.
blood.plasma.and.DNA.for.each.patient.to.mea-
sure.the.appropriate.genotypes.and.biochemical.
markers.in.blood,.thus.opening.the.possibility.
of.retrospective.analysis.from.archived.clinical.
samples.

We. conclude. describing. a. prophetic.
embodiment. of. physiogenomics. relevant. to.
disease. prevention.. Figure.26.2. provides. an.
example. of. personalized. health. care. by. cus-
tomizing. treatment. intervention. for. the.meta-
bolic.syndrome.of.obesity.[2]..In.the.table,.the.choices.are.to.recommend.a.given.kind.of.exercise,.
drug,.or.diet.regimen..If.one.of.the.options.is.high.scoring,.it.can.be.used.on.its.own..Thus,.in.the.
example,.diet.is.high.scoring.in.the.first.patient,.a.drug.in.the.second,.and.exercise.in.the.third..
If.the.options.are.midrange,.they.can.be.used.in.combination.(for.example,.if.exercise.and.diet.
each.have.a.positive.effect.but.are.unlikely.to.be.sufficient.independently)..If.none.of.the.options.
is.high.or.at.least.midscoring,.the.physiotype.analysis.suggests.that.the.patient.requires.another.
option.not.yet.in.the.menu.

As.more.environmental.responses.are.characterized.through.physiogenomics,.the.chance.that.
all.patients.will.be.served.at.increased.precision.of.intervention.and.with.optimal.outcome.will.be.
greater..That.we.may.even.contemplate.this.scenario.is.a.testament.to.the.combined.power.of.physi-
ogenomics.and.nanotechnology..The.highly.parallel.genome.probing.possible.with.nanotechnology.
and.the.systems.engineering.approach.underlying.physiogenomics.in.a.real.sense.allow.us.to.recon-
stitute.the.organism.and.its.environmental.response.from.the.individual.components..The.specific-
ity.and.individualization.afforded.by.nanotechnology.and.physiogenomics.are.ushering.medicine.
into.the.era.of.personalized.health.
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sidered.as.the.rendering.of.legal.advice..This.chapter.will.focus.on.U.S..patents.and.the.U.S..patent.system..The.author.
may.be.contacted.at:.bawabio@aol.com.
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��.�  IntroductIon

The.high-risk,.high-payoff.global.nanotechnology.phenomenon.is.in.full.swing.as.innovations.at.the.
intersection.of.engineering,.biotechnology,.medicine,.physical.sciences,.and.information.technol-
ogy.are.spurring.new.directions.in.research,.education,.commercialization,.and.technology.transfer..
In.fact,.the.future.of.nanotechnology.is.likely.to.continue.in.this.interdisciplinary.manner..One.of.
the.major.impacts.of.nanotechnology.is.taking.place.in.the.context.of.biology,.biotechnology,.and.
medicine.�.This.arena.of.nanotechnology.is.generally.referred.to.as.bionanotechnology,.and.some-
times.nanomedicine..These.two.terms.will.be.interchangeably.used.in.this.chapter.

There.are.quite.a.few.bionanotechnology-related.products.in.the.market.with.numerous.other.
potential.applications.under.consideration.and.development..Generally.speaking,.commercial.bion-
anotechnology.is.at.a.nascent.stage.of.development.and.its.full.potential.is.years.or.decades.away..
However,.there.are.a.few.bright.spots.where.development.is.progressing.more.rapidly..For.instance,.
consider. the. recent. advances. in. bionanotechnology-related. drug. delivery,. diagnostics,. and. drug.
development.which.are.beginning.to.alter.the.landscape.of.medicine.and.health.care..In.the.future,.
significant.technologic.advances.across.multiple.scientific.disciplines.will.continue.under.the.nano-
tech.banner.to.be.proposed,.validated,.patented,.and.commercialized..This.will.likely.accelerate.in.
the.coming.years.

There.is.enormous.excitement.regarding.bionanotechnology’s.potential.impact..However,.one.
thing. is.critical. in. this. regard..Securing.valid.and.defensible.patent.protection. is.a.must. for.any.
player.interested.in.bionanotechnology.commercialization..Although.early.forecasts.for.bionano-
technology.commercialization.are.encouraging,.there.are.a.few.bottlenecks.as.well..Some.formi-
dable.challenges.include.legal,.environmental,.safety,.ethical,.and.regulatory.questions.as.well.as.
emerging.thickets.of.overlapping.patent.claims..In.fact,.patent.systems.are.under.great.scrutiny.and.
strain,.with.patent.offices.around.the.world.continuing.to.struggle.with.evaluating.the.swarm.of.
bionanotechnology-related.patent.applications..The.emerging.thickets.of.patent.claims.has.primar-
ily.resulted.from.patent.proliferation.and.secondarily.from.the.continued.issuance.of.surprisingly.
broad.patents.in.bionanotechnology.by.the.U.S..Patent.and.Trademark.Office.(PTO).(Section.27.9)..
Adding.to.this.confusion.is.the.fact.that.the.U.S..National.Nanotechnology.Initiative’s.(NNI).widely.
cited.definition.of.nanotechnology.is.inaccurate.and.irrelevant,.especially.with.regard.to.bionano-
technology.(Section.27.2)..This.has.resulted.in.the.inadequate.preliminary.patent.classification.sys-
tem.that.was.unveiled.in.2006.by.the.PTO.(Section.27.7).

These.challenges.are.creating.a.chaotic,.tangled.patent.landscape.in.various.sectors.of.bionano-
technology.where.the.competing.players.are.unsure.as.to.the.validity.and.enforceability.of.numerous.
issued.patents..If.this.trend.continues,.it.could.stifle.competition,.limit.access.to.some.inventions,.or.
simply.cause.commercialization.efforts.in.certain.sectors.of.bionanotechnology.to.grind.to.a.halt..

�.Though. nanotechnology. is. characterized. by. distinctively. new. technologies. such. as. scanning. probe. microscopy. and.
nanolithography,.many.experts.refute.the.popular.notion.that.it.is.a.distinct.industry.or.sector..It.may.be.more.accurate.
to. consider. it. to. represent. a. set. of. tools. (e.g.,. scanning. probe. microscopy). and. processes. (e.g.,. nanolithography). for.
manipulating.matter.that.can.be.applied.to.virtually.all.manufactured.goods..Similarly,.I.caution.against.envisioning.a.
“nanotechnology.market,”.per.se..Instead,.one.should.focus.on.how.nanotech.is.being.exploited.across.industry.value.
chains,.from.basic.materials.to.intermediate.products.to.final.goods..In.fact,.I.believe.that.most.nanotech-related.products.
developed.in.the.next.few.years.will.remain.within.existing.markets.or.established.sectors,.and.thus.will.not.be.marketed.
as.“nanoproducts.”

27.10. Navigating.the.Bionanotech.Patent.Thicket......................................................................... 336
27.10.1. Formation.of.Patent.Pools....................................................................................... 336
27.10.2. Government.Actions.to.Encourage.Nonexclusive.Licensing.................................. 336
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Given.this.backdrop,.it.is.hard.to.predict.whether.bionanotechnology.will.make.small.but.valuable.
contributions.to.medicine.and.biotechnology.or.whether.it.will.act.as.a.catalyst.for.a.vast.techno-
logical.and.health-care.revolution..One.thing.is.certain:.bionanotechnology.is.here.to.stay,.and.it.
will.definitely.generate.both.evolutionary.and.revolutionary.products.in.the.future.�.However,.if.the.
full.potential.of.this.“revolution”.is.to.be.fully.realized,.certain.reforms.are.urgently.needed.at.the.
PTO.to.address.problems.ranging.from.poor.patent.quality.and.questionable.examination.practices.
to.inadequate.search.capabilities,.rising.attrition,.poor.employee.morale,.and.a.skyrocketing.patent.
application.backlog..All.players.involved.in.bionanotechnology.agree.that.a.robust.patent.system.is.
essential.for.stimulating.the.development.of.commercially.viable.products.

In.spite.of.all.these.challenges.and.bottlenecks,.governments.around.the.world.are.impressed.by.
nanotechnology’s.potential.and.are.staking.their.claims.by.doling.out.billions.of.dollars,.euros,.and.
yen.for.research.�.International.rivalries.are.growing.�.Political.alliances.are.forming,.and.battle.
lines.are.being.drawn.�

Governments,.corporations,.and.venture.capitalists.in.2006.spent.$12.4.billion.on.nanotechnol-
ogy.research.and.development.(R&D).globally,.up.13%.from.2005.�.In.2006,.globally,.government.
spending.grew.to.$6.4.billion,.up.19%.from.2005.��.Global.spending.in.2006.on.nanotech.products.
($50.billion).far.surpassed.that.spent.on.nanotech.R&D.($12.billion).��.In.2005,.nanotechnology.
was.incorporated.into.more.than.$30.billion.worth.of.manufactured.goods.��.U.S..federal.funds.are.
supplemented.by.state.investments.in.nanotechnology.(approximately.40.cents.per.U.S..dollar)..The.
president’s.budget.for.2008.allocated.1.44.billion.U.S..dollars.for.nanotech.as.compared.to.1.35.bil-
lion.U.S..dollars.in.2007.

Numerous. nanotechnology. market. reports. and. economic. forecasts. are. available,. each. vary-
ing.in.their.statistics..Often,.poor.assumptions.underlie.the.analyses,.rendering.the.results.highly.
questionable.or.largely.irrelevant..Also,.most.market.reports.on.nanotechnology.rely.on.the.flawed.
NNI.definition.of.nanotechnology.(see.Section.27.2).to.draw.their.conclusions..Therefore,.the.data.
reflected.in.these.reports.should.be.taken.as.indicating.trends.rather.than.reflecting.absolute.num-
bers..For.example,.according.to.the.National.Science.Foundation.(NSF),.by.2015.the.annual.global.
market.for.nano-related.goods.and.services.will.top.$1.trillion,.making.it.one.of.the.fastest-growing.
industries.in.history..On.the.other.hand,.Lux.Research,.Inc.,.predicts.that.by.2014,.$2.6.trillion.in.
global.manufactured.goods.may.incorporate.nanotechnology.(about.15%.of.total.global.manufac-
turing.output).��

�.Although.many.sought-after.innovations.are.decades.away,.a.recent.study.claims.that.there.are.over.600.nanotech-based.
consumer.products.in.the.marketplace.today.(See A.nanotechnology.consumer.products.inventory—www.nanotechpro-
ject.org/index.php?id=44.[last.accessed.April.10,.2008])...Some.examples.of.commercially.available.nanotech.products.
include.wrinkle-resistant.khakis,.super-light.tennis.rackets,.and.quick-drying.paint.

�.The.passage.of.the.21st.Century.Nanotechnology.Research.and.Development.Act.(Pub..L..No..108-153).in.2003,.which.
authorized.$3.7.billion. in. federal. funding. from.2005. through.2008. for. the.support.of.nanotechnology.R&D,. is. fuel-
ing. the. fervor.over.nanotechnology. in. the.United.States..This. legislation. resulted. in. the.creation.of.R&D.centers. in.
academia.and.government..At.present,.there.are.over.50.institutes.and.centers.dedicated.to.nanotechnology.R&D..For.
example,.the.NSF.has.established.the.National.Nanotechnology.Infrastructure.Network—composed.of.university.sites.
that. form.an. integrated,.nationwide.system.of.user. facilities. to. support. research.and.education. in.nanoscale. science,.
engineering,.and.technology..Similarly,.there.are.currently.numerous.government.agencies.with.R&D.budgets.dedicated.
to.nanotechnology.

�.Edwards.SA:.The Nanotech Pioneers—Where Are They Taking US?..Wiley-VCH.Verlag.GmbH.&.Co..KGaA,.Weinheim,.
Germany.(2006);.Van.Lente.MA:.Building.the.new.world.of.nanotechnology...Case W. Res. J. Int. Law.38(1),.173–215.
(2006).

�.I.am.optimistic.that.current.fears.about.self-replicating.nanobots,.the.potential.toxic.effects.of.nanoparticles,.and.the.
focus.on.strict.regulations.or.a.nanotech.moratorium,.will.eventually.give.way.to.intelligent.public.dialogue.on.the.real-
istic.impact.of.bionanotechnology.

�.Reisch.MS:.Nano.goes.big.time..Chemical & Engineering News.85(4),.22–25.(2007).
�� The Nanotech Report (4th.Edition)..Lux.Research,.Inc.,.New.York.(2006).
�� See supra Note **.
�� See supra Note **.
��.Report:.Sizing Nanotechnology’s Value Chain,.Lux.Research,.New.York.(2004).
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��.�   current deFInItIons oF nanotechnology and 
nanomedIcIne—a source oF conFusIon

The.term.nanotechnology.is.very.much.in.vogue..However,.one.of.the.problems.it.faces.is.the.confu-
sion,.hype,.and.disagreement.among.experts.about.its.definition.�.Nanotechnology.is.an.umbrella.
term.used.to.define.the.products,.processes,.and.properties.at.the.nano/micro.scale..By.manipulat-
ing.atoms,.scientists.can.create.stronger,. lighter,.more.efficient.materials. (“nanomaterials”).with.
tailored.properties..In.addition.to.numerous.advantages.provided.by.this.scale.of.miniaturization.
(over.their.conventional.“bulk”.counterparts),.quantum.effects.at.this.scale.impart.additional.novel.
properties..Many.of.the.properties.of.nanomaterials.are.fundamentally.different.from.those.of.their.
macroscopic/bulk.analogues.due.to.an.increased.surface.area.and.quantum.effects..As.a.particle’s.
size.decreases,.a.greater.proportion.of.its.atoms.are.located.on.the.surface.relative.to.the.interior.
(core),. generally. rendering. it. more. reactive.. In. fact,. quantum. effects. coupled. with. surface. area.
effects.can.affect.optical,.electrical,.chemical,.and.magnetic.properties.of.nanomaterials,.which.in.
turn.can.affect.their.in vivo.behavior.

One.of.the.most.quoted,.yet.incorrect,.definitions.of.nanotechnology.is.that.used.by.the.NNI�:.
“[n]anotechnology. is. the.understanding.and.control.of.matter.at.dimensions.of. roughly.1. to.100.
nanometers,.where.unique.phenomena.enable.novel.applications.”�.Clearly,.this.definition.excludes.
numerous.devices.and.materials.of.micrometer.dimensions,.a.scale.that.is.included.within.the.defi-
nition.of.nanotechnology.by.many.nanoscientists.�.Therefore,.experts.have.cautioned.against.an.
overly.rigid.definition.based.on.a.sub-100.nm.size,.emphasizing.instead.the.continuum.of.scale.from.
the.“nano”.to.“micro.”�

Various.federal.agencies.are.also.grappling.with.the.definition.of.nanotechnology..For.example,.
both. the.U.S..Food.and.Drug.Administration. (FDA).and. the.PTO.use. the.NNI.definition.based.
on.a. sub-100.nm.scale..This.definition.continues. to.present.difficulties.not.only. for.understand-
ing.nanopatent.statistics,��.but.also.for.the.proper.assessment.of.nanotechnology’s.scientific,.legal,.
environmental,. regulatory,.and.ethical. implications..This.problem.persists.because.nanotechnol-
ogy.represents.a.cluster.of.technologies,.each.possessing.different.characteristics.and.applications..
Although.the.sub-100-nm.size.range.may.be.critical.for.a.nanophotonic.company.where.size-depen-
dent.quantum.effects.are.particularly.important.(e.g.,.a.quantum.dot’s.size.dictates.the.color.of.light.
emitted.therefrom),.this.size.limitation.is.not.critical.to.a.drug.company.from.a.formulation,.deliv-
ery,.or.efficacy.perspective.because. the.desired.or. ideal.property. (e.g.,. improved.bioavailability,.
reduced.toxicity,.lower.dose,.enhanced.water.solubility,.etc.).may.be.achieved.in.a.size.range.greater.
than.100.nm..Numerous.examples.from.the.pharmaceutical.industry.highlight.this.important.point.

�.Editors:.Nanotechnology. Nature Nanotechnology.1(1),.8–10.(2006).
�. What. is. Nanotechnology?. The. National. Nanotechnology. Initiative.. www.nano.gov/html/facts/whatIsNano.html. [last.

accessed.April.10,.2008].
�.A.nanometer.is.one.billionth.of.a.meter,.or.1/75,000th.the.size.of.a.human.hair..An.atom.is.about.one.third.of.a.nanometer.

in.width..A.nanometer.is.one-billionth.of.a.meter..Here.is.the.size.of.some.common.objects.expressed.in.nanometers:.
a.basketball.is.about.24.centimeters.(240.million.nanometers);.a.flea.is.about.1.millimeter.(1.million.nanometers);.an.
anthrax.bacterium.is.1.micrometer.(1000.nanometers);.and.a.DNA.molecule.measures.around.2.5.nanometers.wide..A.
sugar.granule.is.about.1.millimeter,.and.a.single.sugar.molecule.is.about.1.nanometer..

�.Bawa.R:.Nanotechnology.patenting.in.the.U.S..Nanotechnology Law & Business.1,.31–50.(2004);.Bawa.R:.Patents.and.
nanomedicine..Nanomedicine 2(3),.351–374.(2007);.Bawa.R,.Bawa.SR,.Maebius.SB,.Iyer.C:.Bionanotechnology.patents:.
Challenges.and.opportunities..In:.The Biomedical Engineering Handbook (3rd.Edition)..Bronzino.JD.(Ed.),.CRC.Press,.
Boca.Raton,.FL;.29-1–29-16.(2006);.Morrow.KL,.Bawa.R,.Wei.C:.Recent.advances.in.basic.and.clinical.nanomedicine..
In:.Medical Clinics of North America,.91(5),.805–843.(2007)..Bawa.R,.Bawa.SR:.Protecting.new.inventions.in.nanomedi-
cine. In:.Foresight, Innovation, and Strategy: Towards a Wiser Future..Wagner.CG.(Ed.),.World.Future.Society.Press,.
Bethesda,.MD,.31–44.(2005);.Bawa.R,.Bawa.SR,.Maebius.SB,.Flynn.T,.Wei.C..Protecting.new.ideas.and.inventions.in.
nanomedicine.with.patents..Nanomedicine: Nanotechnology, Biology and Medicine.1(2),.150–158.(2005)..

�.National.Heart,.Lung,.and.Blood.Institute.Programs.of.Excellence.in.Nanotechnology..http://grants.nih.gov/grants/guide/
rfa-files/RFA-HL-04-020.htm.

��.Regalando.A:.Nanotechnology.patents.surge.as.companies.vie.to.stake.claim..Wall Street Journal June.18.Issue,.A1.
(2004).
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(e.g.,.Abraxane’s.albumin-paclitaxel.nanoparticles;.Elan.Pharma.International’s.nanoparticles,.and.
Kereos’s.anticancer.particles).

Clearly,.a.definition.based.on.physical.limits.tends.to.be.an.unorthodox.way.of.defining.a.tech-
nology..Other.technologies.tend.to.be.defined.by.a.key.technology.or.breakthrough:.genetic.engi-
neering.technology.is.based.upon.recombinant.DNA,.and.the.Internet.is.a.collection.of.“bulletin.
boards”.networked.in.a.World.Wide.Web.

Furthermore,.nanotechnology.is.nothing.new..For.example,.nanoscale.carbon.particles.(“high-
tech.soot.nanoparticles”).have.been.used.as.a.reinforcing.additive.in.tires.for.more.than.a.century..
Another.example.is.that.of.protein.vaccines.that.squarely.fall.within.the.definition.of.nanotechnol-
ogy.�.In.fact,. the.scale.of.many.biologic.structures. is.similar. to.various.“nanocomponents.”.For.
example,.peptides.are.similar.in.size.to.quantum.dots.(around.10.nm),.and.some.viruses.are.the.
same.size.as.drug.delivery.nanoparticles.(around.100.nm)..Hence,.most.of.molecular.medicine.and.
biotechnology.can.be.classified.as.nanotechnology..In.fact,.biologists.had.been.studying.all.these.
nanoscale.biological.structures.long.before.the.term.“nanotechnology”.became.fashionable.�.Given.
this.confusion,. I. recently.proposed.a.more.practical.definition.of.nanotechnology. that. is.uncon-
strained.by.an.arbitrary.size.limitation�:

The.design,.characterization,.production,.and.application.of.structures,.devices,.and.systems.by.controlled.
manipulation.of.size.and.shape.at.the.nanometer.scale.(atomic,.molecular,.and.macromolecular.scale).that.
produces.structures,.devices,.and.systems.with.at.least.one.novel/superior.characteristic.or.property.

Naturally,.disagreements.over.the.definition.of.nanotechnology.carry.over.to.the.definition.of.
nanomedicine..At.present,.there.is.no.uniform,.internationally.accepted.definition.for.nanomedicine.
either..One.definition,.unconstrained.by.size.while.correctly.emphasizing.that.controlled.manipula-
tion.at.the.nanoscale.results.in.medical.improvements.and.significant.medical.changes,.comes.from.
the.European.Science.Foundation.�

The.science.and. technology.of.diagnosing,. treating.and.preventing.disease.and. traumatic. injury,.of.
relieving.pain,.and.of.preserving.and.improving.human.health,.using.molecular.tools.and.molecular.
knowledge.of.the.human.body.

�.Nanotechnology.also.aims. to. learn. from.nature—to.understand. the.structure.and.function.of.biological.nanodevices.
and.to.use.nature’s.solutions.to.advance.science.and.engineering..Evolution.has.produced.an.overwhelming.number.and.
variety.of.biologic.devices,.compounds,.and.processes.that.function.at.the.nanometer.or.molecular.level.and.that.provide.
performance.that.is.unsurpassed.by.synthetic.technologies..When.nanotechnology.is.combined.with.molecular.biology,.
the.potential.applications.at.this.frontier.are.widespread.and.sound.like.the.stuff.of.science.fiction..Given.the.complex.
biological.machinery.that.exists.in.nature,.it.is.hard.not.to.conclude.that.complex.machines.on.the.nanoscale.may.be.
possible.someday.(Jones.R:..What.can.biology.teach.us?.Nature Nanotechnology.1,.85–86.[2006])...The.construction.
principles.used.in.nanotechnology.often.originate.in.biology,.and.the.goals.are.often.biomimetic.or.aimed.at.the.solution.
of.long-standing.research.problems..At.the.heart.of.the.approaches.in.this.field.is.the.concept.of.self-assembly..In.fact,.
self-assembly.of.ordered.elements.is.a.defining.property.of.life..Bionanotechnologists.attempt.to.exploit.the.self-assembly.
and.ordered.proximity.of.nanoscale.structures.found.in.biology.

�.However,.note.that.the.U.S..National.Institutes.of.Health.(NIH).emphasize.that:.“While.much.of.biology.is.grounded.
in.nanoscale.phenomena,.NIH.has.not.re-classified.most.of.its.basic.research.portfolio.as.nanotechnology”.(See www.
becon.nih.gov/nano.htm.[last.accessed.April.10,.2008])..The.NIH.identifies.three.broad.areas.that.qualify.as.nanotech-
nology:.“studies.that.use.nanotechnology.tools.and.concepts.to.study.biology;.that.propose.to.engineer.biological.mol-
ecules.toward.functions.very.different.from.those.they.have.in.nature;.or.that.manipulate.biological.systems.by.methods.
more.precise.than.can.be.done.by.using.molecular.biological,.synthetic.chemical,.or.biochemical.approaches.that.have.
been.used.for.years.in.the.biology.research.community.”

�.Bawa.R:.Patents.and.Nanomedicine..Nanomedicine.2(3),.351–374.(2007).
�.Nanomedicine—An.ESF-European.Medical.Research.Councils.(EMRC).forward.look.report..European.Science.Foun-

dation,.Strasbourg,.France.(2004)..Nanomedicine.is,.in.a.broad.sense,.the.application.of.nanoscale.technologies.to.the.
practice.of.medicine—namely,.for.diagnosis,.prevention,.and.treatment.of.disease.and.to.gain.an.increased.understand-
ing.of.the.complex.underlying.disease.mechanisms..The.creation.of.nanodevices.such.as.nanobots.capable.of.performing.
real-time.therapeutic.functions.in vivo.is.one.eventual.long-term.goal.here..Advances.in.delivering.nanotherapies,.minia-
turization.of.analytic.tools,.improved.computational.and.memory.capabilities,.and.developments.in.remote.communica-
tions.will.be.integrated..These.efforts.will.cross.new.frontiers.in.the.understanding.and.practice.of.medicine.
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Hence,.I.propose.that.the.size.limitation.imposed.in.NNI’s.definition.should.be.dropped,.espe-
cially.when.it.is.applied.to.bionanotechnology.nanomedicine..Furthermore,.the.phrase.“small.tech-
nology”.may.be.more.appropriate,.because.it.accurately.encompasses.both.nanotechnologies.and.
microtechnologies..I.believe.an.internationally.acceptable.definition.and.nomenclature.of.nanotech-
nology.should.be.promptly.developed.in.this.context.

��.�  BIg pharma and nanotechnology

Numerous.market.forces.and.challenges.are.dictating.that.new.drug.discovery,.development,.and.
delivery.approaches.be.developed.and.implemented..There.is.a.real.and.urgent.need.for.drug.com-
panies.to.focus.on.technologies.that.support.miniaturization.and.high.throughput..Such.approaches.
enable.faster.drug.target.discovery.and.drug.development..They.can.also.lead.to.a.reduction.in.the.
cost.of.drug.discovery,.design,. and.development..Moreover,. the. current.business.model.of.drug.
companies.(with.their.mammoth.size.and.excessive.reliance.on.blockbusters).is.broken.and.is.in.
need.of.repair.

Nanotechnology. can. enhance. the. drug. discovery. process. via. miniaturization,. automation,.
speed,.and.reliability.of.assays..This.is.likely.to.result.in.a.faster.introduction.of.new.cost-effective.
products.to.the.market..For.example,.nanotechnology.can.be.applied.to.current.microarray.technol-
ogies,.exponentially.increasing.the.hit.rate.for.promising.compounds.that.can.be.screened.for.each.
target.in.the.pipeline..Inexpensive.and.higher-throughput.DNA.sequencers.based.on.nanotechnol-
ogy.can.reduce.the.time.for.both.drug.discovery.and.diagnostics..Although,.these.high-throughput.
screening.technologies.have.led.to.an.increase.in.the.number.of.poorly.water-soluble.new.chemical.
entities.(NCEs),.nanotechnology.can.also.tackle.such.formulation.problems..Nanoscience.research.
has.also.resulted.in.a.need.for.novel.analytical.technologies.that.can.directly.impact.aspects.of.drug.
delivery,.such.as.determining.the.efficacy.of.targeting,.therapeutic.outcome,.and.so.forth.

Big.pharma.in.today’s.global.economy.faces.enormous.pressure.to.deliver.high-quality.prod-
ucts.to.the.consumer.while.maintaining.profitability..It.must.constantly.reassess.how.to.improve.
the.success.rate.of.NCEs.while.reducing.R&D.costs.as.well.as.cycle.time.for.producing.new.drugs,.
especially.new.blockbusters..In.fact,.the.cost.of.developing.and.launching.a.new.drug.to.the.market,.
although.widely.variable,�.may.be.upwards.of.$800.million..Typically,. the.drug.appears.on. the.
market.some.10.to.15.years.after.discovery.�.Furthermore,.only.one.out.of.five.lead.compounds.
makes.it.to.final.clinical.use.�.Annual.R&D.investment.by.drug.companies.has.risen.from.$1.billion.
in.1975.to.$40.billion.in.2003,.while.new.approvals.have.essentially.remained.flat,.between.20.to.
30.drugs.per.year.�.In.fact,.in.recent.years,.NCEs.accounted.for.only.25%.of.products.approved.by.
the.FDA,.with.the.majority.of.approvals.being.reformulations.or.combinations.of.already.approved.
agents..Although.the.cost.of.drug.R&D.continues.to.rise,.only.30%.of.drugs.are.able.to.recover.
their.R&D.costs..The.weakened.product.pipeline.issue.is.a.global.problem;.the.decreasing.number.
of.new.drugs.approved.by.the.FDA.and.foreign.drug.agencies.continue.to.haunt.the.drug.industry..
For.example,.FDA.approvals.have.fallen.by.half.since.1996,.with.only.20.approvals.in.2005..Unique.
drug.development.models.are.being.successfully.developed.by.competitors.to.circumvent.some.of.
big.pharma’s.patented.branded.drugs.�

�.DiMasi.J,.Hansen.R,.Grabowski.H:.The.price.of.innovation:.New.estimates.of.drug.development.costs..Journal of Health 
Economics.22,.151–185.(2003);.Adams.C,.Brantner.V:.Estimating.the.cost.of.new.drug.development:.Is.it.really.$802m?.
Health Affairs.25(2),.420–428.(2006).

�.Anon.R:.Health.Informatics.into.the.21st.Century..HealthCare Reports..Reuters.Business.Insight.February.(1999).
�.Erickson.J:.Translation.research.and.drug.development..Science 312,.997.(2006).
�.Sussman.NL,.Kelly.JH:.Saving.time.and.money.in.drug.discovery—A.pre-emptive.approach..In:.Business Briefings: 

Future Drug Discovery 2003..Business.Briefings.Ltd,.London,.UK,.46–49.(2003).
�.Owens.J:..Ethical.medicine.or.IP.dodge?..Nat. Rev. Drug Disc. 6,.104.(2007).
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In.other.words,.while.the.above-mentioned.trends.and.issues.are.creating.novel.challenges.for.
the.drug.industry,.they.also.represent.an.impetus.for.the.drug.industry.as.a.whole.to.focus.on.nano-
enabled.R&D.technologies.�

��.�  the Future oF BIonanotechnology

The.potential. future. impact.of.bionanotechnology.on.society.could.be.huge..Bionanotechnology.
could.drastically.improve.a.patient’s.quality.of.life,.reduce.societal.and.economic.costs.associated.
with.health.care,.offer.early.detection.of.pathological.conditions,.reduce.the.severity.of.therapy,.and.
result.in.an.improved.clinical.outcome.for.the.patient..The.ultimate.goal.is.obviously.comprehensive.
monitoring,.repair,.and.improvement.of.all.human.biologic.systems:.basically,.an.enhanced.quality.
of.life.

As.of.mid-2006,.130.nanotech-based.drugs.and.delivery.systems.and.125.devices.or.diagnostic.
tests.were.in.preclinical,.clinical,.or.commercial.development..However,.the.nano-pharma.market.
is.expected.to.significantly.grow.in.the.coming.years..Analysts.project.that.by.the.end.of.this.year,.
the.market.for.nanobiotechnology.will.exceed.$3.billion,.reflecting.an.annual.growth.rate.of.28%.�.
One.report.predicts.that.the.drug.market.for.nanotech.will.pass.$200.billion.by.2015.�.According.
to.a.2007.report,. the.U.S..demand.for.nanotechnology-related.medical.products.(nanomedicines,.
nanodiagnostics,.nanodevices,.and.nanotech-based.medical. supplies).will. increase.over.17%.per.
year.to.$53.billion.in.2011.and.$110.billion.in.2016.�.This.report.predicts.that.the.greatest.short-
term.impact.of.nanomedicine.will.be.in.therapies.and.diagnostics.for.cancer.and.central.nervous.
system.disorders.

��.�   protectIng BIonanotechnology InventIons: the 
u.s. patent oFFIce and crIterIa For patentIng

Globally,.industries.that.produce.and.manage.“knowledge”.and.“creativity”.have.replaced.capital.
and.raw.materials.as.the.new.wealth.of.nations..Property,.which.has.always.been.the.essence.of.
capitalism,.is.increasingly.changing.from.tangible.to.intangible.�.Intellectual.property.(IP).rights.
are.a.class.of.assets. that.accountants.call. intangible.assets..These.assets.play.an.ever-increasing.
role.in.the.development.of.emerging.technologies.like.biotechnology,.drug.development,.and.nano-
technology..Modern.IP.consists.of.patents,.trademarks,.copyrights,.and.trade.secrets..Patents.are.
the.most.complex,.tightly.regulated,.and.expensive.form.of.IP..They.have.the.attributes.of.personal.
property—they.may.be.assigned,.bought,.sold,.or.licensed.

�.It.is.important.to.note.that.at.this.stage.several.obstacles.beset.nano-enabled.drug.R&D.commercialization,.including.
high.production.costs;.the.public’s.general.reluctance.to.embrace.innovative.medical.technologies.without.real.safety.
guidelines;.the.relative.scarcity.of.venture.funds;.few.near-term.commercially.viable.products;.a.general.lack.of.knowl-
edge.regarding.the.interaction.between.nanomaterials.and.living.cells.(the.issue.of.biocompatibility.and.toxicity.of.nano-
materials);.big.pharma’s.reluctance.to.accept.and.seriously.invest.in.nanomedicine;.production.issues.such.as.the.lack.of.
quality.control,.reproducibility,.and.scalability.of.most.nanostructures.of.commercial.interest;.confusion.and.delay.at.the.
PTO.(with.respect.to.the.burgeoning.number.of.bionanotechnology-related.patent.applications).and.FDA.(with.respect.
to.a.lack.of.clear.regulatory/safety.guidelines);.pricing.pressures.due.to.high.industry.margins;.a.sharp.decline.in.public.
confidence.in.the.pharma.industry.generally;.state.and.federal.government’s.increased.vigilance.pertaining.to.hyperag-
gressive.business.practices.(e.g.,.illegal.drug.marketing.and.improper.drug.pricing);.and.the.media’s.continuing.focus.on.
the.negative.aspects.of.nanomaterials.(environmental,.health,.and.safety.concerns.are.at.the.forefront).

�.Report:.Nanobiotechnology Opportunities and Technical Analysis..San.Mateo,.CA,.Front.Line.Strategic.Consulting.
(2003).

�.Sesquehanna.Financial.Group.LLP,.Griffin.Securities,.Inc.
�.Report:.Nanotechnology in Healthcare..The.Freedonia.Group,.Inc..Cleveland,.OH.(2007).
�.Intangible.assets,.as.a.portion.of.corporate.market.capital,.are.steadily.rising.
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Patent. law. is.a.subtle.and.esoteric.area.of. law. that.has.evolved. in. response. to. technological.
change.. It.has.been.modified.numerous. times.since.1790,. the.year. the.first.U.S..Patent.Act.was.
enacted.�.This.is.due.to.new.interpretations.of.existing.laws.by.the.PTO.and.by.the.courts,.or.by.
creation.of.new.laws.by.Congress,.often.in.response.to.new.technology..Patent.law,.arguably.one.of.
the.most.obscure.legal.disciplines,.is.now.at.the.forefront.of.bionanotechnology.�

Patentable.inventions.need.not.be.pioneering.breakthroughs;.improvements.of.existing.inven-
tions.or.unique.combinations.or.arrangements.of.old.formulations.may.also.be.patented..In.fact,.
majority.of.inventions.are.improvements.on.existing.technologies..However,.not.every.innovation.
is.patentable..For.example,.abstract.ideas,.laws.of.nature,.works.of.art,.mathematical.algorithms,.
and.unique.symbols.and.writings.cannot.be.patented..Works.of.art.and.writings,.however,.may.be.
copyrighted.and.symbols.may.be.trademarked..Laws.of.the.universe.or.discoveries.in.the.natural.
world,.even.if.revolutionary,.cannot.be.patented..For.instance,.Einstein’s.Law.of.Relativity.cannot.
be.considered.anyone’s.IP..For.a.U.S..patent.to.be.granted,.an.invention.must.meet.specific.criteria.
as.set.forth.in.U.S..statutes.(Table.27.1).

A.U.S..patent�.provides.protection.only.in.the.United.States,.its.territories,.and.its.possessions.
for. the.term.of. the.patent..It. is.estimated.that.90%.of.the.world’s.patents.are.issued.through.the.
three.main.patent.offices—the.United.States,.Europe,.and.Japan..Legally.speaking,.a.U.S..patent.is.
a.document.granted.by.the.federal.government.(at.the.PTO�).whereby.the.recipient.(or.“patentee”).
is.conferred.the.temporary.right.to.exclude.others.from.making,.using,.selling,.offering.for.sale,.
or.importing.the.patented.invention.into.the.United.States.for.up.to.20.years.from.the.filing.date..
Similarly,.if.the.invention.is.a.process,.then.the.products.made.by.that.process.cannot.be.imported.
into.the.United.States..All.patented.inventions.eventually.move.“off”.patent.at.the.end.of.their.patent.
term.(“patent.expiration”).at.which.time.they.are.dedicated.to.the.public.domain..This.is.the.basis.

�.The.Founding.Fathers. incorporated.the.concept.of.patents. into.the.Constitution.under.Article.1,.Section.8,.Clause.8,.
whereby.Congress.was.given.the.authority.“[t]o.promote.the.progress.of.science.and.the.useful.arts,.by.securing.for.lim-
ited.times.to.authors.and.inventors.the.exclusive.right.to.their.respective.writings.and.discoveries.”..President.Washington.
signed.the.first.U.S..Patent.Act.on.April.10,.1790..Title.35.of.the.United States Code codified.the.Patent.Act.of.1952,.the.
Act.currently.in.use...Since.the.granting.of.the.first.U.S..patent.in.1790,.more.than.7.million.patents.have.been.issued.by.
the.PTO,.a.bureau.of.the.U.S..Department.of.Commerce..In.fact,.1790.was.the.first.year.of.operation.for.the.PTO.and.it.
issued.only.three.patents..On.the.other.hand,.in.the.2006.fiscal.year,.183,187.patents.were.issued..For.the.past.few.years,.
the.PTO.has.received.over.400,000.patent.applications.annually..In.2006,.the.average.pendency.ranged.from.25.4.to.44.
months..The.number.of.patent.applications.filed.has.been.increasing,.on.average,.by.over.10%.per.year.since.1996..Cur-
rently,.there.is.an.astounding.backlog.of.over.1.million.unexamined.U.S..patent.applications.

�.It.seems.that.in.the.new.millennium,.patent.issues.are.making.headlines.on.a.daily.basis..As.the.line.between.academia.
and.industry.becomes.fuzzier,.the.axiom.for.success.in.science,.“publish.or.perish,”.is.being.replaced.with.“patent.or.
perish”.or.“patent.and.prosper.”.Universities.are.straying.away.from.their.“education.mission”.by.focusing.on.patents.for.
potential.license.revenue..I.believe.that.patents.are.as.important,.if.not.more.so,.as.publications.on.curriculum vitae,.and.
have.a.major.impact.in.academia.on.hiring,.tenure,.and.promotion.

�.A.patent.is.not.a.“hunting.license”;.it.is.merely.a.“no.trespassing.fence”.that.clearly.marks.the.boundaries.of.an.invention..
(For.example,.see.Brenner v. Manson,.383.U.S..519,.536.[1966])..In.other.words,.a.patent.grant.is.a.negative.grant;.it.
prevents.other.parties.from.using.the.invention.without.prior.permission.of.the.patent.holder.(which.can.be.in.the.form.of.
a.license)..This.does.not.imply.that.the.patent.holder.can.automatically.publicly.practice.(i.e.,.commercialize).the.inven-
tion..Often,.appropriate.government.regulatory.approval.is.required..

�.The.PTO.issues.three.types.of.patents.as.defined.by.U.S..statutes:.(a).utility.patents.for.“any.new.and.useful.process,.
machine,.manufacture,. or. composition.of.matter,. or. any.new.and.useful. improvement. thereof”;. (b).plant. patents. for.
“any. distinct. and. new. variety. of. plant”. (i.e.,. asexually. reproduced. non-tuber. plant. varieties);. and. (c). design. patents.
for.“any.new,.original.and.ornamental.design.for.an.article.of.manufacture.”..(i.e.,.ornamental.designs.of.an.article.of.
manufacture).
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for.low-cost.generic.drugs�.that.appear.in.the.marketplace.following.expiration.of.the.costlier.ver-
sions.of.the.patented.branded.drug.�

The.basic.rationale.underlying.patent.systems,.both.in.the.United.States.and.abroad,.is.simple.
enough:.an.inventor.is.encouraged.to.apply.for.a.patent.by.a.grant.from.the.government.of.legal.
monopoly.of.limited.duration.for.the.invention..This.limited.monopoly.or.proprietary.right.justi-
fies.R&D.costs.by.assuring. inventors. the.ability. to.derive.economic.benefit. from. their.work.. In.
exchange.for. this.grant,. the. inventor.publicly.discloses. the.new.technology. that.might.have.oth-

�.Generic.Drugs:.Questions.and.Answers,.U.S..Food.and.Drug.Administration,.Center.for.Drug.Evaluation.and.Research,.
http://www.fda.gov/cder/consumerinfo/generics_q&a.htm.(last.accessed.April.9,.2008).

�.Current. U.S.. patent. laws. allow. granting. a. patent. on. new. drug. formulations. that. have. been. created. from. old. drugs,.
for. instance,.via.novel.drug.delivery.systems.(DDS)..Nanotechnology.could.also.allow.reformulation.of.existing.and.
orphaned.compounds..These.new.reformulations.may.qualify.as.NCEs.at.the.FDA.and.for.patents.at.the.PTO..In.other.
words,. “nanoformulations”. of. older. drugs. may. be. patentable. as. long. as. they. fulfill. all. the. criteria. for. patentability..
Furthermore,.innovative.DDS.or.platforms.may.be.patented.on.their.own.under.current.U.S..patent.statutes...Innovative.
DDS.could.enable.drug.companies.to.devise.novel.drug.reformulations.of.off-patent.or.soon-to-be.off-patent.compounds..
This.strategy.could.delay.or.discourage.generic.competition.during.the.most.profitable.years.of.an.innovator.drug’s.life.
cycle,.especially.if.the.reformulated.drug.is.superior.to.its.off-patent.or.soon-to-be.off-patent.counterpart..This.approach,.
in.effect,.stretches.the.product.life.cycle.of.an.existing,.branded,.patented.drug..This.strategy,.commonly.referred.to.as.
“product-line-extension,”.is.broad.in.scope.and.includes.any.second-generation.adaptation.of.an.existing.drug.that.offers.
improved. safety,. efficacy,. or. patient. compliance.. In. fact,. successful. reformulation. strategies. should. focus.on.how. to.
add.value.through.added.ease.and.convenience.for.the.consumer..If.this.approach.is.successful,.the.innovative.DDS.or.
platforms.can.maintain.market.share.even.after.generics.appear.in.the.marketplace..Another.often-employed.approach.
is. to.develop.and.patent.a.novel.polymorph.of. the. innovative.drug.compound.prior. to.patent.expiration..Yet.another.
strategy.involves.generating.patent.protection.from.a.competitor’s.formulation.(patented.or.off.patent),.by.analyzing.the.
competitor’s.existing.patent.claims,.then.tweaking.them.and.filing.patents.that.circumvent.the.competitor’s.specific.use.
or.DDS...

taBle ��.�
legal requirements to obtain a u.s. Bionanotechnology patent

u.s. patent statute Brief description of statue

35.USC.�.102.Novelty.requirement Invention.must.be.novel.(i.e.,.sufficiently.new.and.unlike.anything.that.has.
been.previously.patented,.marketed,.practiced,.publicized,.or.published).

35.USC.�.103.Nonobviousness.requirement Invention.must.be.nonobvious.to.a.person.with.knowledge.in.the.field.
related.to.the.invention,.meaning.that.the.person.would.not.automatically.
arrive.at.the.present.invention.from.a.review.of.existing.ones.(i.e.,.trivial.
variations.that.are.readily.apparent.to.a.person.with.knowledge.in.the.field.
related.to.the.invention.cannot.be.patented).

35.USC.�.101.Utility.requirement Invention.must.have.utility.(i.e.,.the.invention.has.some.use.and.it.actually.
works.or.accomplishes.a.useful.task).

35.USC.�.112(1).Written.description.
requirement

Invention.must.be.adequately.described.to.the.public.to.demonstrate.
“possession”.of.the.invention.at.the.time.of.filing.

35.USC.�.112(1).Enablement.requirement,.
part.I

Invention.must.enable.a.person.with.knowledge.in.the.field.related.to.the.
invention.to.make.or.carry.out.the.invention.without.“undue.
experimentation”.(i.e.,.to.make.the.claimed.product.or.carry.out.the.
claimed.process).

35.USC.�.112(1).Enablement.requirement,.
part.II

Invention.must.enable.a.person.with.knowledge.in.the.field.related.to.the.
invention.to.use.the.invention.

35.USC.�.112(2).Clarity.requirement Invention.must.be.described.in.clear,.unambiguous,.and.definite.terms.

35.USC.�.112(2).Best.mode.requirement Invention.must.set.forth.the.best.mode.of.making.or.using.the.invention,.
contemplated.by.the.inventor.at.the.time.of.filing.of.the.patent.application.

Note:.USC.stands.for.U.S..Code.
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erwise.remained.secret.(an.“immediate.benefit”.to.the.public).and.allows.the.public.to.freely.use,.
make,.sell,.or.import.the.invention.once.the.patent.expires.(a.“delayed.benefit”.to.the.public)..Hence,.
the.new.technology.that.is.brought.to.light.in.the.form.of.valuable.technical.information.provides.
a. continuous. incentive. for. future. innovation.. In. this. way,. society. obtains. a. quid pro quo. from.
inventors.in.exchange.for.the.temporary.grant.of.exclusive.rights..Such.an.advantageous.exchange.
stimulates.commerce.(a.“long-term.benefit”.to.the.public)..Patent.protection.is.the.engine.that.drives.
industry.and.the.incentive.for.it.to.invest.in.R&D.to.innovate..Clearly,.without.such.protection,.most.
companies.would.avoid.costly.R&D,.and.society.would.be.deprived.of.the.many.benefits.thereof..
However,. it. is.critical. that. the.scope.or.breadth.of. the.patent. issued.by. the.PTO.be. just. right;. it.
should.neither.be.unduly.broad.nor.should.it.be.too.limiting..In.other.words,.the.invention.granted.
a.patent.should.just.fit.within.the.boundaries.of.that.patent..Unfortunately,.this.is.not.often.the.case.
(see.Section.27.9).

Obtaining.a.patent.for.an.invention.is.often.a.long,.expensive,.and.tedious.process.that.generally.
involves.the.inventor,.patent.counsel,.or.practitioner.(i.e.,.patent.agent.or.patent.attorney).and.PTO.
staff.(especially.a.“patent.examiner”)..Patent.examiners.are.PTO.personnel.who.review.the.filed.
patent.application.to.ensure.that.it.fulfils.all.pertinent.requirements.of.the.law.(Table.27.1)..This.
review.process.is.commonly.referred.to.as.an.“examination.”.The.exchange.of.documents.between.
the.PTO.and.the.patent.counsel.is.broadly.known.as.“prosecution.”.If.the.examiner.believes.that.all.
requirements.for.a.patent.are.met,.then.a.“notice.of.allowance”.is.issued.to.the.applicant..Following.
this,.a.patent.is.issued.once.the.applicant.pays.an.“issuance.fee.”.Upon.issuance,.the.entire.contents.
of.the.patent.application.(“the.file.wrapper”.or.“prosecution.history”).along.with.a.copy.of.the.pat-
ent.and.all.future.documents.pertaining.to.the.patent,.are.made.available.to.the.public..The.entire.
patent.examination.process,.starting.with.the.filing.of.the.patent.application.to.its.allowance.or.final.
rejection,.may.take.anywhere.from.1.to.5.years,.or.longer..This.depends.upon.variables.such.as.the.
specific.technology.area.within.the.PTO.where.the.patent.is.being.reviewed.by.the.patent.examiner.
and.the.time.to.process.the.paperwork.that.accompanies.the.patent.application.by.the.PTO.clerical.
staff..As.part.of.the.patent.prosecution,.all.applications.filed.on.or.after.November.29,.1999,.are.
generally.published.18.months.after.filing.(see.also.Section.27.7).

Because,.for.most.patents,.the.patent.term.commences.on.the.date.of.filing.and.ends.20.years.
thereafter,.most.commercially.valuable.bionanotech.inventions.are,.in.reality,.in.the.marketplace.
prior.to.the.actual.patent.grant.date.(unless.regulatory.approval.is.sought)..Generally,.it.is.impossible.
to.predict.the.future.commercial.success.or.commercial.viability.of.an.issued.patent..In.part,.this.is.
due.to.the.fact.that.most.patents.are.filed.at.the.PTO.without.any.clear.idea.of.whether.the.invention.
is.commercially.valuable..For.example,.in.bionanotech,.patent.applications.are.continuously.being.
filed.on.a.large.number.of.drugs,.therapies,.and.devices.even.before.it.is.known.that.they.will.be.
ruled.safe.and.effective.by.the.FDA..If.litigation.rates.(which.range.from.1.5.to.2%.of.the.issued.
patents).are.any.indicator.of.commercial.value,.then.only.a.tiny.fraction.of.patents.are.commercially.
significant..Although.obtaining.a.patent.does.not.ensure.commercial.success,.economists.view.pat-
enting.as.an.indicator.of.scientific.activity.�.They.argue.that.this.is.the.basis.for.providing.a.nation.
with.a.competitive.advantage,.fueling.its.economy.

In.recent.years,.however,.patents.have.become.the.subject.of.much.debate.and.controversy..In.
fact,.there.are.plenty.of.antipatent.players.in.the.field.who.feel.that.patent.laws.(and.most.interna-
tional.treaties).are.unfairly.providing.an.economic.advantage.to.some.over.others.�.It.has.even.been.
suggested.that.patent.laws.and.IP.are.the.products.of.a.new.form.of.Western.colonialism.designed.
to.deny.the.developing.world.access.to.common.goods..Issues.like.biopiracy.and.IP.theft.have.been.
proffered.as.reasons.for.the.unavailability.of.essential.drugs.to.the.poorest.and.neediest.people.in.

�.Merges.RP:.Commercial.success.and.patent.standards:.Economic.perspectives.on.innovation..Cal.L. Rev..76,.803–845.
(1988).

�.McGrath.M:.The.patent.provisions.in.TRIPS:.Protecting.reasonable.remuneration.for.services.rendered—Or.the.latest.
development.in.Western.colonialism..European Intellectual Property Review.18,.398–453.(1996).
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the.world..Not.surprisingly,. those. in. the.developing.world.support.patent.protection.but.prefer.a.
regime.that.suits.their.own.national.interests..In.this.regard,.they.highlight.the.fact.that.although.
Western.drug.companies.continue.to.cite.the.need.to.reward.innovation.as.a.justification.for.stronger.
patent.laws.or.patent.enforcement,.the.industry,.in.reality,.continues.to.spend.more.on.reformulat-
ing.preexisting.drugs.and.on.expensive.litigation.to.protect.their.current.patents.than.to.innovate.�.
Future.struggles.over.patents.on.the.international.stage.are.almost.certain.to.focus.on.multinational.
drug.patents.when.they.are.revoked.or.challenged.�

The.PTO.does.not.police.or.monitor.patent.infringement.and.it.does.not.enforce.issued.patents.
against.potential.infringers..It.is.solely.up.to.the.patentee.to.protect.or.enforce.the.patent,.all.at.the.
patentee’s.own.cost..The.patentee.may.enlist.the.U.S..government’s.help.via.the.court.system.to.pre-
vent.patent.infringement..However,.PTO.decisions.are.subject.to.review.by.the.courts,.including.the.
Court.of.Appeals.for.the.Federal.Circuit.(CAFC),�.and.rarely,.the.U.S..Supreme.Court..Sometimes.
Congress.intervenes.and.changes.or.modifies.some.of.the.laws.governing.patents..If.a.court.deems.
a.patent.to.be.invalid,.the.patent.holder.is.unable.to.enforce.it.against.any.party..However,.suing.
an.alleged.infringer.is.a.risky.business.because.when.a.patent.holder.sues.an.alleged.infringer,.in.
certain.technologies,.there.is.a.50%.risk.that.his.own.patent.will.be.found.to.be.invalid.

Based.on.my.review.of.seminal.CAFC.patent.decisions.from.the.past.decade.or.so,. it. is.my.
conclusion.that.the.CAFC.has.fostered.the.following:.(a).expanded.what.can.be.patented.under.the.
patent.statues;.(b).lowered.the.threshold.to.obtain.a.U.S..patent;.and.(c).tilted.its.decisions.in.favor.of.
patent.holders..Clearly,.this.stance.has.resulted.in.stronger.patent.protection.for.patent.holders..As.a.
result,.since.the.creation.of.the.CAFC,.the.number.of.patents.granted.has.increased.at.an.annual.rate.
of.5.7%.as.compared.to.less.than.1%.from.1930.to.1982.�.According.to.some.experts,.if.this.trend.
continues,.it.could.stifle.competition.and.limit.access.to.some.inventions..Moreover,.this.is.contrary.
to.the.quid pro quo discussed.earlier:.it.disturbs.the.delicate.balance.between.the.patent.holder’s.
limited-time.monopoly.over.the.invention.on.the.one.hand.and.the.public’s.interest.in.accessing.the.
invention’s.disclosure.(from.the.public.domain).on.the.other.hand. Certainly,.this.could.be.the.very.
reason.why.the.Supreme.Court.is.increasingly.stepping.in.to.hear.more.and.more.patent.appeals.of.
CAFC.decisions..It.is.important.to.note.that.the.Supreme.Court,.which.has.rarely.reviewed.patent.
decisions.in.the.past,.has.heard.at.least.five.important.patent.appeals.of.CAFC.decisions.in.the.last.
4.years.alone,.reversing.all.of.them..One.of.these.recent.landmark.rulings,�.that.broadly.impacts.
bionanotechnology,.allows.drug.companies.to.infringe.drug.patents.held.by.others.as.long.as.the.
infringement.is.during.the.R&D.phase.(i.e.,.preclinical.phase).of.drug.development.and.generates.
data.(on.the.compound.being.tested).that.may.(or.may.not).be.ultimately.submitted.to.the.FDA.as.
part.of.the.drug.approval.process..By.these.and.other.recent.decisions,.the.Supreme.Court.may.be.
trying.to.reestablish.the.balance.between.the.patent.holder.and.the.public’s.interest,.a.certain.flex-
ibility.that.it.may.have.viewed.as.eroding.under.the.CAFC..It.is.critical.that.the.CAFC.refocus.its.
efforts.to.provide.greater.clarity.to.patent.law.and.render.patent.decisions.that.are.more.consistent..
After.all,.this.is.its.true.mission.

One.highly.controversial.yet.important.statistic.worth.briefly.discussing.is.the.patent.grant.rate.
(i.e.,.the.patent.application.allowance.rate)..Because.the.PTO.is.often.not.very.forthcoming.in.pro-
viding.accurate.patent.statistics.and.data.on.this.issue,��.several.legal.scholars.have.published.studies.
to.gauge.this.figure..One.widely.cited.estimate.places.the.average.PTO.grant.rate.at.77%.to.95%.

�.Saini.A:..Making.the.poor.pay..NewScientist.193(2597),.20.(2007).
�.Tremblay.JF:..Drug.patents.struggles.in.Asia...Chem. Eng. News.85(6),.11.(2007).
�.The.CAFC.was.created.by.Congress.in.1982.with.the.aim.of.creating.uniformity.in.the.patent.law,.especially.with.respect.

to.unpredictable,.evolving.technologies.like.biotechnology.and.nanotechnology..In.reality,.it.has.sometimes.failed.in.this.
role.by.rendering.inconsistent.and.contradictory.patent.decisions...

�.Jaffe.AB,.Lerner.J:.Innovation and its Discontents: How Our Broken Patent System Is Endangering Innovation and 
Progress. Princeton.University.Press,.Princeton,.NJ.(2004).

�.Merck KGaA v. Integra Lifesciences I. Ltd. et al. 545.U.S.,.No..03-1237.(2005).
��.Wegner.H:.The.USPTO’s.54%.allowance.rate..IPFrontline.com,.Dec..30,.2006,.http://www.ipfrontline.com/depts/article.

asp?id=13796&deptid=5.(last.accessed.May.4,.2008).
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of.filed.patent.applications.for.the.years.1981.to.2005.�.However,.I.agree.with.legal.scholars.who.
consider.this.estimate.to.be.artificially.high,.because.it.is.based.on.an.inappropriate.legal.framework.
and.somewhat.flawed.numbers.�.In.any.case,.it.is.immaterial.as.to.what.the.exact.figures.are;.the.
crux.of.the.matter.is.that.the.PTO.grant.rates.are.rather.high.and.this.may.indirectly.reflect.a.less.
rigorous.review.of.patent.applications.as.compared.to.the.other.major.patent.offices..In.other.words,.
these.high.allowance.rates.may.be.partly.to.blame.for.the.granting.of.poor-quality.patents.by.the.
PTO.�.(Other.concerns.are.discussed.in.detail.in.Section.27.8.).In.this.context,.it.is.interesting.to.
note.that.the.time.taken.for.one.million.patents.to.be.granted.has.greatly.declined.since.the.grant.of.
the.first.patent.in.1836.�,�

��.�  sIgnIFIcance oF BIonanotechnology patents

Patents.are.critical.to.the.bionanotech.“revolution.”.When.investors.in.nanomedicine.or.drug.com-
panies.consider.the.merits.of.their.investment,.patent.issues.are.one.of.the.most.important.items.they.
review..There.is.also.ample.evidence.that.companies,.start-ups,.and.universities.are.ascribing.ever-
greater.value.and.importance.to.patents..Increasingly,.they.are.willing.to.risk.a.larger.part.of.their.
budgets.to.acquire.and.defend.patents..The.process.of.converting.basic.research.in.bionanotech.into.
commercially.viable.products.is.proving.to.be.long.and.difficult..The.development.of.bionanotech-
related.technologies.is.extremely.research.intensive,.and.without.the.market.exclusivity.offered.by.
a.patent,.development.of.these.products.and.their.commercial.viability.in.the.marketplace.would.be.
significantly.hampered.

Patents.are.especially.important.for.start-ups.and.smaller.companies.because.they.may.help.in.
negotiations.over.infringement.of.their.patents.during.competitive.posturing.with.larger.corpora-
tions.��.In.fact,.patents.may.also.protect.the.clients.of.a.patent.owner.because.they.prevent.a.com-
petitor.from.infringing.or.replicating.the.client’s.products.made.under.license.from.the.patentee..
Moreover,.patents.provide.inventors.credibility.with.their.backers,.shareholders,.and.venture.capi-
talists—groups.who.may.not.fully.understand.the.science.behind.the.technology..Generally,.patents.
precede.funding.from.a.venture.capital.firm..For.a.start-up.company,.patents.are.not.only.a.means.of.
attracting.investment,.but.also.serve.to.validate.the.company’s.foundational.technology..Therefore,.
start-up.companies.aggressively.seek.patents.as.a.source.of.significant.revenue..They.cite.the.poten-
tial.for.licensing.patents.and.the.power.to.control.emerging.sectors.of.nanotechnology.as.major.rea-

�.Quillen.CD,.Webster.OH:.Continuing.patent.applications.and.the.USPTO—Updated..Federal Circuit Bar Journal 15,.
635.(2006)...

�.Ebert.LB:.On.patent.quality.and.patent.reform..Journal of the Patent & Trademark Office Society.88(12),.1068–1076.
(2006)..

�.In.light.of.this.discussion.regarding.patent.allowance.rates.and.patent.quality,.it.is.rather.interesting.to.note.the.PTO’s.
recent.announcement.of.a.54%.allowance.rate.for.the.past.fiscal.year.(October.1,.2005.to.September.30,.2006)...In.this.
regard,.it.is.further.worth.noting.that.while.the.number.of.patent.applications.has.continued.to.climb.(creating.a.steady.
backlog.that.threatens.businesses),.the.number.of.issued.patents.has.declined.in.recent.years..The.most.dramatic.decline.
was.in.2005.when.a.drop.of.11%.in.the.allowance.rate.was.reported.from.the.previous.fiscal.year..Do.these.figures.imply.
a.vast.improvement.in.patent.quality.over.the.earlier.years.when.allowance.rates.were.much.higher?.Most.experts.would.
disagree..If.this.is.not.the.case,.then.is.it.possible.that.numerous.high-profile.patent.cases.(like.the.recent.BlackBerry.
case).have.oversensitized.PTO.upper.management,.who.are.now.actively.engaged.in.artificially.suppressing.the.high.pat-
ent.grant.rate?.If.this.is.indeed.the.case,.all.this.tinkering.with.numbers.will.have.disastrous.consequences.for.the.entire.
innovation.process..Moreover,.it.is.clearly.contrary.to.the.basic.tenet.of.the.U.S..patent.system:.“[t]o.promote.the.Progress.
of.Science.and.Useful.Arts.”.(U.S..Constitution..Article.I,.Section.8,.Clause.8)

�.The.first.U.S..patent.was.issued.in.1790,.and.the.numbering.system.was.established.in.1836.
�.Press. Release,. USPTO,. USPTO. issues. 7. millionth. patent.. Feb.. 14,. 2006,. http://www.uspto.gov/web/offices/com/

speeches/06-09.htm.(last.accessed.May.4,.2008).
��.Often,.larger.competitors.employ.frivolous.lawsuits.to.pressure.smaller.companies.or.start-ups.whose.patents.stand.in.

their.way,.or.which.they.wish.to.acquire..Frequently,.the.cost.in.executive.time.and.corporate.money.for.the.smaller.com-
pany.or.start-up.becomes.so.onerous.that.it.caves.in.to.a.licensing.agreement..One.viable.strategy.to.avoid.being.taken.
over.is.to.license.the.patent.to.the.large.competitor,.in.whose.interest.it.then.becomes.to.protect.its.position.by.protecting.
and.defending.the.patent.
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sons.for.seeking.patents.on.bionanotech-related.
technologies.�.Moreover,.venture.capitalists.will.
not.support.a.start-up.that.relies.on.trade.secrets.
alone..In.sum,.investors.are.unlikely.to.invest.in.
a. start-up. that. has. failed. to. construct. adequate.
defenses. around. its. IP. via. valid,. enforceable.
patents..Numerous. technologies.and. techniques.
pertaining.to.bionanotech.can.be.protected.via.a.
patent.(Table.27.2).

A.company.seeking.a.dominant.position. in.
a. particular. sector. of. bionanotech. may. wish. to.
review.patent.citations.(i.e.,.patents.cited.in.other.
patents).. Patent. citations. can. serve. as. a. useful.
indictor. of. licensing. potential:. patents. that. are.
repeatedly. cited. are. generally. considered. more.
commercially.valuable.�.One.quarter.of.all.pat-
ents.receive.no.citations,.and.a.mere.0.01%.earn.
greater. than. 100. citations.�. According. to. one.
study,.a.patent.cited.14.times.in.other.patents.is,.
on.average,.100.times.more.valuable.than.a.pat-
ent.cited.only.8.times.�

Millions. of. dollars. may. be. lost. if. a. com-
pany.fails.to.take.the.necessary.steps.to.protect.
its. patent. assets.. Securing. valid. defensible. pat-
ent.protection. is.vital. to. the. long-term.viability.
of.virtually.any.drug.or.biotechnology.company,.
whether.nanotechnology.is.the.platform.technol-
ogy.involved.or.not..Often,.loss.of.these.critical.
assets.is.a.result.of.both.the.researcher’s.excite-
ment.with.his.or.her.research.as.well.as.general.
ignorance. about. IP.. In. fact,. experts. agree. that.
“patent.awareness”.(i.e.,.the.knowledge.that.pat-
ents.are.intangible.property.that.can.be.obtained.
and.lost).is.central.to.any.business.plan.or.strat-
egy.�.Furthermore,. it. is.essential. that.managers.
and.patent.practitioners. implement.certain.pro-
active. measures. to. “box. out”. the. competition.
(Table.27.3).��.In.other.words,.taking.the.correct.
preventive. steps. is. critical. to. realizing. the. full.
commercial. potential. of. an. invention.. Because.
nanomedicine.interfaces.with.fields.such.as.biol-
ogy,.physics,. chemistry,. engineering,.medicine,.

�.Regalando.A:.Nanotechnology.patents.surge.as.companies.vie. to.stake.claim..Wall Street Journal June.18.Issue,.A1.
(2004).

�.McKie.S:.Innovation.asset.management:.Don’t.bottle.up.creativity..Intelligent Enterprise,.Dec..1,.2006,.http://www.intel-
ligententerprise.com/showArticle.jhtml?articleID=194500328.(last.accessed.June.10,.2008).

�.Farrell.C:.Follow.the.patents..BusinessWeek.January.8.Issue,.78–79.(2007).
�.See.supra.Note.�.
�.Forman.D:.IP.storm.clouds.build.on.horizon..Small Times.21–24.(2004).
��Bawa.R,.Bawa.SR,.Maebius.SB,.Iyer.C:.Bionanotechnology.patents:.Challenges.and.opportunities..In:.The Biomedical 

Engineering Handbook (3rd.Edition)..Bronzino.JD.(Ed.),.CRC.Press,.Boca.Raton,.FL;.29-1–29-16.(2006).

taBle ��.�
various Bionanotechnologies that can Be 
protected �ia a u.s. patent
Biopharmaceutics

Drug.delivery

Drug.encapsulation

Functional.drug.carriers

Drug.discovery

Implantable.materials

Tissue.repair.and.replacement

Implant.coatings

Tissue.regeneration.scaffolds

Structural.implant.materials

Bone.repair

Bioresorbable.materials

Smart.materials

Implantable.devices

Assessment.and.treatment.devices

Implantable.sensors

Implantable.medical.devices

Sensory.aids

Retina.implants

Cochlear.implants

Surgical.aids

Operating.tools

Smart.instruments

Surgical.robots

Diagnostic.tools

Genetic.testing

Ultrasensitive.labeling.and.detection.technologies

High-throughput.arrays.and.multiple.analyses

Imaging

Nanoparticle.labels

Imaging.devices

Understanding.basic.life.processes
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and.computer.science,.filing.a.patent.application.(or.conducting.a.patent.search).in.this.field.may.
require.expertise.in.these.diverse.disciplines..Hence,.employing.a.qualified.patent.counsel.(a.patent.
agent,.patent.attorney,.or.a.multidisciplinary.team.of.lawyers).who.understands.the.legal.and.techni-
cal.complexities.is.a.critical.step.in.obtaining.quality.patents..Additionally,.issued.patents.and.other.
prior.art�.should.be.carefully.evaluated.and.effective.patent-drafting.strategies.devised.accordingly..
In.2005,.the.PTO.proposed.several.sweeping.changes.in.patent.practice.that.could.significantly.alter.
the.way.in.which.bionanotechnology.companies.file.and.prosecute.patent.applications.�.Therefore,.
companies. may. need. to. rethink. their. patent. strategies. in. order. to. maximize. their. patent. rights,.
including. taking. appropriate. proactive. action. on. pending. patent. applications. prior. to. the. actual.
implementation.of.these.new.rules..Additionally,.many.complex.marketing.factors.may.need.to.be.
carefully.evaluated.(Table.27.4).

�.The.phrase.“prior.art”.refers.to.various.sources.of.information.that.the.PTO.uses.to.reject.a.patent.application..In.other.
words,.it.is.the.“knowledge”.that.exists.in.the.public.domain.prior.to.the.date.of.the.invention..Prior.art.is.often.in.the.form.
of.a.printed.document.that.contains.a.disclosure.or.description.that.is.relevant.to.an.invention.for.which.a.patent.is.being.
sought.or.enforced..It.can.include.documentary.material.like.publications,.prior.patents,.Web.sites,.or.other.disclosures.
that.suggest.that.the.invention.is.not.new..It.can.also.include.evidence.of.actual.uses.or.sales.of.the.technology.within.the.
United.States..Typically,.prior.art.is.submitted.by.the.inventor.during.prosecution.of.his.or.her.patent.application.

�.Notice:.Changes. to.practice.for.continuing.applications,.request.for.continued.examination.practice,.and.applications.
claiming.patentably.indistinct.claims..Federal Register.71(1),.48.(2006);.Notice:.Changes.to.practice.for.the.examination.
of.claims.in.patent.applications. Federal Register.71(1),.61.(2006).

taBle ��.�
In�entor’s reality checklist and complex marketing Factors
•.Does.the.invention.offer.a.unique.solution.to.a.real.problem?

•.Does.it.offer.a.measurable.improvement.over.previous.attempts.to.solve.the.problem?

•.Is.it.a.stand-alone.product.or.part.of.an.existing.product?

•.Can.it.be.easily.manufactured.or.integrated.into.an.existing.product.or.system?

•.How.big.is.the.potential.market?

•.Is.the.market.growing.or.shrinking?

•.Is.the.market.global?.Can.the.invention.be.expanded.into.new.markets.as.they.evolve?

•.Will.the.invention.become.passé.before.a.prototype.is.designed?

•.Who.are.the.prospective.investors,.partners,.or.licensees.in.the.field?

•.What.price.will.consumers.put.on.its.value?

•.What.are.the.estimates.for.commercialization.and.marketing?

•.What.are.the.incentives.for.the.consumer.to.buy.the.product?

•.Is.federal.regulatory.approval.required?

•.How.long.will.it.take.to.bring.the.product.to.market?

taBle ��.�
legal tactics a�ailable to Bionanotechnology companies dealing with patent disputes
Predispute.strategies Strategic patenting to.clearly.box.out.the.competition.(i.e.,.patent-drafting.guidelines.used.to.

obtain.broad,.enforceable.patents.that.preempts.the.field).

Patent interference practice to.attack.a.competitor’s.patent.application,.thereby.preventing.
overlapping.patents.from.being.issued.

Postdispute.strategies Patent reexamination, a.procedure.for.legally.challenging.a.competitor’s.issued.patent.

Cross-licensing of.patents.to.peacefully.coexist.with.a.competitor.

Patent infringement litigation to.invalidate.a.competitor’s.overlapping.claims.
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The.phrases.“patent.value”.and.“patent.quality”.are.distinct.concepts;.however,.they.are.some-
what.related..Both.of.these.largely.determine.a.patent’s.potential.for.commercialization,.licensing.
opportunities,.investor.interest,.and.enforceability:

. 1..Patent.quality.is.generally.assessed.by.determining.the.degree.to.which.a.patent.examiner.
has.made.proper,.timely.decisions.about.the.validity.and.scope.of.protection.during.the.
examination.process. that. are.consistent.with. the. legal. ruling.a.court.would.make.after.
comprehensive.review.of.the.same.application.

. 2..On.the.other.hand,.the.patent.value.of.an.issued.bionanotechnology.patent.is.often.mea-
sured.in.terms.of.other.factors.(“valuation.metrics”):

. a.. The.breadth.and.scope.of.the.issued.patent.claims.that.affect.others.freedom.to.operate.
(i.e.,.the.patent’s.originality)

. b.. The.number.of.potential.competitors.in.that.particular.sector.of.nanomedicine

. c.. Government.fees.(“maintenance.fees”).paid.in.order.to.keep.the.patent.enforceable�

. d.. The.patent’s.applicability.to.other.fields

. e.. Licensing.and.litigation.activity.surrounding.the.patent

. f.. The.frequency.by.which.that.patent.is.cited.by.others.(discussed.earlier)

. g.. Other.IP.held.by.the.patent.holder.in.that.particular.technology,.including.any.block-
ing,.pioneering,.or.upstream.patents

��.�  key strategIes For BIonanotechnology Inventors

There.are.certain.key.considerations.and.strategies.that.a.bionanotechnology.inventor.and.his.or.her.
company.must.follow.in.order.to.adequately.protect.an.invention.even.before.a.patent.application.is.
drafted.or.filed..Some.of.these.are.discussed.briefly.below.

27.7.1  Avoid Any EArly PublicAtion or Any Public diScloSurE

The.inventor.should.refrain.from.publishing.a.description.of,.publicly.presenting,.submitting.grant.pro-
posals.for,.or.offering.the.invention.for.sale.prior.to.filing.a.patent.application..Often.a.company.releases.
information.on.a.new.product,.or.discusses.details.during.negotiations.prior.to.filing.a.patent.applica-
tion..All.of.these.activities.create.prior.art.against.the.inventor.and.can.trigger.a.1-year.“on-sale.bar.”.
Note.that.one.of.the.criteria.for.patentability.in.the.United.States.is.that.the.invention.must.be.“novel”.
(Table.27.1).and.not.appear.in.the.public.domain.in.the.form.of.prior.art..According.to.current.U.S..
patent.law,.the.inventor.has.1.year.to.file.for.an.application.from.the.date.that.invention.is.known.of.or.
offered.for.sale.(meaning.that.any.public.disclosure.triggers.a.1-year.deadline.to.file.a.patent.application.
in.the.United.States)..On.the.other.hand,.because.this.1-year.grace.period.is.not.offered.by.foreign.patent.
offices,.any.publication.or.public.disclosure.will.prevent.the.inventor.from.obtaining.a.foreign.patent.
altogether,.or.prevent.the.inventor.from.realizing.the.full.range.of.potential.applications.for.which.a.
patent.is.being.sought.overseas..In.summary,.a.patent.application.should.be.drafted.and.filed.as.soon.as.
possible.after.the.completion.date.of.the.invention.to.realize.its.full.commercial.potential.

27.7.2  conSidEr obtAining A forEign PAtEnt

Filing.a.bionanotechnology.patent.in.a.foreign.country.should.be.carefully.considered.and.should.
largely.depend.upon.commercial.considerations..If. there. is.an. interest. in.expanding.into.foreign.
markets,. then.obtaining.patents.abroad.should.be.seriously.considered..Furthermore,.even. if. the.
inventor.does.not.plan.to.establish.a.market.for.the.particular.bionanotechnology.invention.in.a.for-
eign.country,.obtaining.a.patent.there.could.be.critical.in.securing.licensing.deals.(and.discouraging.

�.All.utility.patents.that.issue.from.a.patent.application.filed.on.or.after.December.12,.1980,.are.subject.to.the.payment.of.
maintenance.fees.to.the.PTO.to.maintain.them.in.force..Failure.to.pay.maintenance.fees.on.time.results.in.the.expiration.
of.the.patent.
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unlicensed.copying.or.use.by.foreign.competitors)..The.danger.of.steering.clear.of.foreign.patent.fil-
ing.is.that.a.competitor.could.commercialize.the.invention.in.a.foreign.country.and.capture.valuable.
market.share.there..For.example,.an.inventor.who.patents.a.novel.dendrimer-based.drug-delivery.
system.only.in.the.United.States.is.essentially.giving.away.the.entire.technology.to.other.countries.
because.the.patent.discloses.the.best.method.of.making.this.novel.system.

Most.U.S..inventors.seeking.foreign.bionanotechnology.patents.first.file.a.U.S..patent.applica-
tion.(known.as.the.“national.stage”.application).and.follow.it.with.a.patent.application.under.the.
Patent.Cooperation.Treaty.(PCT)..The.PCT.is.a.multilateral. treaty.that.was.established.in.1978..
As.of.January.1,.2008,.it.has.138.member.states..The.PCT.allows.reciprocal.patent.rights.among.
its. signatory.nations.. In.other.words,. it. simplifies. the.patenting.process.when.an. inventor. seeks.
to.patent. the.same.invention.in.more.than.one.country..It.should.be.emphasized.that. there. is.no.
“world.patent.”.Inventors.have.a.year.after.filing.the.national.stage.patent.application.to.file.in.the.
foreign.country.under.the.PCT..Under.PCT.rules,.inventors.can.specify.particular.foreign.countries.
where.they.intend.to.seek.patent.protection.for.their.bionanotechnology.invention.and.may.take.30.
months.(or.more).from.their.original.national.stage.application.filing.date.(priority.date).to.complete.
all.foreign.application.requirements.under.the.PCT.(international.phase)..This.delay.may.provide.
the.inventors.with.time.to.determine.whether.their.bionanotechnology.invention.is.commercially.
viable.and.merits.patenting.in.several.countries,.thereby.sparing.them.substantial.effort.and.expense.
should.they.decide.not.to.file.overseas.

27.7.3  bEWArE of PrEgrAnt PublicAtion of u.S. PAtEnt APPlicAtionS

Today,.as.part.of.the.application.process,.all.U.S..patent.applications.are.published.18.months.from.the.
earliest.filing.date.(up.to.that.point,.during.prosecution,.they.are.kept.confidential),.unless.the.applicant.
“opts.out”.and.foregoes.foreign.patent.filing..Traditionally,.applications.filed.at.the.PTO.were.kept.
secret.until.they.matured.into.a.patent..However,.because.of.the.American.Inventors.Protection.Act.
(AIPA).of.1999,.an.application.filed.on.or.after.November.29,.1999,.generally.loses.its.secret.status.
when.it.is.published..In.effect,.this.implies.that.almost.always.a.patent.application,.as.filed,.will.eventu-
ally.appear.in.the.public.domain.(whether.or.not.it.is.patented).and.will.be.available.to.competitors.

27.7.4  mAintAin ProPEr lAborAtory notEbooKS

Laboratory.notebooks.often.contain.valuable.and.critical.information.that.may.not.be.readily.appar-
ent.to.a.company.or.its.R&D.facility..Therefore,.it.is.critical.that.laboratory.notebooks.be.maintained.
properly..This.is.especially.important.when.working.in.research.teams..Here,.proper.laboratory.notes.
documenting.the.creative.effort,.maintaining.confidentiality,.and.securing.communication.among.
the.teams.and.filing.for.a.patent.promptly.are.essential.steps.that.safeguard.inadvertent.or.premature.
invention.disclosure.of.one.group’s.work.by.another.group..Laboratory.notebooks.are.also.useful.to.
patent.practitioners.to.establish.the.date.of.an.invention,.especially.in.light.of.a.competitor’s.chal-
lenge.in.court.as.to.who.invented.first.in.what.is.known.as.“interference.proceeding.”

27.7.5  conduct A Prior Art SEArch And A “frEEdom-to-oPErAtE” SEArch

It.is.highly.recommended.that.a.proper.prior.art.search.be.conducted.prior.to.filing.a.patent.applica-
tion..The.purpose.of.this.is.to.guage.the.competition..This.may.also.assist.the.inventor.to.design.around.
potential.prior.art..Moreover,.because.the.patent.owner.does.not.automatically.have.the.right.to.practice.
his/her.invention,.it.may.be.wise.to.conduct.a.“freedom-to-operate.search”.of.the.issued.bionanotech.
patent.prior.to.investing.in.and.commercializing.it..Note.that.filing.a.patent.application.(or.conduct-
ing.a.prior.art.or.freedom-to-operate.search).on.novel.bionanotechnology.such.as.a.nanoparticle.drug.
delivery.system.may.require.expertise. in.diverse.disciplines. like.biotechnology,.physics,.medicine,.
chemistry,.and.engineering..The.quality.and.value.of.the.issued.patent.(see.Section.27.6.for.details).
will.largely.determine.its.potential.for.commercialization,.licensing.opportunities,.investor.interest,.
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and.enforceability..Hence,.employing.qualified.patent.practitioners.who.understand.the.legal.standards.
and.the.complexities.of.the.technology.at.hand.is.a.critical.step.to.obtaining.quality.patents.

27.7.6  EducAtE EmPloyEES And rESEArchErS

It.is.important.that.business.and.IP.professionals.within.a.company.educate.scientists.to.spot.poten-
tial.inventions.during.the.R&D.phase,.as.this.may.not.always.be.apparent.to.them..In.fact,.a.com-
pany.should. implement.policies. involving. incentives.where.scientists.are. rewarded.for. reporting.
or.submitting.invention.disclosures..This.may.be.especially.critical.in.a.university.setting.where.
generating.invention.disclosures.may.be.less.of.an.incentive.to.researchers.who.are.promoted.or.
tenured.based.on.their.research.grants..Scientists.often.overlook.the.fact.that.their.inventions.can.be.
patented..Further,.“patent.awareness”.may.enable.a.researcher.to.pursue.a.particular.research.path.
that.has.a.greater.likelihood.of.leading.to.a.patentable.invention.

27.7.7  rEQuirE Strong EmPloymEnt AgrEEmEntS to SAfEguArd iP

Companies.must. require.all.employees. to.sign.agreements. that.clearly.specify. that.all.company.
inventions,.intellectual.property,.and.proprietary.information.is.company.property.and.cannot.be.
disclosed.or.exploited.by.any.employee.at.any.time..This.could.become.critical.if.a.former.employee.
joins.a.competitor.company.or.research.laboratory..Similar.agreements.should.be.required.of.con-
sultants.and.visiting.scholars.where.all.rights.are.assigned.to.the.company.or.university..Nondisclo-
sure.agreements.should.be.required.during.negotiations.for.venture.capital.or.licensing.discussions..
Furthermore,.confidential.materials.should.be.properly.labeled.and.safeguarded;.otherwise,.value.
associated.with.specific.information.or.invention.may.be.lost.or.reduced.

27.7.8  EmPloy StAndArd tErminology WhilE drAfting PAtEnt APPlicAtionS

The.fact.remains.that.bionanotechnology.is.an.inherently.difficult.topic.for.discussion,.in.part.due.
to.the.confusion.surrounding.its.definition.(see.Sections.27.2.and.27.8)..Although.it.is.well.recog-
nized.in.patent.law.that.a.patent.applicant.can.be.his.or.her.own.lexicographer,.it.is.recommended.
that.an.applicant.should.employ.standard.language.in.bionanotechnology.patent.applications.whose.
meaning.is.well.recognized.in.the.pharmaceutical,.medical,.or.biotechnology.fields..Nondisclosure.
agreements.should.be.required.during.negotiations.for.venture.capital.or.licensing.discussions..Fur-
thermore,.the.language.should.be.precise.and.the.use.of.terms.consistent.throughout.the.claims.and.
specification.(avoid.synonyms.and.be.repetitive.in.the.use.of.phrases.when.appropriate)..This.will.
prevent.confusion.at.the.PTO.as.well.as.prevent.possible.prosecution.delay.

This.can.be.especially.advantageous.later.on.if.litigation.arises..Note.that.it.is.possible.that.the.
patent.will.be.the.subject.of.litigation.in.the.future.(e.g.,.an.infringement.suit.initiated.by.the.patentee.
against.a.competitor.or.a.suit.for.declaratory.relief.initiated.by.an.accused.competitor/infringer,.ask-
ing.a.court.to.declare.a.patent.invalid)..The.success.of.the.litigation.may.hinge.on.how.the.patent.was.
drafted..A.poorly.drafted.patent.will.give.an.advantage.to.the.competitor,.causing.significant.aggrava-
tion.and.resulting.in.substantial.litigation.fees.for.the.inventor..Therefore,.while.drafting.patent.applica-
tions,.the.drafter.should.anticipate.that.the.patent.might.have.to.be.defended.in.court..Moreover,.poorly.
drafted.patents.can.adversely.affect.patent.issues.like.licensing.potential,.validity,.and.enforceability.

27.7.9  rElAtivE EASE of obtAining “broAd” PAtEntS in bionAnotEchnology

Broad.patents.continue.to.be.issued.by.the.PTO.in.bionanotechnology.�.The.overburdened.PTO.faces.
new.challenges.and.problems.as.it.attempts.to.handle.the.enormous.backlog.in.bionanotechnology.

�.O’Neill.S,.Hermann.K,.Klein.M,.Landes.J,.Bawa.R:..Broad.claiming.in.nanotechnology.patents:.Is.litigation.inevitable?  
Nanotechnology Law and Business.4(1),.595–606.(2007).
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applications.filed.and.the.torrent.of.improperly.reviewed.patents.granted..At.present,.all.these.factors.
favor.obtaining.broad.patents.in.bionanotechnology..(See.Section.27.9.for.details.)

��.�   searchIng BIonanotechnology patents and 
other prIor art—Issues and challenges

27.8.1  nEW clASS 977 for nAnotEchnology PAtEntS

Due.to.the.burgeoning.number.of.new.patent.applications.filed.at.the.PTO.and.continued.pressure.
from.industry,.in.2004,.the.PTO.finally.created.a.cross-reference.classification.scheme.(also.referred.
to.as.a.cross-reference.digest.or.art.collection).for.nanotechnology.(designated.as.Class.977/Digest.
1)..The.purpose.of.this.class.was.described.by.the.PTO.on.its.official.Web.site.in.2004�:

[E]stablishing.this.nanotechnology.cross-reference.digest.is.the.first.step.in.a.multi-phase.nanotechnol-
ogy. classification.project. and.will. serve. the. following.purposes:. facilitate. the. searching.of. prior. art.
related.to.Nanotechnology,.function.as.a.collection.of.issued.U.S..patents.and.published.pre-grant.patent.
applications.relating.to.nanotechnology.across.the.technology.centers.and.assist.in.the.development.of.an.
expanded,.more.comprehensive,.nanotechnology.cross-reference.art.collection.classification.schedule.

It.is.important.to.note.that.this.digest.should.not.be.construed.as.an.exhaustive.collection.of.all.pat-
ent.documents.that.pertain.to.nanotechnology.

The.PTO.currently.expanded.Class.977.into.250.subclasses..As.of.January.2008,.the.PTO.has.
placed.over.5000.U.S..patents. in.Class.977..However,. these.figures.should.only.be.considered.a.
rough.underestimate.of.the.total.number.of.nanotech-related.patents..This.is.because.the.PTO.has.
copied.the.NNI’s.narrow.definition.of.nanotechnology.(see.Section.27.2).for.classification.purposes..
This.has.resulted.in.a.skewed.patent.classification.system,.especially.with.respect.to.bionanotech-
nology.inventions..Furthermore,.this.classification.scheme.is.neither.sufficiently.descriptive.enough.
to.accommodate.many.of.the.unique.properties.that.nanotechnology.inventions.exhibit,.nor.does.it.
address.the.interdisciplinary.nature.and.range.of.technologies.encompassed.

In.conclusion,.the.PTO’s.efforts.to.provide.a.home.for.a.few.thousand.U.S..patents.via.a.skewed.
classification.system.defeats.the.very.purpose.for.the.creation.of.Class.977,.namely:.(a).to.gauge.
the.number.of.nanotechnology.patent.applications.filed.and.patents.issued,.and.(b).to.assist.patent.
practitioners.as.well.as.patent.examiners.in.searching.nanotechnology.patent.documents.

27.8.2  SEArching bionAnotEchnology Prior Art

There.are.various.issues.pertaining.to.bionanotech.patent.searching.that.are.of.concern..For.exam-
ple,.some.experts.state.that.the.PTO.lacks.effective.automation.tools.to.search.prior.art.pertain-
ing. to. bionanotechnology.. Moreover,. their. databases. may. not. be. exhaustive.. This. problem. may.
be. particularly. acute. regarding. nonpatent. prior. art.. Although. there. has. been. a. dramatic. rise. in.
bionanotechnology.patent.activity,.most.of.the.prior.art.still.exists.in.the.form.of.journal.publica-
tions,.technical.reports,.and.book.articles..Web.sites.and.pregrant.patent.publications.provide.an.
additional.resource..I.believe.that.a. large.amount.of.this.wealth.of.nonpatent.scientific.literature.
directed.to.bionanotechnology.or.nanomedicine.predates.many.of.the.patents.that.have.been.issued.
and.are.currently.issuing..It.is.possible.that.patent.examiners.lack.access.to.some.of.this.critical.
nonpatent.information..This.is.possible.either.because.the.PTO.does.not.subscribe.to.all.relevant.
commercial.databases,.or.because.not.all.patent.examiners.are.experienced.searchers..As.a.result,.
patent.examiners.may.miss.discovering.prior.art.(we.have.highlighted.this.in.the.case.of.carbon.
nanotubes.[�])..The.problem.of.access.to.nonpatent.information.is.not.unique.to.bionanotechnology.

�.New.Cross-Reference.Digest.for.Nanotechnology..U.S..Patent.&.Trademark.Office,.August.2004,.www.uspto.gov/web/
patents/biochempharm/crossref.htm.
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patent.examination;.it.is.seen.in.most.technology.areas.�.Furthermore,.the.Internet.usage.policies.
of.the.PTO.may.prevent.patent.examiners.from.accessing.all.relevant.databases.to.access.informa-
tion.�.The.issue.here.may.be.one.of.security.because.prior.art.searching.on.the.Internet.can.run.the.
risk.of.being.tracked.externally..Given.these.inferior.search.capabilities,.I.agree.with.the.conclu-
sion�.that.“the.informational.burdens.on.the.examiner.are.clearly.heavy—even.before.the.examiner.
engages.in.the.heavy.lifting.of.interpreting.the.prior.art.”

Given. this.backdrop,. it. seems. that.patent. examiners.are.basing.decisions.about. the.grant.of.
bionanotechnology.patent.on.limited.information..It.is.scary.to.envision.that.their.faulty.decision.
making.will.shape.a.nascent.industry.for.years.to.come..It.appears.that.this.information.deficit.has.
rendered. examination. unfocused. and. inefficient,. resulting. in. the. issuance. of. numerous. “unduly.
broad”.patents.(Section.27.9).

Add.to.this.confused.state.of.affairs.the.general.difficulty.in.searching.bionanotechnology.prior.
art..Because.of.its.broad.and.often.overlapping.definition,.searching.and.retrieving.patents.and.publi-
cations.is.complicated.relative.to.other.technology.areas..Different.terms.can.refer.to.the.same.nano-
material..For.example,.nanofibers,.nanotubes,.nanocylinders,.buckytubes,.nanowires,.and.fibrils.all.
refer.to.carbon.nanotubes.�.Because.of.this.particular.point,.accurately.mapping.the.patent.landscape.
is.also.a.real.challenge..Patents.or.publications.that.are.truly.bionanotech-based.may.not.use.any.spe-
cific.nano-related.terminology..In.fact,.patents.or.publications.are.often.written.“not.to.be.found”.in.
order.to.keep.potential.competitors.at.bay..On.the.other.hand,.there.are.business-savvy.inventors.and.
assignees.who.use.key.words.incorporating.a.“nano”.prefix.into.their.patents.or.publications.to.better.
market.their.invention.or.concept..Therefore,.part.of.the.challenge.in.finding.“true”.bionanotechnol-
ogy.prior.art.while.searching.patent.and.commercial.databases.(Table.27.5).is.the.judicious.use.of.key.
terms,.patent.classification.codes,.and.alternative.phraseology..Coupling.this.strategy.with.additional.
filtering.(via.a.subject.expert).is.probably.the.most.reliable.way.to.uncover.prior.art.

�.In.view.of.all.this,.commentators.have.questioned.the.validity.of.issued.patents.in.general..They.state.that.a.“granted.
patent”.cannot.be.equated.with.“official.government.approval.and.certification.of.validity”:.“There.can.hardly.be.a.pat-
ent.agent.who,.privately,.will.not.readily.admit.that.he.or.she.has.got.lots.of.things.‘past.the.office’.on.flimsy.grounds..In.
the.nature.of.things,.a.patent.office,.however.hard.it.tries.can.only.be.a.coarse.filter...Patents.that.pass.the.filter.cannot.be.
taken.as.necessarily.valid.” (Blackman.M:..Editorial..World Patent Information.29,.4–7.[2007].)

�.Notice:.Internet.Usage.Policy,.64.Federal.Register.33,056,33,061,.Dept..of.Commerce.(1999).
�.Petherbridge.L:.Positive.examination...IDEA.173,.182–183.(2006).
�.Harris.D,.Bawa.R:..The.carbon.nanotube.patent.landscape.in.nanomedicine...Expert Opinion on Therapeutic Patents.

17(9),.1165–1174.(2007).

taBle ��.�
selected prior art search databases for Bionanotechnology
Issuing.authorities’.Web.sites U.S..Patent.and.Trademark.Office.(www.uspto.gov),.the.European.Patent.Office.

(www.epo.org),.and.the.Japanese.Patent.Office.(www.jpo.go.jp)

Thomson.databases Derwent.World.Patents.Index,.Delphion,.Dialog,.and.Thomson.Pharma

IFI.CLAIMS.patents.database Data.on.U.S..patents.and.current.patent.legal.status

STN.chemical.abstracts.database Chemistry.bibliographic.data.available.from.Chemical.Abstracts.Service,.including.
patents.and.patent.families

IMSWorld.drug.patents.
international.database

Patent.family.data.for.commercially.significant.drugs

INPADOC European.patent.search.database

JAPIO Patent.abstracts.of.Japan

Engineering,.technology,.and.
scientific.databases

INSPEC,.EiCompendex,.SCISEARCH,.and.Chemical.Abstracts.Service

Markets.and.business.databases Factiva.and.PROMPT
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��.�   BIonanotechnology patent prolIFeratIon and 
pto proBlems—a recIpe For dIsaster?

Federal.agencies.continue.to.grapple.with.nanotechnology.�.The.PTO.is.no.exception..In.fact,.for.
more.than.a.decade,.all.of.the.world’s.major.patent.offices.have.faced.an.onslaught.of.nanoscience.
patent.applications.�.The.situation.at.the.PTO.is.likely.to.worsen.as.more.applications.are.filed.and.
pendency.rates.further.skyrocket..As.companies.develop.products.and.processes.and.begin.to.seek.
commercial.applications.for.their.inventions,.securing.valid.and.defensible.patent.protection.will.be.
vital.to.their.long-term.survival..In.the.decades.to.come,.with.certain.areas.of.bionanotechnology.
further.maturing.and.promised.breakthroughs.accruing,.patents.will.generate. licensing.revenue,.
provide.leverage.in.deals.and.mergers.and.reduce.the.likelihood.of.infringement..The.development.
of.bionanotech-related.products,.which.is.extremely.research.intensive,.will.be.significantly.ham-
pered.in.the.absence.of.the.market.exclusivity.offered.by.a.patent..Due.to.the.PTO’s.poor.track.record.
in.handling.issues.like.examination.quality,.skyrocketing.patent.pendency,.out-of-control.examiner.
attrition,.and.low.morale,.I.note.the.following.issues.impacting.bionanotechnology.patenting.

27.9.1  A chAotic nAnotEch PAtEnt lAnd grAb continuES

Due.to.the.potential.market.value.of.bionanotech.products,.every.entity.in.the.international.race.for.
technological.dominance—researchers,.executives,.and.patent.practitioners—views.the.collection.
and.exploitation.of.bionanotech.patents.as.critical.. In.fact,. these.players.are.making.an.effort. to.
obtain.the.broadest.protection.possible.for.new.nanoscale.polymers,.devices,.and.systems.that.have.
applications.in.biotechnology.and.medicine..Therefore,.a.sort.of.“patent.land.grab”.(Figure.27.1).is.
in.full.swing.by.“patent.prospectors”.as.start-ups.and.corporations.compete.to.secure.broad.patents.
in.nanomedicine.during.these.critical.early.days.�.This.land.grab.mentality.is.also.fueled.by.the.

�.Weiss.R:.Nanotechnology.regulation.needed,.critics.say..Washington Post,.Dec..5,.2005,.A08,.http://www.washington-
post.com/wpdyn/content/article/2005/12/04/AR2005120400729.html.(last.accessed.May.4,.2008).(suggesting.that.most.
federal. agencies.have.not. created.nanotech-specific. safety. regulations. and.discussing.EPA’s.nanotech.program,.with.
which.companies.that.manufacture.nanotech.products.may.voluntarily.choose.to.comply).

�.Bawa,.R:.Patents.and.nanomedicine..Nanomedicine.2(3),.351–374.(2007);.Van.Lente.MA:.Building.the.new.world.of.
nanotechnology...Case W. Res. J. Int. Law.38(1),.173–215.(2006);.Bawa.R:.Nanotechnology.patents.and.the.U.S..Patent.
Office..Small Times.4,.IP8.(2004);.Huang.Z.et.al:.Longitudinal.patent.analysis.for.nanoscale.science.and.engineering:.
country,.institution.and.technology.field..Journal of Nanoparticle Research 5,.333.(2003);.Bawa.R,.Bawa.SR,.Maebius.
SB:.The.nanotechnology.patent.‘gold.rush.’..Journal of Intellectual Property Rights 10,.426–433.(2005);.Lawrence.S:.
Patently.absurd:.Too.many.patents.could.kill.nanotechnology..Red Herring.November.20.Issue,.119.(2002);.Jaffe.AB,.
Lerner.J:.Patent.prescription:.A.radical.cure.for.the.ailing.US.patent.system..IEEE Spectrum.42,.38–43.(2005);.Sabety.T:.
Nanotechnology.innovation.and.the.patent.thicket:.Which.IP.policies.promote.growth?..Nanotechnology Law & Business.
1(3),.262–283.(2004).

�.See.supra.pg..325.Note.�.
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relative. lack.of.products.and.processes. in. the.marketplace..Companies. feel. that,. to.demonstrate.
confidence.and.sway.venture.capitalists,.they.must.generate.or.claim.IP..Some.companies.also.feel.
pushed.into.claiming.as.much.IP.as.possible.due.to.fear.that,.if.they.lag.behind.in.this.effort,.some-
one.else.will.claim.the.broadest.IP..Similarly,.academic.researchers.feel.this.compulsion.to.file.for.
bionanotechnology.patents.in.order.to.bolster.their.reputation.and.curriculum vitae..Moreover,.most.
inventors.have.quickly.realized.the.opportunities.of.a.disorganized.PTO.during.these.early.days.
when.they.can.secure.broad.patents.on.valuable.upstream.technologies.with.relative.ease.

Certain.general.trends.are.being.reported.for.nanopatents..With.nanotechnology.maturing.fur-
ther,.the.number.of.claims.in.the.patent.applications.and.the.amount.of.scientific.literature.cited.
during.patent.prosecution.is.on.the.rise..This.is.significant.because.scientific.publications.are.the.
most.accurate.indicator.of.scientific.activity.and.productivity.�.Another.trend.observed.is.that.nano-
technology.patent.owners.are.eyeing.commercial.potential,.and.therefore,.maintaining.(i.e.,.paying.
maintenance.fees).more.of.their.patents.

However,.these.patent.prospectors.have.to.deal.with.an.overburdened.PTO,.which.historically.
has.been.slow.to.react.to.emerging.technologies.like.biotechnology.and.software..In.fact,.the.entire.
U.S..patent.system.is.under.enormous.scrutiny.and.strain.as.the.PTO.continues.to.struggle.with.the.
evaluation. of. bionanotech-related. patent. applications.. Some. commentators. have. strongly. voiced.
their.concerns.regarding.the.emerging.patent. thicket.problem.and.its. impact.on.global.access. to.
products.�.Some.of.the.concerns.highlighted.above.are.borne.out.by.U.S..nanotechnology.patent.
demographics.from.2006.(Figure.27.2).

�.Ilakovac.V.et.al:.Reliability.of.disclosure.forms.of.authors’.contributions..Canadian Medical Association Journal.176,.41.
available.at.http://www.cmaj.ca/cgi/reprint/176/1/41.(last.accessed.June.10,.2008);.Pololi.L,.Knight.S,.Dunn.K:.Facilita-
tion.scholarly.writing.in.academic.medicine..Journal of General Internal Medicine.19(1),.64-68.(2004).

�.Report:.Nanotech’s.“second.nature”.patents:.Implications.for.the.global.south..ETC.Group,.Ottawa,.Canada.(2005).
An.extract.from.the..report:.
“Although.industry.analysts.assert.that.nanotech.is.in.its.infancy,.‘patent.thickets’.on.fundamental.nano-scale.materials,.

building.blocks.and.tools.are.already.creating.thorny.barriers.for.would-be.innovators..Industry.analysts.warn.that,.‘IP.
roadblocks. could. severely. retard. the. development. of. nanotechnology.’. Some. insist. that. nano-scale. technologies. will.
address.the.most.pressing.needs.of.the.[world’s].marginalized.peoples..But.in.a.world.dominated.by.proprietary.science,.
it.is.the.patent.owners.and.those.who.can.pay.license.fees.who.will.determine.access.and.price….The.world’s.largest.
transnationals,.leading.academic.labs.and.nanotech.start-ups.are.all.racing.in.the.patent.gold.rush..Increasingly,.universi-
ties.are.licensing.on.an.exclusive.basis..Nanotech’s.‘second.nature.patents’.are.positioning.multinational.matter.moguls.to.
own.and.control.novel.materials,.devices.and.their.manufacturing.processes....Control.and.ownership.of.nanotechnology.
is.a.vital.issue.for.all.governments.and.civil.society.because.nanomaterials.and.processes.can.be.applied.to.virtually.any.
manufactured.good.across.all.industry.sectors….At.stake.is.control.over.innovations.that.span.multiple.industry.sectors.
….companies.that.hold.pioneering.patents.could.potentially.put.up.tolls.on.entire.industries.”.[Citations.omitted]
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27.9.2  ProblEmS PlAguE thE PAtEnt ExAminAtion ProcESS

Although.the.PTO.budget.has.bloated.to.its.current.$1.6.plus.billion.mark,.various.examination.prob-
lems.continue.to.haunt.it..One.patent.expert.recently.summarized.the.current.crisis.at.the.PTO�:

The.U.S..Patent.&.Trademark.Office.is.under.siege.for.issuing.patents.that.should.never.have.issued,.
and.for.excessive.delays..Congress.is.considering.changes.such.as.a.new.opposition.system.for.challeng-
ing.patents.when.they.emerge.from.examination.

A.law.professor.is.blunter.in.her.criticism�:

The.United.States.patent.system.is.broken.and.desperately.needs.fixing.….Why.are.so.many.bad.pat-
ents.being.issued?….Under.our.current.system,.granting.an.application.with.little.scrutiny.takes.less.
time.than.subjecting.it.to.rigorous.review.….The.examiners.are.unable.to.perform.more.than.a.cursory.
search.of.their.own.[due.to.time.constraints.and.lack.of.expertise]…Third.parties—competitors.and.
consumers—are.generally.excluded.from.the.patent.examination.process,.even. though. these.parties.
have.the.greatest.incentive.to.discover.the.prior.art.and.disclose.it.to.the.Patent.Office.in.order.to.prevent.
bad.patents.from.being.issued.

Indeed,.questionable.patent.examinations.at.the.PTO.seem.to.extend.across.technology.areas..
Some.of.the.shortcomings.that.impact.bionanotechnology.patent.examination.are.examined.briefly.
below:

At.present,.the.PTO.lacks.a.dedicated.examining.group.(“technology.center”.or.TC).to.
handle.applications.on.nanotechnology.or.bionanotechnology..Moreover,.few.examiners.
have.experience.in.the.rapidly.evolving.field.of.nanotechnology..Because.bionanotech.is.
interdisciplinary. in.nature,. patent. applications. that. are. searched,. examined,. and.prose-
cuted.in.one.TC.could.and.should.be.examined.more.effectively.by.a.coordinated.review.of.
more.than.one.TC..In.reality,.there.is.no.such.collective.review.and.applications.continue.
to.be.examined.differently.within.each.TC..Obviously,.this.approach.does.not.provide.a.
cohesive.and.uniform.examination.of.applications.because.examiners.in.each.of.its.eight.
TCs.may.rely.upon.case. law,. legal.standards,.and.prior.art. that.may.be.unique. to. their.
specific.TC.
Many.bionanotech.patent.applications.may.not.receive.adequate.examination.during.pros-
ecution.because.of.the.patent.examiner’s.inability.to.locate.applicable.prior.art,.especially.
nonpatent.prior.art..Therefore,.as.discussed.in.detail.earlier.(Section.27.8.2),.it.is.accurate.
to.conclude.that.patent.examiners.may.sometimes.be.basing.decisions.about.the.grant.of.a.
patent.on.limited.information.
The.PTO.continues.to.be.understaffed.in.numerous.TCs,.and.it.is.plagued.by.high.attrition..
The.agency’s.inability.to.attract.and.retain.a.talented.pool.of.patent.examiners.is.creating.
havoc..At.hearings.on.Capitol.Hill.and.in.its.Annual.Reports,.the.PTO.brass.proudly.touts.
hiring.hundreds.of.new.patent.examiners.each.year.to.alleviate.the.backlog.that.is.clog-
ging.the.patent.system..In.fact,. in. this.context,. the.Commissioner.for.Patents.continues.
to.highlight.that.the.PTO.will.hire.1200.new.patent.examiners.in.the.current.fiscal.year.
to.alleviate.the.backlog.that.is.clogging.the.patent.system.�.However,.it.fails.to.focus.on.
the.critical.issue.of.“brain.drain”.resulting.from.an.exodus.of.so.many.experienced.patent.

�.Mcdonald.D:.Fighting.the.modern.patent.wars..Intellectual Property Today.14(1),.7.(2007).
�.The. Press. Register.. http://ipbiz.blogspot.com/2007/01/lafrance-on-jaffelerner-on-patent.html. (last. accessed. June. 10,.

2008).
�.Marasco.CA:.Overlooked.opportunities.in.government..Chemical and Engineering News.85(11),.47–50.(2007)...

•
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•
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examiners.and.other.senior-level.officials.�.It.would.be.desirable.for.the.PTO.brass.to.focus.
on.retaining.more.of.its.seasoned.employees.and.not.put.all.its.efforts.into.hiring.new.ones..
These.attrition.rates.are.likely.to.be.further.exacerbated.by.poor.morale.and.work.condi-
tions..According.to.many.experts,.patent.examiners.are.underpaid.(relative.to.U.S..law.firm.
salaries).and.overworked.(as.compared.to.their.colleagues.at.the.European.Patent.Office)..
They.also.have.to.review.applications.under.unreasonable.time.pressures.and.skyrocketing.
patent.pendency.(discussed.later)..Arguably,.the.internal.quality.review.process.that.moni-
tors.quality.of.patents.allowed.by.patent.examiners.is.fraught.with.a.general.lack.of.legal.
and.scientific.expertise.on.the.part.of.reviewers.
The.PTO’s.funding.problems.are.legendary..Congress’s.long-standing.practice.of.“divert-
ing”.PTO.user. fees.collected. from.patent. applicants. to. the.general.budget.have.always.
caused.much.consternation..Naturally,.stopping.this.practice.would.alleviate.some.prob-
lems.at.the.agency..In.February.2006,.a.bill.was.signed.by.the.President.that.allows.the.
PTO.to.spend.all.its.projected.collected.fees,.thereby.preventing.funds.from.bring.diverted.
to.other.government.programs..I.hope.that.because.of.this.law,.the.damaging.drain.on.the.
agency’s.financial.resources.will.finally.end..It.is.also.hoped.that.the.PTO.will.now.temper.
its.annual.practice.of.hiking.patent.fees.
Even.today,.with.all.the.quality.initiatives.underway,.examiners.are.still.rewarded.on.the.
quantity.of.their.work,.not.the.quality..An.antiquated.quota.system.is.firmly.in.place..The.
patent.examiner’s.production.goals.(quota).have.not.been.adjusted.in.decades.in.spite.of.
the.increased.complexity.of.patent.applications,.not.to.mention.the.substantial.increase.in.
the.amount.of.prior.art.that.the.examiner.has.to.search.and.analyze..Quality.continues.to.
take.a.back.seat..Although,.year.after.year,.the.PTO.Annual.Reports.paint.a.much.rosier.
picture..According.to.recent.PTO.statistics,.the.allowance.error.rate.has.hovered.around.
4%..This.could.imply.that.the.PTO’s.own.conservative.estimates.indicate.that.thousands.of.
U.S..patents.were.“wrongly”.allowed.�
The. PTO. has. failed. to. effectively. engage. outside. legal. or. technology. experts.. Only. a.
handful.of.experts.from.industry.or.academia.have.lectured.on.legal.or.technical.issues.
unique.to.bionanotech..This.reluctance.to.use.outside.expertise.has.further.added.to.the.
information.deficit..It.is.clear.that.the.PTO.lacks.internal.expertise.in.these.matters,.and.
its. isolationist.policy.only.compounds.the.problem..Moreover,.patent.examiners.are.not.
required.to.have.advanced.degrees.in.science.or.engineering..Possessing.advanced.degrees.
or.advanced.training,.by.and.large,.goes.unrecognized.at.the.PTO.
Few.training.modules.or.examination.guidelines.have.been.developed.to.educate.patent.
examiners.in.the.complexities.and.subtleties.of.bionanotech..Similarly,.no.written.guide-
lines.specific.to.bionanotech.are.available.for.patent.practitioners.

Given.all. these.challenges,.it. is.hard.to.predict.with.certainty.how.all. these.issues.and.chal-
lenges.will.play.out.with.respect.to.bionanotech.patenting.or.commercialization..We.will.have.to.
wait.and.see.whether. this. industry. thrives. like. the. information. technology.industry,.or.becomes.
burdened.like.the.radio.patent.deadlock.�

Congress.is.continuing.patent.reform.hearings.in.an.effort.to.quell.questionable.patents.as.well.as.
to.provide.adequate.safeguards.against.abuses.to.the.patent.system..One.of.the.proposals.under.seri-
ous.consideration.is.a.“post-grant.review”.of.patent.applications..However,.I.agree.with.some.patent.
experts.that.“[s]erious.doubts.exist.whether.a.politically.controlled.PTO.can.guarantee.the.promise.

�.Many.reports.have.highlighted.the.fact. that. the.federal.government.is.vulnerable.to.“brain.drain”.both.because.baby.
boomers.are.retiring.and.their.potential.replacements.(most.notably.graduate.students).do.not.view.the.government.as.
their.first.choice.of.work...

�.Hultquist.S:..Statistical.musings...Intellectual Property Today.14(5),.48.(2007).
�.Sabety.T:.Nanotechnology.innovation.and.the.patent.thicket:.Which.IP.policies.promote.growth?..Nanotechnology Law 

& Business.1(3),.262–283.(2004).
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of.the.post-grant.system.that.the.patent.community.so.desperately.needs......[T]he.patent.community.
can.hardly.have.confidence.in.a.post-grant.review.system.under.the.control.of.the.PTO.”�

27.9.3  thE nAnotEch PAtEnt onSlAught StrAinS thE u.S. PAtEnt officE

For.the.past.decade.or.so,.there.has.been.a.dramatic.increase.in.the.number.of.new.nanotechnology.
patent.applications.filed.and.patents.granted.(Figure.27.1).as.well.as.an.increase.in.published.patent.
applications.and.scientific.publications..This.information.overload.has.created.numerous.challenges.
for.the.PTO,.an.agency.that.traditionally.struggles.with.this.issue..Furthermore,.this.overburdened.
and.inefficient.agency.has.yet.to.implement.a.solid.plan.to.handle.the.enormous.growth.in.nano-
technology.patent.applications.filed..This.has.resulted.in.added.time.to.review.patent.applications.
(i.e.,.an.increase.in.patent.pendency).and.concerns.about.the.validity.and.enforceability.of.numerous.
issued.patents.(reflects.a.decrease.in.patent.quality).

As.stated.earlier,.the.>1.million.backlog.of.patent.applications.continues.to.build..A.recent.report.
puts.the.average.nanotechnology.patent.pendency.at.4.years�.(Figure.27.3),.a.period.that.is.simply.
too.long.for.certain.technologies.that.peak.and.are.then.obsolete.in.a.few.short.years..This.excessive.
delay.has.particularly.serious.business.consequences.for.smaller.companies.and.start-ups,.as.these.
entities.rely.heavily.on.venture.funds.for.their.success..Therefore,.it.was.no.surprise.that.these.groups.
recently.confronted.the.Undersecretary.of.Commerce.regarding.the.high.patent.pendency.of.their.
nanotechnology.inventions..Surprisingly,.the.Undersecretary.blamed.the.excessive.delays.on.nano-
technology.companies,.accusing.them.of.poaching.nanotech-trained.examiners.en.masse.from.the.
PTO.�.I.find.the.Undersecretary’s.argument.a.sad.excuse.for.inefficiency.and.incompetence.

Furthermore,. surprisingly. broad. patents. in. bionanotech. continue. to. be. issued. by. the. PTO.�.
Obviously,.this.is.partly.the.result.of.court.decisions.in.the.past.two.decades.that.have.made.it.easier.
to.secure.broad.patents..Laws.have.also.tilted.the.table.in.favor.of.patent.holders,.no.matter.how.
broad.or.tenuous.their.claims..As.a.result,.the.PTO.faces.an.uphill.task.as.it.attempts.to.handle.the.
enormous.backlog.in.applications.filed..It.also.faces.a.torrent.of.improperly.granted.patents,.many.
of.which.are.likely.to.be.“reexamined.”

In.this.climate.of.patent.proliferation,. it. is. inevitable.that. in.the.near.future.there.will.be.an.
increase. in. litigation..Most.patent.practitioners. regularly.highlight.one.or.more.of. the. following.
problems.while.discussing.bionanotech.patents:

An.improper.rejection.of.a.patent.application.due.to.an.examiner’s.erroneous.conclusion.
that.the.subject.matter.is.not.novel.

�.Wegner.H:.Post.grant.review:.is.the.PTO.up.to.the.task?.www.ipfrontline.com/printtemplate.asp?id=15015.(last.accessed.
June.10,.2008).

�.The Nanotech Report (5th.Edition)..Lux.Research,.Inc.,.New.York.(2008).
�.Editor:.Poachers.to.blame.for.patent.delays..New Scientist.194(2600),.23.(2007).
�.Bawa.R:.Patents.and.nanomedicine..Nanomedicine.2(3),.351–374.(2007).
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Issuance.of.an.“overly.broad”.patent.by.an.examiner.that.infringes.previously.issued.pat-
ents.and.gives.control.over.a.broad.swath.of.basic. technology,.allowing. the.patentee. to.
unfairly.exclude.competition..This.runs.the.risk.of.impeding.important.future.downstream.
innovations.
Issuance.of.a.patent.in.spite.of.existing.prior.art.that.was.overlooked.by.the.examiner.dur-
ing.patent.examination.

Naturally,.any.of.the.above.results.is.unacceptable.to.the.nanotechnology.community..Issuance.
of.patents.of.poor.quality,.or.too.many.invalid.patents.on.early.stage.research.(upstream.technolo-
gies).is.likely.to.cause.enormous.damage.to.commercialization.efforts.because.it.can.result.in.one.
or.more.of.the.following:

Suppressing.market.growth.and.innovation
Causing.loss.of.revenue,.resources,.and.time
Discouraging.industry.from.conducting.R&D.and.manufacturing
Inducing.unnecessary.licensing
Promoting.a.greater.possibility.of.patent.appeals.and.infringement.lawsuits
Stifling. high-quality. inventions. (introducing. noise. into. investment,. valuation,. and. con-
tracting.decisions).and.undermining.the.patent.system
Eroding.public.trust.vis-à-vis.bionanotech

One.patent.expert.highlights.the.impact.of.poor-quality.patents.in.economic.terms�:

Questionable.patents.can.harm.competition.and.hinder. innovation.by.forcing.market.participants. to.
pay.licensing.royalties,.incur.substantial.legal.expense.to.defend.against.infringement.claims,.engage.
in.design-around.efforts.that.raise.costs.and/or.hinder.product.performance........[A].patent.holder.can.
have.real.power.even.without.being.a.true.inventor.because.the.systems.for.patent.issuance.and.patent.
litigation.are.tilted.in.favor.of.patent.applicants.and.patent.holders..The.result.is.that.the.patent.system,.
while.intended.to.promote.innovation,.instead.places.sand.in.the.gears.of.our.innovation.engine.

27.9.4  EmErging bionAnotEchnology PAtEnt thicKEtS

Currently,.there.are.too.many.players.holding.too.many.bionanotech.patents;.this.has.created.the.
current.fragmented,.messy.patent.landscape..Most.experts.agree.that.this.patent.landscape.is.already.
producing.“patent.thickets”.that.have.the.potential.of.causing.protracted.legal.battles..This.is.obvi-
ously.an.undesirable.result.and.could.easily.stop.bionanotech.development.in.its.tracks..Clearly,.it.
poses.one.of.the.biggest.threats.to.commercialization.

Patent.thickets.are.broadly.defined.in.academic.discourse.as.“a.dense.web.of.overlapping.intel-
lectual.property.rights.that.a.company.must.hack.its.way.through.in.order.to.actually.commercialize.
new.technology.”�.Such.patent.thickets,.a.result.of.multiple.blocking.patents,.naturally.discourage.
and. stifle. innovation..Claims. in. such.patent. thickets.have.been.characterized.as.broad,.overlap-
ping,.and.conflicting..Therefore,.business.planners.and.patent.practitioners.should.steer.company.
researchers.away. from.such.potential.patent. thickets..They.may.also.need. to.analyze. the.patent.
landscape.to.gauge.“white.space”.opportunities.(i.e.,.no.overlapping.patents).prior.to.R&D.efforts,.
patent.filing,.or.commercialization.activities.(Figure.27.4)..Classically,.such.an.analysis.of.the.num-
ber.and.quality.of.patents. issued.in.a.particular.sector.of.bionanotech.can.highlight.a.particular.

�.Shapiro. C:. Patent. system. reform:. Economic. analysis. and. critique.. Berkeley Technology Law Journal. 19,. 1017–1019.
(2004).

�.Shapiro.C:.Navigating.the.patent.thicket:.cross.licenses,.patent.pools.and.standard-setting..Innovation Policy Econ..1,.
119–150.(2000).
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technology.trend,.areas.of.high/low.commercialization.potential,.and.areas.that.indicate.a.high.risk.
of.market.entry.

According. to. a.widely. circulated.market. study.published. in.2005,�.nanoscience. researchers.
around.the.world.are.steadily.filing.patents.in.the.hope.of.creating.“toll.booths”.that.could.slow.
future.product.development..Because.there.has.been.an.explosion.of.overlapping.and.broad.patent.
filing.(and.issuance.of.corresponding.broad.patents).on.nanomaterials,.it.is.likely.that.the.compa-
nies.that.want.to.use.these.building.blocks.in.products.will.be.forced.to.license.patents.from.many.
different.players.to.implement.their.inventions..The.report.focused.on.five.fundamental.nanoma-
terials:.carbon.nanotubes,.dendrimers,.fullerenes,.nanowires,.and.quantum.dots..The.study.identi-
fied.carbon.nanotubes.and.quantum.dots.as.of.particular.concern..The.study.noted.that.although.
fullerenes.and.nanowires.are.relatively.free.of.overlapping.patent.claims,.the.other.categories.are.
quickly.attracting.patent.applications..For.example,.the.study.found.that.a.large.number.of.patent.
claims.for.dendrimers.have.been.assigned.to.recently.acquired.Dendritic.Nano-Technologies,.Inc..
(Mount.Pleasant,.Michigan)..It.also.noted.that.quantum.dot.patent.claims.tend.to.cover.the.materials.
themselves.rather.than.specific.applications.and.that.the.patent.situation.for.using.carbon.nanotubes.
in.electronics.looks.“messy.”.Although.some.dominant.or.pioneering.patents.on.carbon.nanotubes.
will.expire.in.the.near.future,.a.classic.patent.thicket.seems.to.be.developing.in.the.area.of.single-
walled.carbon.nanotubes,.where.companies.such.as.IBM.(White.Plains,.New.York),.NEC.Corpora-

�.Nanotechnology.gold.rush.yields.crowded,.entangled.patents..Lux.Research,.www.nanotech-now.com/news.cgi?story_
id=09134.(last.accessed.May.8,.2008).
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tion.(Tokyo,.Japan),.and.Carbon.Nanotechnologies,.Inc..(Houston,.Texas).are.likely.to.aggressively.
stake.out.their.claims.�

To.analyze.the.perceived.patent.thicket.in.any.bionanotech-related.technology,.a.detailed.legal.
review.of.the.claim.set.from.the.patents.in.the.thicket.may.be.necessary.before.decisions.regarding.
patent.filings.or.substantial.investment.on.commercialization.are.undertaken.

27.9.5  thE coming bionAnotEchnology PAtEnt WArS

Patent.grants.in.bionanotechnology.and.nanomedicine-related.inventions.are.likely.to.continue.at.
a.pace.that.is.almost.synchronous.with.funding..This.is.true.on.an.international.as.well.as.national.
scale..The.aggressive.mentality.described.above.has.not.only.produced.overlapping.patents,.but.the.
race.to.patent.anything.“nano”.has.resulted.in.a.flood.of.exceedingly.broad.upstream.nanopatents..
Although. broad. patents. are. generally. awarded. for. pioneering. inventions,. they. should. never. be.
allowed. if.prior.art.exists..Experts. fear. that.bionanotech’s.constantly.growing.patent.estate.may.
actually.retard.innovation.due.to.uncertainty.over.who.is.infringing.on.whose.patent..Most.experts.
directly.blame.the.PTO.for.awarding.numerous.erroneously.broad.bionanotech.patents.

Clearly,.this.proliferation.of.unduly.broad.patents.and.the.resulting.patent.thickets.will.require.
litigation.to.sort.out,.especially.if.sectors.of.bionanotechnology.become.financially.lucrative.�.At.
the.present.time,.it.seems.that.nanotech.companies.in.general.are.avoiding.costly.court.battles..In.
fact,.there.is.hardly.any.nanotech.patent.litigation.underway.in.the.United.States..Companies.some-
times.avoid.costly.litigation.to.prevent.exposing.their.own.patents,.some.of.which.may.be.based.
on.a.poor.review.at.the.PTO.and,.thus,.whose.validity.may.be.questionable..In.any.case,.I.believe.
that.expensive.litigation.is.as.inevitable.as.it.was.with.the.biotechnology.industry.where.extensive.
patent. litigation. resulted.once. products. became. commercially. successful.. The. reason. for. this. is.
simple:. royalties. may. be. collected. by. the. patentee. from. potential. infringers.. However,. in. most.
patent.battles,.the.larger.entity.with.the.deeper.pockets.will.ultimately.prevail.even.if.the.bright-
est.innovative.stars.are.on.the.other.side..This.situation.is.all.too.familiar.to.the.business.sector..It.
leads.to.higher.costs.to.consumers.(if.and.when.products.are.commercialized),.while.deterring.the.
innovation.process.�

Ultimately,.companies.introducing.new.products.to.the.market.will.face.considerable.uncertainty.
regarding.the.validity.of.broad.and.potentially.overlapping.patents.held.by.others..The.ongoing.land.
grab.will.definitely.worsen.the.problem.for.companies.striving.to.develop.commercially.viable.prod-
ucts..In.fact,.bionanotech.start-ups.may.soon.find.themselves.in.patent.disputes.with.large,.estab-
lished.companies,.as.well.as.between.themselves..Start-ups.may.also.become.attractive.acquisition.
targets.for.larger.companies.because.takeover.is.generally.a.cost-effective.alternative.to.litigation.

It.is.possible.that.companies.may.need.to.acquire.costly.licenses.for.patents.from.other.com-
panies.in.order.to.establish.themselves..It.is.also.possible.that.companies.may.use.their.patents.to.
exclude.rather.than.license.out..Furthermore,.those.who.do.license.may.do.so.at.an.unreasonably.
high.cost..However,.I.hope.that.none.of.these.scenarios.will.come.about..Instead,.it.is.hoped.that.
a.more.harmonious.atmosphere.will.prevail,.where.(nonexclusive).cross-licensing.agreements.by.
start-ups.and.large.corporations.alike.will.become.the.norm..In.my.view,.liberal.patent.licensing.
is.another.particularly.effective.strategy.to.maneuver.through.the.patent.thicket.at.this.stage.in.the.
development.of.bionanotech,.especially.because.the.enforceability.of.so.many.patents.is.question-
able..It.should.be.noted,.however,.that.when.the.total.number.of.owners.of.conflicting.intellectual.

�.Van.Lente.MA:.Building.the.new.world.of.nanotechnology.. .Case W. Res. J. Int. Law.38(1),.173–215.(2006);.Harris.
D,.Bawa.R:..The.carbon.nanotube.patent.landscape.in.nanomedicine.. .Expert Opinion on Therapeutic Patents.17(9),.
1165–1174.(2007).

�.O’Neill.S,.Hermann.K,.Klein.M,.Landes.J,.Bawa.R:..Broad.claiming.in.nanotechnology.patents:.Is.litigation.inevitable?  
Nanotechnology Law and Business.4(1),.595–606.(2007).

�.Lawrence. S:. Patently. absurd:. Too. many. patents. could. kill. nanotechnology.. Red Herring. November. 20. Issue,. 119.
(2002).
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property.is.relatively.small,.cross-licensing.has.been.the.answer..But,.when.the.number.of.owners.
of.conflicting.IP.is.relatively.large,.the.transaction.costs.of.cross-licensing.may.be.too.great.for.it.
to.be.effective..Also,.critics.consider.cross-licensing.as.a.settlement.of.a.patent.dispute.that.may.
not.serve.the.public.interest.because.cross-licensing.(as.compared.to.litigation).limits.competition.
when.it.is.between.competitors,.raising.the.spector.of.antitrust.prosecution.of.these.agreements.
as.monopolies.

��.�0  navIgatIng the BIonanotech patent thIcket

Following.are.some.other.proposals.that.may.cut.through.the.bionanotech.patent.gridlock.and.pre-
vent.widespread.and.wasteful.litigation.

27.10.1  formAtion of PAtEnt PoolS

The.multiple-party.patent.thicket.problem.may.be.solved.by.the.cooperative.formation.of.“patent.
pools”.by.technologically.competing.entities..Patent.pools.are.defined.as.legally.permissible.coop-
erative.agreements.whereby.the.members.of.the.pool.have.access.to.the.patents.of.the.entire.pool.in.
exchange.for.a.set.price..However,.it.is.uncertain.at.this.stage.whether.patent.pools.will.be.a.lawful,.
desirable,.or.beneficial.answer.to.the.patent.thicket.problem.

27.10.2  govErnmEnt ActionS to EncourAgE nonExcluSivE licEnSing

Some.practitioners.have.also.suggested.that.government.must.step.in.and.use.its.existing.author-
ity.under.the.Bayh-Dole.Act.to.encourage.nonexclusive.licensing.of.foundational.nanotechnology.
patents.�.Under.the.Bayh-Dole.Act.of.1980,.universities.and.small.business.entities.may.retain.pat-
ent.ownership.rights.if.the.research.was.funded.by.the.U.S..government..The.government.retains.a.
royalty-free.license.to.any.patented.technology.that.is.generated.as.a.result.of.such.funding..Natu-
rally,.the.Bayh-Dole.Act.will.assist.bionanotech.companies.in.the.same.way.it.helped.biotechnology.
start-ups—by.promoting.the.transfer.of.university-owned.patents.funded.by.government.grants.to.
the.private.sector,.given.that.academia.has.become.increasingly.aggressive.in.patenting.its.bionano-
tech-related.research.

27.10.3  othEr govErnmEnt ActionS

Government.action,.such.as.the.imposition.of.compulsory.licensing.of.upstream.and/or.foundational.
patents.that.have.been.financed.by.public.funds,.may.assist.in.breaking.up.dominant.patent.monopo-
lies..Enforcement.of.antitrust.and.competition.laws.by.the.government.may.encourage.more.coopera-
tion.between.the.various.players.as.well.as.stimulate.active.cross-licensing.and.patent.pooling.

There.are,.of.course,.other.strategies.available.to.prevent.or.navigate.patent.entanglements,.both.
before.and.after.the.patent.issues.�.Companies.could.also.focus.on.trade.secrets.as.a.supplement.to.
patents..A.greater.willingness.on.the.part.of.the.patent.applicant.to.provide.prior.art,.particularly.
nonpatent.prior.art,.would.be.helpful.to.the.patent.examiner.

�.Sabety.T:.Nanotechnology.innovation.and.the.patent.thicket:.Which.IP.policies.promote.growth?..Nanotechnology Law 
& Business.1(3),.262–283.(2004).

�.Harris.D,.Miller. J,.Bawa.R,.Cleveland.JT,.O’Neill.S:.Strategies. for. resolving.patent.disputes.over.nanoparticle.drug.
delivery.systems..Nanotechnology Law and Bus, 1(4),.101–118.(2004);.Bawa.R,.Bawa.SR,.Maebius.SB,.Iyer.C:.Bionano-
technology.patents:.Challenges.and.opportunities..In:.The Biomedical Engineering Handbook (3rd.Edition)..Bronzino.
JD.(Ed.),.CRC.Press,.Boca.Raton,.FL;.29-1–29-16.(2006).
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Securing.valid.and.defensible.patent.protection.is.critical.to.the.bionanotech.“revolution.”.Although.
early.forecasts.for.commercialization.are.promising,.the.emerging.patent.thicket.in.this.arena.of.
nanotech.could.be.a.major.stumbling.block.�.It.is.almost.certain.that.the.enforceability.of.numerous.
U.S..bionanotechnology.patents.(like.e-commerce.patents.previously).will.be.a.major.problem.in.
the.future..Furthermore,.due.to.the.substantial.annual.increase.in.costs.associated.with.maintaining.
and.enforcing.issued.patents,.enforceability.may.also.be.a.problem.when.the.patent.holder.lacks.the.
resources.to.maintain.or.enforce.the.patent.against.potential.infringers..On.the.other.hand,.valid.
patents.stimulate.market.growth.and.innovation,.generate.revenue,.prevent.unnecessary.licensing,.
and.greatly.reduce.infringement.lawsuits.

The.PTO.continues.to.be.under.enormous.strain.and.scrutiny..Reforms.are.urgently.needed.to.
address. issues.ranging.from.poor.patent.quality.and.questionable.examination.practices. to. inad-
equate.search.capabilities,.rising.attrition,.and.an.enormous.patent.backlog..Numerous.influential.
entities,. ranging. from.government. to.nongovernment.organizations,. have. recently.become.more.
vocal.in.their.criticism.of.the.PTO..They.have.produced.authoritative.reports.with.detailed.recom-
mendations.regarding.overhauling.the.PTO.and.the.U.S..patent.system.�.These.reforms.are.urgently.
needed. in.order. to.ensure.a.better.balance.between. innovation.and.competition.�.Without. these.
reforms,.the.cursory.patent.examination.that.is.currently.in.place.coupled.with.patent.proliferation.
and.patent.backlog.that.already.exceeds.1.million.will.result.in.the.issuance.of.too.many.invalid.
and.unenforceable.bionanotech.patents..This.will.continue.to.generate.a.crowded,.entangled.patent.
landscape.with.few.open-space.opportunities.for.commercialization..For.many.companies,.navigat-
ing.this.minefield.will.be.an.unattractive.option.

Ownership.of.technology.in.the.form.of.patents.is.one.thing,.deriving.sufficient.economic.value.
therefrom.is.a.different.issue..Obtaining.undeserving.patents.and.profiting.from.the.threat.of.litiga-
tion.rather.than.providing.beneficial.bionanotech.products.runs.counter.to.the.foundations.of.our.
patent.system..Therefore,.if.the.current.dense.patent.landscape.becomes.more.entangled.and.the.
patent.thicket.problem.worsens,.it.may.prove.to.be.the.major.bottleneck.to.viable.commercializa-
tion,�.negatively.impacting.the.entire.bionanotech.revolution..For.investors,.competing.in.this.high-
stakes.patent.game.may.prove.too.costly.
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Figure 1.2  Morphology and derivatives of embryonic and adult stem cells. Phase-contrast microscopy of 
(A) a human embryonic stem cell (hESC) (Royan H5) colony cultured on mouse embryonic fibroblast feeder 
cells (see Baharvand, H., et al., Dev. Growth. Differ. 48, 117–128, 2006), and (B) human bone marrow mes-
enchymal stem cells (hMSCs). Immunocytochemistry of differentiated ESCs with (C) antineuron-specific 
tubulin III, (D) antialpha actinin, and (E) anticytokeratin 18.

Figure 2.7  Atomic force microscopy (AFM) topographic image (25 × 25 µm2) of a homogeneously cov-
ered mica surface with a 1,2-dimyristoyl-sn-glycero-3-phosphatitidylcholine (DMPC) layer prepared by ves-
icle fusion. The measurements were performed at a temperature of 24°C, showing the lipid phase transition 
from liquid-crystalline to gel.
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Figure 4.4  120 μm × 90 μm false-color map of Nanoplex Biotags spread on a quartz slide. Raman spectra 
were collected at 5 μm intervals resulting in 24 × 18 = 432 pixels total. Spectra were collected using a 50× 
(0.75 NA) objective and 1 second integration on a Renishaw inVia Raman microscope. Red pixels correspond 
to strong signal from trans(1,4) bis(pyridyl)ethylene (BPE), green corresponds to d8-4,4′-dipyridyl, blue to 
4,4′-dipyridyl.

Figure 4.10  Bright field image and Raman map of six cells labeled with Nanoplex Biotags. Spectra analy-
sis reveals that three of the cells were labeled with dipyridyl tags (blue), two with d8-dipyridyl tags (green), and 
a single cell was labeled with biotags carrying the trans(1,4) bis(pyridyl)ethylene (BPE) label molecule (red). 
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Figure 9.6  Photonic cosmetics and “hair jewelry”: (a) L’Oreal’s announcement of “colorless color” in cos-
metics. The inset shows platelets of nanoscale thickness, producing the color (www.wired.com/news/technol-
ogy/1,68683-0.html). (b) Unilever’s patented technology for coloring hair by deposition of nanoparticles as 
multilayer colloid crystal (R. Djalali, Unilever Research Colworth, personal communications, 2007; Patent, 
Unilever, WO 2006/097332 A2). Inset shows cross-section of the iridescent spine of sea-mouse with similar 
characteristic lattice dimensions (R.C. McPhedran and N.A. Nicorovici, Australian Optical Society NEWS 
15(2,3), 7–9, 2001; S. Daily, Marine Life of Channel Islands, 1998; A.R. Parker, R.C. McPhedran, D.R. Mck-
enzie, L.C. Botten, and N.A. Nicorovici, Nature 409, 36–37, 2001).

Figure 9.1  Sample of structural color in biosystems.

(b) Freshwater Goby [95](a) Abalone Shell [4a]

(d) Sea-Mouse [13](c) Morpho rhetenor [36]
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Figure 9.9  Multiscale assembly melanosome transport system: (a) microtubule (green) and actin (red) 
tracks in melanocute; (b) microtubule assembly; and (c) bidirectional transport. (For more information on 
parts a and c, see D.C. Barral and M.C. Seabra, Pigment Cell Res. 17, 111–118, 2004.)

Figure 9.10  Cargo transport by “hand-over-head” mechanism of kinesin motor proteins. (See R.D. Vale and 
R.A. Milligan, Science 288, 88–95, 2007; S.M. Block, www.stanford.edu/group/blocklab/ScienceLimping/.)
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Figure 11.6  An overview of plasmon–plasmon colorimetric effects of gold nanoparticle clusters. (Image 
courtesy of NanoVic, Australia.)

25nm

Figure 11.5  Chromatic response and evolving gold nanoparticle dimensionality in lysozyme and antily-
sozyme system. Functional Nanosystems Laboratory RMIT University. (Image courtesy of Professor David 
Mainwaring, RMIT University, Australia.)
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Figure 12.3  Stereo view of crystal structure of troponin core domain: (a) TnC and TnT are colored in 
red and yellow, respectively. TnI is colored in cyan, except for the two stretches of amphiphilic helices (TnC-
binding sites), which are dark blue. (b) A space-filling model of the Troponin molecule. RH, regulatory head. 
(From Takeda S, Yamashita A, et al., Nature, 424, 35–41, 2003. With permission.)

AFM Cantilever

Sample Cantilever

Figure 12.17  Atomic force microscopy (AFM) cantilever deflecting sample cantilever taken from the 
charge-coupled device (CCD) camera.

Figure 15.1  Lotus leaf.
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Figure 15.3  Details of the water-capturing, hydrophobic surface of the desert beetle Stenocara sp. (a) 
Adult beetle. (b) A close up of a “bump” on the fused overwings. Special staining marks waxy depressed areas 
as colored, whereas bumps remain unstained (black). (c) SEM of the depressed areas. Scale bars: (a) –1 mm; 
(b) –0.2 mm; (c) –10 µm. (From Parker, A.R., Lawrence, C.R. 2001. Nature 414:33–34. With permission.)
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Figure 15.5  Nanograss and droplets.
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Figure 16.4  Nanocapsule transport/uptake by CaCo-2 cells viewed under a confocal microscope. (A) Z-
stack of cells treated with nanoparticles over a 5 minute incubation period. (B) Appearance of cells depicting 
lysotracker stain in cells treated with rhodamine-labeled particles. (C) Same image showing colocalization of 
nanoparticles with lysosomes as indicated by the orange staining at 60 minutes postadministration. Rhoda-
mine dye was used as a fluorophore.
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