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C H A P T E R  1

Colloidal Quantum Dots: Synthesis,
Photophysical Properties, and
Biofunctionalization Strategies 

Kimihiro Susumu, Igor L. Medintz, and Hedi Mattoussi

1.1 Introduction

Flu o res cence tag ging of bio log i cal mol e cules is a com monly used approach in bio -
tech nol ogy that has relied on con ven tional organic fluorophores and flu o res cent
pro teins [1–3]. All avail able organic fluorophores and flu o res cent pro teins, how -
ever, have some inher ent lim i ta tions that reduce their effec tive use to develop bio -
log i cal sens ing and imag ing. Among these, the most lim it ing prop er ties are nar row
exci ta tion spec tral win dows, broad photoluminescence (PL) spec tra, and low resis -
tance to chem i cal and photo-deg ra da tion [4, 5]. Lumi nes cent semi con duc tor
nanocrystals—often referred to as quan tum dots (QDs), such as those made of CdSe 
and PbSe cores—in com par i son offer sev eral unique prop er ties and prom ise sig nif i -
cant advan tages in cer tain bioanalytical and imag ing appli ca tions [4–8]. Because
they have broad absorp tion enve lopes, extend ing from the ultra vi o let (UV) to the
band edge, it is pos si ble to simul ta neously excite QDs of dif fer ent emis sion col ors at
a sin gle wave length, mak ing them suit able for multiplexing appli ca tions. This
prom is ing fea ture is very dif fi cult to achieve with con ven tional organic
fluorophores. Depend ing on the mate ri als used, QDs can emit light over a wide
range of wave lengths from the vis i ble to near infra red (NIR) regions of the opti cal
spec trum [4, 5, 9–15]. Since the first reports on the use of QD in biol ogy were pub -
lished, there have been sev eral dem on stra tions show ing that QDs con ju gated with
biomolecular recep tors (includ ing pep tides, pro teins, and DNA) can be used in a
range of bio log i cal appli ca tions, such as sens ing, imag ing, and diag nos tics. How -
ever, suc cess ful inte gra tion of QDs in bio tech nol ogy neces si tates a thor ough
understanding of the nanocrystals, namely their reproducible synthetic routes,
surface treatment/functionalization, and biocompatibility.

In this chap ter, we pro vide an over view of the most com monly used syn thetic
schemes to make col loi dal nanocrystals, along with their photophysical and struc -
tural char ac ter iza tion. We will then describe some of the most effec tive schemes
reported to date to pro mote water sol u bil ity of these nanocrystals and dis cuss the
sim plest con ju ga tion tech niques that can be reproducibly applied to colloidal QDs.
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1.2 Chemistry and Physics of Semiconductor Quantum Dots

1.2.1 Basic Physical Properties of Semiconductor Quantum Dots

Semi con duc tor nanocrystals (or QDs) are small crys tal line assem blies of a given
mate rial con sist ing of a few hun dred to sev eral thou sand atoms. Their sizes range
any where from 10Å to 1,000Å in radius; the exact range depends on the con stit u ent
ele ments used to make the nanocrystals. They can be divided into two main sub -
groups: (a) Self-assem bled QDs are usu ally grown in vac uum via molec u lar beam
epi taxy or other lithog ra phy tech niques; these tend to be anisotropic in shape, “pan -
cake like,” and over all larger at least within the 2-D plane (see Fig ure 1.1) [10, 16].
(b) Solu tion grown nanocrystals are col loi dal in nature, and they can be spher i cal
with a radius of 10 ~ 200Å, as well as cubic, rod-like, tri an gu lar, and so on (see Fig -
ure 1.1) [17]. Their col loi dal fea ture stems from the fact that they are sur face-capped 
with organic lig ands that pro mote their dispersion in the solution environment.

These nanoscale assem blies are nei ther wholly atomic nor bulk semi con duc tors.
Instead, they exhibit novel elec tronic prop er ties attrib uted to what is com monly
referred to as quan tum con fine ment effects: this is the spa tial con fine ment of intrin -
sic elec tron and hole car ri ers to the phys i cal dimen sions of the nanocrystal mate rial
rather than to bulk length scales. Because they some what com bine prop er ties that
are both bulk-like and atomic-like, they have often been described as “arti fi cial
atoms.” These con fine ment effects man i fest when the nanocrystal size becomes
com pa ra ble to, or smaller than, the bulk Bohr exciton radius [10, 18, 19]. One of the 
best-known and -under stood con fine ment effects is the wid en ing of the energy band
gap with decrease of nanocrystal size. This man i fests itself as a blue shift of the first
absorp tion peak and the photoluminescence max i mum with decreas ing par ti cle size, 
along with the appear ance of dis crete energy states in both the valence and con duc -
tion bands (Fig ure 1.1). How ever, res o lu tion in the excited state energy lev els and
sep a ra tion between the valence and con duc tion band levels depends on the type of
semiconducting materials used. 
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Fig ure 1.1 (a) Sche matic rep re sen ta tion of two QDs, a self-assem bled “pan cake” nanocrystal
(top) and a col loi dal nanocrystal (bot tom). (b) Rep re sen ta tion of the dis crete energy lev els
expected and observed for a nanocrystal, due to quan tum con fine ment effects.



This phe nom e non can be under stood by a sim ple exten sion or adap ta tion of the
expected behav ior of a quan tum mechan i cal par ti cle con fined in a one-dimen sional
box of length L to a three-dimen sional box (or sphere) of radius a0, where the poten -
tial min i mum rep re sents the QD and the bar rier to escape orig i nates from the
abrupt ter mi na tion of the semi con duct ing mate rial at the QD sur face (bound ary
con di tions) [10, 18, 19]. In this model/descrip tion, a car rier is local ized within a
poten tial min i mum between two infi nite bar ri ers. For a one-dimen sional box,
effects of car rier con fine ment man i fest in quantization of the car rier ener gies to dis -
crete val ues that exhibit inverse square depend ence on the length of the box (En ∝
n2/L2, with n = 1,2,3,…).

For a spher i cal QD with a radius a0 treated within the con di tions of an infi nite
poten tial bar rier, the elec tron and hole energy lev els in the par ti cle can be writ ten
using the fol low ing expression:

E
m al n

e h l n

e h
,
, ,

,

=
h 2 2

0
22

β
(1.1)

Here βl,n is the nth root of the spher i cal Bessel func tion of order l (solu tion obey -
ing the bound ary con di tions), me,h is the effec tive mass of the elec tron (e) or hole (h),
and a0 is the radius of the QD. This treat ment pre dicts dis crete (quantized) elec -
tron-hole (exciton) tran si tions, along with an increase in the effec tive band gap
energy (or HOMO-LUMO tran si tion) with decreas ing par ti cle size, which can also
be expressed as:

( ) ( )E QD E bluk
m a

g g

e h

= + h 2 2

0
22

π

,

(1.2)

Con versely, (1.1) and (1.2) also pre dict a decrease in the energy spac ing
between states with increas ing nanocrystal size. It should be noted that the phys i cal
behav ior of these nanocrystals is also affected by the Cou lomb inter ac tions between
the con fined car ri ers (these are charged). How ever, because this con tri bu tion/term
has a weaker depend ence on size (scales as 1/a0 com pared to ~1/a0

2 shown in (1.1)),
it is small and is often treated as per tur ba tion to the over all energy val ues. For the
inter ested read ers, there are sev eral excel lent review arti cles on the sub ject pub -
lished in the past decade, includ ing those recently assem bled by Yoffe [16, 19],
Gaponenko [18], Efros [10], and Kippeny [20].

Ear lier work prob ing the opti cal prop er ties of QDs was pri mar ily focused on
under stand ing the cor re la tion between size and spec tral shifts in absorp tion and
lumi nes cence based on con fine ment effects. Today, the absorp tion prop er ties of
CdSe as well as other QDs are rel a tively well under stood with up to 10 excited
states in the absorp tion assigned and the o ret i cal avoided cross ings observed [22]. A
rep re sen ta tive exper i men tal exam ple of absorp tion spec tra for II–VI colloidal QDs
is shown in Figure 1.2.

There is a unique spec tro scopic prop erty reg is tered pri mar ily for col loi dal QDs, 
but rarely reported for their self-assem bled nanocrystal coun ter parts. Bawendi and
cowork ers reported in 1996 that under CW laser exci ta tion, the emis sion of iso lated 
TOP/TOPO-capped sin gle-par ti cle CdSe and CdSe-ZnS QDs was not con tin u ous.

1.2 Chemistry and Physics of Semiconductor Quantum Dots 3



Instead, they observed that QDs under went inter mit tent on/off photoluminescence,
now widely iden ti fied as the PL “blink ing” of sin gle QDs [23]. Blink ing of sin gle QD 
photoluminescence has since been widely reported in a vari ety of con di tions, includ -
ing extremely dilute dis per sions in poly meric films, sur face teth ered nanocrystals,
and more recently cel lu lar media [24]. In par tic u lar, there is a nonvanishing prob a -
bil ity for a QD to enter a long dark period. The on/off intermittency in QD emis sion
was attrib uted to Auger ion iza tion of the QD [23, 25, 26]. Despite the remark able
prog ress made, this phenomenon is still not fully understood.

1.2.2 Synthesis, Characterization, and Capping Strategies

1.2.2.1 Growth of Colloidal Nanocrystals in Doped Glasses

A range of exper i men tal tech niques such as e-beam lithog ra phy, X-ray lithog ra phy,
molec u lar beam epi taxy (MBE), ion implan ta tion, and growth in size-restricted
envi ron ments has been reported for mak ing small nanocrystallites not only of semi -
con duc tors but also of met als; col loi dal QDs are a sub set of those semi con duct ing
nanocrystals. How ever, the first reported dis cov ery of QDs by Ekimov and
Onuschenko used doped sil i cate glasses [27–34]. The authors showed that if a
super sat u rated solu tion of cop per and chlo rine in glass was heated at high tem per a -
tures, con trolled pre cip i ta tion of CuCl within the glass matrix could take place.
They fur ther dem on strated that addi tional heat ing and anneal ing of the glass melt
sys tem at i cally cre ates col lec tions of nano-scale particulates of crys tal line CuCl con -
tain ing a finite num ber of atoms, rang ing from tens to hun dreds of ang stroms; the
authors ini tially denoted these struc tures as quan tum drop lets. Fol low ing those
remark able dem on stra tions, growth of QDs made of II–VI semi con duc tors (e.g.,
CdS and CdSe) in glass was achieved by dop ing the melt with salts of the desired
mate ri als/pre cur sors [27, 29, 35]. When the tem per a ture of the glass rap idly
decreases, small nuclei of the semi con duc tor are gen er ated. Fol low ing heat treat -
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Fig ure 1.2 Rep re sen ta tive absorp tion spec tra for CdS, CdSe, and CdTe QDs pre pared using
high-tem per a ture solu tion reac tion. The spec tra are shown at suc ces sive time inter vals of
nanocrystal growth. The shift in the posi tion of the first absorp tion peak reflects an increase in the
nanocrystal size. Repro duced from [21], with per mis sion from the Amer i can Chem i cal Soci ety.



ment over tem per a tures rang ing from 400 to 1,000 degrees C, nucle ation and
growth cul mi nate in the for ma tion of small spher i cal crys tal line par ti cles of semi -
con duc tor dis persed in the amor phous glass matri ces. This tech nique pro vided
highly crys tal line nanoparticles in glass host sam ples that can sup port very large (a
few hun dred ang stroms) QDs. How ever, because the QDs remain trapped within a
solid glass matrix, these nanocrystals cannot be easily manipulated to alter surface
chemistry or improve their size distribution.

1.2.2.2 Synthetic Routes of Dispersible and Highly Luminescent QDs 

Solu tion-phase growth of semi con duc tor nanoparticles car ried out within inverse
micelles was dem on strated shortly after the first real iza tion of car rier con fine ments
in semi con duc tor crys tal lites using doped sil i cate glasses by Ekimov and cowork ers
[28–31, 36–38]. This “wet chem is try” route allows prep a ra tion of functionalized,
and thus dispersible, nanocrystals, by essen tially exploit ing the nat u ral geo met ri cal
struc tures cre ated by water-in-oil mix tures upon add ing an amphiphilic surfactant
such as sodium dioctyl sulfosuccinate (AOT), cetyltrimethylammonium bro mide
(CTAB), and tetraoctylammonium bro mide (TOAB) (see sche mat ics in Fig ure 1.3).
This route was in fact dem on strated for a vari ety of other inor ganic nanoparticles.
In this tech nique, one can vary the water con tent of the mix ture to con trol the size of 
the water drop lets (nanoscale reac tion pools) sus pended in the oil phase. Addi tion
of appro pri ate metal salts to the solu tion, which nat u rally migrate to the water
pools, ini ti ates nucle ation and growth of col loi dal nanocrystals. This tech nique has
a few advan tages includ ing the fact that the reac tions are car ried out at room tem -
per a ture. Fur ther more, it pro vides one the unique abil ity to per form postsynthesis
pro cess ing of these mate ri als from solu tions. This approach, how ever, was not able
to pro vide QDs that have good crys tal line struc ture and high photoluminescence
quantum yields necessary for potential transition to technological use.

A major break through took place in 1993, when Bawendi and cowork ers
showed that high qual ity nanocrystals of CdSe QDs with crys tal line cores, nar row
size dis tri bu tion (∼10 per cent), and rel a tively high quan tum yields can be pre pared
using an organometallic syn the sis based on the “pyrol y sis” of metal-organic pre cur -
sors [9, 39]. This ratio nale was con firmed shortly there af ter by other groups includ -
ing Alivistaos and cowork ers [40]. This reac tion scheme ini tially employed
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micelles. Other mate ri als such as CdSe and CdTe have also been pre pared using the inverse
micelles approach.



dimethylcadmium (CdMe2) and trioctylphosphine selenide (TOP:Se), diluted in
trioctylphosphine (TOP), and their rapid injec tion into a hot (280–300 degrees  C)
coor di nat ing solu tion of trioctylphosphine oxide (TOPO) (see sche mat ics in Fig ure
1.4) [39]. They also dem on strated that size dis tri bu tion can be fur ther improved by
postreaction pro cess ing. Fol low ing this break through, col loi dal QDs could be made
with quan tum yields (QYs) on the order of 5 to 10 per cent at room tem per a ture,
mak ing flu o res cence-based stud ies of QDs via ble and rais ing the poten tial for use in
tech no log i cal appli ca tions. The QYs of these nanocrystals can reach near unity at
low tem per a ture.

Sub se quently, Peng and cowork ers fur ther refined the reac tion scheme and
showed that addi tional pre cur sors that are less vol a tile and less pyrophoric than
CdMe2 could effec tively be employed to pre pare high-qual ity col loi dal nanocrystals
[21, 43]. In those stud ies, they and other groups have even tu ally out lined the impor -
tance of impu ri ties—usu ally acids coor di nat ing to the metal pre cur sors, such as
hexylphosphonic acid (HPA) and tetradecylphosphonic acid (TDPA)—in the reac -
tion prog ress, and showed that these impu ri ties can be exter nally con trolled. They
also applied this ratio nale to mak ing other types of col loi dal nanocrystals, includ ing
CdTe and CdS as well as Pb-based QDs. In this route, high purity TOPO and con -
trolled amounts of metal coor di nat ing lig ands and metal pre cur sors such as CdO,
cad mium ace tate (Cd(OAc)2), and cad mium acetylacetonate (Cd(acac)2) were used
for pre par ing Cd-based nanocrystals. The high tem per a ture syn thetic route was
extended to mak ing near-IR emit ting QDs by Murray and cowork ers (and fur ther
con firmed by other groups), using oleic acid and Lead(II) ace tate trihydrate or lead
oxide for PbSe QDs [14, 44, 45]. In most reported meth ods the sele nium precursor
still relies on TOP:Se [14, 21, 43, 46, 47].
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Fig ure 1.4 (top) Sche matic depic tion of the high-tem per a ture organometallic reac tion and
growth method used for col loi dal CdSe nanocrystals. (bot tom) Reac tion scheme for the
overcoating CdSe quan tum dots with ZnS using the same high-tem per a ture solu tion route. Addi -
tional details can be found in [41, 42].



In these high-tem per a ture reac tion schemes, it has been dem on strated that
apply ing size selec tive pre cip i ta tion using polar sol vents such as meth a nol or eth a -
nol fol low ing nanocrystal growth could reduce the par ti cle size dis tri bu -
tion/polydispersity of the nanocrystals. In addi tion to reduc ing polydispersity, this
pro ce dure also removes impu ri ties and pre cip i tated met als from the reac tion solu -
tion [9, 39]. This clean ing step is cru cial for nanocrystals made using less reac tive
pre cur sors and the var i ous metal-coor di nat ing mol e cules, since larger amounts of
unreacted met als, acids, and amines can be left in the final QD crude sam ples. Avail -
able tech niques to char ac ter ize nanocrystals include high- and low-res o lu tion trans -
mis sion elec tron micros copy (TEM), wide angle X-ray dif frac tion (XRD), small
angle X-ray scat ter ing (SAXS), and absorp tion and flu o res cence spec tros copy,
which extract infor ma tion such as size, dis tri bu tion width, crys tal struc ture, band
edge value and emis sion energy level (see Fig ures 1.5 and 1.6 and Table 1.1) [9, 11,
21, 39, 41–43, 46–50]. TEM tends to pro vide slightly smaller val ues for the inor -
ganic core than SAXS, for exam ple, because TEM does not take into account the
amorphous outermost atomic layer on the nanocrystal surface [51].

Addi tional details on the syn thetic routes, struc tural char ac ter iza tion, phys ics
of quan tum con fine ments effects, and their impli ca tions on the elec tronic and spec -
tro scopic prop er ties of col loi dal QDs can be found in these thor ough reviews [17,
52]. A sum mary of the reported syn thetic meth ods for mak ing col loi dal QDs is pro -
vided in Table 1.2, with par tic u lar empha sis on prep a ra tions yield ing col loi dal QDs 
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CdTe
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CdSe 
NRs

CdTe
NRs
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Fig ure 1.6 (top) Three pan els show ing high TEM images col lected from CdSe nanorods (left),
CdTe spher i cal dots (cen ter), and CdTe nanorods. Repro duced from [46], with per mis sion from
the Amer i can Chem i cal Soci ety. (bot tom) TEM images of ordered CdSe nanocrystals (diam e ter 3.6 
nm), pre pared by sol vent evap o ra tion of a col loi dal solu tion in tolu ene. The nanocrystals were syn -
the sized using high tem per a ture reac tion of air-sta ble (and air sen si tive) organometallic pre cur sors.

Table 1.1 Radii of CdSe Nanocrystals
Extracted from SAXS Mea sure ments on 
Solu tion Sam ples, Together with the
Cor re spond ing Loca tion of the First
Absorp tion Peak* 

Loca tion of the First
Absorp tion Peak λM

a0(Å)

622-TBP/TBPO in hex ane 29.7

600-TOP/TOPO in hex ane 24.9

586-PIC in butanol 22.0

564-TOP/TOPO in hex ane 21.3

562-TBP/TBPO in hex ane 20.6

560-PYR in pyridine 19.7

550-TOP/TOPO in hex ane 19.3

540-TOP/TOPO in hex ane 18.8

520-TOP/TOPO in hex ane 17.4

510-TOP/TOPO in hex ane 14.5
*The type of lig ands and sol vent used are also
shown. In addi tion to TOP/TOP dis cussed in the
text, TBP, TBPO, PIC, and PYR des ig nate
tributylphosphine, tributylphosphine oxide,
picoline, and pyridine cap, respec tively. Repro -
duced par tially from [51], with per mis sion from
the Amer i can Insti tute of Phys ics.



that have sur face cap ping/pas si vat ing lig ands. The flu o res cence win dows allowed
by these var i ous col loi dal nanocrystals span ning the full region from UV to NIR
regions of the opti cal spec trum are sche mat i cally depicted in Fig ure 1.5. The
absorp tion and PL spec tra for the par tic u lar example of QDs having CdSe cores is
also shown in Figure 1.5.

In the fol low ing sec tion we will pro vide a detailed descrip tion of two typ i cal
lab o ra tory scale organometallic prep a ra tions used to make CdSe-based QDs. We
will first describe the syn thetic route using dimethylcadmium (CdMe2) and
trioctylphosphine selenide (TOP:Se) pre cur sors, diluted in trioctylphosphine
(TOP), and fol low that by detail ing the steps involved in more recent routes using
air-sta ble organometallic precursors.

Synthesis of CdSe Nanocrystals Using Highly Reactive CdMe2 Precursor

1. Load a 100-ml three-neck flask with ~20–30g of TOPO (90 per cent) and
heat the con tents to 150–180 degrees C for 2–3 hours under vac uum using a
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Table 1.2 Major Types of Col loi dal Semi con duc tor QDs (Group II–VI) Pre pared via Wet Chem is try
Along with the Method of Prep a ra tion and Rep re sen ta tive Ref er ences

Nanocrystal
Type Prep a ra tion Method

Lit er a ture
Citation

CdS Sil ica glass [32, 54–56]

Aque ous solu tions, inverted micelles [13, 37, 38, 57]

Poly mer and high-tem per a ture coor di nat ing solu tions [39, 58–60]

Sol-gel glass, zeo lite [61–65]

High-tem per a ture coor di nat ing solu tions using air-sta ble pre cur sors [21]

CdSe Sil ica glass [32, 35, 66]

High-tem per a ture coor di nat ing solu tions [39]

Polycrystalline films [67]

High-tem per a ture coor di nat ing solu tions using air-sta ble pre cur sors [21, 46]

CdTe Sil i cate glass [68, 69]

Semi con duc tor-glass com pos ite films [70]

High-tem per a ture coor di nat ing solu tions [39]

High-tem per a ture coor di nat ing solu tions using air-sta ble pre cur sors [21]

ZnSe High-tem per a ture coor di nat ing solu tions [12, 71]

High-tem per a ture coor di nat ing solu tions using air-sta ble pre cur sors [72]

PbSe High-tem per a ture coor di nat ing solu tions [14, 45, 47]

CdSe-overco
ating with
wider band
semi con duc -
tors

ZnSe using hybrid micelle/organometallics [73]

ZnS using high-tem per a ture coor di nat ing solu tions [41, 42]

CdS using high-tem per a ture coor di nat ing solu tions [49]

ZnSe using high-tem per a ture coor di nat ing solu tions using air-sta ble
organometallic pre cur sors

[46]



Schlenk line, while stir ring. This allows removal of resid ual water and
oxy gen.

2. In par al lel or before, pre pare a 1M stock solu tion of trioctylphosphine
selenide (TOP:Se) by add ing 7.9g of amor phous Se (99.99 per cent) shot to
100 ml of trioctylphosphine (TOP, 90 to 95 per cent). It is rec om mended that
this stock solu tion is pre pared in an inert atmo sphere (e.g., in a glove box,
under nitro gen). Higher con cen tra tion (1.5 or 2M) stock solu tions could also 
be used.

3. An injec tion solu tion is usu ally made by dilut ing ~170–250 µl of CdMe2 with 
3.5–4 ml of 1M TOP:Se and ~15 ml of TOP. If 1.5M or 2M TOP:Se stock
solu tions were used, vol umes of the TOP used will have to be adjusted so
that the total vol ume of the Se pre cur sor solu tion stays the same. This step
must also be han dled in an inert atmo sphere (glove box).

4. The reagents are thor oughly mixed and then loaded into a syringe equipped
with a large gauge nee dle for rapid injec tion.

5. After 2–3 hours heat ing and degas sing (TOPO con tent is “dry”), the flask is
back filled with inert gas (N2 or Ar) and the tem per a ture is raised to ~300
degrees C.

6. Remove the loaded syringe from the dry box and quickly inject the con tents
into the flask con tain ing TOPO, while vig or ously stir ring.

7. Upon injec tion, there is a rapid color change of the solu tion to light yel low,
and the tem per a ture falls to ~250 degrees C. The absorp tion spec trum is
col lected and should how sharp fea tures with the peak of the first tran si tion
usu ally located between 470 and 490 nm, sim i lar to what is shown in Figure
1.2.

8. Raise the tem per a ture slowly to 290–300 degrees C to pro mote growth and
anneal ing of the nanocrystals.

9. To ver ify the qual ity of the mate ri als dur ing growth, aliquots from the
reac tion solu tion are peri od i cally retrieved and their absorp tion spec tra are
col lected. The loca tion of the first absorp tion peak gives an esti mate of the
nanocrystal size as checked by TEM and small angle X-ray scat ter ing (SAXS) 
(see Fig ure 1.6 and Table 1.1) [50]. Fur ther more, the rel a tive width of the
tran si tion peak gives a mea sure of size dis tri bu tion of the sam ple.
Occa sion ally there is a decrease in the growth rate accom pa nied by an
increase in the rel a tive size dis tri bu tion. To over come this growth
bot tle neck, the tem per a ture is raised by several degrees.

10.When the first absorp tion peak reaches a wave length max i mum indic a tive
of a desired size, lower the tem per a ture to below 100 degrees C to stop the 
crys tal growth.

Synthetic Routes Using Air-Stable Cd-Based Precursors
The pro ce dure described here rep re sents one of sev eral vari a tions devel oped and
used by var i ous research groups. This pro to col is opti mized for the con di tion
described ear lier. How ever, other com pa ra ble pre cur sors, includ ing CdO and cad -
mium ace tate, can also be used as Cd precursors.

10 Colloidal Quantum Dots: Synthesis, Photophysical Properties, and Biofunctionalization Strategies 



1. Pre pare 1M stock solu tion of trioctylphosphine selenide (TOP:Se) by
dis solv ing 7.9g of Se (99.99 per cent) into 100 mL of TOP (90–95 per cent). A 
1.5 or 2M solu tion of TOP:Se could also be used, but this higher
con cen tra tion must be taken into account when add ing Se pre cur sors to the
reac tion mixture.

2. Load TOPO (20g), hexadecylamine (10g), and TOP (5 mL) into 100-mL
three-neck round bot tom flask, fit ted with a ther mo cou ple tem per a ture
sen sor, con denser, and a nitro gen/vac uum inlet adapter, and heat to
120–140 degrees C under vac uum for 1 to 2 hours. This step removes water
and oxy gen from the solution.

3. As the con tent of the round bot tom flask is degassed, mix Cd(acac)2 (620
mg), 1,2-hexadecanediol, HDDO, (1.2g), and TOP (10 mL) in a sep a rate 20
mL vial, and heat to 100 degrees C under vac uum. The solu tion should
become homo ge neous after ~30 min utes.

4. Let the mix ture cool to approx i mately 80 degrees C and add 10 mL of 1 M
TOP:Se (or 5 mL of 2 M TOP:Se) and mix thor oughly.

5. Switch the atmo sphere in the three-neck flask to nitro gen and raise the
tem per a ture to 340–350 degrees C.

6. Trans fer the TOP:Se mix ture to a syringe equipped with a large gauge
nee dle, and rap idly inject the solu tion mix ture of cad mium and sele nium
pre cur sors into the hot flask con tain ing the coor di nat ing sol vent; then
quickly cool the mix ture down to ~100–200  degrees C. This pre vents
fur ther growth of the nanoparticles.

7. The result ing nanoparticles can be either col lected for sub se quent pro cess ing 
and use or fur ther grown to larger sizes with addi tional heat ing to 250–280
degrees C for sev eral minutes.

8. The solu tion is then cooled to 60–80 degrees C, mixed with tolu ene (or
hex ane) and butanol, and cen tri fuged to remove any unreacted metal salts
and other impu ri ties.

9. Puri fi ca tion is car ried out using a solu tion mix ture with excess meth a nol
or eth a nol fol lowed by centrifugation and removal of the supernatant.

Overcoating the Native Cores with a Thin Layer of ZnS
Fol low ing the ini tial prog ress made in high tem per a ture QD syn the sis, it was dem on -
strated that pas si vat ing the native QD cores with a layer of wider band gap mate -
rial(s) could dra mat i cally enhance the PL quan tum yield of the result ing core-shell
nanocrystals. Although the con cept was pre vi ously known from work on band gap
engi neer ing in semi con duc tors [73, 74], the opti mal set of con di tions for cre at ing
strongly flu o res cent overcoated QDs was not real ized until 1996, when Hines and
Guyot-Sionnnest showed that overcoating CdSe QDs with ZnS could improve the
PL quan tum yields to val ues of 30 per cent or higher [41]. The com plete reac tion con -
di tions for pre par ing a series of core-shell nanoparticles that are strongly flu o res cent
and sta ble were fur ther detailed in two com pre hen sive reports by Dabbousi et al.
[42], and Peng et al. [49]. We should also stress the fact that as for core-only syn the -
sis, air-sta ble pre cur sors were used for the overcoating reac tions by var i ous groups
(e.g., see [46]), fol low ing the reports by Peng and cowork ers on the syn the sis of CdS,
CdSe nanocrystals [21, 43]. Here we describe the reac tions used in [41, 42].
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For overcoating CdSe with a thin layer of ZnS or CdS, the tem per a ture of a solu -
tion con tain ing CdSe QDs mixed with TOPO is raised to ~150 degrees C but kept
lower than 200 degrees C to pre vent fur ther growth of the QDs. A dilute solu tion of
Zn (or Cd) and S pre cur sors is then slowly intro duced into the hot stir ring QD solu -
tion (see sche mat ics in Fig ure 1.4). The amount of Zn and S pre cur sors added var ies
depend ing on the size of the CdSe QD and is cal cu lated to yield a 2–6 atomic
monolayer cov er age on the nanoparticle sur face. The high dilu tion and rel a tively low 
tem per a ture of the mix ture pre vent sep a rate nucle ation of ZnS or CdS quan tum dots. 
Once the pre cur sors have been added, the tem per a ture is low ered to ~80 degrees C.
The reac tion ves sel can be left undis turbed for sev eral hours, as this anneal ing was
shown to pro duce notice able improve ments in the PL quan tum yield [42]. 

A typ i cal lab o ra tory scale ZnS overcoating pro cess for CdSe QDs includes the
fol low ing steps [42]: 

1. Mount a round-bot tom flask (100 or 250 mL) with a pres sure equal iz ing
addi tion fun nel.

2. Load 20–30g of TOPO into the round bot tom flask and dry/degas at
120–140 degrees C for two to three hours under vac uum.

3. Add puri fied CdSe QD solu tion (dis persed in hex ane or tolu ene) at 70–80
degrees C to a final Cd con cen tra tion of ~0.1–0.5 mM.

4. Evap o rate the sol vent under vac uum.
5. Increase the tem per a ture of the QD/TOPO solu tion to between 140 degrees

C and 180 degrees C, depend ing on the ini tial core radius (lower
tem per a tures are used for smaller core sizes).

6. Sep a rately, to a vial con tain ing 4–5 mL of TOP, add equimolar amounts of
diethylzinc (ZnEt2) and hexamethyldisilathiane (TMS2S) pre cur sor that
cor re spond to the desired overcoating layer for the appro pri ate CdSe
nanocrystal radius. Use an inert atmo sphere (e.g., glove box) to carry out this 
step since ZnEt2 is highly reac tive with oxy gen and water.

7. Load the Zn and S pre cur sor solu tion from step 6 into a syringe (inside the
glove box) and trans fer the con tent to the addi tion fun nel.

8. Slowly add the Zn and S pre cur sor solu tion to the QD/TOPO solu tion at a
rate of about 0.3–0.5 mL/min.

9. Once the addi tion is com plete, lower the solu tion tem per a ture to 80 degrees
C and leave the mix ture stir ring for sev eral hours.

10.Cool down the flask con tent, then add ~10 mL of butanol and hex anes
and pre cip i tate the ZnS-overcoated QDs with meth a nol to recover the QD
prod uct by centrifugation.

We should remark that an extra anneal ing step car ried out postovercoating is
rec om mended, as this often pro duces an improve ment in the qual ity, sta bil ity, and
PL quan tum yield of the final core-shell nanocrystals.

Purification of the Nanocrystals
Size selec tive pre cip i ta tion can be applied to core-only as well as to core-shell
nanocrystals as a means of remov ing extra unreacted met als and lig ands and obtain -
ing nar row size dis tri bu tion. This involves add ing a nonsolvent (bad sol vent) mix -
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ture for the TOP/TOPO-capped nanocrystals [39, 51]. This method is widely
employed for poly mers and colloids to reduce polydispersity after syn the sis. The
absorp tion spec tra of core-shell QDs are usu ally not as well resolved as those mea -
sured for core only, in par tic u lar for sam ples using thick overcoating shells. Fur ther -
more, the photoluminescence expe ri ences a slight red shift com bined with slight
broad en ing com pared with what is mea sured for the ini tial core-only nanocrystals.
Shifts of the emis sion are usu ally more pro nounced for lower band gap overcoating
mate ri als, such as CdS and ZnSe ver sus ZnS. A smaller mis match between the crys -
tal struc tures of the core and shell pre sum ably allow smoother sur face struc tures
and poten tially more epitaxial growth of the shell layer [42]. These changes are
expected and often attrib uted to leak age of the exciton wavefunction out side the
native core to within the overcoating shell. It is also caused by a slight broad en ing of 
the size dis tri bu tions of the ini tial nanocrystals since overcoating is carried at
relatively high temperatures.

1.3 Strategies for Surface-Functionalization and Conjugation to
Biomolecules

1.3.1 Water-Solubilization Strategies

The eas i est and most obvi ous approach to pre pare water-sol u ble QDs is to grow the 
nanocrystals directly in aque ous envi ron ments using inverse micelles or
coprecipitation as reported for some CdTe nanocrystals [75]. How ever, most highly 
lumi nes cent QDs that have found effec tive use in bio log i cal stud ies are pre pared
using high-tem per a ture solu tion routes and are essen tially capped with TOP/TOPO
lig ands mixed with small frac tions of amine and car boxyl mol e cules. They thus
require use of water solubilization strat e gies to make them com pat i ble with bio log i -
cal envi ron ments. Sev eral strat e gies aimed at achiev ing this goal have been devel -
oped since the first reports on devel op ing col loi dal QDs as bio log i cal labels were
pub lished [76–78]. These strat e gies can essen tially be loosely divided in two main
cat e go ries: ligand-exchange and encapsulation (see Table 1.3) [5].

1.3.1.1 Ligand Exchange

This method involves the replace ment of the orig i nal hydro pho bic sur face lig ands
(TOP/TOPO and such) with bi- and/or multifunctional hydro philic lig ands. The
hydro philic lig ands are usu ally com prised of anchor group(s) for bind ing to the
inor ganic nanocrystal sur face (typ i cally via a thiol group) at one end. At the other
end the lig ands pres ent hydro philic groups (car boxyl, amine, or poly(eth yl ene gly -
col)) that pro mote affin ity to aqueous solutions.

Cap exchange with molec u lar-scale lig ands has been attempted by sev eral
groups in the past decade, because of its ease of imple men ta tion. The most com -
monly reported exam ples used monothiol-ter mi nated alkyl carboxylic acids,
includ ing mercaptoacetic acid (MAA) [77, 79], mercaptopropionic acid (MPA) [79, 
80], mercaptoundecanoic acid (MUA) [79, 81], poly(eth yl ene gly col) deriv a tives
[82–85], and cysteine [86, 87]; most of these lig ands are com mer cially avail able.
Though the cap exchange strat egy with these lig ands is straight for ward, the sta bil -
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ity of the result ing QDs in buffer solu tions is often poor. For instance, with MAA,
MPA, and MUA, the nanocrystals tend to pro gres sively aggre gate in phys i o log i cal
con di tions within a rel a tively short period of time con com i tant with a decrease of
flu o res cence quan tum yield. This is most likely due to desorption of the lig ands from 
the QD sur face [5]. Peng and cowork ers tried to resolve this prob lem by pre par ing
hydroxyl-ter mi nated dendron lig ands that were also end-fucntionalized with thiol
groups to pro mote anchor ing on the QD sur face [88]. In a sub se quent study, they
used amine-ter mi nated dendrimers for cap exchange, which allowed cross-link ing
of the lig ands to form “dendron-boxed” QDs [89]. Another approach to address ing
the long-term sta bil ity of QDs pre pared via cap exchange relied on the use of
bidentate thiol lig ands such as dihydrolipoic acid (DHLA) [78]. These
bidentate-thiol lig ands have sig nif i cantly improved the sta bil ity of the QDs in aque -
ous envi ron ments, as DHLA-capped nanocrystals could reproducibly be made sta -
ble in aque ous buffer solu tions with usable life times of sev eral months. Most of the
thiol-ter mi nated lig ands men tioned ear lier (e.g., MAA, MPA, MUA, and DHLA)
have car boxyl ter mi nal groups, and water-sol u bil ity of the QDs relies on
deprotonation of the car boxyl groups, which has lim ited the abil ity of pre par ing
homo ge neously dis persed solu tions of QDs in acidic pHs [5, 78]. To over come these 
pH lim i ta tions, we have recently devel oped a new set of DHLA ligand deriv a tives,
where poly(eth yl ene gly col) (PEG) seg ments with vari able chain-lengths were
appended onto dihydrolipoic acid via an ester link age [90]. Our results showed that
QDs capped with DHLA–PEG lig ands are well dis persed in aque ous media and sta -
ble over an extended period of time and over a rel a tively broad pH range from
weakly acidic to strongly basic con di tions. The DHLA-PEG-capped nanocrystals
addi tion ally bene fited from the strong anchor ing pro vided by the dithiol end
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Table 1.3 Sur face-Functionalization Meth ods Reported in the Lit er a ture

Sur face Cap ping Strat e gies Prep a ra tion Method Lit er a ture Cita tion

Ligand exchange (i) Sin gle thiol

  Mercaptoacetic acid (MAA) [77, 79]

  Mercaptopropionic acid (MPA) [79, 80]

  Mercaptoundecanoic acid (MUA) [79, 81]

  PEG deriv a tives [82–85]

  Cysteine [86, 87]

  Dendron [88, 89]

(ii) Mul ti ple thiols

  Dihydrolipoic acid (DHLA) [78]

  DHLA–PEG con ju gates [90, 92, 93]

(iii) Pep tides [94, 95]

(iv) Oligomeric phos phine (oxide) [96, 97]

(v) Amines [98–100, 112]

(vi) Sil ica coat ing [76, 101, 113]

Encap su la tion (i) Di- or triblock copol y mers [102–106, 114, 115]

(ii) Phospholipids [107, 108]

(iii) Calixarene deriv a tives [109–111, 116]



groups, and were also com pact in size [91]. PEGs are known for low tox ic ity and
also min i mize non spe cific bind ing with bio log i cal mol e cules [2]. The phys i o log i cal
com pat i bil ity of PEG-coated QDs is thus very prom is ing for var i ous cel lu lar assays.
Moreover, the long-term stability of the QDs has a sig nif i cant impact not only for in 
vitro biological assays but also for cellular tracking experiments.

More recently, the ter mi nal groups of DHLA–PEG lig ands were fur ther
improved by functionalization with addi tional bioreactive groups, such as bio tin,
amine, and car boxyl groups to pro mote bioconjugation of the QDs capped with
DHLA–PEG lig ands [92, 93]. Over all, this design pro vided mod u lar ligand struc -
tures, con tain ing a PEG sin gle chain with vari able size to pro mote water sol u bil ity,
a DHLA at one end of the PEG chain for strong anchor ing onto the QD sur face, and 
a bio log i cal func tional group at the other end of the PEG (see Fig ure 1.7). These
QDs have indeed dem on strated easy access to bio log i cal mol e cules through
avidin-bio tin bind ing or EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide)
coupling [92, 93].

In a some what dif fer ent ratio nale that uti lizes a sim i lar pro cess, Weiss and
cowork ers have used phytochelatin-related pep tides hav ing mul ti ple ter mi -
nal-repeats of cysteines for anchor ing on QDs [94, 95]. This strat egy has a few
unique advan tages. Sim i lar to DHLA, it relies on the multi den tate thiol inter ac tions
with the inor ganic sur face of the nanocrystals, which improves the sta bil ity of the
ligand/QD sys tem. In addi tion, using pep tides as the actual lig ands makes it pos si ble 
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Fig ure 1.7 (top) Sche matic rep re sen ta tion of a QD capped with mod u lar hydro philic lig ands
based on the DHLA motif. Each ligand mol e cule has a cen tral tun able length PEG seg ment, an
anchor ing dithiol head, and a ter mi nal func tional group that can be chem i cally mod i fied. Repro -
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to strongly inter act with the TOP/TOPO cap while the hydro philic block pro motes com pat i bil ity
with aque ous envi ron ments. (See Color Plate 2.)



to com bine improved affin ity to aque ous media and poten tial bio log i cal tar get ing.
Pep tide struc ture and length can poten tially be mod i fied and con trolled. The
authors have applied these pep tide-coated nanocrystals in var i ous func tional assays
rang ing from live cell imag ing to FRET (see Chap ter 3 by Bentolia et al.). One of the
poten tial lim i ta tions, how ever, is the need for rather large amounts of pep tide lig -
ands to carry out an effec tive cap exchange, as this pro cess is mass-action driven and 
neces si tates a large excess of lig ands for effec tive cap exchange. Prep a ra tion of large
amounts of peptides is time consuming and can be rather costly.

Another attempt aimed at improv ing the sta bil ity of hydro philic QDs pre pared
via cap-exchange strat egy was reported by Bawendi and cowork ers, who have
described the syn the sis of oligomeric phos phine (oxide) lig ands com prised of an
inner phos phine layer, a link ing layer between the phosphines and an outer
functionalized “net work” [96, 97]. The inner phos phine layer served to pas si vate
and pro tect the QD sur face, while the outer layer was functionalized with car boxyl
or PEG groups to pro mote water sol u bil ity. Though this approach uses phos phine
anchor ing groups, which are sim i lar to the native TOP/TOPO, syn the sis and puri fi -
ca tion of the lig ands is tedious. In other stud ies, sev eral groups used amine-rich
poly mers to functionalize the QD sur faces. Nann showed phase trans fer of QDs into 
water using amphiphilic hyperbranched polyethyleneimine [98]. Nie and cowork ers 
sug gested that poly(eth yl ene gly col)-grafted polyethylenimine could pro vide the
abil ity to real ize endosome-dis rupt ing sur face coat ings for QDs [99]. Winnik and
cowork ers used a poly(eth yl ene gly col-b-2-N,N-dimethylaminoethyl methacrylate)
(PEG-b-PDMA) diblock copol y mer, in which the DMA groups served as multi den -
tate anchor ing sites on core only CdSe QDs [100]. These exam ples rely on the avail -
abil ity of mul ti ple amine groups for anchor ing on the QD sur face, due to weak
bind ing of sin gle amine groups. In both cases the authors con cluded that the poly -
mer removes the native TOP/TOPO shell due to the affin ity of amines groups to
inor ganic ZnS and CdS surfaces, which makes their approach in essence a
cap-exchange method.

The first reported study intro duc ing the use of QDs in biol ogy by Alivisatos and
cowork ers used QDs cap-exchanged with thiol-ter mi nated sil ane lig ands, fol lowed
by fur ther cross-link ing to form a sil ica shell coat ing as a means to enhance sta bil ity
and pro mote hydrophilicity of CdSe-CdS(ZnS) core-shell nanocrystals [76, 101].
The “sil ica-shell coat ing” method is con cep tu ally a very effec tive method for sur face 
passivation due to the robust ness of sil ica; it also pro vides the option of add ing func -
tional groups onto the shell for fur ther functionalization. This strat egy is, how ever,
time con sum ing and con trol of the shell growth is difficult.

Stud ies with the DHLA-PEG-amine and DHLA-PEG-car boxyl lig ands indi cate
that thiol-bind ing to the QD sur face is stron ger than amine and car boxyl groups
when both end groups are pre sented on the same lig ands [92, 93]. With this strat egy, 
the nature of the anchor ing group to the QD sur face (e.g., monodentate ver sus
multi den tate) can make a sub stan tial dif fer ence in terms of the long-term sta bil ity of
the hydro philic QDs; sta bil ity of the QD-ligand inter ac tions is sub stan tially
improved with multi den tate cap ping mol e cules. The cap exchange strat egy main -
tains the QD size com pact, and this is espe cially true for molec u lar-scale lig ands.
This can be cru cial for flu o res cence res o nance energy trans fer (FRET) assays with
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QDs since close prox im ity between energy donor and accep tor is directly cor re lated
to the energy transfer efficiency (see Chapter 4).

1.3.1.2 Encapsulation within Block Copolymer Shells and Phospholipid Micelles

This method uses bifunctional amphiphilic mol e cules hav ing dis tinct hydro pho bic
and hydro philic seg ments (Fig ure 1.7). The hydro pho bic units selec tively inter act
and interdigitate with the native TOP/TOPO shell, while the hydro philic units inter -
act with the aque ous envi ron ment, thus pro mot ing dis per sion of the QD in aque ous
media. Water sol u bil ity of the result ing QDs is mostly ensured by the pres ence of
charged groups (such as amine or car boxyl groups) and/or poly(eth yl ene gly col)
(PEG) chains within the hydrophilic units.

Di- and triblock copol y mers have been widely used as the amphiphilic coat ing
shell for QDs coated with orig i nal hydro pho bic lig ands [102–105]. Gen er ally, these 
poly mers have a poly(acrylic acid) main chain, where sub sti tu tion of some of the
car boxyl groups with alkyl chains allows a con trolled bal ance of hydro pho bic and
hydro philic blocks within the poly mers. This bal ance is cru cial for sta bi li za tion of
the poly mer coat ing on the TOP/TOPO-cap and pro mo tion of water sol u bil ity of
the result ing QDs. Wu and cowork ers used a block copol y mer shell con sist ing of 40
per cent octylamine-mod i fied polyacrylic acid [102]. The lat ter is cur rently used
with com mer cial QDs offered by Invitrogen (www.invitrogen.com). Pellegrino and
cowork ers used poly(maleic anhy dride alt-1-tetradecene) for QD encap su la tion
[106]. Fol low ing adsorp tion on the TOP/TOPO QDs, fur ther addi tion of
bis(6-aminohexyl)amine formed cross-linked poly mers on the QDs. Hydro ly sis of
the unreacted anhy dride units made the QDs water sol u ble. The use of block copol -
y mers can take advan tage of the wealth of knowl edge about block copol y mers
gained over the years and the abil ity to form sophis ti cated phases and struc tures
that can be con trolled on the nanoscale. None the less, the result ing hydro philic
nanoparticles inev i ta bly have rather large sizes [4, 5]. Fur ther, the affin ity for the
QD sur face may not be very strong, as the poly mer shell could swell or shrink
depend ing on natural paramaters such pH and ionic strength of the surrounding
media.

The sec ond encap su la tion method employed phospholipid deriv a tives, which
formed micelles. In par tic u lar, the first dem on stra tion of this strat egy was reported
by Dubertret and cowork ers, who used phospholipids con tain ing 40 per cent
1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(poly eth yl ene gly -
col)-2000] (mPEG-2000 PE) and 60 per cent of 1,2-dipalmitoylglycero-3-
phosphocholine (DPPC) to carry out encap su la tion of CdSe-ZnS QDs and their
trans fer to buffer solu tions. This tech nique is sim ple to imple ment, as most
phopholipids are com mer cially avail able (though not rea son ably cheap) [107, 108]. 
Nanocrystals pre pared via this route were sta ble in embry onic cells and did not
show mea sur able tox ic ity effects. How ever, this strat egy has some of the sta bil ity
issues at very low con cen tra tions encoun tered by micelles in gen eral. In addi tion, it
is pos si ble that more than a sin gle nanocrystal could be contained within each
micelle.

Cyclic mol e cules such as calixarene have also been dem on strated as poten tial
com pact sur face coat ing mate ri als. Jin et al. used calix[4]arene with carboxylic acid
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groups for QD coat ing, and suc cess fully pre pared com pact CdSe-ZnS QDs (<10 nm
in diam e ter) [109]. They also reported that the emis sion peaks of QDs can be shifted
to lon ger wave lengths with increas ing the ring size of the calix[n]arene used (n = 4,
6, 8) [110]. CdSe QDs coated with calixarene ana logues with alkyl chains and
saccharide moi eties were also employed as endosome mark ers [111].

Each sur face-functionalization strat egy has both inher ent advan tages and dis ad -
van tages. In par tic u lar, the cap exchange approach is sim ple and can be ver sa tile in
light of recently devel oped repro duc ible meth ods for the syn the sis of mod u lar lig -
ands such as DHLA–PEG–FN motifs, where the PEG chain length can be tuned and
the ter mi nal func tional groups (FN) can be var ied (see Fig ure 1.7). It also pro vides
com pact-size nanocrystals. It does, how ever, tend to pro duce QDs with decreased
PL quan tum yields com pared to the native TOP/TOPO-capped nanocrystals.
Encap su la tion approaches on the other hand can pro duce nanocrystals with higher
quan tum yields, because it is expected that this method keeps the native lig ands
attached to the QD sur face. This method, how ever, tends to pro duce rather large
nanocrystals and does not allow for con trol over the num ber of encap su lat ing chains 
wrapped around a given QD and the num ber of reac tive groups avail able for fur ther
functionalization. Thus, when applied, the advan tages of each strat egy need to be
carefully balanced against potential drawbacks.

1.3.2 Methods for Conjugating QDs with Biomolecular Receptors 

Strat e gies reported thus far for con ju gat ing hydro philic QDs to biomolecular recep -
tors can essen tially be divided into three groups (see Fig ure 1.8): (1) The first
employs the com mon EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide) cou -
pling of car boxyl groups on the QD sur face and tar get amines on bio log i cal enti ties
such as pep tides, pro teins, and anti bod ies [92, 93, 99, 102]. (2) The sec ond employs
metal-affin ity driven self-assem bly using either thiolated pep tides or polyhistidine
(His)-appended tracts and noncovalent self-assem bly using engi neered pro teins [94,
117]; metal-affin ity driven self-assem bly is ver sa tile and has a high bind ing con stant
(KDis so ci a tion

 ~ 10–10-10–8 M) [117]. (3) Avidin-bio tin bind ing, which involves the use of 
an avidin (or streptavidin) bridge between two biotinylated biomolecules (pep tides
and pro teins), can ben e fit from the strong avidin-bio tin bind ing (KDis so ci a tion ~ 10–15

M) [2]. Each con ju ga tion tech nique has cer tain advan tages but also a few lim i ta -
tions, as remarked ear lier for water-solubilization strat e gies. For exam ple, EDC
con den sa tion applied to QDs capped with thiol-alkyl-COOH lig ands often pro -
duces inter me di ate aggre gates due to poor QD sta bil ity in neu tral and acidic buff ers
[5, 78]. How ever, inser tion of a PEG seg ment between the thiol anchor ing group
and COOH groups (mod u lar lig ands) has suc cess fully allowed EDC cou pling to
QDs [92]. This con straint can also be removed by using QDs capped with func tional 
pep tides, where sol u bil ity is now driven by the pep tide lig ands [94]. EDC cou pling
has also been applied to QDs encap su lated with poly meric shells bear ing COOH
groups [102]. It can how ever pro duce large con ju gates with less con trol over the
num ber of biomolecules per QD-bioconjugate. This approach has been used by
Invitrogen to pre pare QD-Streptavidin con ju gates hav ing ~20 pro teins per QD. Due 
to the rather large num ber of charges on these QD-con ju gates, care must be paid to
the fact that they can bind all biotinylated pro teins in the sam ple and may result in
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aggre gate for ma tion. Self-assem bly of pep tides/pro teins onto the QD using, for
exam ple, metal-histidine driven inter ac tions can reduce aggre ga tion and per mit
con trol over the bioconjugate valence. How ever, it still requires that the bioreceptor 
is engi neered with the desired His-tag before use. Fur ther more, we have shown in a
recent study that this con ju ga tion strat egy also requires that the His tract is
extended/exposed lat er ally for direct inter ac tions with the nanocrystal sur face
[117]. For instance, QDs capped with DHLA-PEG (MW ~600 and ~1000) could
not allow self-assem bly of QDs with His5-appended proteins, due to steric
hindrance, even though conjugation to peptides was effective regardless of the
His-tag length [117].

1.4 Concluding Remarks and Future Outlook

In their early days, quan tum dots were some what of a nov elty in the field of
low-dimen sional semi con duc tor phys ics. The last two decades have wit nessed a tre -
men dous sci en tific inter est and prog ress in under stand ing the fun da men tal prop er -
ties of these mate ri als and in devel op ing tech niques to make them better. This was
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ter mini of a pep tide or a pro tein. (c) Avidin–bio tin bridg ing through avidin between bio -
tin-functionalized QDs and biotinylated tar get pro tein and pep tides. Repro duced par tially from
[117], with per mis sion from the Amer i can Chem i cal Soci ety.



prompted by the real iza tion that these mate ri als are of great con cep tual and tech no -
log i cal inter ests. There has also been a drive to develop and com mer cial ize various
technological applications.

Advances in the syn the sis and char ac ter iza tion of lumi nes cent and
nonluminescent QDs have pro vided a wide array of nanocrystals with a range of
unique prop er ties (opti cal and spec tro scopic, metal lic, and mag netic prop er ties). In
par tic u lar, there has been a clear prog ress in devel op ing repro duc ible syn thetic
routes for mak ing high-qual ity lumi nes cent QDs emit ting over a broad range of
wave lengths and dispersible in solu tion phases. The high tem per a ture solu tion reac -
tion route (orig i nally devel oped by Bawendi and cowork ers but rap idly expanded by 
his and other groups includ ing Alivisatos and his groups, Murray and cowork ers
and Peng and cowork ers) was shown to be extremely ver sa tile. The reac tion scheme
and vari a tion of that scheme have now allowed mak ing of QDs with a wide range of
mate rial com bi na tions. It has been fur ther expanded to mak ing mag netic
nanoparticles (e.g., see Chapter 2, Chapter 10, and Chapter 11).

Devel op ment of lumi nes cent QDs as bio log i cal probes, for exam ple, has rap idly
grown in the past decade. Clearly these mate ri als offer a great poten tial for use in a
whole array of appli ca tions such as in vivo cel lu lar and tis sue imag ing. Flu o res -
cence-based cel lu lar and tis sue imag ing and sens ing using direct one- and two-pho -
ton exci ta tion, or FRET, are the areas where QDs should expe ri ence sub stan tial
devel op ment and expan sion. For exam ple, mul ti plexed and two-pho ton driven
FRET have been explored in proof-of-con cept dem on stra tions, but appli ca tions in
real in vivo set have been rather scarce.

Despite the remark able prog ress made for QD use in biol ogy (described, for
exam ple, in Chap ter 3 by Bentolia et al., Chap ter 4 by Medintz et al., and Chap ter 6
by Pons et al.), there still remain sev eral issues that are not fully solved yet, and
under stand ing and even tu ally solv ing them will increase their util ity in biol ogy.
These issues can be sum ma rized in the fol low ing order: (1) Still needed are improve -
ment and likely con sol i da tion of most avail able water-solubilization strat e gies into
a sim ple scheme able to pro vide QDs that are sta ble in a wide range of bio log i cally
rel e vant con di tions (acidic and basic pHs, excess salt, and so on). (2) Still needed are
improve ment and sim pli fi ca tion of the con ju ga tion strat e gies reported by var i ous
groups. This will require a coor di nated effort to develop sim ple and repro duc ible
con ju ga tion schemes, capa ble of pro vid ing com pact multifunctional con ju gates. (3)
Due to the unavail abil ity of a sim ple and gen eral strat egy that allows effec tive
translocation of QDs across the cell mem brane and into the cyto plasm, more effort
geared toward devel op ing easy-to-implement approaches for intracellular delivery
is needed.
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C H A P T E R  2

Colloidal Chemical Synthesis of
Organic-Dispersible Uniform Magnetic
Nanoparticles

Soon Gu Kwon and Taeghwon Hyeon

For the past 30 years, the syn the sis of nanoparticles with size rang ing from 1 nm to
50 nm has been inten sively pur sued, not only for their fun da men tal sci en tific inter -
est, but also for their many tech no log i cal appli ca tions [1]. Nanoparticles exhibit
very inter est ing size-depend ent elec tri cal, opti cal, mag netic, and chem i cal prop er -
ties that can not be achieved by their bulk coun ter parts. For many future appli ca -
tions, the syn the sis of uni form-sized nanoparticles (monodisperse with a size
dis tri bu tion of rel a tive stan dard devi a tion, σr, less than 5 per cent) is of key impor -
tance, because the elec tri cal, opti cal, and mag netic prop er ties of these nanoparticles
are strongly depend ent on their dimen sions [2]. Among var i ous nanoparticles, mag -
netic nanoparticles have been inten sively stud ied for their many (poten tial) appli ca -
tions. For exam ple, reg u lar array of uni form-sized mag netic nanoparticles have
been pro posed as multiterabit/in2 mag netic stor age media [3–7]. Mag netic
nanoparticles have found var i ous bio med i cal appli ca tions includ ing con trast
enhance ment agents for mag netic res o nance imag ing (MRI), mag netic car ri ers for
drug deliv ery sys tem (DDS), biosensors, and bioseparation [3–7]. In this chap ter,
we would like to sum ma rize the col loi dal chem i cal syn the sis of uni form-sized mag -
netic nanoparticles. In the first sec tion, mag ne tism in nanometer-scale will be briefly 
sum ma rized. In the fol low ing sec tions, syn the sis of uni form-sized mag netic
nanoparticles using var i ous col loi dal chem i cal meth ods will be described.

2.1 Magnetism of Nanoparticles

Below the Curie tem per a ture (Tc), the vol ume of a bulk mag netic (fer ro mag netic or
ferrimagnetic) mate rial is divided into many mag netic domains to reduce the mag -
neto static energy [8]. This energy is pro por tional to the vol ume, D3, where D is the
dimen sion of the mag netic mate ri als. How ever, the extent of the reduced mag neto -
static energy by the multidomain struc ture is off set by the energy of the inter face
between domains, which is called domain wall. The domain wall energy is pro por -
tional to the wall area (D2). As a result, below some crit i cal size, namely, Dc, the
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domain wall energy sur passes the sta bi li za tion energy by the multidomain struc ture, 
and the mate rial becomes sin gle domain (Fig ure 2.1) [8]. The mag ne tism of a
multidomain mate rial is the result of the col lec tive behav ior of many domains in its
body. Thus, its mag netic prop erty can be regarded as inde pend ent of the size. On the 
other hand, for a sin gle domain par ti cle, in which only one domain is con fined in the
par ti cle vol ume, the mag netic prop erty is strongly depend ant on the par ti cle size.

In a sin gle domain par ti cle, all mag netic spins are aligned par al lel com pos ing a
sin gle “giant spin.” This giant spin, or, equiv a lently, the mag ne ti za tion of the par ti -
cle, tends to lie in the “easy direc tion” of the par ti cle at which the poten tial energy is
the min i mum. The easy direc tions are sep a rated by the energy bar rier of height KV,
where K is the ani so tropy con stant and V is the par ti cle vol ume (Fig ure 2.2). As V
gets smaller, it becomes eas ier to flip the mag ne ti za tion from one direc tion to
another because of the low energy bar rier. In other words, the coer cive field, Hc, for
a sin gle domain par ti cle decreases with its size. When V is so small that KV is com -
pa ra ble to the ther mal energy, kT, the mag ne ti za tion direc tion is sub jected to ran -
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Fig ure 2.1 Sche matic illus tra tions of the mutidomain (left) and sin gle domain struc tures (right).
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Fig ure 2.2 A sche matic of a sin gle domain par ti cle of vol ume V and its mag ne ti za tion direc tion
(left). The angle between the mag ne ti za tion direc tion and the easy axis is θ. The poten tial energy
of the mag ne ti za tion is plot ted as a func tion of θ (right). 



dom ther mal fluc tu a tion. This phe nom e non is called superparamagnetism [9, 10].
In this con di tion, Hc is zero (no hys ter esis) and the par ti cle has no sta ble mag ne ti za -
tion direc tion (Fig ure 2.3). For a par ti cle of a fixed vol ume, the min i mum tem per a -
ture required to make it superparamagnetic is called the block ing tem per a ture, TB,
which is expressed in terms of K and V as:

T KV kB = 25 (2.1)

This shows how TB var ies with V when the par ti cle is superparamagnetic (V <
Vp). Con versely, (2.1) can be rear ranged as Vp = 25kT/K, where Vp is the max i mum
vol ume of the superparamagnetic par ti cle for a given T. When the par ti cle is of sin -
gle domain but V > Vp, the size depend ency of Hc can be written as:

( ) ( )H H V V D Dc c o p p, = − = −1 1
1 2 3 2

(2.2)

where Hc,o is the coer cive field of bulk mate rial and Dp is the par ti cle diam e ter that
cor re sponds to Vp [8]. Note that, when V = Vp (or D = Dp), Hc is zero in that equa -
tion as it should be.

For a sin gle domain par ti cle, Hc is strongly depend ant not only on the size but
also on the shape. In a mag netic mate rial, the mag netic spin lying along the long
axis has lower energy than along the shorter one because of weak demag ne tiz ing
field in that direc tion. Thus, the shape ani so tropy of a par ti cle con trib utes to its
mag netic ani so tropy, K. As a result, the height of the energy bar rier, KV, and, in
turn, Hc depend on the shape. When the par ti cle shape is totally sym met ric, namely,
a sphere, the shape ani so tropy con tri bu tion is zero. As the degree of the shape sym -
me try decreases, both K and Hc increase. For exam ple, for a fixed V, the value of Hc

increases in the order of sphere, cube, and rod. Another major con tri bu tion to the
mag netic ani so tropy is the magnetocrystalline ani so tropy. In a mag netic mate rial,
there are easy direc tions of mag ne ti za tion with respect to the crys tal lo graphic axis.
The inter ac tion between elec tron spin and the crys tal lat tice is medi ated by the
spin-orbit cou pling between elec tron spin and the “orbital” of the crys tal lat tice.
This ani so tropy var ies largely in different substances and crystal structures. 

For nanoparticles, the sur face state is also an impor tant fac tor affect ing their
mag netic prop erty. Because of their size, NPs have very high sur face-to-vol ume
ratio that the num ber of the atoms on the sur face is com pa ra ble to that in the core.
The sur face is where the crys tal sym me try is bro ken, and the high sur face-free
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energy of nanoparticles leads to the sur face relax ation that dis torts the crys tal struc -
ture on the sur face. Those fac tors lead to the sur face ani so tropy that con trib utes to
the mag netic ani so tropy of nanoparticles to a con sid er able extent [11, 12]. As
shown in (2.3), the sur face ani so tropy term is pro por tional to the surface curvature,
1/D:

K K K DV S= + 6 (2.3)

where KV and Ks are the ani so tropy con stants for the vol ume and the sur face, respec -
tively [12]. More over, the atoms on the sur face have many dan gling bonds, var i ous
coor di nated lig ands, and, some times, oxi da tion num bers dif fer ent from that of the
core atoms. They result in the change of the num ber of mag netic spins per atom and
the dis or der of the sur face spins. For exam ple, antiferromagnetic nanoparticles
could have small net mag ne ti za tion because of the bro ken sym me try at the sur face
and the surface spin disorder [11].

The dis cus sions so far reveal that there are four crit i cal fac tors in the syn the sis of 
mag netic nanoparticles of con trolled prop er ties, namely, the size and shape uni for -
mity, crys tal struc ture, and the sur face state. In the fol low ing sec tions, we dis cuss
var i ous syn thetic meth ods of mag netic nanoparticles to control those factors.

2.2 Transition Metal Nanoparticles

The main prob lem in the syn the sis of nanoparticles is to find an appro pri ate reac tion 
sys tem, in which the pre cip i ta tion reac tion is per fectly con trolled to yield
nanometer-sized par ti cles of high uni for mity as well as good qual ity in terms of, for
exam ple, crystallinity, purity, and sur face state. For this pur pose, many syn thetic
meth ods have been devised for var i ous mate ri als rang ing from II–VI and III–V semi -
con duc tors to met als, metal alloys, and metal oxides. Among them, to date, the syn -
thetic sys tems uti liz ing the high-tem per a ture organic solu tion as the pre cip i ta tion
medium have been the most suc cess ful. The organic-solu tion medium enables us to
use var i ous molec u lar pre cur sors that afford high ver sa til ity for the design of the
nanoparticle syn thetic sys tem. Fur ther more, the organic-solu tion meth ods uti lize
the surfactant mol e cules that are very effec tive in both con trol ling the nucle ation
and growth pro cess and sta bi liz ing the nanoparticles in the col loi dal dis per sion.
Con se quently, each syn thetic method is char ac ter ized by its spe cific pre cur sors, the
sur fac tants, and the sol vent. In the fol low ing sec tions, the syn thetic meth ods are cat -
e go rized accord ing to their similarities in chemistry. There are several review articles 
on the magnetic nanoparticles [3–7].

2.2.1 Cobalt Nanoparticles

Co is the most intensely inves ti gated mate rial in the syn the sis of mag netic metal
nanoparticles, and, thus, it is worth dis cuss ing this mate rial in detail. The syn the sis
of Co nanoparticles can be cat e go rized in three meth ods. The first one uti lizes the
reduc tion of CoCl2 in the solu tion by LiBEt3H [13]. The for ma tion of NPs in the
reac tion solu tion was induced by the rapid injec tion of highly reac tive reductant
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(LiBEt3H) into the hot solu tion (~200 degrees C) con tain ing Co2+ ions. The
extremely rapid nucle ation and growth pro cess in this con di tion leads to the uni -
form Co NPs. It is an adap ta tion of the “hot injec tion” tech nique, which was orig i -
nally devised for the syn the sis of CdSe nanoparticles [14]. The sec ond method is the
reduc tion of cobalt(II) ace tate [Co(Ac) 2] by the polyol pro cess [15, 16]. In this
method, 1,2-hexadecanediol (HDD), a mild reductant, is injected into a solu tion
con tain ing Co(Ac)2 and the surfactant mol e cules at high tem per a ture. This method
yielded mod er ate size uni for mity (σr ~ 10 per cent). In the third, Co NPs are syn the -
sized by the ther mal decom po si tion of Co2(CO)10 in the solu tion. When it was firstly 
intro duced in 1999, the size uni for mity was not so good (σr ~ 15 per cent) [17].
How ever, this method had been widely adopted and largely improved in the suc ces -
sive papers. In 2001, the Alivisatos group reported the syn the sis of highly uni form
Co NPs (σr < 10 per cent) using Co2(CO)10 as the pre cur sor [18]. To improve the size
uni for mity, they adopted the hot injec tion method and used oleic acid (OLEA) and
alkylamines as the sur fac tants. The Chaudret group reported the ther mal decom po -
si tion method using another organometallic pre cur sor, [Co(η3-C8H13)(η

4-C8H12)]
[19]. In this com pound, the oxi da tion num ber of Co is –1 and the ther mal decom po -
si tion reac tion pro ceeded under the reductive atmo sphere (3 bar H2).

In addi tion to the size uni for mity, the size con trol is also an impor tant issue in
the NP syn the sis. How ever, in most cases, the tech nique for the size con trol is so
sub tle and com plex that a gen eral and sys tem atic size con trol tech nique is not yet
avail able. Con trol over size depends on sev eral param e ters (e.g., the bulki ness of the 
surfactant mol e cule, pre cur sor to surfactant ratio, reac tion tem per a ture, and reac -
tion time). Roughly speak ing, bulk ier surfactant mol e cules tend to pro duce smaller
nanoparticles [13, 15]. It was sug gested that the steric effect of bulk mol e cules on
the sur face of NP con trol the growth rate of NP [15]. In some cases, increas ing the
pre cur sor to surfactant ratio pro duced larger NPs [15, 16, 20]. How ever, lit tle is
known about the mech a nism of how these factors work for the size control.

The air sen si tiv ity is an impor tant prob lem in the syn the sis of tran si tion metal
NPs. Mois ture and oxy gen dis solved in the sol vent can oxi dize metal NPs to metal
oxide. It was reported that a sim ple wash ing of trioctylphosphine oxide
(TOPO)-capped Co NPs with organic sol vent could result in sur face oxi da tion [17]. 
This result showed that TOPO is weakly bound to the sur face of Co NP. It turned
out that OLEA pro vided sta ble pro tec tion of Co NP sur face [13, 21]. Fou rier trans -
form infra red and X-ray pho to elec tron spectroscopies revealed that the carboxylate 
group can anchor to the sur face of Co NP by the for ma tion of O–Co bond [21]. The
Alivisatos group reported that when OLEA was used as the cap ping mol e cules, Co
NPs were stable for months without oxidation.

An inter est ing fea ture in the syn the sis of Co NPs is that, by vary ing reac tion
con di tions, they can be pre pared in a num ber of dif fer ent phases (i.e., hcp, fcc, and
ε-Co). Among them, ε-Co is an inter est ing phase because it has never been observed
in bulk state. Dinega and Bawendi syn the sized ε-Co NPs by the ther mal decom po si -
tion of Co2(CO)10 in tolu ene con tain ing TOPO as the surfactant [17]. They pro -
posed that the coor di na tion of bulky TOPO mol e cules on the sur face of NPs could
alter their pre cip i ta tion kinet ics and lead to the for ma tion of that unusual phase.
With the same pre cur sor, ε-Co NPs were pre pared by using fatty acid and
alkylphosphines as the sur fac tants [18]. The hot injec tion method using CoCl2 as
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the pre cur sor also pro duced ε-Co NPs [13]. The Murray group reported that hcp-Co 
NPs and mul ti ply twinned fcc-Co NPs were syn the sized by the polyol method and
the ther mal decom po si tion of Co2(CO)10, respec tively. Alivisatos et al. observed that 
in the very early stage of the pre cip i ta tion in the hot sol vent, hcp-Co nanorods were
formed in the solu tion and then trans formed to spher i cal ε-Co NPs, which sug gests
that in that reac tion con di tion ε-Co is more ener get i cally favored than hcp-Co. Epsi -
lon-Co has a sat u ra tion mag ne ti za tion sim i lar to those of hcp- and fcc-Co but
weaker mag netic ani so tropy. This phase is metastable and trans formed to hcp phase 
irre vers ibly after annealed at 500 degrees C [13].

2.2.2 Iron and Nickel Nanoparticles

The ther mal decom po si tion of Fe(CO)5 is the most widely adopted method for the
syn the sis of Fe NPs. In the ear li est con tri bu tions, Fe(CO)5 was decom posed ther -
mally [22] or sonochemically [23] in the organic solu tion con tain ing poly mers as the 
cap ping mol e cules. As was in the case of the syn the sis of Co NPs, adopt ing the hot
injec tion tech nique greatly improved the qual ity of Fe NPs in terms of the size and
shape uni for mity and the size con trol la bil ity. In 2000, Hyeon et al. reported the syn -
the sis of highly uni form Fe NPs (σr < 6 per cent) by the injec tion of the Fe(CO)5 solu -
tion into hot TOPO (340 degrees C) [24]. Sim i larly, Murray et al. syn the sized Fe
NPs by the hot injec tion of Fe(CO)5 into the solu tion con tain ing OLEA and
alkylphosphine as the sur fac tants [16]. In both cases, Fe NPs were amor phous or of
dis or dered struc ture. In 2001, the Hyeon group reported a new syn thetic method
other than the hot injec tion yield ing monodisperse Fe NPs [25]. In this method,
Fe(CO)5 was mixed with OLEA in the solu tion to form iron-oleate com plex. Then,
the solu tion was heated to decom pose the as-syn the sized iron-oleate com plex.
Unlike the other sim ple heat ing meth ods, heat ing of this metal-surfactant com plex
resulted in highly uni form NPs. With its sim plic ity, this method showed a pos si bil ity 
for the mass pro duc tion of high-qual ity NPs. The pre cur sors other than Fe(CO)5

were also uti lized for the syn the sis of Fe NPs. In 2004, Chaudret et al. reported the
syn the sis of Fe nanocubes by the ther mal decom po si tion of Fe[N(SiMe3)2]2 under the 
reductive atmo sphere [26]. Inter est ingly, Fe nanocubes were self-assem bled in cubic
superlattice in their as-syn the sized form. Hyeon et al. syn the sized Fe nanocubes and
nanoframes using iron-stearate as the pre cur sor. Note that they used Fe(II) spe cies,
rather than Fe(0). The spon ta ne ous reduc tion of Fe(II) occurred in the ther mal
decom po si tion of iron-stearate at high tem per a ture (~380 degrees C) [27]. The addi -
tion of sodium oleate resulted in the etch ing of the nanocubes to nanoframes, which
was attrib uted to the mol ten salt cor ro sion by Na+ ions.

The syn the sis of Ni NPs was reported by Murray et al. in 2001 [16]. They used
the same method as in the syn the sis of Co NPs, the polyol reduc tion of metal ace tate. 
The ther mal decom po si tion method was also adopted using nickel(II) 1,
5-cyclooctadiene [Ni(COD)2] as the pre cur sor [28]. This method was suc cess ful in
the syn the sis of nanorods. The uni form spher i cal Ni NPs were syn the sized using
Ni(acac)2 as the pre cur sor [29, 30]. Sim i lar to the syn the sis of Fe NPs in [25], the
pre cur sor was coor di nated with the surfactant mol e cules, oleylamine (OAm) or
TOPO, at the lower tem per a ture, and then ther mally decom posed by heat ing. Inter -
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est ingly, the ther mal decom po si tion and reduc tion proceeded simultaneously in this 
reaction.

The tech niques for the size con trol in the syn the sis of Fe and Ni NPs were sim i -
lar to those for Co NPs. In [25], it was reported that the larger NPs were obtained by 
decreas ing the pre cur sor to surfactant ratio. It is inter est ing that this trend is the
oppo site of the case for the syn the sis of Co NPs. In the syn the sis of Ni NPs, the use
of bulk ier surfactant resulted in the smaller NPs, as was in the case of Co NPs [29].
Majetich et al. reported the syn the sis of highly uni form Fe NPs by the seed medi ated 
growth using gold clus ters as the het er o ge neous seed [31].

2.3 Metal Alloy Nanoparticles

2.3.1 FePt Nanoparticles

The syn the sis of FePt NPs has been very intensely stud ied over the past years for
appli ca tion in  mag netic data stor age media. For high areal data den sity (> 1
Tbit/in2), the mag netic record ing medium with fine grains as small as few
nanometers is required [32, 33]. FePt in fct (or L1o) phase has high mag netic ani so -
tropy (6.6-10 × 107 erg/cm3) com pared to the other tran si tion met als (for exam ple,
0.45 × 107 erg/cm3 of Co). As a result, FePt par ti cles can retain its fer ro mag ne tism at 
room tem per a ture even in the size of ~3 nm, mak ing it a strong can di date mate rial
for high-den sity data stor age medium [32]. 

Regard ing appli ca tion in data stor age media, some issues had emerged in the
syn the sis of FePt NPs [7]. First, the size and shape uni for mity has much greater
impor tance with regard to sig nal-to-noise ratio (SNR). As men tioned ear lier, the
size and shape of a sin gle domain par ti cle largely affect the mag netic prop er ties (i.e., 
the coer cive field and the remanence mag ne ti za tion). If those prop er ties vary from
par ti cle to par ti cle, read/write error fre quency increases. Sec ond, the crys tal phase
of FePt NPs should be con trolled. As-syn the sized FePt NPs are of dis or dered fcc
struc ture whose mag netic ani so tropy is low. Anneal ing at tem per a ture over 540
degrees C turns the NPs into desired fct phase. How ever, the high anneal ing tem per -
a ture results in agglom er a tion, which increases the grain size and broad ens the size
dis tri bu tion. Thus, decreas ing the anneal ing tem per a ture is also an impor tant prob -
lem. Third, the com po si tion dis tri bu tion of NPs should be uni form. The com po si -
tion of metal alloy affects its mag netic prop erty and, just as with the size and shape
uni for mity, has influ ence on SNR. In addi tion, it also affects the phase transition
behavior from fcc to fct structure, as discussed later.

Sun et al. reported on the syn the sis of FePt NPs by the simul ta neous ther mal
decom po si tion of Fe(CO)5 and the polyol reduc tion of Pt(acac)2 [34, 35]. Those two 
pre cur sors were added to the solu tion con tain ing OLEA, OAm, and
1,2-hexadecanediol (HDD) at lower tem per a ture. Then, this solu tion was heated to
~300 degrees C to pro duce FePt NPs. The NPs syn the sized were so highly uni form
that they formed a self-assem bled superlattice. Inter est ingly, it is another case of NP
syn the sis in which the sim ple heat ing pro ce dure resulted in very nar row size dis tri -
bu tion. The FePt NP assem blies of var i ous com po si tions were annealed at 540
degrees C and it turned out that only the com po si tion near Fe55Pt45 was com pletely
trans formed to fct phase at that tem per a ture. By vary ing the ratio between the Fe
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and Pt pre cur sors, they pre pared FexPt100-x NPs ,where x ranged from 30 to 80. They
found that the com po si tion of Fe in FePt NPs was sys tem at i cally lower than the mole 
frac tion of the Fe pre cur sor. This mis match was prob lem atic for the pre cise com po -
si tion con trol of FePt alloy, and some mod i fied syn thetic meth ods were intro duced
to solve this prob lem. 

Sun et al. used FeCl2 as the Fe pre cur sor instead of Fe(CO)5 [36]. This pre cur sor
was reduced by the dropwise addi tion of LiBEt3H solu tion dur ing the reac tion. They 
reported that the com po si tion of FePt NPs syn the sized by this method well matched
to the molar ratio of Fe/Pt pre cur sor. Liu et al. sub sti tuted Fe(CO)5 with Fe(acac)2,
and both the Fe and Pt pre cur sors were reduced by the polyol method [37]. How -
ever, they did not pro vide the atomic com po si tion data of the prod uct. Evans et al.
reported the use of Pt(acac)2 and Na2[Fe(CO)4] as the pre cur sors [38]. The syn thetic
reac tion pro ceeded by the reduc tion/oxi da tion between Fe2- and Pt2+ (Fe2- + Pt2+ →
FePt), which assures the exact compositional con trol. How ever, the size and shape
uni for mity of the prod uct was not so good.

The syn thetic method dis cussed so far has lit tle size con trol la bil ity, and the size
of FePt NPs syn the sized were almost fixed in the range of 3–4 nm. It was found that,
by exclud ing HDD from the syn thetic scheme intro duced by Sun et al. [34, 35], the
size con trol was pos si ble [39]. Vary ing the heat ing rate, 6 nm (~15 degrees C/min)
and 9 nm (~5 degrees C/min) FePt NPs were obtained. It was sug gested that fast
reduc tion of Pt2+ by HDD might be respon si ble for the inca pa bil ity of the size con -
trol in the orig i nal scheme. The Yang group intro duced an alter na tive method for
the size con trol. They syn the sized Pt/Fe2O3 core/shell NPs [40] and then con verted
them to fct-FePt NPs by the anneal ing in 5 per cent H2 atmo sphere [41]. The mean
size was 17 nm, which was unpre ce dent edly large in the synthesis of FePt NPs.

The com po si tion dis tri bu tion of FePt NPs is very hard to char ac ter ize, and there
are only few papers deal ing with this mat ter. More over, there are even some con tro -
ver sies between them. Sun et al. stud ied the com po si tion anal y sis of FePt NPs by
induc tively cou pled plasma atomic emis sion spec tros copy (ICP-AES), energy
dispersive X-ray spec tros copy (EDS), and elec tron energy loss spec tros copy (EELS)
[35]. ICP-AES mea sures the net com po si tion of an ensem ble of FePt NPs. EDS and
EELS was used to ana lyze the com po si tion of the small region of FePt NP assem bly
and the indi vid ual NPs, respec tively. Accord ing to their report, the com po si tions
mea sured by those tech niques were all con sis tent with each other, indi cat ing that the 
com po si tion dis tri bu tion is very nar row. How ever, in another paper adopt ing the
sim i lar tech nique to ana lyze the com po si tion of indi vid ual NPs, it was reported that
the dis tri bu tion is so broad that only 30 per cent of FexPt100-x NPs are in the range of
40 < x < 60 [42]. Because the NPs out of that range do not trans form to fct struc ture
by the anneal ing pro cess, the broad com po si tion dis tri bu tion low ers the qual ity of
FePt NP assem bly.

2.3.2 Other Metal Alloy Nanoparticles

The syn the ses of other metal alloy NPs of L1o or related struc tures were also
reported. Chaudret et al. syn the sized CoxPt1-x NPs by the decom po si tion of
[Co(η3-C8H13)(η4-C8H12)] and Pt2(dba)3 (dba = bis-dibenzylidene ace tone) in the
solu tion con tain ing poly vi nyl- pyrrolidone (PVP) as the cap ping reagent [43]. Cheon 
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et al. reported a syn thetic method that yielded both Co/Pt core/shell and CoPt alloy
NPs [44]. They used Co2(CO)8 and Pt(hfac)2 (hfac = hexafluroacetylacetonate) as
the pre cur sors and no addi tional reductant was added for the reduc tion of the Pt
pre cur sor. They con jec tured that the transmetalation between Co core and the Pt
pre cur sors resulted in the trans for ma tion of CocorePtshell to CoxPty. The Weller group
obtained CoPt3 NPs using Co2(CO)8 and Pt(acac)2 as the pre cur sors [45]. This
method resem bles that for the syn the sis of FePt NPs intro duced by Sun et al. [34,
35]. The size con trol was accom plished by adjust ing the reac tion tem per a ture and
time, vary ing the nature of the sur fac tants, and the addi tional pre cur sor injec tion. A 
detailed mech a nis tic study on the nucle ation and growth pro cess of this syn thetic
sys tem was reported by the same group [46]. They found that the nucle ation and
growth was ter mi nated at the early stage of the syn thetic reac tion and that there was 
no Ostwald rip en ing pro cess. Also, they observed that the slower nucle ation and the 
faster growth yielded the larger NPs. They showed that the bal ance between the
nucle ation and growth rate can be uti lized to con trol the mean size of NPs
reproducibly. Sim i larly, Chen and Nikles pre pared CoPt NPs by the ther mal decom -
po si tion of Co(CO)3NO and the polyol reduc tion of Pt(acac)2. They also obtained
FePd NPs using Fe(CO)5 and Pd(acac)2 as the sur fac tants under the same con di tion
[47].

There are rel a tively few papers on the syn the sis of ter nary metal alloy NPs.
FexCoyPt100-x-y NPs were syn the sized by using Pt(acac)2, Co(acac)2, and Fe(CO)5 as
the pre cur sors [48]. Using the same method, except for sub sti tut ing Co(acac) 2 with
the Cu pre cur sor, cop per bis(2,2,6,6-tetramethyl-3,5-heptanedionate), FePtCu NPs
were also syn the sized [49]. In both cases, the tran si tion from fcc to fct (L1o) struc -
ture occurred at the anneal ing tem per a ture in the range of 550–600 degrees C.
Inter est ingly, it was observed that FePtAg NPs, syn the sized by using Ag(Ac) as the
Ag pre cur sor, had much lower tran si tion tem per a ture (~400 degrees C) [50]. This
phe nom e non was attrib uted to the vacan cies in the FePt lat tice formed by the sub li -
ma tion of Ag atoms dur ing the anneal ing pro cess, which afforded the higher mobil -
ity of Fe and Pt atoms and enhanced the trans for ma tion.

2.4 Metal Oxide Nanoparticles

2.4.1 Monometallic Oxide Nanoparticles 

Tran si tion metal oxides have infe rior mag netic prop er ties com pared to their metal
coun ter parts (e.g., the sat u ra tion mag ne ti za tion of iron and Fe3O4 at 300 K are 218
and 92 emu/g, respec tively [8]). How ever, because of their good chem i cal sta bil ity,
mag netic tran si tion metal oxide NPs have been exten sively used for var i ous appli ca -
tions. For exam ple, they can be used for the mag netic sep a ra tion of the water pol lut -
ants [51]. The high affin ity of metal ions exposed on the sur face of NPs to
biomolecules was uti lized for the bioassay and sep a ra tion [30]. Recently, the use of
monodisperse mag netic metal oxide NPs as the MRI con trast ing agent is gain ing
much inter est because of their advan tages of size uni for mity and the avail abil ity of
mul ti ple functionalization com pared to con ven tional con trast ing agents such as
superparamagnetic iron oxide particles [52, 53].
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Tra di tion ally, microstructured metal oxides are syn the sized by the sol-gel pro -
cess. How ever, in many cases, this pro cess is not appro pri ate for the syn the sis of
highly uni form NPs. A sig nif i cant advance in the syn the sis of highly uni form metal
oxide NPs was accom plished by the postoxidation method, which was intro duced
by the Hyeon group in 2001 [25]. It took the advan tage of the well-con trolled metal
NP syn the sis. The as-pre pared highly uni form Fe NPs were oxi dized by (CH3)3NO
to yield iron oxide (γ-Fe2O3 and Fe3O4) NPs. In another paper, it was reported that,
in the same con di tion as in [25], hot injec tion rather than the sim ple heat ing yielded
uni form iron oxide NPs and the addi tion of the oxi dant was not nec es sary [54]. This
study also revealed that in the pres ence of OLEA, the nucle ation of NPs was
retarded for a few min utes after the injec tion of Fe(CO)5.

The direct ther mal decom po si tion of the pre cur sors con tain ing M–O bond ing
was employed to syn the size metal oxide nanoparticles. In 1999, the Alivisatos group 
reported on the gen eral syn the sis of metal oxide NPs from the ther mal decom po si -
tion of metal cupferronates, Mx(Cup)y where Mx was Fe3+, Cu2+, and Mn2+ [55]. The
cupferronate pre cur sor solu tions were injected into hot alkylamine (250–300
degrees C) to gen er ate NPs of metal oxides such as γ-Fe2O3, Cu2O, and Mn3O4.
How ever, the size uni for mity of the prod ucts was not that good (σr ~ 15 per cent). In
2002, Sun and Zeng reported the syn the sis of iron oxide NPs by the ther mal decom -
po si tion of Fe(acac)3 in the solu tion con tain ing HDD, OLEA, and OAm [56]. The
reac tion pro ceeded by sim ple heat ing instead of hot injec tion and resulted in good
size uni for mity. Sim i larly, man ga nese oxide NPs were syn the sized by the ther mal
decom po si tion of Mn(Ac)2 [57] and Mn(acac)2 [58] in the organic solu tion. 

In 2004, three dif fer ent research groups reported inde pend ently that the ther mal 
decom po si tion of metal-oleate com plex in the organic solu tion at high tem per a ture
(300–365 degrees C) pro duced highly uni form metal oxide NPs [59–61]. Although
the syn thetic pro ce dure was strik ingly sim ple (i.e., mix ing metal-oleate pre cur sor
with the organic sol vent and then heat ing the solu tion to reflux), the size uni for mity
of the result ing nanoparticles was extremely good. Under the opti mized syn thetic
con di tions, the rel a tive stan dard devi a tion (σr) of the NP size dis tri bu tion was as
good as < 5 per cent, which is com pa ra ble to that of the best-qual ity NPs syn the sized
by the hot injec tion method. Fig ure 2.4 shows TEM image of uni form-sized mag ne -
tite nanoparticles syn the sized from ther mal decom po si tion of iron-oleate com plex.
This method was quite gen eral and can be applied to the syn the sis of NPs of iron
oxide, Cr2O3, MnO, Co3O4, CoO, and NiO. Because of its sim plic ity, this method
could be eas ily scaled up to pro duce the prod uct in tens of grams by a sin gle lab-scale 
reac tion. A detailed struc tural anal y sis of iron-oleate com plex used in this method
was reported in [62]. When metal-oleate com plexes were sub sti tuted with metal for -
mates, which are of much sim pler struc ture, NPs of sim i lar qual ity were obtained
[63], sug gest ing that the nature of the metal carboxylate pre cur sor does not affect
that much the syn thetic reac tion. CoO NPs syn the sized by the ther mal decom po si -
tion of cobalt-oleate com plex had wurt zite struc ture, which has not been observed
in bulk state [64]. It was found that some metal ions in metal-oleate com plex were
reduced dur ing the ther mal decom po si tion reac tion, which resulted in metal oxide
NPs of mixed phases. In the case of iron oxide NPs, X-ray absorp tion spectrascopy
(XAS), and X-ray mag netic cir cu lar dichrosim (XMCD) anal y sis revealed that they
were com posed of γ-Fe2O3 and Fe3O4 [60, 65], indi cat ing that some Fe3+ ions were
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reduced to Fe2+ dur ing the reac tion. It seems that the trace amount of H2 and car -
bon, the byprod ucts of the ther mal decom po si tion, are respon si ble for the reduc -
tion. When the decom po si tion reac tion was con ducted at higher tem per a tures (>
380 degrees C), all Fe3+ ions were trans formed to Fe0 and Fe metal NPs were
obtained [27, 60].

A nota ble study on the syn the sis of iron oxide NPs was reported in 2004, in
which NPs of γ-Fe2O3, Fe3O4, and FexO (0.84 < x < 0.95) were pre pared [66]. FexO
is a nonstoichiometric phase based on an fcc array of oxy gen atoms. In this study,
Fe(Ac)2, Fe(acac)2, Fe(acac)3, and Fe(CO)5 were used as the pre cur sors, and a wide
range of syn thetic schemes, from the postoxidation to the ther mal decom po si tion,
were inves ti gated sys tem at i cally.

The tech nique for the size con trol of metal oxide NPs are the same as in the syn -
the sis of metal and metal alloy NPs, namely, the seed medi ated growth and the addi -
tional pre cur sor injec tion, vary ing reac tion tem per a ture and time, and using
dif fer ent sur fac tants. A nota ble case of the size con trol by the seed medi ated growth
and the addi tional injec tion was reported in [65]. In this study, using the appro pri -
ate com bi na tion of uni form-sized as-syn the sized NP seed dis per sion and the pre cur -
sor solu tion, the size con trol in one-nanometer scale was archived in the size range
of 4–15 nm while the size dis tri bu tion was kept nar row. When using the hot injec -
tion method, higher pre cur sor to surfactant ratio resulted in the faster nucle ation
and smaller size [54]. Var i ous size con trol tech niques were avail able in the ther mal
decom po si tion method using metal oleate pre cur sors. Low er ing the pre cur -
sor-to-surfactant ratio tended to increase the mean size of NPs [59–61]. Using Fe(II)
pre cur sor instead of Fe(III) also resulted in larger NPs [59]. When the pre cur sor was
decom posed by refluxing in the higher boil ing point sol vent, the larger NPs were
obtained [60]. For exam ple, the mean size of 5 nm, 9 nm, and 12 nm were obtained
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Fig ure 2.4 TEM image of uni form-sized mag ne tite nanoparticles syn the sized from ther mal
decom po si tion of iron-oleate com plex.



by using 1-hexadecene (b.p. 274 degrees C), octyl ether (b.p. 287 degrees C),
1-octadecene (b.p. 317 degrees C), and 1-eicosene (b.p. 330 degrees C), respec tively. 
The influ ence of dif fer ent surfactant and sol vent mol e cules on the size of the
nanoparticles was reported in [66]. The size-depend ent mag netic prop erty was well
dem on strated by the vari a tion of the block ing temperature according to the mean
size of the iron oxide NPs (Figure 2.5).

An inter est ing point in the syn the sis of metal oxide NPs is that the sim ple heat -
ing up of the reac tion solu tion can yield highly uni form nanoparticles. In 2007, a
study on the kinet ics of this “heat ing up” method was reported [67]. By study ing the
syn thetic reac tion of iron oxide NPs intro duced in [60], it was revealed that the size
dis tri bu tion con trol mech a nism of the heat ing-up method is sim i lar to that of the hot 
injec tion method, which is char ac ter ized by a sud den increase in the num ber con cen -
tra tion of the nanoparticles (burst of nucle ation) and rapid nar row ing of the size dis -
tri bu tion accompanied by a high growth rate.

2.4.2 Bimetallic Ferrite Nanoparticles

The syn thetic meth ods for monometallic oxide NPs can be extended to the syn the sis
of bime tal lic fer rite NPs. Hyeon et al. syn the sized cobalt fer rite (CoFe2O4) NPs using 
the post-oxi da tion method [68]. By the decom po si tion of (η5-C5H5)CoFe2(CO)9,
CoFe alloy NPs were pro duced first and then they were oxi dized by (CH3)3NO to
yield CoFe2O4 NPs. Sim i larly, man ga nese fer rite (MnFe2O4) NPs were syn the size
using Fe(CO)5 and Mn2(CO)10 as the pre cur sors by the same research group [69].
Sun et al. mod i fied their syn thetic scheme for ion oxide NPs [56] to pro duce MFe2O4

(M = Fe, Co, Mn) NPs. Fe(acac)3, Co(acac)2, and Mn(acac)2 were used as the pre cur -
sors. CoFe2O4 (or MnFe2O4) NPs were obtained by heat ing the solu tion con tain ing

38 Colloidal Chemical Synthesis of Organic-Dispersible Uniform Magnetic Nanoparticles

5 nm
9 nm
12 nm
14 nm
22 nm

0 50 100 150 200 250 300 350 400

Temperature (K)

1.0

0.8

0.6

0.4

0.2

0.0

M
/M

(T
 ) B
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Fe and Co (or Mn) pre cur sor in a 2:1 ratio [70]. A gen er al ized ther mal decom po si -
tion method using metal salts and carboxylic acid as the start ing mate ri als was stud -
ied by the Cheon group. They syn the sized iron oxide NPs by heat ing the solu tion
con tain ing iron nitrate, lauric acid, and lauryl amine. By mix ing iron nitrate and
MnCl2 or CoCl2, NiCl2 in the ration of 2:1, MnFe2O4, CoFe2O4, and NiFe2O4 NPs
were obtained [52]. Fe3O4/CoFe2O4 core/shell struc ture was syn the sized by the same 
group by anneal ing the binary superlattice of Co and Fe3O4 NPs [71].

A unique approach for the syn the sis of iron oxide and var i ous metal fer rite NPs
was reported by Li et al. in 2005 [72]. In this method, the het er o ge neous syn thetic
sys tem was uti lized for the size con trol in the nanometer scale. Liq uid-solid-solu tion 
(LSS) was obtained by com bin ing linoleic acid dis solved in eth a nol (liq uid), sodium
linoleate (solid), and water-eth a nol mix ture (solu tion). When the metal ions were
intro duced in the aque ous solu tion, a phase trans fer pro cess led to the for ma tion of
metal linoleate in sep a rated solid phase. Sub se quent dehy dra tion reac tion at the
inter face between metal linoleate and the aque ous solu tion phase pro duced metal
oxide NPs. This LSS method yielded MFe2O4 (M = Fe, Co, Mn) NPs of mod er ate
size uni for mity.

Markovich et al. pointed out an impor tant prob lem in the syn the sis of bime tal -
lic fer rite NPs [73]. The phase seg re ga tion of sin gle metal oxide could impede the
for ma tion of the homo ge neous bime tal lic fer rite struc ture. They ana lyzed cobalt
fer rite NPs by MCD spec tros copy to probe the exact posi tion of Co2+ ions in the
crys tal struc ture. It was found that cobalt fer rite NPs syn the sized by the
coprecipitation, sol-gel like, and the ther mal decom po si tion meth ods are not of the
stoichiometric struc ture, which is sup pos edly due to the phase seg re ga tion of cobalt
oxide phase. In the same paper, they intro duced a mod i fied syn thetic method. In
this method, Fe(acac)3, iron(III) ethoxide [Fe(OEt)3], and cobalt(II) isopropoxide
[Co(OiPr)2] were used as the pre cur sors. It was intended that the con den sa tion reac -
tion between Fe(acac)3 and Co(OiPr)2 ensures the for ma tion of Co–O–Fe link and
pre vents the seg re ga tion of cobalt oxide. By the MCD spec tros copy anal y sis, they
showed that this method actu ally worked for the synthesis of cobalt ferrite NPs of
the exact structure.

2.5 Representative Synthetic Procedures for Magnetic Nanoparticles

2.5.1 Iron Nanoparticles

In a typ i cal syn the sis, spher i cal iron NPs are obtained as fol lows [24]: 0.2 mL of
Fe(CO)5 is injected into 5.0g of TOPO at 340 degrees C under argon atmo sphere,
and the result ing solu tion is aged for 30 min at 320 degrees C. The reac tion mix ture
is added into excess ace tone to sep a rate iron NPs as a black pre cip i tate. After col -
lect ing the pre cip i tate and dry ing under vac uum, the pow der is well dis persed in
var i ous organic sol vents, such as pyridine, chloroform, and hexane.

As men tioned ear lier, this method is a direct adap ta tion of the hot injec tion
method for the syn the sis of CdSe nanoparticles. Upon the injec tion of the pre cur sor, 
Fe(CO)5, it decom poses instan ta neously releas ing CO gas. The decom po si tion reac -
tion is so vio lent that some iron-con tain ing solu tion evap o rates together with gas
evolved. Fe0 atoms lib er ated from car bonyl lig ands are then coor di nated by the sol -
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vent mol e cules. How ever, TOPO is not a good ligand to sta bi lize Fe0 atoms in high
con cen tra tion. As a result, Fe0 atoms get aggre gated to form macromolecular clus -
ters. These clus ters act as nuclei on which more Fe0 atoms bind and clus ters grow to
NPs. 

As evi dent in this descrip tion, choos ing appro pri ate coor di nat ing lig ands (sur -
fac tants) in the reac tion mix ture is very impor tant when design ing the NP syn thetic
pro ce dure. If coor di nat ing spe cies bind to metal atoms too strongly, nucle ation will
not occur. On the other hand, weak bind ing might lead to uncon trolled growth of
NPs due to the insta bil ity of metal atoms, which results in par ti cles of microm e ter
size and/or broad size dis tri bu tion. The sur face of iron NPs syn the sized is cov ered
with TOPO, whose polar head (O=P) is coor di nated to Fe atoms on the sur face,
while the hydro pho bic tails (–(CH2)7CH3) face the sol vent mol e cules. Those sur -
face-coor di nated mol e cules yield the good dispersibility in nonpolar sol vent and
high col loi dal sta bil ity of NPs. Because of their size, iron NPs are vul ner a ble to oxi -
da tion. In ambi ent con di tion, iron NPs dis persed in organic sol vent are readily oxi -
dized within days to form iron oxide nanoparticles. 

2.5.2 Iron Oxide Nanoparticles

Ther mal decom po si tion of metal carboxylate has been uti lized as a ver sa tile way for
the syn the sis of metal oxide NPs, as dis cussed ear lier [60]. 

Iron-oleate com plex is syn the sized via a two-phase reac tion. First, 10.8g of
hydrated iron chlo ride (FeCl3·6H2O, 40 mmol) and 36.5 g of sodium oleate (120
mmol) was dis solved in a mix ture of 80 ml eth a nol, 60 ml dis tilled water, and 140
ml hex ane. Sodium oleate mol e cules act as phase trans fer agent. They dif fuse from
organic phase into water phase and react with Fe3+ ions. Then, iron-oleate com plex
mol e cules trans fer back to the organic phase, leav ing sodium chlo ride in the aque ous 
phase as a byprod uct. After reflux for 12h, organic phase con tain ing iron-oleate
com plex is col lected and washed sev eral times with water. Finally, sol vent is
evaporated under vacuum. 

The fol low ing is a typ i cal syn thetic pro ce dure of iron oxide NPs: 36g (40 mmol
of Fe) of the iron-oleate com plex and 5.7g of OLEA (20 mmol) are dis solved in 200g 
of 1-octadecene. The reac tion mix ture was heated to 320 degrees C at a rate of 3.3
degrees C min–1, and then kept at that tem per a ture for 30 min. After the reac tion
stops, the reac tion mix ture is cooled and excess eth a nol is added to pre cip i tate the
prod uct. Iron oxide NPs syn the sized are of mixed phase of Fe3O4 and γ-Fe2O3, con -
tain ing both Fe3+ to Fe2+ ions. In the course of heat ing pro ce dure, carboxylate group
of iron-oleate com plex decom poses into CO2, CO, and hydro car bon chains. Some
oxy gen atoms in carboxylate group remain bound to iron ions, which seem to form
oxo-bridges between iron ions. Due to the high reac tion tem per a ture, some hydro -
car bons decom pose yield ing H2 and a trace amount of car bon, which might be
respon si ble for the reduc tion of Fe3+ to Fe2+. The color changes abruptly from brown
to tur bid black when the tem per a ture reaches 320 degrees C, dem on strat ing the for -
ma tion of NPs. 

The most appeal ing point in this pro ce dure is its sim plic ity. The only oper a tion
needed for the syn the sis is just heat ing the reac tion mix ture. As a result, this pro ce -
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dure is very easy to scale-up with out dete ri o ra tion in the prod uct qual ity, in terms of 
size and shape uniformity.
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3.1 Introduction

Since their first appear ance as opti cal probes in bio log i cal imag ing [1, 2], qdots have 
been applied in most bio tech no log i cal appli ca tions using flu o res cence, includ ing
DNA array tech nol ogy, immunofluorescence assays (reviewed in [3]), and cell and
ani mal biol ogy (reviewed in [4, 5]. Qdots have gained wide accep tance by the sci en -
tific com mu nity and the bio tech nol ogy indus try as new flu o res cent, nonisotopic
labels of unmatched poten tials. Most appeal ing to the bio sci ences are the high
bright ness, high resis tance to photobleaching, and the abil ity to size-tune flu o res -
cent emis sion of these inor ganic-bio log i cal hybrid nanostructures. Qdots have also
proved to be excel lent probes for two-pho ton con fo cal micros copy and deep-tis sue
imag ing given their large two-pho ton absorp tion cross-sec tion [6–9]. But it is when
com bined with ultrasensitive micros copy tech niques that qdots have shown their
true poten tial by allow ing visu al iza tion of cel lu lar pro cesses down to the molec u lar
scale [10–13]. The enhanced photophysical prop er ties of qdots can ful fill the strin -
gent require ments needed to pro vide spa tial, tem po ral, and struc tural infor ma tion
at all length scales: from the whole body down to the nanometer res o lu tion with a
sin gle probe.

Flu o res cent nanocrystals of semi con duc tor mate rial, which are gen er ally syn -
the sized in solu tions of nonpolar organic sol vents using col loi dal chem is try [14],
require addi tional chem i cal mod i fi ca tions to be solubilized in aque ous buff ers and
functionalized for bio log i cal appli ca tions (see Chap ter 1, “Col loi dal Quan tum
Dots: Syn the sis, Photophysical Prop er ties, and Biofunctionalization Strat e gies,” by
Susumu et al. for an in-depth dis cus sion). This can be achieved by either surfactant
exchange, a pro cess pri mar ily driven by mass-action in which the native
TOP/TOPO hydro pho bic sur face lig ands are sub sti tuted with bifunctional
amphiphilic ones, or by insu la tion of the orig i nal hydro pho bic qdot within a
heterofunctional amphiphilic coat ing [4, 5]. These var i ous qdot solubilization strat -
e gies have included the fol low ing: (1) ligand exchange with small thiol-con tain ing
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mol e cules [2, 15] or more com plex ones such as oligomeric phosphines [16],
dendrons [17], and pep tides [18, 19]; (2) encap su la tion by a layer of amphiphilic
diblock [20], or triblock copol y mers [21], in sil ica shells [1, 22], phospholipid
micelles [23], poly mer beads [24], poly mer shells [25], or amphiphilic poly sac cha -
rides [26]; and (3) com bi na tion of lay ers of dif fer ent mol e cules con fer ring the
required col loi dal sta bil ity to qdots [27, 28]. Once the qdots have been solubilized
with hydro philic lig ands, those can serve as anchor ing points for the chem i cal
attach ment of biomolecules to functionalize the qdot’s sur face. Qdot’s lig ands con -
tain ing either an amine or a car boxyl group offer the pos si bil ity to crosslink mol e -
cules con tain ing a thiol group [18, 23, 29] or an N-hydroxysuccinimyl-ester moi ety
[1, 19] using stan dard bioconjugation reac tions.

Another approach uses elec tro static inter ac tions between qdots and charged
mol e cules, or pro teins mod i fied to incor po rate charged domains [30]. These
functionalization steps can be repeated to add or change func tion al ity. For instance,
streptavidin-coated qdots can be used in com bi na tion with biotinylated pro teins,
anti bod ies, or nucleic acids [10, 19, 20, 31–34]. By exten sion, a generic three-layer
approach using (1) an anti body against a spe cific tar get, (2) a biotinylated sec ond ary 
anti body against the first, and (3) a streptavidin-coated qdot allows qdot label ing of
most types of tar gets [10, 20]. How ever, the “sand wich” approach results in large
struc tures that may impede fur ther use of qdots in some appli ca tions. This issue can
be min i mized by using small pep tide deriv a tives for qdot solubilization and/or
functionalization. The util ity of pep tides in qdot chem is try stems from sev eral char -
ac ter is tics. Thiol-con tain ing pep tide sequences (i.e., Cysteine) have the capac ity to
coor di nate with the nanocrystal shell sur face after ligand exchange of the TOPO
coat ing. This leads to a direct attach ment of the pep tide to the qdot. While small,
pep tides still main tain excel lent molec u lar rec og ni tion prop er ties that allow them to
par tic i pate in ligand-recep tor and pro tein-pro tein molec u lar inter ac tion with high
affin ity. For exam ple, it has been shown that a ~30 amino acids pep tide hair pin
against Texas Red has a dis so ci a tion con stant Kd of ~25 pM [35]. Pep tides pro vide
selec tive anchor points for inde pend ent chem i cal mod i fi ca tions. They offer flex i ble
plat forms to screen vast com bi na torial librar ies with the aim of mutating the peptide 
sequences to optimize the colloidal and photo-physical properties of nano-materials
[36, 37]. Finally, peptides are usually easy to synthesize or mass produce in
recombinant hosts.

Our lab o ra tory and oth ers have har nessed these prop er ties to develop unique
pep tide-based solubilization, functionalization, and tar get ing approaches that
main tain the over all size of the qdot bioconjugate as rel a tively small while yield ing
monodisperse water-sol u ble qdots that remain bright and photostable. In the “con -
ven tional” two-step approach, solubilization and functionalization are usu ally
uncou pled. Qdots are first solubilized through one of the many approaches
described pre vi ously before a func tional pep tide sequence could be attached to the
qdots’ sur face through cova lent con ju ga tions or self-assem bly. (For a review, see
[38].) We will refer to these probes as “pep tide-con ju gated” qdots. On the other
hand, our lab o ra tory has devel oped a sin gle-step solubilization/functionalization
approach based on exchang ing the qdots’ sur face lig ands with bi-func tional
amphiphilic pep tides [19]. In the rest of this chap ter, we will refer to this approach
as pep tide coat ing. The pep tide-coat ing approach has been suc cess ful on sev eral
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types of core and core-shell qdots encom pass ing the vis i ble to the near-infra red
(NIR) spec tral range. In this chapter, we first describe the pep tide-coat ing approach
and briefly assess the col loi dal and photophysical prop er ties of the result ing pep -
tide-coated par ti cles when tested by flu o res cence cor re la tion spec tros copy (FCS)
and sin gle-mol e cule spec tros copy (SMS). We then con tinue with sev eral exam ples
of bio log i cal appli ca tions in which pep tide-coated qdots have been used. Those
include sin gle-par ti cle track ing of mem brane recep tor in live cells and com bined flu -
o res cence and micro-pos i tron emis sion tomog ra phy (µPET) imag ing of tar geted
deliv ery in live ani mals. Beyond diag nos tic imag ing, they also have shown util ity in
other sens ing and ther a peu tic appli ca tions includ ing the devel op ment of novel pro -
te ase assays and the use of photo-induced cel lu lar tar geted kill ing. We finally con -
clude with a brief over view of future devel op ments.

3.2 Phytochelatin Peptides: The All-in-One Solubilization/
Functionalization Approach

The use of semi con duc tor qdots for bio log i cal appli ca tions requires that they are
water sol u ble and offer reac tive chem i cal groups on their sur face for the sub se quent
con ju ga tion of mol e cules and com pounds of bio log i cal inter est. In con trast to the
more con ven tional multiligand/multilayer approaches men tioned pre vi ously, our
group has devel oped a new pep tide-based fam ily of lig ands that replaces the shell
sur face TOPO coat ing and ful fills all the strin gent require ments of a biocompatible
imag ing probe at the same time. These engi neered pep tides main tain most of the
orig i nal qdot photophysical prop er ties, solubilize qdots in aque ous buff ers, pro vide
a bio log i cal inter face to the qdot, and allow mul ti ple func tions to be eas ily incor po -
rated all in a sin gle easy step. This sur face chem is try was designed to be sim ple,
robust, ame na ble to high-through put molec u lar evo lu tion, and flex i ble enough to
suit the dif fer ent needs of the experimentalists. This is achieved by exchang ing the
sur fac tants with syn thetic phytochelatin-like α-pep tides [19].

Phytochelatins are glutathione-related, cysteine-rich isopeptides syn the sized by
some plants, yeast, and bac te ria strains to detox ify their envi ron ment from heavy
metal ion con tam i nants (i.e., Cd2+ [39]) by induc ing their nucle ation into semi con -
duc tor qdot par ti cles (i.e., CdS [40, 41]). These pep tides of gen eral struc ture
(Glu-Cys)nGly (designed (γ-EC)nG or (α-EC)nG depend ing on the pep tide link age
between the glu ta mate and cysteine res i dues) fol low a strict peri od ic ity (with n
being the num ber of di-pep tide repeats typ i cally rang ing from 2 to 4), which acts as
a tem plate for the nucle ation and intracellular growth of the qdots (Fig ure 3.1).
Inter est ingly, the result ing pep tide-coated qdots grown in vivo show sim i lar
photo-lumi nes cent prop er ties when com pared to the chem i cally syn the sized ones,
with the only nota ble excep tion of being less sta ble and more prone to deg ra da tion
upon photo-exci ta tion [41]. One pos si ble rea son is their lower crys tal line qual ity,
but it also may be due to the absence of higher band gap shell mate rial grown on top 
of the semi con duc tor cores. For this rea son, qdots grown from nat u ral pep tide tem -
plates have found very lit tle use as probes for bio log i cal imag ing.

The phytochelatin-like α-pep tides devel oped in our lab o ra tory have been
inspired by these nat u rally occur ring pro cesses. Such syn thetic sequences effi ciently

3.2 Phytochelatin Peptides: The All-in-One Solubilization/ Functionalization Approach 47



bind to the sur face of ZnS capped CdSe qdots syn the sized in vitro in the pres ence of
TOPO surfactant. A typ i cal amphiphilic pep tide is about 20 amino acids long (Fig -
ure 3.2(a) and Table 3.1). It is com posed of two dis tinct domains: a metal-che lat ing
adhe sive domain con tain ing mul ti ple cysteines (Cys) and unnat u ral hydro pho bic
amino acids 3-cyclohexylalanines (Cha), and a neg a tively charged hydro philic tail
domain. The hydro pho bic domain is pri mar ily respon si ble for the rec og ni tion and
attach ment to the qdot shell sur face, while the hydro philic one ensures
solubilization and sta bil ity in buff ers. The sequence com po si tion of the metal-bind -
ing domain is fixed, and the spac ing of the cysteinyl thiolates ensures proper anchor -
age on CdS and ZnS qdot’s sur faces [41–43]. We have found that sub sti tut ing the
Cys res i dues by alanine (Ala) resulted in water insol u ble par ti cles, thus con firm ing
the essen tial role of the Cys in bind ing of the pep tides onto the qdot’s sur face. We
also observed that a sin gle adhe sive domain repeat resulted in unsta ble qdots. We
thus opted for mul ti ple tan dem repeats of Cys, which enhanced the sta bil ity of the
pep tide on the qdots most likely by pro vid ing better sur face cov er age. A sim i lar
length-depend ent sta bil ity was pre vi ously reported for CdS qdots coated with
phytochelatin pep tides of var i ous lengths [41]. The pres ence of the Cha res i dues
around the Cys in the adhe sive domain helps the solubilization of the pep tides in a
9:1 (v:v) pyridine:dimethylsulfoxide (DMSO) cosolvent mix ture where TOPO-
coated qdots are sta ble, there fore lim it ing the for ma tion of aggre gate dur ing the
reac tion. The large cyclohexyl moi eties were also cho sen to limit the cross-reac tiv ity
between the Cys of the adhe sive domain and to com pete with the hydro pho bic
TOPO on the qdot’s sur face. When the Cha res i dues were replaced by Ala, the pep -
tide-coated qdots we obtained were unsta ble in buff ers. How ever, we have been
recently suc cess ful in replac ing the unnat u ral amino-acid Cha by a nat u ral one,
phenylalanine (Phe), in the metal-bind ing domain that still pre serves the sta bil ity
and photophysical prop er ties of the pep tide-coated qdots [44]. One direct advan -
tage of this sub sti tu tion is that an “all nat u ral” pep tide (pep tide 8 in Table 3.1) can
be mass-pro duced in bac te ria. This represents a cost-effective alternative to
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Fig ure 3.1 Hypo thet i cal model struc ture of a nat u ral phytochelatin pep tide-coated CdS crys tal lite 
from yeast. The cysteinyl thiolates of approx i mately 30 (γ−EC)nG pep tides are sur face lig ands to
the core of about 85 CdS units. The yeast qdots are monodisperse with an aver age diam e ter of
20Å. Adapted from [41] with per mis sion from Elsevier.
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Fig ure 3.2 The phytochelatin pep tide-coat ing approach: (a) Sche matic rep re sen ta tion of the sur -
face coat ing chem is try of CdSe/ZnS nanocrystals with phytochelatin-related-pep tides. The pep tide
C-ter mi nal adhe sive domain binds to the ZnS shell of CdSe/ZnS nanocrystals after exchange with
the trioctylphosphine oxide (TOPO) surfactant. A polar and neg a tively charged hydro philic linker
domain in the pep tide sequence pro vides aque ous buffer sol u bil ity to the nanocrystals. TMAOH:
Tetramethyl ammo nium hydrox ide; Cha: 3-cyclohexylalanine. Adapted from [19] with per mis sion
from Amer i can Chem i cal Soci ety. (b) Sche matic rep re sen ta tion of the pep tide tool box. The light
blue seg ment con tains cysteines and hydro pho bic amino acids ensur ing bind ing to the nanocrystal 
(adhe sive domain of Fig ure 3.2(a)) and is com mon to all pep tides. S: solubilization sequence
(hydro philic linker domain of Fig ure 3.2(a)), P: PEG, B: bio tin, R: rec og ni tion sequence, Q:
quencher, D: DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) for radionuclide
and nuclear spin label chelation, X: any unspec i fied pep tide-encoded func tion. Qdots
solubilization is obtained by a mix ture of S and P. Qdots can be tar geted with bio tin (B), a pep tide 
rec og ni tion sequences (R), or other chem i cal moi eties. Qdots flu o res cence can be turned on or off
by attach ing a quencher (Q) via a cleavable pep tide link. In the pres ence of the appro pri ate
enzyme, the quencher is sep a rated from the qdot, restor ing the photoluminescence and report ing
on the enzyme activ ity (as described in Sec tion 3.6). For simul ta neous PET (or MRI) and flu o res -
cence imag ing, qdots can be ren dered radio ac tive by chelation of radionuclides (or nuclear spin
labels respec tively) using (D) DOTA (as described in Sec tion 3.5). Adapted from [5] with per mis -
sion from Amer i can Asso ci a tion for the Advance ment of Sci ence. (See Color Plate 3.)



solid-phase peptide synthesis, which can also be technically challenging for
cysteine-rich peptides.

Con trary to the adhe sive domain sequence that is fixed, the hydro pho bic tail
sequence is vari able and can be altered at will to dial in desir able intracellular hom -
ing sequences and/or func tional groups for bioconjugation (Fig ure 3.2(b)). The
inher ent flex i bil ity of this approach pro vides end less functionalities (in the form of a
“pep tide tool box”) that can be sub se quently com bined to cre ate multimodal qdot
imag ing probes (later described in Sec tion 3.5). But per haps the main advan tage for
the experimentalist resides in the sim plic ity by which the pep tide sur face chem is try
exchange is accom plished in a sin gle reac tion step (Fig ure 3.2(a)). The addi tion of
tetramethylammonium hydrox ide (TMAOH) base to a mix ture of pep tides:qdots in
DMSO:pyridine (1:9) trig gers the for ma tion of cysteine thiolate anions, which ini ti -
ates bind ing of the pep tides onto the ZnS layer. The result ing pep tide-coated
nanoparticles pre cip i tate out of the cosolvent and are col lected by centrifugation. At
this point, the qdots are readily sol u ble in aque ous buff ers. Gel fil tra tion and dial y sis 
are then used to remove the excess of unbound pep tides and to trans fer the pep -
tide-coated qdot into the appro pri ate buffer of choice. Table 3.1 lists some of the
phytochelatin-related α-pep tide sequences used. Recently, Zheng et al. have suc cess -
fully mim icked the use of a nat u ral phytochelatin pep tide by describ ing a facile
one-pot aqueous synthesis of glutathione-coated CdTe qdots [45].

3.3 Colloidal and Photophysical Properties of Peptide-Coated Qdots

The pep tide-coat ing approach over comes some of the known lim i ta tions of other
cap ping strat e gies that lead to par ti cles that either lack long-term sta bil ity [2, 15],
result in large par ti cles [20, 21], have broader size dis tri bu tions [1], or do not work
well with all par ti cle sizes [23]. Because of the organic nature of the pep tide coat,
which pro vides biocompatibility in aque ous buffer, con ven tional ana lyt i cal tech -
niques can be used to sys tem at i cally mon i tor the ligand-exchange reac tion’s effi -
ciency. For exam ple, we rou tinely use size exclu sion liq uid chro ma tog ra phy
(SE-HPLC) and agarose gel elec tro pho re sis as strin gent cri te ria to test for batch
qual ity and con sis tency. Such anal y sis is also instru men tal in deter min ing the size
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Table 3.1 Phytochelatin-Related α-Pep tides Used for Solubilization/Functionalization of Qdots

Nomen cla ture Pep tide Sequences* Ref er ences

1 KGSESGGSESG(Cha)CC(Cha)CC(Cha)CC(Cha)-Cmd [19]

2 Bio tin-GSESGGSESG(Cha)CC(Cha)CC(Cha)CC(Cha)-Cmd Ibid

3 PEG-(Cha)CC(Cha)CC(Cha)CC(Cha)-Cmd Ibid

4 GSESGGSESG(Cha)CC(Cha)CC(Cha)CC(Cha)-Cmd Ibid

5 Ac-GSESGGSESG(Cha)CC(Cha)CC(Cha)CC(Cha)-Cmd Ibid

6 Suc-GSSSGGSSSG(Cha)CC(Cha)CC(Cha)CC(Cha)-Cmd Ibid

7 FITC-GSESGGSESG(Cha)CC(Cha)CC(Cha)CC(Cha)-Cmd [44]

8 GSESGGSESGFCCFCCFCCF-HSb Ibid
*All sequences are writ ten from N- to C-ter mi nus. Cmd: carboxamide; Ac: N-ter mi nal acetylation; Suc: N-ter mi nal
succinylation; Cha: 3-cyclohexylalanine (unnat u ral amino acid), PEG: hexaethyleneglycol. bHS: homoserine res i due obtained
after CNBr cleav age of methionine res i due.



dis tri bu tion of the result ing pep tide-coated qdots. Fig ure 3.3(a) illus trates how nar -
row the size dis tri bu tion of a typ i cal pep tide-coated qdot batch can be. For exam ple, 
the tight, smearless band in the agarose gel is indic a tive of the depo si tion of a uni -
form pep tide layer of a con stant thick ness, inde pend ent of the orig i nal size of the
nanoparticle’s core-shell struc ture. Fig ure 3.3(b) shows also how sub tle vari a tions
of the hydro philic pep tide sequence can result in changes of the over all par ti cle
charge that can be eas ily resolved by the elec tro pho retic pro cess. SE-HPLC and FCS
pro vide an esti mate of the hydro dy namic radius of the coated nanoparticles. All
together, the pep tide-coat ing approach main tains the over all size of the qdots as rel -
a tively small (8 to 13 nm, Fig ure 3.3(c)) com pared to ~18 nm for phospholipid-
coated qdots and up to 30 nm for com mer cial nanocrystals pro tected by a poly mer
coat as shown by FCS anal y sis [46]. This is def i nitely an advan tage for cell biol ogy
appli ca tions in which inter fer ence with bio log i cal inter ac tions and tar get inac ces si -
bil ity due to steric hin drance need to be kept to a min i mum.

Finally, pep tide-coated qdots have long shelf lives and show min i mum aggre ga -
tion in phys i o log i cal buffer over sev eral months when kept at 4 degrees C. On the
other hand, we observed that the quan tum yield (QY) of the pep tide-coated qdots in 
buffer is some what influ enced by the com po si tion and struc ture of the shell, rang ing 
from 8–16 per cent for CdSe/ZnS to 20–35 per cent for CdSe/CdS/ZnS with graded
shells [5]. A graded shell com po si tion also seems to induce a slight change of emis -
sion spec tra (red shift) upon pep tide coat ing. This is sug ges tive of cross-talks
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(a) (b) (c)

Fig ure 3.3 Char ac ter iza tion of pep tide-coated qdots: (a) Effect of qdot size as mea sured by
SE-HPLC and gel elec tro pho re sis. The nomen cla ture of the pep tides refers to the num ber ing in
Table 3.1. Green, yel low, and red qdots emit ting at 530, 565, and 617 nm, respec tively, and
coated with pep tide 5 were sep a rated on a size exclu sion col umn against a 0.1M PBS mobile
phase. The diam e ter of the pep tide-coated qdots was eval u ated from the elu tion times as 129.4Å
(±15 per cent), 150.3Å (±16 per cent), and 164.8Å (±14 per cent), respec tively. Inset: 0.5 per cent
agarose gel elec tro pho re sis of the same three pep tide-coated qdot sam ples in TBE buffer pH 8.3.
(b) Effect of pep tide charge. Qdots coated with pep tide 5 (dash), pep tide 4 (dot), or pep tides 6
(solid) have sim i lar reten tion times on a SE-HPLC col umn. Inset: the same pep tide-coated qdots
migrate at dif fer ent posi tions on a 0.5 per cent agarose gel, in good agree ment with the the o ret i cal 
charge of each pep tide. −�: posi tion of the load ing wells. →: direc tion of the applied elec tric field. 
(b) Effect of pep tide charge on pep tide-coated qdots. Qdots coated with pep tide 5 (dash), pep tide 
4 (dot), or pep tides 6 (solid) have sim i lar reten tion times on a SE-HPLC col umn (same size) while
hav ing dif fer ent charges as accessed by gel elec tro pho re sis. Adapted from [19] with per mis sion
from Amer i can Chem i cal Soci ety. (c) Hydro dy namic diam e ter of var i ous qdot prep a ra tions
deducted from FCS anal y sis. Adapted from [46] with per mis sion from Amer i can Chem i cal Soci ety.
(See Color Plate 4.)



between the excitonic wavefunction and the pep tide molec u lar orbitals [5]. One can
envi sion that these sorts of inter ac tions can be har nessed to improve the photo-phys -
i cal prop er ties of the pep tide-coated qdots (e.g., as to enhance quan tum yield or to
reduce flu o res cence intermittency by screen ing large librar ies of pep tides). Such
strat e gies have been extremely pow er ful for the rec og ni tion, syn the sis, and
self-assem bly of nanocrystals and other metal lic mate ri als in bio-engi neered phage
[36, 37, 47] or in bac te ria [48]. 

3.4 Live Cell Dynamic Imaging

3.4.1 Single-Particle Tracking of Cell-Surface Membrane Receptors

As dis cussed pre vi ously, one of the advan tages of the pep tide-coat ing approach
relies on those qdot sur face prop er ties that are eas ily con trolled and tuned with var i -
ous pep tide com bi na tions (Fig ure 3.2(b)). The pep tide exchange chem is try can be
mod i fied to pro duce a large vari ety of func tional groups that are exposed at the par -
ti cle sur face, allow ing a num ber of cova lent mod i fi ca tion tech niques for con ju ga -
tion. In gen eral, the pres ence of amines and/or thiols on the qdot sur face enables the
most com mon con ju ga tion strat e gies [49, 50] and side steps the need to chem i cally
pre pare spe cial ized linker mol e cules. For exam ple, one can eas ily acti vate pep -
tide-coated qdots with bio tin. The qdots can also be directly coated with syn thetic
biotinylated pep tides (pep tide 2 in Table 3.1 and pep tide B in Fig ure 3.2(b)) or via
the con ju ga tion of amine reac tive biotinylation reagents (such as succinimidyl ester
bio tin) on a ter mi nal lysine amino acid res i due of pep tide-coated qdots (pep tide 1 in
Table 3.1 and [51]). These bio tin-ter mi nated pep tide-coated qdots show excel lent
reac tiv ity with avidin, neutravidin, or streptavidin [19].

Impor tantly, this bioactivation approach main tains a small par ti cle diam e ter,
which is a valu able asset for tar get ing, detect ing, and mon i tor ing the tra jec to ries of
indi vid ual pro teins in the plasma mem brane of liv ing cells. Their hydro dy namic
radius (< 12 nm, Fig ure 3.3(c)) is sig nif i cantly smaller than the com monly used
40-nm gold nanoparticles or 500-nm latex beads that may inter fere with pro tein
dynamics [10, 52]. Qdots also out per form the rapid photobleaching of small (1- to
4-nm) flu o res cent organic labels [10, 53]. For exam ple, we have used bio tin-ter mi -
nated pep tide-coated qdots to tar get avidin fusion to glycosylphosphatidyl-inositol
CD14 cell sur face recep tor (CD14-Av) in cul tured HeLa cells (Fig ure 3.4 and [19]).
This approach not only dem on strated spe cific rec og ni tion of the CD14-Av pro teins
on the cell mem brane, but also that qdot flu o res cence can be used to track the move -
ment of sin gle recep tors in live cells over extended periods of time. Indeed, by work -
ing at subnanomolar con cen tra tion of bio tin-pep tide-coated-qdots to ensure that
indi vid ual qdots could be dis tin guished opti cally, we were able to observe bind ing
events and the sub se quent mem brane dif fu sion of indi vid u ally labeled CD14-Av
recep tors, as illus trated in Fig ure 3.4.

The bright ness and photostability of pep tide-coated qdots [46, 54] allow the use 
of a stan dard CCD cam era (CoolSnap cf, Prince ton Instru ments, Tren ton, NJ) and
rather short expo sure times (~100 ms). Other exper i ments per formed with an elec -
tron mul ti ply ing cam era (Cas cade 512B, Prince ton Instru ments) and total inter nal
reflec tion (TIR) micros copy allowed the use of much shorter expo sure time (20 ms
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or less). It is worth men tion ing that the tra jec tory of an indi vid ual recep tor can not
nec es sar ily be tracked con tin u ously due to the inter mit tence in qdot’s flu o res cence
emis sion (Fig ure 3.4(d)). Instead, we use this blink ing behav ior as a proof of sin gle -
ness. The advan tages of using qdots in these exper i ments become evi dent. Qdots’
photostability can allow the obser va tion of indi vid ual recep tor tra jec to ries for 10 to 
20 min com pared to ~5s with Cy3-labelled anti bod ies [10]. The bright ness of the
qdots also allows the spots to be detected with a high sig nal-to-noise ratio (SNR
~50), while short inte gra tion time allows the cap ture of the dynamics of the pro cess. 
The high SNR allows better posi tion ing accu racy (~5–10 nm) of the tracked par ti cle 
and its recep tor. Sim i lar exper i ments by Dahan et al. [10] track ing extra-syn ap tic
recep tors also revealed that these cell-sur face pro teins were far more mobile than
pre vi ously con sid ered by sin gle-par ti cle track ing using microm e ter-sized beads
[55], fur ther con firm ing that the size of larger load does influ ence dif fu sion prop er -
ties. Long tra jec tory obser va tions give access to a wealth of infor ma tion on the local 
spatio-tem po ral envi ron ment of each par ti cle, which would be acces si ble only
through sta tis ti cal anal y sis of hun dreds of tra jec to ries using stan dard fluorescent
dyes [56].
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Fig ure 3.4 Sin gle-par ti cle track ing in a live-cell: (a) DIC and (b) epifluorescence images of live
HeLa cells express ing the CD14-Av recep tors (see main text for details). Sin gle qdots were
observed to dif fuse at char ac ter is ti cally dif fer ent rates in dif fer ent regions of the mem brane or
inside the cytosol (data not shown). (c) The 1,000 steps (100 ms/step) tra jec tory, R(t), of the qdot
local ized in the region marked in panel (a, b), with (d) the cor re spond ing qdot inten sity, I(t). The
blink ing pat tern (suc ces sion of on and off emis sion) dem on strates that a sin gle qdot was observed. 
Adapted from [5] with per mis sion from Amer i can Asso ci a tion for the Advance ment of Sci ence.



3.4.2 Peptide-Mediated Intracellular Delivery and Targeting of Qdots

The deliv ery of bio log i cal and/or inor ganic car gos across the mem brane lipid bilayer 
of liv ing cells toward the cell inte rior has many poten tial appli ca tions that range
from the devel op ment of novel ther a peu tic agents to the basic under stand ing of gene 
and pro tein func tions. Mam ma lian cells have evolved strat e gies to selec tively import 
and export vital com pounds like hydrated ions and small polar mol e cules. But the
plasma mem brane still rep re sents a for mi da ble bar rier to the pas sage of larger
biomolecules. Col loi dal qdots con sist ing of an inor ganic core sur rounded by a layer
of organic lig ands resem ble pro teins both in term of size (in the nanometer range)
and charge (neg a tive) and thus do not freely dif fuse across the lipid bilayer of live
cells. For these rea sons, the use of qdots has prin ci pally focused on tar get ing cell sur -
face mem brane mark ers that are eas ily acces si ble from the sur round ing cul ture
medium. The use of electroporation or transfection reagents [57] that cap i tal ize on a 
recep tor-medi ated endocytotic translocation routes results in qdots being seques -
trated and accu mu lated in lysosomal and endosomal ves i cles that appear scat tered
in the cyto plasm [58, 59]. On the other hand, the direct microinjection of pep tide-
con ju gated or pep tide-coated qdots in liv ing cells [51, 57] has allowed the tar get ing
of qdots to subcellular com part ments such as mito chon dria [57] or the nucleus [60].
All of these phys i cal approaches have, how ever, lim ited in vivo appli ca tions since
they are serial, time con sum ing, or tech ni cally chal leng ing, and they do not allow
high-through put screen ing. Thus, there is still a need to sys tem at i cally explore var i -
ous strat e gies for deliv er ing qdots into live cells, espe cially those that can facil i tate
cell entry with out the require ment for endocytosis. 

To date, the use of short arginine-rich pep tide sequences con sti tutes one of the
most prom is ing classes of lig ands for the intracellular deliv ery of a vari ety of
macromolecules into live cells [61] includ ing qdots [58, 60, 62–69]. These
sequences, referred to as cell per me able pep tides/pep tide transduction domains
(CPP/PTD), include short seg ments first iso lated from the human immu no de fi ciency 
virus 1 (HIV-1) transcriptional acti va tor Tat pro tein, the drosophila homeotic tran -
scrip tion pro tein antennapedia (Antp), and the her pes sim plex virus struc tural pro -
tein VP22 [70]. Other sequences have been iden ti fied, includ ing homopolymers of
arginine [71]. Most, if not all, PTDs carry a net pos i tive charge (highly rich in basic
res i dues), are less than 20–30 amino acids long, and have the abil ity to rap idly
translocate large mol e cules into cells. PTDs that have been used for intracellular
deliv ery of qdots are shown in Table 3.2. 

While the mech a nism respon si ble for uptake of PTDs and their car gos remains
unclear, if not con tro ver sial, PTDs can be used to accel er ate the intracellular deliv -
ery of qdots into a vari ety of cell types by cou pling PTDs to qdots via a
streptavidin-bio tin link [21, 58, 60], cova lently [72], by elec tro static adsorp tion of
PTDs con tain ing free cysteine res i dues [57] or not [73]. Once mono-dis perse qdots
are given access to the cytosol, they can be deliv ered to spe cific cel lu lar com part -
ments or organelles by means of dif fer ent hom ing pep tide sequences (res i due R in
Fig ure 3.2(b)). This has been ele gantly dem on strated for tar get ing pep tide-qdot con -
ju gates to the mito chon dria [57] and the nucleus [57, 60].
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3.5 Live Animal Imaging

The visual anal y sis of mol e cules and cel lu lar pro cesses in liv ing sub jects (i.e., molec -
u lar imag ing) has the poten tial to mark edly enhance ear lier diag no sis of dis ease.
Radionuclide trac ers and 3-D imag ing sys tems such as pos i tron emis sion tomog ra -
phy (PET) and sin gle pho ton emis sion com puted tomog ra phy (SPECT) are now
help ing to char ac ter ize the molec u lar sta tus of tumors in patients [75]. While effec -
tive, the use of radiopharmaceuticals is lim ited by their com plex fab ri ca tion, the
short half-life of the iso topes as well as other issues related to patient/pro vider
safety, and radio ac tive waste dis posal. The use of radio ac tiv ity-based meth ods is
fur ther impaired by the inabil ity to mul ti plex simul ta neous sig nals and by the lack
of detec tion sen si tiv ity toward small tumor bur dens. (For a review, see [76].) The
other alter na tive in deep tis sue imag ing relies on multiphoton flu o res cence micros -
copy, which can cap ture high-res o lu tion, 3-D images of liv ing tis sues tagged with
highly spe cific fluorophores [77]. How ever, tis sue absorp tion and scat ter ing, in
addi tion to lim it ing the light com ing out of the sub ject, also lim its the amount of
inci dent exci ta tion light that reaches the fluorophore. As a result, only a very lim ited 
amount of exci ta tion light becomes avail able at deeper regions of the ani mal tis sue.

Finally, con ven tional dye mol e cules suf fer major lim i ta tions that include poor
photostability and phototoxicity. In this sec tion, we review how qdots pro vide highly 
sen si tive alter na tives to both radio ac tiv ity- and fluorophore-based meth ods. First,
we dem on strate how the pep tide-coat ing approach allows the tens to hun dreds of
nm2 of qdots’ sur face area to be functionalized with a com bi na torial assort ment of
dif fer ent pep tide sequences to make radiolabeled qdots for dual-modal ity imag ing
(both flu o res cence and PET in a sin gle probe). Then we show how small pep tides
are pav ing the way for the first suc cess ful tar geted deliv er ies of qdot con ju gates in
live ani mals. This grow ing trend is con firm ing their unmatched poten tial as novel
intravascular probes for deep-tis sue imag ing in var i ous opti cal modal i ties, includ ing 
two-pho ton con fo cal micros copy [6], PET [5, 78, 79], and SPECT/CT [80].
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Table 3.2 Pro tein Transduction Domains Used for Intracellular Deliv ery and 
Tar get ing of Qdots

Local iza tion Pep tide Sequences* Ref er ences

Cytoplasmic RRRRRRRRR [58, 59]

(His)8-WGLA(Aib)SG(R)8 [67]

RKKRRYRRR [21]

KETWWETWWTEWSQPKKKRKV [73]

Nuclear PPKKKRKVPPKKKRKV [60]

CSSDDEATADSQHSTPPKKKRKV [57]

RRRRRRRRRRRKC [72]

APSGAQRLYGFGL [74]

Mito chon drial MSVLTPLLLRGLTGSARRLPVPRAKIHC [57]

MSVLTPLLLRGLTGSARRLPVPRAKIHWLC [72]
*All sequences are writ ten from N- to C-ter mi nus. (His)8: polyhistidine, Aib: alpha-amino isobutyric
acid.



3.5.1 Near-Infrared Deep-Tissue Dual-Modality Imaging

The com plex nature of mam ma lian tis sues, through which pho tons are absorbed
and scat tered, gen er ally lim its the depth at which light-emit ting probes can be
imaged in vivo [81, 82]. One par tial rem edy is to rely on near infra red (NIR) wave -
lengths for exci ta tion and/or emis sion. At 700 nm to 900 nm, the absorbance of all
biomolecules reaches a min i mum while max i miz ing pho ton pen e tra tion effi ciency
into and out of tis sues. This pro vides a clear win dow with min i mal autofluorescence 
for in vivo opti cal imag ing [83]. In the past five years, the con tri bu tion of NIR qdots
to this bio log i cally rel e vant “ther a peu tic win dow” [84, 85], where no good flu o res -
cent dyes exist, has been quite remark able. For exam ple, Kim et al. have dem on -
strated in pigs and mice the supe ri or ity of NIR qdots in sen ti nel lymph node (SLN)
map ping, a major pro ce dure in breast can cer sur gery. Qdots allowed real-time
image guid ance through out the pro ce dure, vir tu ally free of any back ground, 1 cm
deep into the tis sues [86]. These and other stud ies have estab lished the great poten -
tial of qdot opti cal imag ing as a sur ro gate to radio ac tive tech niques [6, 21]. 

On the other hand, only radio ac tive trac ers have the unique abil ity to pro vide
both quan ti ta tive in vivo biodistribution and deeper imag ing data. Based on these
con sid er ations, our lab o ra tory cre ated the first dual-mode qdot probe com bin ing
opti cal and radio ac tive imag ing capa bil i ties [5]. For simul ta neous PET and flu o res -
cence imag ing, qdots were radiolabeled by chelation of a radionucltide (Cu64) to a
DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) functionalized
pep tide (pep tide D in Fig ure 3.2(b)). Poly eth yl ene gly col moi eties of var i ous lengths
(PEG, pep tide 3 in Table 3.1 and pep tide P in Fig ure 3.2(b)) were also added in a sin -
gle-step reac tion in an attempt to reduce non spe cific bind ing and increase blood cir -
cu la tion time [87]. These radiolabeled qdots were injected (~80 µCi per ani mal) via
tail-vein into anes the tized nude mice and then dynam i cally imaged in a small ani mal 
mPET scan ner (Concorde Micro sys tems Inc., Knox ville, TN). Biodistribution and
mPET anal y sis showed rapid and marked hepatic and splenic uptake of the qdots
with out evi dence of body clear ance (Fig ure 3.5(a)). This known ten dency is caused
by spe cial ized par ti cle-scav eng ing Kupffer cells resid ing en masse in the
reticulo-endo the lial sys tem (RES) of the liver and spleen [87]. We also observed that
PEGylation ben e fi cially increased the blood cir cu la tion half-life and some what
slowed down liver and spleen uptake of qdots [78]. Here, one clear advan tage of the
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Fig ure 3.5 Dual-mode imag ing in live ani mals: (a) µPET imag ing of nude mice injected with
radiolabeled qdots through a DOTA-functionalized pep tide (see Sec tion 3.5 for details). (b) Over -
lay of DIC and flu o res cence images of hepatocytes from a mouse show ing the accu mu la tion of
qdots within liver cells. Scale bar indi cates 20 µm. Adapted from [5] with per mis sion from the
Amer i can Asso ci a tion for the Advance ment of Sci ence.



pep tide-coat ing approach is that it gives us con sid er able lat i tude to mod u late
param e ters such as pep tide den sity and thus the over all num ber of func tional
groups (i.e., PEG moi eties) or the over all charge (as shown in Fig ure 3.3(b)). Sep a -
rate stud ies where free cop per chlo ride (~78 µCi) is injected via tail-vein show that
the max i mum sig nal in the liver is only 7.8 per cent of that observed when inject ing
mice with Cu64 radiolabeled pep tide-qdots (~80 µCi). This dem on strates that even
if all of the cop per/pep tide dis so ci ates from the qdots, it can only lead to a small
com po nent of the over all liver sig nal. More over, biop sies of the liver observed by
flu o res cence light micros copy con firm this accu mu la tion of qdots within the liver
(Fig ure 3.5(b)).

It is impor tant to real ize that flu o res cence alone can not be mea sured in a fully
quan ti ta tive way due to the scat ter ing and absorp tion prop er ties of liv ing tis sues as
men tioned pre vi ously. There are mul ti ple ben e fits to hav ing dual-mode radio ac tive
and opti cal pep tide-coated qdots. First, this com bi na tion allows flu o res cence imag -
ing of qdots for track ing together with quan ti ta tive biodistribution stud ies of the
radiotracer to access accu rately their pharmaco-kinet ics and tar get ing effi cacy in
liv ing ani mals. Sec ond, the dual-modal ity approach requires a much smaller
amount of qdots (in our stud ies: ~25 pmol or 0.8–1.25 nmol/kg depend ing on the
weight of the ani mal [78]) to yield enough con trast for PET imag ing than opti cal
imag ing alone (about 10 to 100 times more qdots needed). This can sig nif i cantly
lower the poten tial cyto-tox ic ity risk posed by Cd2+ and other heavy met als leak age
from the qdot inner core struc ture [88, 89]. Nuclear spin labels for MRI imag ing
could also be incor po rated into qdots pep tide coat ing using the same type of che lat -
ing group. A fur ther step could involve TEM imag ing of their pre cise local iza tion
within cells and tis sues [10, 90]. It should there fore be pos si ble to image tar geted
qdots at all scales, from the level of whole body down to the nanometer resolution
using a single probe with exquisite spatio-temporal sensitivity.

3.5.2 In Vivo Targeting of Tumor Vasculature

To date, the suc cess ful tar geted deliv ery of pep tide qdots in liv ing mice has been lim -
ited to tis sue-spe cific vas cu lar mark ers. Akerman et al. have used lung- and
tumor-spe cific hom ing pep tides (Table 3.3) to direct qdots to their appro pri ate tar -
gets. After intra ve nous injec tion in the mice, tar get ing was dem on strated by ex vivo
flu o res cence micros copy of histological sec tions [18]. How ever, no in vivo imag ing
was achieved. More recently, arginine-glycine-aspar tic acid (RGD) pep tide-con ju -
gated qdots have been used to spe cif i cally tar get integrin αvβ3 in vitro [91, 92] and in 
liv ing mice [63, 79]. The RGD pep tide motif (Table 3.3) found in vitronectin,
fibronectin, and thrombospondin [93] binds selec tively to integrin αvβ3. Tak ing
advan tage of the fact that integrin αvβ3 is sig nif i cantly upregulated in tumor but not
in nor mal tis sues [94, 95], Cai et al. reported the first in vivo tar get ing and imag ing
of tumor vasculature in a murine xenograph model in live ani mals using RGD-qdot
con ju gates [63, 79]. Sub cu ta ne ous tumor imag ing was observed six hours
post-injec tion (Fig ure 3.6(a)) and was fur ther dem on strated by har vest ing the
tumor fol lowed by ex vivo imag ing using a sen si tive CCD cam era (IVIS200,
Xenogen Corp., Alameda, CA). Qdot flu o res cence sig nal was clearly detected in the 
tumor of the mouse injected with the RGD qdots, while no sig nal was seen in the
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Fig ure 3.6 Tar get ing of tumor vasculature with RGD pep tide-con ju gated qdots: (a) In vivo NIR
flu o res cence imag ing of U87MG tumor-bear ing mice (left shoul der, pointed at with white arrows)
injected with 200 pmol of RGD-qdots (left mouse) and con trol qdots (right mouse) six hours after
injec tion. (b) Ex vivo flu o res cence images of the same tumors, sur gi cally removed from RGD qdots
(left) and con trol qdots (right) injected mice. (c) Flu o res cent micro scope images of frozen tumor
slices stained for CD31 (green) to allow visu al iz ing of the tumor vasculature. Qdot sig nal is shown
in red and pointed at with white arrows. Adapted from [63] with per mis sion from the Amer i can
Chem i cal Soci ety. (See Color Plate 5.)

Table 3.3 Sequences of Hom ing Pep tides Used for In Vivo Tar get ing

Vasculatures Pep tide Sequences* Ref er ences

Lung CGFECVRQCPERC [18]

Tumor, blood KDEPQRRSARLSAKPAPPKPEPKPKKAPAKK Ibid

Tumor, lym phatic CGNKRTRGC Ibid

Integrin αvβ3 tumor RGD [63, 79]
*All sequences are writ ten from N- to C-ter mi nus.



tumor of the con trol mouse injected with qdots alone (Fig ure 3.6(b)). Inter est ingly,
fur ther flu o res cence micros copy anal y sis of frozen sec tions indi cated that the RGD
qdots did not extravasate but stayed con fined to the tumor vasculature (Fig ure
3.6(c)) as pre vi ously reported [18]. Over all, the advan tages for using pep tide qdots
for tumor tar get ing in vivo are mul ti ple. Com pared to their pep tide-dye con ju gate
coun ter parts (RGD-Cy5.5, [96]) RGD qdots showed more photostability and much 
stron ger sig nal-to-back ground ratio. In con junc tion with other spe cific integrin
bind ing pep tides (RGDS, LDV, DGEA, KGD, PECAM, and FYFDLR), qdots offer
the unique pos si bil ity of multiplexing [91]. Pep tides might also poten tially be better
tar get ing lig ands than mono-clonal anti bod ies con ju gated to qdots. Gao et al. esti -
mated that the num ber of anti bod ies per qdots is lim ited to 5–6 [21], while the num -
ber of pep tides can eas ily be opti mized to pro vide stron ger bind ing avid ity [19].
Pep tides might also be ren dered multimeric to improve tar get ing effi ciency because
of the polyvalency effect [97–99]. The next step remains to improve tumor-tar get -
ing effi cacy, which requires extravasation of the pep tide-qdot probe as opposed to
tar get ing the tumor vasculature where no extravasation is needed. Reduc ing the size 
of the qdot probes will lower uptake by the reticulo-endo the lial sys tem (RES),
which holds the key to achiev ing better tis sue pen e tra tion and tumor tar get ing. 

3.6 Beyond Diagnostic Imaging: Sensing and Therapeutic Applications

Opti cal sens ing (i.e., detec tion of elec tro mag netic radi a tion) is the most widely used
for mat for detect ing bio log i cal bind ing events and enzy matic reac tions or per form -
ing quan ti ta tive immunoassays in bio log i cal sys tems. The goals of using qdots are
ulti mately to enable sin gle-mol e cule detec tion in vivo, par al lel inte gra tion of mul ti -
ple sig nals (i.e., multiplexing), sig nal ampli fi ca tion, and resis tance to photo-
 bleaching in a high-through put for mat. In the fol low ing sec tion, we review some of
the most sig nif i cant prog ress in the appli ca tion of peptide qdots in biological
detection.

3.6.1 Cleavable Peptides for Proteases Activity

Pro teases are enzymes that reg u late many essen tial bio log i cal pro cesses by cat a lyz -
ing the cleav age of spe cific pep tide bonds in other pro teins. They are also well
known to be aberrantly reg u lated and acti vated in var i ous dis eases includ ing can -
cer, stroke, and infec tion [100]. Hence, pro teases con sti tute a prom i nent class of
phar ma ceu ti cal tar gets for assay and drug devel op ment. For exam ple, because pro -
te ase activ ity is key to tumor pro gres sion and eva sion (metas ta sis), mon i tor ing their
expres sion and bioactivity in vivo pro vide infor ma tion about the met a static poten -
tial of a tumor. Many of the sen sors designed to mon i tor proteolytic activ ity exploit
the low back ground of FRET quenched fluorophores and the high flu o res cent sig nal 
result ing from unquenching after pro te ol y sis [101]. In such FRET geom e try, two
fluorophores are usu ally held in close prox im ity by a short pep tide linker that
becomes the tar get of a spe cific pro te ase. The main lim i ta tions of these
fluorophore-based probes reside in their lack of gen eral tunability in wave length,
which is imposed by the donor-accep tor pair. In addi tion, the opti cal prop er ties of
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con ven tional organic fluorophores or genet i cally encoded flu o res cent pro teins are
sus cep ti ble to their local envi ron ment (pH sen si tiv ity and so on) and prone to
photobleaching. In order to over come some of these short com ings, qdot-pep tide
con ju gates have emerged as prom is ing new FRET-based pro te ase sen sors. The use
of qdots as energy donors cap i tal izes on their well-known spec tro scopic ben e fits.
Spe cif i cally rel e vant here is their broad band absorp tion and flu o res cence emis sion
spec tra that can be tuned to best over lap with the accep tor absorp tion. With this in
mind, Chang et al. designed the first qdot-pep tide-gold con ju gates to tar get col la -
gen ase. In this bioassay, col la gen ase cleaves between alanine and glycine of a
GGLGPAGGCG tar get pep tide to release the functionalized gold nanoparticles that
quenches the qdot flu o res cence [102]. This approach was how ever lim ited by steric
hin drance from the gold nanoparticles, which impaired the acces si bil ity of the col la -
gen ase to the pep tide.

As an improve ment of this approach, Medintz et al. have devel oped qdot-pep -
tide-dye con ju gates for the enzyme rec og ni tion of four dif fer ent tar get enzymes
(Table 3.4); caspase 1, thrombin, col la gen ase, and chymotrypsin [103]. Replac ing
gold with a much smaller dye mol e cule (Cy3 or QXL-520) pos si bly increased the
sub strate acces si bil ity to the pro te ase since the authors suc ceeded in mea sur ing
kinetic val ues sim i lar to those obtained with dye-only pep tides in solu tion. Steric
con straints were also min i mized by titrat ing the pep tide-qdot ratio to be less than 5.
More over, the low pep tide num ber ensures that the proteolytic assays were car ried
out under rate-lim it ing sub strate con di tions, which means that all pep tides on the
qdots are likely to par tic i pate in the pro te ase activ ity mea sure ment. The net result is
an increase in the sen si tiv ity of the QD-pep tide-dye probes. Finally, these QD-pep -
tide sen sors can also mea sure pro te ase activ ity in vivo. Shi et al. used qdots directly
coated with a small RGDC tetrapeptide labeled with rhodamine to quan ti ta tively
study the aber rant col la gen ase activ ity of HTB 126 can cer cell lines [104]. The
kinetic rate con stants of FRET sig nal changes of the qdot-based pro te ase sen sors
were sig nif i cantly higher within the can cer cells as com pared to the nor mal HTB
125 cells. Inter est ingly, the qdot FRET-based probes could dis crim i nate between
nor mal and can cer ous cells within 10 min. By exten sion, chang ing the pep tide
sequence would enable high through put screen ing of the activ ity of spe cific
proteolytic enzymes in real-time in an array/mul ti plex for mat. This could pro vide a
unique pro te ase sig na ture for each can cer patient to per son al ize ongo ing ther a peu -
tic strat e gies.
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Table 3.4 Sequences of Cleavable Pep tides Used for Mea sur ing
Pro te ase Activ ity

Tar get Enzymes Pep tide Sequences* Ref er ences

Col la gen ase GGLGPAGGCG [102]

RGDC [104]

(His)6-AL(Aib)AAGGPAC [103]

Caspase-1 (His)6-GL(Aib)AAGGWEHDSGC Ibid

Thrombin (His)6-GLA(Aib)SGFPRGRC Ibid

Chymotrypsin (His)6-GL(Aib)AAGGWGC Ibid
*All sequences are writ ten from N- to C-ter mi nus. (His)6: polyhistidine, Aib:
 alpha-amino isobutyric acid.



3.6.2 Photodynamic Therapy

Photodynamic ther apy (PDT) refers to a kind of can cer treat ment based on three
syn er gis tic com po nents: a photosensitizer (PS), light, and oxy gen mol e cules pres ent
in tis sues [105, 106]. Photosensitizers are non toxic chromo phores that gen er ate
reac tive oxy gen spe cies (ROS) such as free rad i cals (hydroxyl rad i cal: iOH and
superoxide: iO2

−) and sin gle oxy gen (1O2) upon light irra di a tion. These com -
pounds act locally to cause irre vers ible oxi da tive dam ages to enzymes, pro teins,
nucleic acids, mito chon dria, and mem branes with the result of induc ing apoptosis,
necro sis, and cell death. In the clinic, the effec tive ness of a PDT treat ment relies on
the reten tion and accu mu la tion of the PS into tumor tis sues fol lowed by its selec tive
destruc tion by ROS gen er ated through laser irra di a tion of spe cific wave length and
directed to the sen si tized local area. Com pared with con ven tional sur gery, this
approach is min i mally inva sive. How ever, cur rent FDA-approved PSs (such as
Photofrin) are far from being ideal. They are poorly sol u ble, unsta ble, have low tar -
get ing selec tiv ity, and show some spon ta ne ous skin phototoxicity trig gered by reg u -
lar day light (which goes with the fact that their exci ta tion wave lengths are not
opti mal for deep tis sue pen e tra tion). Given these major draw backs, qdots have gar -
nered much atten tion as poten tially novel PSs or, at least, as cofactors of con ven -
tional PSs [107, 108]. Qdots main ben e fits relate to their resis tance to
photobleaching, emis sion, and absorp tion tunability in the NIR for deep tis sue exci -
ta tion, large absorp tion coef fi cients, con tin u ous absorp tion bands that can be used
to extend the range of exci ta tion of con ven tional PSs through Förster (flu o res cence)
res o nance energy trans fer (FRET), and the avail abil ity of active-tar get ing
approaches to intro duce a degree of selec tiv ity in PDT treat ments. Qdots as PS car -
ri ers could boost sin glet oxy gen yield (through FRET) for better PDT effi cacy over
PSs alone. They also have the poten tial to act as imag ing and ther a peu tic agents
simul ta neously.

Early attempts to har ness the full capa bil i ties of qdots in PDT have been lim ited
due to the poor sol u bil ity and/or insta bil ity of the qdot-PS con ju gates in the aque ous 
envi ron ment [109–111]. We recently devel oped novel qdot-PS bioconjugates based
on our unique phytochelatin pep tide-coat ing tech nol ogy that pre served both the
photophysical prop er ties of the qdots and of the PSs [112]. Fig ure 3.7 describes the
con ju ga tion schemes used to cova lently attach two PSs, rose ben gal and chlorin e6,
to phytochelatin pep tides (pep tide 1 in Table 3.1). The ver sa til ity of our
mix-and-match pep tide approach allowed us to care fully con trol the num ber of PSs
con ju gated to the qdots by sim ply chang ing the stoichiometry of PS-con ju gated pep -
tides to pep tides of other functionalities (PEG, bio tin, and so on; see Fig ure 3.2(b))
dur ing the mass exchange pro cess. Typ i cally, 1 to 30 PSs could be grafted per qdots. 
It is worth men tion ing that the num ber of PSs directly cor re lated with the size (i.e.,
sur face area) of the qdots; the big ger the qdots, the more PSs could be added [112].
FRET was evi dent between the qdots (act ing as donors) and PSs (act ing as accep -
tors). Fig ure 3.7(c) shows the dra matic increase of flu o res cence of both rose ben gal
(attached to green qdots) and chlorin e6 (attached to red qdots) as a result of FRET
(red curve) in com par i son with the flu o res cence of PSs alone at the same con cen tra -
tion (black curves). An impor tant con clu sion is that the pep tide coat ing layer is thin
enough to allow easy energy trans fer between qdots and the PSs. Finally, we found
that the qdot-PS con ju gates pro duced sin glet oxy gen either by excit ing the PS
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Fig ure 3.7 Pro duc tion of sin glet oxy gen with pep tide-coated qdot-photosensitizer probes: (a)
Scheme of con ju ga tions of rose ben gal and (b) chlorin to phytochelatin pep tides. (c)
Photoluminescence spec tra of the con ju gates. (left) rose ben gal pep tide-coated qdots (gray curve)
and rose ben gal alone (black curve). (right) Chlorin e6-con ju gated QDs (gray curve) and chlorin
e6 alone (black curve). The same con cen tra tion of each photosensitizer was excited at 450 nm.
Adapted from [112] with per mis sion from the Amer i can Chem i cal Soci ety.



directly or indi rectly through the FRET pro cess. We are cur rently test ing these
qdot-PS con ju gates for their abil ity to kill cells in cul ture. The next step would be to
cus tom ize multifunctional qdot-PS probes able to spe cif i cally tar get can cer cells,
absorb large quan ti ties of light, and destroy tumors through sin glet oxygen
generation deep into tissue using NIR qdots and conjugation to NIR-absorbing
photosensitizers. 

3.7 Conclusion and Perspectives

Sev eral key fea tures make the pep tide-coat ing approach advan ta geous for bio log i -
cal appli ca tions of qdots. First and fore most is its sim plic ity, since a sin gle, sim ple
reac tion step can achieve both sol u bil ity in aque ous envi ron ment and bioactivation
of the nanoparticles. Sec ond, this approach is highly ver sa tile and allows the test ing
of var i ous pep tide sequences simul ta neously to encode multifunctional and
multimodal capa bil i ties in a sin gle probe. Finally, the pep tide-based approach
main tains the over all size of the qdot probe as rel a tively small. For exam ple, it has
recently been dem on strated that a small (< 5 nm) hydro dy namic radius is cru cial for 
renal clear ance of qdots intra ve nously injected into mice [113]. With out a way to
excrete or biodegrade qdots into inert com po nents, tox ic ity becomes an issue and
imag ing is impaired. For tu nately, the “pep tide tool box” gives us con sid er able lat i -
tude to mod u late param e ters such as pep tide den sity, over all charge,
hydrophilicity/hydrophobicity, and incor po ra tion of moi eties like high molec u lar
weight PEG. In par tic u lar, PEG helps to increase biocompatibility, to neu tral ize
non spe cific adsorp tion of serum pro teins, and to increase cir cu la tion time in vivo.
There fore, pep tide engi neer ing might pro vide a ratio nal path to the opti mi za tion of
the pharmacokinetic param e ters of IV-admin is trated functionalized qdots, while
main tain ing the final size of the functionalized probes as small as pos si ble. Future
research uti liz ing smaller, NIR-emit ting qdots such as InAs-based qdots [114] may
fur ther pro mote extravasations of the qdots from the blood vasculature to tar get
solid tumors. Active tar get ing strat e gies using pep tides could also be com bined with
cytotoxic agents in the form of photodynamic ther apy treat ments.

At the cel lu lar level, pep tides offer wide poten tials for novel appli ca tions. New
affin ity pairs will cer tainly emerge from in vitro directed molec u lar evo lu tion to
enable multiplexing stud ies [115]. New pep tide sequences will facil i tate cross ing the 
cell mem brane to go beyond the study of cell sur face mem brane mark ers to
intracellular pro cesses such as traf fick ing and sig nal transduction. Inter est ingly,
recent stud ies are mak ing use of extracellular pro teases to mod u late the cel lu lar
uptake of pep tide-con ju gated qdots [116]. Mod u lat ing the uptake of nanoparticles
into cells with tumor-spe cific pro teases may lead to their selec tive accu mu la tion in
tumor cells for fur ther tar geted destruc tion. Finally, new pep tide qdot–based sys -
tems will be capa ble of sens ing at the sin gle-mol e cule level. Cap i tal iz ing on the
advan tages of both pep tides and qdots may bring us closer to the ulti mate goal of
prob ing bio log i cal sys tems at all length scales: from the whole-body down to the
cel lu lar and molec u lar level with a sin gle probe.
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C H A P T E R  4

Res o nance Energy Trans fer-Based
Sens ing Using Quan tum Dot
Bioconjugates

Igor L. Medintz and Hedi Mattoussi

4.1 Introduction and Background

One of the most com mon activ i ties in all of bio log i cal research is mon i tor ing of pro -
tein-pro tein inter ac tions and pro tein track ing. This can pro vide infor ma tion on a
broad range of pro cesses includ ing cel lu lar sig nal ing path ways, drug inter ac tions,
patho gen detec tion, molec u lar struc ture/func tion, and genetic expres sion. Although 
sim ple in con cept, the com plex ity arises from dif fi cul ties in imple men ta tion and
data anal y sis. Förster or flu o res cence res o nance energy trans fer (FRET) pro vides a
pow er ful spec tro scopic tool to probe these com plex bio log i cal phe nom ena. Its use
has steadily expanded in the past three decades, facil i tated by prog ress in both
devel op ing sophis ti cated detec tion systems and the ever-growing range of available
fluorophores. 

FRET is a photophysical pro cess that involves the nonradiative trans fer of exci -
ta tion energy from an excited state donor mol e cule (D) to a prox i mal ground-state
accep tor mol e cule (A) [1]. Effi cient FRET requires that two key cri te ria are sat is fied: 
(1) prox im ity between donor and accep tor, because the pro cess is driven by
dipole-dipole inter ac tions, and (2) the donor emis sion must have a siz able over lap
with the accep tor absorp tion pro file (i.e., they share spec tral over lap) [1]. Although
an in-depth review of the FRET for mal ism is not war ranted here, we will pro vide
a few expres sions that are impor tant to the cur rent dis cus sion. The rate of
energy trans fer between a donor and an accep tor sep a rated by a cen ter-to-cen ter
dis tance, r, can be expressed as:
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where QD and τD des ig nate the donor photoluminescence (PL) quan tum yield and
its exciton radi a tive life time, respec tively. The con stant B is a func tion of the refrac -
tive index of the medium nD, Avo ga dro’s num ber NA, and the dipole ori en ta tion
param e ter, κp:
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The Förster radius R0 des ig nates the sep a ra tion dis tance cor re spond ing to 50
per cent FRET effi ciency and is given by:
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where I is the inte gral of the spec tral over lap between donor PL and accep tor
absorp tion, J(λ). The ori en ta tion fac tor κ p

2  var ies from 0 (for per pen dic u lar align -
ment of the donor and accep tor dipoles) to 4 (for par al lel ori en ta tion) [1]. The
energy trans fer effi ciency defined as:
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accounts for the frac tion of excitons that are trans ferred from the donor to the
accep tor nonradiatively. Exper i men tally, E is deter mined from either steady-state or 
time-resolved flu o res cence mea sure ments using:  
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where the donor flu o res cence inten sity in the absence (FD) and pres ence (FDA) of the
accep tors are used; sim i larly, τD and τDA des ig nate the donor excited state flu o res cent 
life time in the absence and pres ence of the accep tors [1].

The strong sixth power depend ence of FRET effi ciency on r makes this pro cess
ide ally suited for prob ing nanoscale sep a ra tion dis tances in the range of 10–100Å,
which has resulted in the tech ni cal qual i fi ca tion of FRET as a “spec tro scopic ruler.”
FRET is ide ally suited for assess ing the size of biomolecules or prob ing changes in
pro tein con for ma tion. Indeed, FRET using con ven tional organic or pro tein-based
fluorophores has been applied to probe nanoscale inter ac tions for an array of bio -
log i cal phe nom ena, which can be broadly grouped in two main areas [1]. The first
area is a sig nal transduction modal ity for a myr iad in vitro and in vivo biosensors of
small mol e cule tar gets, such as nutri ents and intracellular sec ond mes sen gers, or
alter na tively to sense spe cific enzy matic events, such as pro te ol y sis [2-4]. The sec ond 
area is a tool for elu ci dat ing the struc ture, con for ma tion, and spe cific inter ac tions of 
biomolecules, with appli ca tions rang ing from mon i tor ing real-time pro tein fold ing
to deter min ing the over all structure of protein-protein and DNA-protein complexes
[5 , 6–9].

Effec tive imple men ta tion of FRET in biol ogy hinges on the abil ity to meet two
chal lenges: repro duc ible meth ods for label ing biomolecules with donor and accep -
tor mol e cules, and, more impor tantly, the spec tro scopic prop er ties of the
fluorophores. In gen eral, con trolled label ing of the tar get biomolecules with
fluorophores (donor/accep tor) at known and dis tinct sites is the most desir able for -
mat. This can allow good con trol over the mea sured FRET effi cien cies and pro vide
infor ma tion on sub tle changes in pro tein (or pep tide, DNA) con for ma tion result ing
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from inter ac tions with tar get mol e cules or changes in the sur round ing con di tions
[2]. To date, the most com mon donor mol e cules have been organic dyes or flu o res -
cent pro teins, while both emissive and nonemissive, or “dark,” quench ing dyes
were used as accep tors [2]. Some of the inher ent photophysical prop er ties of these
mate ri als have lim ited fur ther prog ress of FRET-based assays and sens ing in biol -
ogy. Lim i ta tions can arise from low quan tum yields, pH sen si tiv ity, and sus cep ti bil -
ity to both chem i cal and photo-deg ra da tion, along with broad absorp tion and
emis sion pro files. The lat ter results in sub stan tial over lap between donor and accep -
tor absorp tion/emis sion spec tra; it also results in sig nif i cant direct exci ta tion con tri -
bu tion to the accep tor emis sion [1, 2, 10]. Thus, effec tive imple men ta tion of FRET
often requires com plex instru men ta tion to pro vide tun able exci ta tion and allow
signal detection and sophisticated data analysis that permit careful deconvolution
of complex raw PL spectra. 

Lumi nes cent semi con duc tor nanocrystals or quan tum dots (QDs) offer unique
opti cal and spec tro scopic prop er ties that can poten tially over come some of these
lim i ta tions and improve FRET use in bio log i cal as well as nonbiological appli ca -
tions [10, 11]. In this chap ter, we first describe the QD photophysical prop er ties of
direct rel e vance to FRET. We then dis cuss the prog ress made using QDs and FRET
in biol ogy by describ ing var i ous biosensing con fig u ra tions, and finally we pro vide
some assess ment of where QD-based FRET may be evolving in the near future.

4.2 Unique Attributes of Quantum Dots As FRET Donors

As com pared to con ven tional organic- and pro tein-based fluorophores, nano-
crytalline semi con duc tor quan tum dots are char ac ter ized by sev eral unique prop er -
ties. These include broad absorp tion spec tra extend ing to the UV, with very high
extinc tion coef fi cients, along with tun able nar row-sym met ric PL (with full width at
half-max i mum, FWHM, <40 nm; see Fig ure 4.1). Tun ing of the QD emis sion is
driven by quan tum con fine ment effects and is pri mar ily gov erned by the
nanocrystal size and mate ri als com po si tion [12–16]. Addi tion ally, QDs exhibit
high PL yields, a strong resis tance to both photo- and chem i cal deg ra da tion, and
pro nounced photobleaching thresh olds. Cumu la tively, these prop er ties impart to
QDs five unique attrib utes as FRET donors that are unavailable with conventional
fluorophores [10]. 

4.2.1 Improving the Spectral Overlap by Tuning QD Emission

When using con ven tional organic dyes, the D-A pair is usu ally cho sen to have siz -
able spec tral over lap (e.g., fluorescein-rhodamine and Cy3-Cy5 are some of the
most com monly used pairs), but the abil ity to tune the degree of that over lap is lim -
ited due to the rel a tively nar row absorp tion bands of con ven tional fluorophores [1,
2]. In com par i son, for QD-dye D-A pairs, the spec tral over lap with a given dye can
be eas ily tuned by chang ing the QDs size/color used. As an illus tra tive exam ple, Fig -
ure 4.1(a) shows the PL emis sion of 3 CdSe-ZnS core-shell QD dis per sions with
emis sion cen tered at 510, 530, and 555 nm plot ted against the absorp tion of Cy3
accep tor, together with the cor re spond ing over lap func tion, J(λ). Plots clearly show
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that as Cy3 has an absorp tion max i mum at ~555 nm, the spec tral over lap improves
dra mat i cally for QDs emit ting at 555 nm (R0 var ies from ~ 47Å to 57Å for these
pairs). Since QD emis sions can be tuned from the UV to the near IR, this would
imply that with a judi cious choice of core mate ri als and nanocrystal size, a QD
donor can be selected for opti mized spec tral over lap with essen tially any poten tial
fluorophore accep tor [10, 11]. 

4.2.2 Significant Reduction of Direct Excitation of the Acceptor

Organic dye and pro tein fluorophores are char ac ter ized by broad absorp tion spec -
tra cou pled with small Stoke’s shifts. Exper i men tally, this means that the donor and
accep tor absorp tion spec tra usu ally exhibit con sid er able over lap, regard less of the
exci ta tion wave length used, and there is always a sig nif i cant direct exci ta tion con tri -
bu tion to the accep tor emis sion. Thus, FRET anal y sis usu ally requires care ful
deconvolution of com pos ite spec tra to clearly iso late donor and accep tor emis sions
and accu rately deter mine FRET effi cien cies and sen si ti za tion of the accep tor. This
con trasts with QD-dye pairs, where the abil ity to effi ciently excite the QD at vir tu -
ally any wave length below the first absorp tion peak allows one to select a line cor re -
spond ing to the accep tor’s absorp tion min i mum. This can sub stan tially reduce
direct exci ta tion con tri bu tion of the accep tor emis sion. This fea ture is illus trated in
Fig ure 4.1(b), where a 590-nm emit ting QD donor is paired with a Cy5 dye accep -
tor. For this pair, exci ta tion at any wave length below 520 nm will pro duce lit tle to
no direct exci ta tion con tri bu tion to Cy5 emis sion. Indeed, 350-nm exci ta tion of this
con fig u ra tion resulted in a direct Cy5 exci ta tion con tri bu tion ~40 times smaller
than the FRET-sensitized emission [17].

4.2.3 Increase FRET Efficiency by Arraying Multiple Acceptors around a Single
QD

QDs are sig nif i cantly larger in size than organic dyes and their sur faces pro vide mul -
ti ple sites for attach ing dyes or dye-labeled biomolecules. This allows for a con fig u -
ra tion where a sin gle nanocrystal can simul ta neously inter act with mul ti ple
accep tors. Apply ing the Förster con cepts within such a con fig u ra tion trans lates a
pro por tional increase in the over lap inte gral (or FRET cross-sec tion) with an
increas ing num ber of accep tors per donor and a con com i tant enhance ment in the
rate of FRET. This in turn induces a sub stan tial enhance ment in the over all FRET
effi ciency com pared to one-to-one D-A pairs. For a sim ple con ju gate con fig u ra tion
where mul ti ple accep tors n are arrayed at a given dis tance r around a cen tral QD
(centro sym met ric con fig u ra tion with fixed separation distance), (4.4) can be
developed to [18]:

E
nR

nR r
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6
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This assumes that a dipole-ori en ta tion κ2 value of 2/3 (char ac ter is tic of ran dom
dis tri bu tion of dipoles) pro vide a proper descrip tion for QD-dye pairs, which is jus -
ti fied by the par tial ran dom ori en ta tion of the QD dipole and the inabil ity to con trol
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the ori en ta tion of the dye-accep tor dipoles con ju gated (such as pro tein dye, pep tide
dye, or DNA dye) to the QD sur face [18]. The antic i pated effect of (4.6) is sche mat i -
cally illus trated in Fig ure 4.2, where a cen tral QD (with a nom i nal radius of 30Å) is
inter act ing with pro tein-accep tors attached to its sur face; the dye is located at a dis -
tance of 70Å from the QD cen ter. For a nom i nal R0 value of 56Å, (4.4) pre dicts a
FRET effi ciency of ∼22 per cent for a sin gle QD-sin gle dye pair (n = 1) [19]. In com -
par i son, for n = 5 the antic i pated effi ciency using (4.6) increases to ∼58 per cent.
CdSe-ZnS QDs have diam e ters rang ing from 20–80Å depend ing upon emis sion [11, 
16]. They can thus accom mo date sev eral small to medium-size dye-labeled pro teins
(molec u lar weight ∼10–60 kD) and an even larger num ber of dye-labeled DNAs and 
pep tides [17, 20]. This par tic u lar fea ture implies that dyes with lower absorp tivity
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Fig ure 4.1 (a) Nor mal ized absorp tion spec tra (εA) of Cy3 dye and photoemission spec tra of the
three CdSe-ZnS core-shell QD solu tions. Inset shows plots of the result ing over lap func tions, J(λ) =
PLD−corr(λ) × λ4 × εA(λ) , and high lights the effects of size-tun ing the QD emis sion on the degree of
spec tral over lap for a given accep tor dye (Cy3). Adapted from [18] and reprinted with per mis sion
from the Amer i can Chem i cal Soci ety (ACS). (b) Nor mal ized absorp tion and emis sion spec tra for
590-nm CdSe-ZnS core/shell donor QDs and Cy5 accep tor dye. The posi tion of a 488-nm laser
exci ta tion line is shown in gray. Note the min i mal Cy5 absorp tion at this wave length.



and weaker over lap can still be used if sev eral cop ies were arrayed around a QD
donor. It also implies that a broad dynamic FRET range can be real ized for a
donor-accep tor pair by vary ing n. Uti li za tion of this con cept within QD-FRET–
based biosensors can result in a sig nif i cant increase in the range of FRET sig nals
acces si ble for a sens ing event [19]. In this con fig u ra tion, the QD plays a dual role of
a nanoscale scaf fold for array ing mul ti ple cop ies of dye-labeled (and unlabeled)
recep tor mol e cules and as a cen tral exciton donor. This has in fact, both by design or 
default, been uti lized in a num ber of QD-based FRET sen sors to detect small mol e -
cule tar gets (see fur ther dis cus sion later) [21–24]. 

4.2.4 Achieving Multiplex FRET Configurations with One Excitation Source

The abil ity to fol low two or three func tions/pro cesses simul ta neously within the same 
cell using FRET could pro vide invalu able infor ma tion on how a myr iad of cel lu lar
events are spacio-tem po rally cor re lated. QD donors offer unique advan tages for real -
iz ing mul ti plexed FRET. Even though the most obvi ous con fig u ra tion to achieve this
would use mul ti ple dye-labeled recep tors con ju gated to the same QD donor, we have
recently dem on strated that mul ti plex FRET with QDs is much sim pler to imple ment
using a con verse con fig u ra tion where mul ti ple QD donors emit ting at dis tinct wave -
lengths are paired with the same accep tor dye [25]. QDs self-assem bled with malt ose
bind ing pro tein (MBP), site-spe cif i cally labeled with a dark-quench ing accep tor, were 
used, as sche mat i cally rep re sented for a three-plex sce nario in Fig ure 4.3(a). As can be 
seen in the pan els shown in Fig ure 4.3(b)–(e), only the PL of a par tic u lar QD con ju -
gated to dye pro teins within the mix ture can be selec tively quenched (or mod u lated)
by FRET; those unconjugated are essen tially unaf fected. We have fur ther expanded
this con fig u ra tion to a four-chan nel FRET sys tem using four QD col ors. This study
also showed that emissive and dark (nonemissive) dyes alike can be used for effec tive
mul ti plexed FRET within the same sam ple [25]. The study has fur ther shown that a
con fig u ra tion using one QD donor and mul ti ple color accep tors entails more com pli -
cated spec tral deconvolution because of the broad emis sion spec tra of organic dyes.
In addi tion, nonradiative energy trans fer between dyes attached to the same donor
may be nonnegligible, fur ther com pli cat ing the anal y sis.
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4.2.5 Multiphoton FRET Configurations

Flu o res cence driven by multiphoton exci ta tion uti lizes IR sources that are ide ally
located within the tis sue opti cal trans par ency win dow; it allows deep pen e tra tion
(~1 mm) with lim ited over all photodamage and is thus highly desir able for deep tis -
sue imag ing [26]. FRET using con ven tional fluorophores driven by two-pho ton
exci ta tion has been extremely lim ited, pri mar ily due to their low multiphoton
absorp tion pro files [27]. In con trast QDs have very high two-pho ton action cross
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Fig ure 4.3 (a) Sche matic rep re sen ta tion of the FRET multiplexing con fig u ra tion. Three dis tinct
QD donors con ju gated to QSY-7-labeled MBP are shown. (b–e) Deconvoluted PL spec tra for the
sys tem using three QD donors inter act ing with QSY-7 quencher. The com pos ite spec trum is
shown as open cir cles (O); the fit ted spec trum as a solid black line. (b) No QSY-7 dyes are pres ent.
(c) Only con ju gates of the 510-nm QDs are QSY-7-labeled. (d) 510- and 555-nm QDs are con ju -
gated to MBP-QSY-7. (e) All three QDs have dye-labeled MBP. Car toons rep re sent ing labeled and
unlabeled QD con ju gates are shown in the insets. Adapted from [25] and reprinted with per mis -
sion from the ACS.



sec tions, ~2–3 orders of mag ni tude larger than the best avail able dyes (8–20,000
Geppert-Mayer-GM units at 800-nm exci ta tion) [27]. It has been shown that
two-pho ton flu o res cence using lumi nes cent QDs enabled imag ing at greater depths
than what was allowed with stan dard dye fluorophores, while using less aver age
exci ta tion power. For exam ple, QDs allowed visu al iza tion of vasculature hun dreds
of microm e ters deep through the skin of liv ing mice [28]. The strong dif fer ence in
two-pho ton action cross-sec tion between dots and dyes sug gest that FRET with
QDs driven by two-pho ton exci ta tion in the NIR could pro vide addi tional advan -
tages to what was described for one-pho ton exci ta tion ear lier. Using the same
QD-MBP-dye con ju gates intro duced pre vi ously, we dem on strated that two-pho ton
exci ta tion could spe cif i cally exploit the vast dis par ity in cross-sec tional absorp tion
effi cien cies between QDs and dyes, to pro vide FRET sen si ti za tion with essen tially
neg li gi ble direct exci ta tion con tri bu tion to the dye-accep tor sig nal. The steady-state
data shown in Fig ure 4.4 indi cate that there is a full equiv a lence between the FRET
pro cesses driven by either mode of exci ta tion, a prop erty also con firmed by
excited-state life time mea sure ments [27]. Data also show that under one-pho ton
exci ta tion, the direct exci ta tion con tri bu tion to the accep tor emis sion though small
is not neg li gi ble. In com par i son, such con tri bu tion is essen tially zero under
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(a)
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Fig ure 4.4 (a) Sche matic of two-pho ton exci ta tion and FRET with a QD-pro tein-dye con ju gate.
Deconvoluted PL spec tra of QDs and Cy3 as a func tion of an increas ing num ber of MBP-Cy3 per
510-nm QD using both (b) con ven tional and (c) two-pho ton exci ta tion. The inset in each shows a
com par i son between FRET-induced Cy3 PL and the con tri bu tion due to direct con ven tional or
two-pho ton exci ta tion col lected for a con trol MBP-Cy3 sam ple. Fig ure adapted from [27] and
repro duced with per mis sion. © Wiley-VCH Verlag GmbH & Co. KGaA. (See Color Plate 6.)



two-pho ton exci ta tion. Multiphoton FRET with QD donors can thus remove the
need to cor rect for back ground con tri bu tion and sub stan tially increases the mea -
sured sig nal-to-noise ratios. This con fig u ra tion may be ben e fi cial for intracellular
FRET sens ing and imag ing where the dye sig nal (due to FRET) could be eas ily dis -
tin guished from any back ground con tri bu tion [27]. 

4.3 FRET-Based Biosensing with Quantum Dots

Within the con text of this dis cus sion, we loosely define biosensing as the detec tion
of either a bio log i cal mol e cule or bio log i cal pro cess with a QD-con ju gate assem bly
that incor po rates other dye-labeled biomolecules and where sig nal transduction
results from changes in FRET inter ac tions. We cat e go rize these sen sors by a com bi -
na tion of their over all com pos ite struc ture and the tar geted ligand or tar geted bio -
log i cal pro cess. We focus on selected rep re sen ta tive exam ples to high light the
sens ing mech a nisms and examine both their benefits and limitations.

4.3.1 Competitive Sensing Using QD-Protein Conjugates 

In this for mat, the sen sors con sist of QD-pro tein con ju gates and are pri mar ily
directed to the detec tion of small mol e cule tar gets. The sen sor spec i fic ity is pro vided 
by the pro tein’s abil ity to rec og nize and bind to its cog nate tar get. The com pe ti tion
for mat uses a dye-labeled ana log with known affin ity to the pro tein recep tor and is
first cap tured by the QD-pro tein recep tor con ju gates. This is accom plished by either 
pre as sem bling the pro tein and dye-labeled ana log prior to con ju ga tion onto the QD
sur face or by add ing the ana log dye to the sam ple con tain ing the QD-pro tein assem -
blies. For ma tion of the QD-pro tein-ana log-dye com plex brings the dye in close
prox im ity to the QDs and results in FRET-induced loss of the QD emis sion. The tar -
get mol e cule, when added to the solu tion, will com pete off the ana log and bind to
the recep tor pro tein, which removes the accep tor away from the nanocrystal sur -
face, reduces FRET inter ac tions, and pro duces pro gres sive recov ery of the QD emis -
sion. Anal y sis of the QD PL recov ery also pro vides some insights into con ju gate
sens ing kinet ics of the tar get mol e cule. Alter na tively the tar get and ana log could be
simul ta neously added to the QD-pro tein con ju gates, but in this case one mon i tors
the reduc tion in FRET effi cien cies mea sured in the pres ence of the com pet ing tar get
mol e cule. Three spe cific exam ples employ ing this sens ing strat egy were recently
reported. 

The first QD sens ing assem bly was dem on strated by our group and uti lized
MBP self-assem bled on the QD sur face to spe cif i cally tar get the nutri ent sugar malt -
ose [21]. Prior to QD-con ju gate assem bly, MBP was allowed to prebind a
beta-cyclodextrin (BCD) ana log of malt ose that was cova lently labeled with a
QSY-9 dark quench ing accep tor to form MBP-BCD-QSY9 com plexes. Mul ti ple
cop ies of these com plexes were self-assem bled onto the QD sur face by uti liz ing a
pentahistidine (His5) sequence located at the pro teins C-ter mi nus [29]. The His5

sequence coor di nates to the sur face of ZnS-overcoated QDs through metal-affin ity
inter ac tions. The prox im ity of the MBP-BCD-QSY9 com plex to the nanocrystal
results in effi cient FRET-induced quench ing of the QD emis sion. Sub se quent addi -
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tion of malt ose com peted for MBP bind ing, dis placed the BCD-QSY9, and resulted
in a con cen tra tion depend ent increase of QD PL [21]. The malt ose dis so ci a tion con -
stant KD of ~7 µM, extrap o lated from the FRET recov ery data, cor re lated well with
the 1–10 µM val ues reported for solu tion-phase wild-type MBP. Fur ther test ing of
this sen sor with a vari ety of sug ars con firmed its bind ing spec i fic ity only for sug ars
con tain ing α1-4 glucosidic link ages such as those found in maltosides. These results
indi cate that MBP retains its bind ing char ac ter is tics after self-assem bly onto the QD
sur face. 

Mod i fied ver sions of this same FRET-based sen sor for the sugar malt ose have
also been dem on strated, employ ing QD-MBP con ju gates in either one- or two-pho -
ton exci ta tion modes [27] and in a reagentless con fig u ra tion [30, 31]. For the
reagentless con fig u ra tion, MBP was labeled with Cy3 at a unique site within the
pro teins bind ing pocket and self-assem bled onto the QDs sur face. Addi tion of
increas ing con cen tra tions of malt ose resulted in an oblig a tory rear range ment of the
MBP struc ture, and as the pro tein’s con for ma tion closed around the dye, it changed
the dye’s emis sion effi ciency. While the sys tem was pri mar ily excited by the QD
donor (with a given FRET effi ciency), the net result was a con cen tra tion depend ent
change in Cy3 accep tor emis sion, allow ing PL ratiometric monitoring of maltose
presence [27, 30]. 

In the sec ond exam ple, a sens ing assem bly tar get ing the explo sive tri ni tro tol u -
ene (TNT) in aque ous envi ron ments was con structed and char ac ter ized; see sche -
mat ics in Fig ure 4.5 [22]. In this case, a sin gle chain anti body frag ment spe cif i cally
selected against TNT (αTNT-ScFV) and express ing a C-ter mi nal polyhistidine
sequence was con ju gated to the QDs and used as the rec og ni tion pro tein. An explo -
sive ana log-dye com plex was syn the sized con sist ing of the dark quench ing dye
(BHQ-10) attached to the TNT ana log trinitrobenzene via a diaminopentane linker
(BHQ-10-TNB); see Fig ure 4.5(b) for struc ture. When the pre as sem bled
αTNT-ScFV-BHQ-10-TNB con struct was immo bi lized on the QD sur face via
His-metal affin ity, the net result was a FRET-based quench ing of the QD PL, with
effi ciency that depended on the num ber of con structs attached to the nanocrystal
sur face and the QD-dye spec tral over lap. The quenched assem bly was exposed to a
vari ety of dif fer ent explo sives and only TNT elic ited a sig nif i cant con cen tra -
tion-depend ent increase in QD PL, see Fig ure 4.5(c). The QD-ScFv-BHQ-10-TNB
sens ing assem bly was also tested against sev eral extracts derived from explo -
sive-con tam i nated soils and was able to provide accurate measures of the TNT
concentrations [22]. 

A vari a tion of the com pet i tive for mat explored FRET-based QD
immunosensing. The sens ing assem blies con sist of QDs con ju gated to a cap ture
anti body spe cific to the tar get-anti gen and a sec ond dye-labeled reporter anti body
also hav ing spe cific affin ity to the tar get anti gen; the anti bod ies have no affin ity for
each other. When the tar get anti gen is added to the solu tion, it binds to the cap ture
and reporter anti bod ies form ing a sand wich struc ture immo bi lized on the
nanocrystal. This brings the dye in prox im ity of the QD sur face and pro duces a
FRET-induced quench ing of its photoemission. The rate of quench ing depends on
the tar get con cen tra tion. In one exam ple, 565-nm emit ting QD donors were con ju -
gated to monoclonal anti bod ies spe cific for estro gen recep tor β (ER-β) (anti gen),
and Alexa Fluor 633 dye was used to label a polyclonal anti-ER reporter anti body
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[32]. In the pres ence of the tar get ER-β, a sand wich struc ture was formed on the QD 
sur face, which brought the dyes closer to the nanocrystal sur face and resulted in siz -
able FRET inter ac tions and QD PL loss. A donor-accep tor sep a ra tion dis tance of
~80–90Å was derived from the FRET data, which reflected the rather large size of
the mol e cules (anti bod ies) involved. In gen eral, QD-FRET based immunosensing
can fre quently be com pli cated by (1) the large size of anti bod ies and (2) the lack of
unique sites on the anti bod ies for dye-label ing and attach ment to the QD, which
ulti mately results in both a het er o ge neous dis tri bu tion of D-A sep a ra tion dis tances
and mixed anti body avid ity. 
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(a)
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(c)

Fig ure 4.5 (a) Sche matic of the QD-anti-TNT FRET sen sor assem bly. When TNB-BHQ-10 is
bound to the QD-anti-TNT con ju gate, QD flu o res cence is quenched. As TNT is added to the assay, 
it com petes for bind ing to the anti body frag ment and the QD flu o res cence increases fol low ing
TNB-BHQ-10 release. (b) Chem i cal struc ture of the TNB-BHQ-10 quencher ana logue. (c) Results
from test ing of the QD-anti-TNT sen sor with TNT and the indi cated TNT ana logues. These assem -
blies were con structed using 530-nm emit ting QDs. Adapted from [22] and reprinted with per mis -
sion from the ACS.



4.3.2 Sensing Enzymatic Activity Using QD-Peptide and QD-Oligonucleotide
Substrates 

Pro teases func tion in myr iad nor mal and aber rant bio chem i cal pro cesses and play key 
roles in patho genic vir u lence. This has made this super-fam ily of enzymes impor tant
clin i cal and phar ma ceu ti cal tar gets [33, 34]. FRET-based sens ing is per haps the most
com mon approach to detect ing pro te ase activ ity. This sens ing con fig u ra tion is based
on cleav age of the pep tide sub strate, and it dif fers from the one based on com pe ti tion
for bind ing sites, dis cussed ear lier for malt ose and TNT. The sens ing assem blies
reported to date mostly con sist of QDs con ju gated to pep tide-sub strates. The pep -
tides, as the smaller build ing blocks of pro teins, pro vide a par tic u lar amino acid rec -
og ni tion/cleav age sequence that is inte gral to the sen sor’s over all func tion.
Assem bling mul ti ple cop ies of dye-labeled pep tides on a QD sur face brings the accep -
tors in close prox im ity to the nanocrystal and induces a ratio-depend ent quench ing of
the QD PL. The ratio-depend ent FRET effi cien cies could also be used as stan dard
curves to which sub se quent change in FRET sig na ture are com pared. Once the
QD-pep tide-dye assem blies are formed and the solu tion is equil i brated, addi tion of an 
enzyme spe cif i cally cleaves the pro te ase-rec og nized sequence and dis places the dye
away from the nanocrystal sur face, result ing in pro gres sive reduc tion of FRET inter -
ac tions and recov ery of QD emis sion. As the rate of pep tide cleav age is a kinetic pro -
cess, it will depend on the pro te ase con cen tra tion, and this can be tracked from the PL
recov ery fol low ing sub strate cleav age.

In a first exam ple, Rosenzweig and cowork ers used pep tide sub strates express -
ing a cysteine at one ter mi nus and labeled with a rhodamine-dye accep tor at the
other end [35, 36]. The pep tide-dye were used to sur face functionalize CdSe-ZnS
QDs via cap exchange. The sec tion span ning the cen ter of the pep tide sequence was
designed to be rec og nized and cleaved by either of the peptidases trypsin or col la gen -
ase. Once fully assem bled, the close prox im ity of the accep tor dye to the QD sur face
resulted in effi cient FRET and loss of QD PL. Recov ery of the emis sion was gen er -
ated fol low ing incu ba tion with either enzyme. The pres ence of an inhib i tor was
shown to sub stan tially decrease the rate of flu o res cence recov ery, indic a tive of a
reduc tion in pro te ase activ ity. The authors also showed that the con ju gate sen sor
could detect the pres ence of extra secreted pro teases in media derived from can cer -
ous cell cul tures. This ini tial study dem on strated that proteolytic activ ity could be
qual i ta tively fol lowed over time with QD-pep tide substrates both in vitro and in
clinically relevant samples.  

In the sec ond exam ple, we devel oped a series of tai lored QD-pep tide sens ing
assem blies capa ble of mon i tor ing the proteolytic activ ity of sev eral enzymes [20]. In
this study, we used a mod u lar pep tide design where each pep tide incor po rated
within its lin ear struc ture: (1) an N-ter mi nal His6 sequence for self-assem bly onto
CdSe-ZnS QDs, (2) a helix-linker spacer to pro vide rigid ity and exten sion away
from the QD sur face, (3) an exposed pro te ase rec og ni tion sequence, and (4) a C-ter -
mi nal cysteine-thiol for spe cific dye-label ing; see sche matic Fig ure 4.6(a). The
advan tage of the mod u lar design resides in the fact that the spec i fic ity of the sub -
strate toward a spe cific enzyme could be altered by chang ing the cen tral rec og ni tion
sequence, while main tain ing the same over all pep tide struc ture. The data on the loss
of FRET effi ciency ver sus increas ing ratio of dye-labeled pep tides self-assem bled on
a QD pro vide a “stan dard curve,” which could be used to trans late rel a tive changes
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in FRET sig na ture/effi ciency mea sured in the pres ence of a given con cen tra tion of
the tar get enzyme into units of enzy matic activ ity; see Fig ure 4.6(b, c). This same
stan dard curve also allows a choice of spe cific ratio of pep tide-accep tors per QD for
use in the sub strate assem bly that would cor re spond to large dynamic change in
FRET fol low ing proteolytic cleav age. Using both emissive and dark-quench ing
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Fig ure 4.6 (a) Sche matic dia gram of the self-assem bled QD-pep tide pro te ase nanosensors.
Dye-labeled mod u lar pep tides con tain ing appro pri ate cleav age sequences are self-assem bled onto
the QD. FRET from the QD to the prox i mal accep tors quenches the QD PL. Spe cific pro te ase
cleaves the pep tide and alters FRET. (b) PL spec tra for an increas ing ratio of thrombin pep tide
labeled with QXL (Thr-QXL) per 522 nm QD and (c) plot of QD PL loss ver sus Thr-QXL:QD ratio
together with cor re spond ing FRET effi ciency ver sus n. (d) Results of assay ing a con stant amount of
QD-Thr-QXL pep tide sub strate ver sus increas ing thrombin con cen tra tion in the absence and pres -
ence of 100-nM thrombin inhib i tor. (e) Results of assay ing the inhib i tory effects of the eight indi -
cated com pounds on the thrombin nanosensor at three con cen tra tions (1 µM, 100 µM, and 1 nM; 
hep a rin con cen tra tion in units). The no-inhib i tor con trol yields veloc ity of ~7.0 picomoles pep tide
cleaved/min. A value of 3.5 picomoles pep tide cleaved/min is des ig nated as sig nif i cant yield ing
three “hits” of inter est (arrows). Fig ures adapted from [20] and reprinted with per mis sion of the
NPG.



accep tor dyes, four sens ing assem blies tar geted to the pro teases caspace-1,
thrombin, col la gen ase, and chymotrypsin were con structed and tested. Fig ure 4.6(b) 
shows a rep re sen ta tive set of PL spec tra for 520-nm emit ting QD ver sus an increas -
ing ratio of thrombin pep tide sub strate labeled with QXL-520 dark quench ing
accep tor; the cor re spond ing rel a tive QD PL decay and FRET effi ciency ver sus num -
ber of dye-labeled pep tides per QD or stan dard curves are shown in Fig ure 4.6(c).
Fig ure 4.6(d) shows the results from the thrombin assay where QD-thrombin-pep -
tide sub strate was exposed to an increas ing con cen tra tion of thrombin in the pres -
ence and absence of a spe cific thrombinase inhib i tor. Apply ing the stan dard
Michae lis-Menten kinetic anal y sis to the enzyme assay, the Michae lis con stant KM,
max i mal veloc ity Vmax along with the inhib i tor con stant Ki (where appro pri ate) and
turn over num ber kcat were derived, both for this and the other sys tems tested. Fur -
ther anal y sis of the data also allowed deter mi na tion of the mech a nism of inhi bi tion
(i.e., com pet i tive ver sus non com pet i tive). We fur ther tested the abil ity of such
QD-pep tide sub strates to screen for poten tial inhib i tors against a given enzyme in a
phar ma ceu ti cal-type screen ing assay. Fig ure 4.6(e) shows the results col lected from
screen ing eight poten tial inhib i tor com pounds, each at three dif fer ent con cen tra -
tions tested against thrombin QD-pep tide sub strate; the arrows indi cate the com -
pounds that showed loss of enzy matic activ ity exceed ing 50 per cent. These three
“hits” cor re spond to com pounds known to inhibit thrombin activ ity, which con firm 
the spec i fic ity of the assay for mat [20]. The abil ity to eas ily switch between tar geted
pro teases by chang ing a small mod u lar unit within the pep tide sequences, com bined
with the abil ity to per form quan ti ta tive exper i ments, will be espe cially use ful to
mon i tor ing many proteases. 

The third exam ple did not employ a pep tide, but rather sub sti tuted a syn thetic
mol e cule as a sub strate. Using this scheme, Rao and cowork ers reported the assem -
bly and test ing of QD-sub strates for sens ing β-lactamase activ ity [37]. β-lactamases
(Blas) are enzymes of bac te rial ori gin that hydro lyze drugs such as pen i cil lin and the
cephalosporins and are respon si ble for bac te rial anti bi otic resis tance [37, 38].
β-lactamases are also very effec tive enzy matic report ers for pro cesses such as pro -
moter acti va tion and pro tein inter ac tions and have been incor po rated into many
phar ma ceu ti cal screens where their expres sion and activ ity are directly mon i tored
both in vivo and in vitro [37, 38]. The authors first syn the sized and labeled a core
Bla rec og nized lactam chem i cal sub strate with a Cy5-accep tor at one ter mi nus and a 
bio tin at the other ter mi nus. Bio tin enabled the dye-labeled sub strate to self-assem -
ble onto 605-nm streptavidin-coated QDs (Invitrogen); see Fig ure 4.7. Although the
assem bly resulted in effi cient FRET quench ing of the QD, the rather small chem i cal
sub strate pre vented effec tive inter ac tions with the larger size enzyme, and addi tional 
mod i fi ca tion of the sub strate design by pro vid ing a lon ger lat eral exten sion (a
spacer) was nec es sary to over come steric con straints and allow unhin dered enzyme
access to the Bla bind ing site on the QD-sub strate. Addi tion of the lactamase enzyme 
to a solu tion of the QD-sub strates resulted in time-depend ent change in FRET effi -
ciency and allowed mon i tor ing of enzyme activ ity over time (see Fig ure 4.7). 

These exam ples of QD-sub strates sug gest that they could poten tially be applied
to many other screen ing and diag nos tic assays. For instance, the sen sor for
lactamase activ ity could be directly incor po rated as is into phar ma ceu ti cal library
screen ing assays for Bla inhib i tors (i.e., drugs tar get ing bac te rial anti bi otic resis -

84 Res o nance Energy Trans fer-Based Sens ing Using Quan tum Dot Bioconjugates



tance enzymes). The major chal lenge for all QD con ju gates capa ble of sens ing
enzyme activ ity in vitro will be whether or not they can be extended to in vivo
assays. Intracellular mon i tor ing of the activ ity of caspace(s), lactamases, and a vari -
ety of other enzy matic pro cesses inside live cells will be highly desir able, as it brings
these sys tems closer to practical use of these QD-assemblies.

4.3.3 Detection of Hybridization Using QD-Nucleic Acid Conjugates 

For this fam ily of sen sors, the nucleic acids such as DNA or RNA pro vide the QD
assem blies with two types of rec og ni tions. The first is a direct sequence
complementarity, such as that exploited in DNA arrays and DNA molec u lar bea -
cons [39, 40]. The sec ond rec og ni tion func tion al ity is derived from the three-dimen -
sional struc ture of oligonucleotides, and it char ac ter izes aptamers’ inter ac tions with 
larger nonnucleotidyl tar gets [41]. One rep re sen ta tive exam ple of sens ing based on
direct DNA hybrid iza tion was reported by Banin and cowork ers [42]. They
attached an aver age of six cop ies of thiolated DNA probe onto CdSe-ZnS QDs
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emit ting at 580 nm, while Texas Red was used to label the com ple men tary tar get
DNA sequence. When QD-DNA probes and dye-labeled tar gets were mixed,
changes in QD PL due to FRET inter ac tions between QD and prox i mal dye allowed
real-time mon i tor ing of hybrid iza tion. Addi tion of DNase I enzyme digested the
duplex DNA struc tures and resulted in par tial QD PL recov ery. The authors also
observed that direct non spe cific inter ac tions (such as elec tro static bind ing) between
the QD sur faces and tar get DNAs could com pli cate the exper i men tal con di tions,
data col lec tion, and anal y sis. This issue con sti tutes a major hur dle to using
QD-DNA as sens ing assem blies, because charged groups are often used in pro mot -
ing water trans fer of the nanocrystals (see Chap ter 1 by Susumu et al.). The same
con cept of QD-FRET sens ing driven by hybrid iza tion was applied to the selec tion of 
highly effec tive small-inter fer ing RNA (siRNA) sequences with spe cific affin ity to
the respec tive mRNA tar gets [43]. Bakalova and cowork ers con structed QD-siRNA
con ju gates that served as hybrid iza tion probes using nanocrystals encap su lated with 
triblock copol y mers and cou pled sin gle-stranded siRNA to the QDs via EDC
(1-ethyl-3-(3-dimethylaminopropyl)carbodiimide) con den sa tion. The tar get mRNA 
was ampli fied in the pres ence of Cy5-labeled nucleo tides, pro vid ing Cy5-mRNA.
FRET sig na ture, namely the loss of QD PL cou pled with an increase in the dye emis -
sion, was observed only when the QD-siRNA probes were exposed to mRNA and
had both good accessibility and high affinity; any mismatch between siRNA and
mRNA resulted in negligible FRET interactions [43].

Imple ment ing QD-based FRET sens ing in a mul ti plexed for mat has been rather
scarce. One of the main dif fi cul ties is reduc ing the effects of cross-reac tiv ity of the sub -
strates, where often a sin gle sub strate can rec og nize mul ti ple tar get mol e cules, albeit
with dif fer ent affin i ties. Algar and Krull inves ti gated the pos si bil ity of per form ing a
two-plex FRET based on direct hybrid iza tion using QD-oligonucleotide con ju gates
[44]. For this, two dis tinct color CdSe-ZnS QDs emit ting at 525 nm and 605 nm were
con ju gated to two dis tinct DNA-probes. Hybrid iza tion of these con ju gates with two
dis tinct tar gets, one labeled with Cy3 and the other with Alex647, was inves ti gated
(see Fig ure 4.8). The mix ture of these con ju gate probes and tar gets was excited with a
sin gle line, and the flu o res cence emis sion was sep a rated in two opti cal chan nels: a
green chan nel (450 < λ < 600 nm) iso lat ing the FRET inter ac tions for the 525-nm QD
paired with Cy3, which allowed for detec tion of tar get one, while a red chan nel (λ >
600 nm) iso lated the sig nal from the 605-nm-QD Alexa647 pair spe cific to DNA tar -
get 2. This is slightly dif fer ent from what was described in Sec tion 4.2.4. The authors
reported nano-molar lim its of detec tion in a sam ple mix ture con tain ing both tar gets.
Inter est ingly, they also found that the use of a com mon nucleic acid inter ca lat ing dye
(ethidium bro mide) as the accep tor could increase the sig nal-to-noise ratio by five fold
(from 2 to ~10) for the 525-nm QD sub strate. This for mat may be expand able to 3-4
simul ta neous sen sors, and small improve ments such as the use of an inter ca lat ing dye
could poten tially increase sen si tiv ity sub stan tially [44]. 

In con trast to pure sequence-driven complementarity dis cussed ear lier, there are
exam ples using QD-DNA con ju gates to rec og nize larger nonnucleotidyl
biomolecular tar gets. Ellington and cowork ers adapted the three-dimen sional rec -
og ni tion and bind ing prop er ties of aptamers to detect the pres ence of thrombin
enzyme [45]. Con ju gates were formed using biotinylated aptamers spe cific for
thrombin enzyme and com mer cial streptavidin-QDs. Spe cific par tially com ple men -
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tary accep tor-labeled DNA sequences were allowed to hybrid ize onto the
QD-aptamer con ju gates, result ing in quench ing of the QDs emis sion. Rather high
aver age dye-to-QD ratios were needed due to the large streptavidin-QD size. Addi -
tion of the pro te ase thrombin dis placed the quencher-DNA, result ing in a con cen -
tra tion depend ent increase/recov ery in QD PL. Effects of con cen tra tion and
tem per a ture on the enzy matic inter ac tions were mon i tored, while a con trol exper i -
ment test ing the sen sor against a dif fer ent tar get enzyme, lysozyme, did not sig nif i -
cantly affect the QD PL; this reflects that the QD-aptamer’s spec i fic ity was
main tained. In this study, the pres ence/absence of enzyme is detected, but not its
activ ity or via bil ity. The sens ing con fig u ra tion for thrombin enzyme described here
is based on a com pe ti tion dis place ment, anal o gous to what was shown for the
detec tion of malt ose and TNT dis cussed in Sec tion 4.3.1. The QD-aptamer-
DNA-dye assem bly was also tested for its abil ity to detect com ple men tary and
noncomplementary oligonucleotides. Two dif fer ent oligonucleotides were syn the -
sized; one per fectly com ple men tary to the aptamer on the QD and one con tain ing a
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two-base-pair inter nal mis match (dou ble mutant sequence). They found that addi -
tion of the per fectly com ple men tary sequence resulted in a steady time-depend ent
increase of the QD flu o res cence, due to dis place ment of the DNA dye away from the 
nanocrystal and loss of FRET. Fur ther more, these changes were recorded only at
tem per a tures near the melt ing point of the aptamer-DNA com plex. In com par i son,
the pres ence of the sec ond dou ble mutant oligonucleotide had no effects. These spe -
cific changes result from dis place ment of the dye-labeled par tially com ple men tary
sequence, which occurs only in the pres ence of a per fectly com ple men tary sequence
and near the melting temperature [45]. Overall, these measurements confirm that
the aptamers on the nanocrystal surface maintain their biological activity. 

In another exam ple, Zhang and John son uti lized the spec i fic ity of an RNA
sequence for a pep tide derived from the human immu no de fi ciency virus (HIV) Rev
respon sive ele ment (RRE IIB RNA); see Fig ure 4.9 [24]. Biotinylated RRE IIB RNA
was attached to streptavidin-QDs and the con ju gate assem bly was used to cap ture
Cy5-labeled Rev pep tide, result ing in FRET inter ac tions with effi cien cies that
depended on the tar get con cen tra tion. The authors fur ther assessed the inhib i tory
effects of neomycin B on Rev-RRE bind ing by expos ing a solu tion of QD-con ju gates 
to increas ing con cen tra tion of Rev-pep tide in the pres ence of a fixed con cen tra tion
of neomycin B; for this a fixed QD-RRE con ju gate con cen tra tion with a given aver -
age RRE-to-QD ratio were used in the assay. They indeed found that the dis so ci a -
tion con stant Kd increased by ~4 in the pres ence of neomycin B (see Fig ure 4.9(b)),
which sug gests that this sen sor could poten tially func tion in the screen ing of
pharmaceuticals tar get ing HIV-1 virus.

4.3.4 pH and Ion Sensing

Sens ing of pH and local ion con cen tra tion is impor tant to many aspects of bio log i cal 
research. Subcellular organelles/com part ments are often kept at dif fer ent pH from
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that of the sur round ing envi ron ment, neces si tat ing main te nance of an active pro ton
gra di ent. Sodium and potas sium ion chan nels exploit these con cen tra tion gra di ents
to power a vari ety of active transmembrane trans port sys tems and for neuronal sig -
nal ing. Bursts in intracellular cal cium can pro vide impor tant indi ca tion of how live
cells respond to exter nal stim u la tions [46, 47]. Cumu la tively, this has driven the
need for design ing sen sors that mon i tor local changes in pH or par tic u lar ion con -
cen tra tion within live cells, in order to help understand the underlying processes.

Many of the com monly known pH sen sors uti lize flu o res cent dyes whose emis -
sion and/or absorp tion are sen si tive to the local con cen tra tion of hydro gen pro tons.
Cou pling this basic sens ing pro cess to a QD has allowed pre lim i nary sen sors to be
designed and char ac ter ized. We will describe four rep re sen ta tive exam ples using
QD-based FRET inter ac tions to probe changes in the pH and ionic con cen tra tion of 
solu tion sam ples. In the first exam ple, Snee and cowork ers cou pled a pH-sen si tive
squaraine dye with an equi lib rium response to pH to the sur face of QDs [48]. The
dye was con ju gated via EDC cou pling to QDs encap su lated by a hydrophobically
mod i fied poly(acrylic acid) layer, which pro moted prox i mal FRET inter ac tions
between dot and dye. Because the dye’s absorp tion pro file is a func tion of pH, the
effi ciency of the FRET inter ac tions also becomes a func tion of the envi ron ment pH.
In par tic u lar, mod u la tion of the FRET effi ciency by vari a tions in the solu tion pH
pro duces net ratiometric depend ence between the emis sions of the NC and dye (as
shown in Fig ure 4.10); pH val ues below and above the pKa of the dye (~8.5) were
explored. This pro vided the authors with a unique tool to mea sure the solu tion pH,
by sim ply tak ing the ratio of the QD and dye peak inten si ties or com par ing them to
the value at the isosbestic point. As the isosbestic point does not vary for nor mal ized 
flu o res cence plots, this pro vides for a good inter nal ref er ence. Because the
ratiometric mea sure ments are poten tially not sen si tive to fluc tu a tions in the over all
col lected sig nals, such an approach is poten tially more accu rate and more reli able
than “conventional chemo” or biosensors that utilize one signal response (i.e.,
either brightening or darkening).

Using a slightly dif fer ent ratio nale, Raymo and cowork ers uti lized a
photochromic dye to real ize pH sens ing [49, 50]. They started by assem bling an
organic ligand com plex that incor po rates a thioctic acid group and a photochromic
4-nitrophenylazophenoxy chromo phore. When the lig ands are mixed with hydro -
pho bic QDs they “asso ci ate” with the native cap ping shell and form
QD-photochromic dye con ju gates. They reported that trans for ma tions of the
organic lig ands in the pres ence of either acid or base reg u late the photo-
 luminescence inten sity of the nanoparticles. This is caused by a photochromic trans -
for ma tion of the dye absorp tion, which in turn alters the rate of energy trans fer
between QD and dye. They then employed these QD-ligand com plexes to probe the
pH of aque ous solu tions in biphasic sys tems with the assis tance of a phase-trans fer
cat a lyst. Spe cif i cally, they showed that the PL of a CHCl3 phase con tain ing Bu4NCl
and QD-ligand com plexes traces the pH of an over laid aque ous phase. In par tic u -
lar, they found that pH change from 3.2 to 10.7 in the aque ous phase trans lates into
a PL decrease reach ing up to 29 per cent of that mea sured orig i nally in the organic
phase. The need for a biphasic medium to real ize pH sens ing lim its the bio log i cal
rel e vance of this system in comparison to the first example discussed earlier.
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Attempts aimed at detect ing spe cific ions such K+ and Cl- using QDs and FRET
have also been reported recently. In one study, Ruedas-Rama and cowork ers assem -
bled 1-µm-size polyacrylic beads in which green-emit ting CdSe-ZnS QDs (at 540
nm), a Cl- sen si tive lucigenin dye, and K+-selec tive-valinomycin cou pled to
chromoionophore I accep tor (Cm I) were simul ta neously embed ded [51]. In this
con struct the K+ sen si tive chomorionophore dye (Cm I) under goes a photochromic
blue shift of its absorp tion and emis sion spec tra, result ing in a sig nif i cant spec tral
over lap with the QD emis sion, and FRET inter ac tions are pro moted/enhanced;
lucigenin has a blue absorp tion and does not engage in FRET inter ac tions with the
QDs because there is lit tle over lap with the QD emis sion. The fluorophores were
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embed ded into the porous polyacrylic matrix (bead) through photo-ini ti ated sus -
pen sion poly mer iza tion. In this con struct, response to change in Cl- ions was
accounted for directly by mea sur ing changes in the lucigenin emis sion, with lit tle
inter fer ence from the QD. In com par i son, when K+ ions are pres ent, a change in the
Cm I fluorophore emis sion due to addi tional con tri bu tion from FRET inter ac tions
with the QDs takes place. Through the cor rect choice of QD and ionophore ratio
encap su lated inside the par ti cle, the pres ence of both the K+/Cl- ions in low mM con -
cen tra tions were detected. Dubach and cowork ers uti lized a mod i fi ca tion of this
approach to detect mM con cen tra tions of sodium [52]. In this case, a QD donor was 
sim i larly overcoated with the Cm I accep tor and a fur ther porous biocompatible
coat ing to cre ate a ~100-nm par ti cle. The Cm I-accep tor overcoating changes color
in response to the sodium con cen tra tion alter ing FRET inter ac tions with the cen tral
QD donor. The change in QD PL forms the basis for sig nal ing in this one-color sen -
sor. The draw backs to this strat egy, how ever, are that sen si tiv ity remains essen tially 
a func tion of ionophore equi lib rium response, which can some times be millimolar
or higher. Fur ther more, there is lit tle con trol over QD-to-accep tor sep a ra tion dis -
tance and the large over all size of the par ti cles may limit poten tial intracellular
appli ca tions. 

4.4 Quantum Dots As Sensitizers for Photodynamic Therapy 

Photodynamic ther apy (PDT) is a pro cess that involves the trans fer of exci ta tion
energy from an excited pho to sen si tiz ing agent to a nearby oxy gen mol e cule, result -
ing in the for ma tion of reac tive sin glet oxy gen (1O2). Being highly reac tive spe cies,
sin gle oxy gen ini ti ates cytotoxic reac tions in cells and tis sues. This has made PDT a
use ful ther a peu tic tool to treat can cer ous tis sue and cells. The tech nique is also
highly selec tive because only tis sues that are simul ta neously exposed to the
photosensitizer agent and photoexcitation in the pres ence of oxy gen are affected
[53]. Most con ven tional PDT agents have low extinc tion coef fi cient and poor
solublity in bio log i cal media (in vivo). It is in address ing these issues that QDs can
uniquely improve the effec tive ness of these agents. First, each QD pro vides a
nanoscaffold for the attach ment of sev eral PDT mol e cules together with anticancer
anti bod ies, which could allow spe cific hom ing onto tar geted tumor cells; see sche -
matic Fig ure 4.11(a) [53]. By attach ing mul ti ple PDT mol e cules to a sin gle QD, one
can also increase the PDT flux. Sec ond, due to their large absorp tion cross-sec tions
QDs can func tion as “energy-har vest ing anten nas” to enhance the effec tive
photoexcitation of the PDT agent via FRET. Fur ther more, because QDs have high
two-pho ton action cross sec tions, they can allow exci ta tion using NIR irradiation,
which is desired for reaching agents in deep tissues.  

As this appli ca tion is really in its ini tial phases, most of the work has focused on
gain ing an under stand ing of the basic aspects of QD sen si ti za tion of dif fer ent PDT
agents. Exam ples reported to date include QD donors cou pled to pthalocyanine
accep tors [54, 55], pep tides labeled with either of the PDT agents rose ben gal or
chlorin e6 [56], irid ium-com plex con ju gated lig ands [57], and
meso-tetra(4-sulfonatophenyl)- porphine dihydrochloride (TSPP) [58]. In a related
study, Neuman and cowork ers inves ti gated the use of QD-FRET as means to gen er -
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ate nitric oxide (NO) spe cies; see Fig ure 4.11(b) [59]. NO spe cies are involved in
car dio vas cu lar reg u la tion, and sim i lar to reac tive oxy gen spe cies (ROS), are sen si -
tized by photoirradiation. CdSe-ZnS QDs donors were elec tro stati cally paired
with the oppo sitely charged chro mium com pound trans-Cr(tetraazacyclo-
tetradecane)(ONO)2

+. Increas ing ratios of this com pound added to the sol u ble QDs
effec tively quenched the QD PL (by FRET) and gen er ated far higher amounts of NO 
than the com pound alone (Fig ure 4.11(c, d)). The high QD absorp tion allowed har -
vest ing ~2 to 10 times as much energy (depend ing upon wave length) as was gen er -
ated using a sam ple con tain ing 2,000-fold more concentrated chromium compound 
alone. 

Mov ing beyond an in vitro for mat, Bakalova and cowork ers con ju gated CdSe
core only QDs with an anti body spe cific to leu ke mic cells [60]. The QD con ju gates
were directed against the Jurkat leu ke mia cell line, and bind ing was con firmed with
flu o res cent micros copy. The cells were then diluted with nor mal lym pho cytes and
sub jected to UV irra di a tion in the pres ence or absence of two PDT agents,
trifluoperazine and sulfonated alu mi num pthalocyanine. Flow cytometry along
with cell via bil ity tests indi cated that the QD-anti body con ju gates spe cif i cally sen si -
tized the attached leu ke mic cells and resulted in their selec tive destruc tion. These
pre lim i nary results high light the poten tial for QD assem blies to serve as pho to -
chem i cally active drugs. Fur ther, in the appro pri ate for mat the QD-photosensitizer- 
anti body com plexes can be con sid ered a rel a tively “inert prodrug,” meaning that it
is inactive until photoexcited. 

4.5 Special Sensing Configurations

In all the con fig u ra tions dis cussed here, the QDs served as donor fluorophores
paired with a vari ety of dye- or sensitizable-accep tors. Metal lic and, in par tic u lar,
Au nanoparticles have also been explored as accep tors with lumi nes cent QDs. Since 
the quench ing of QD emis sion in the pres ence of these metal lic nanoparticles tends
to extend over larger sep a ra tion dis tances than what is allowed under exclu sive
dye-to-dye FRET, phe nom ena driven by inter ac tions occur ring over larger scales
become acces si ble [2, 61]. Exam ples describ ing the use of small Au nanoparticle
accep tors with QD donors are pro vided in Chap ter 8 of this vol ume. 

Reverse FRET con fig u ra tions explor ing the use of QDs as energy accep tors
with organic dyes have been rather lim ited. This has been attrib uted pri mar ily to the 
inabil ity of selec tively excit ing the dye but not the nanocrystal, due to the rather
large QD extinc tion coef fi cients com bined with their broad absorp tion spec tra [62]. 
How ever, in a con fig u ra tion where flu o res cence emis sion of the poten tial donor is
driven by a nat u ral chem i cal pro cess (e.g., bioluminescence) and direct
photoexcitation of the nanocrystal is removed, QDs can effec tively be used as
energy acceptor. 

Bioluminescence res o nance energy trans fer (BRET) involves the nonradiative
trans fer of exci ta tion energy (induced by a nat u ral pho ton-gen er at ing chem i cal pro -
cess) to a prox i mal flu o res cent accep tor [63, 64]. A con ven tional BRET con fig u ra -
tion could con sist of a donor enzyme that chem i cally cat a lyzes the reac tion of a
sub strate, such as oxi da tion of coelenterazine medi ated by Renilla reniformis luci -
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fer ase, paired with an emit ting accep tor fluorophore. A rep re sen ta tive BRET study
using QD accep tors was reported by Rao and cowork ers. [64]. They selected an
opti mized eight-muta tion vari ant of luci fer ase (Luc8) with improved cat a lytic effi -
ciency to facil i tate BRET. An aver age of six cop ies of Luc8 were cou pled, via EDC
con den sa tion, to car boxyl-mod i fied 655-nm emit ting QDs. Upon addi tion of
coelenterazine sub strate to the com plex, a strong emis sion peak from the QDs was
detected in addi tion to the 480-nm Luc8 donor emis sion; see sche mat ics in Fig ure
4.12. To esti mate the effi ciency of these inter ac tions, a BRET ratio (sim i lar to a
FRET effi ciency) defined as QD (A) emis sion-to-Luc8 (D) emis sion was used. By
using dif fer ent emis sions/col ors of QDs and vary ing the cen ter-to-cen ter sep a ra tion
dis tance, the authors found that the BRET ratio was sen si tive to both changes in
D-A sep a ra tion dis tance and the over all “spec tral over lap” between Lu8 emis sion
and QD absorp tion, with red der emit ting QDs pro vid ing more effi cient energy
trans fer. Fur ther more, the authors cou pled Luc8 to QDs with emis sions rang ing
from 605 nm to 800 nm and observed dis tinct emis sions from each or all when
mixed together in a mul ti plex for mat. Test ing these con ju gates in cell lines and in
vivo within mice tis sues, they showed that after addi tion of the sub strate com plex,
lumi nes cence spec tra char ac ter is tic of the QD com bi na tion used could be col lected
and deconvolution of each QD color can be per formed. Addi tion ally, enhanced sen -
si tiv ity and high sig nal-to-back ground ratios were measured when performing in
vivo imaging in mice for comparatively small amounts of QD-Luc8 conjugates; see
Figure 4.12(c).

The same authors fur ther explored the effects of mod i fy ing the BRET enzy matic
cat a lyst by uti liz ing a HaloTag pro tein (HTP)–Luc8 fusion [65]. HTP is a
haloalkane dehalogenase enzyme that nor mally cleaves car bon halo gen bonds in
aliphatic halogenated com pounds [2, 65]. How ever, the pro tein ver sion uti lized for
this study con tains a crit i cal muta tion in the cat a lytic site that allows an ester bond
to form with an appro pri ate HTP-ligand but not the fur ther hydro ly sis step. The net
result is an irre vers ible attach ment of the HTP-Luc8 fusion to the sub strate. QDs
were sur face mod i fied with a halogenated alkane HTP-ligand using EDC con den sa -
tion to facil i tate bind ing to HTP-Luc8 and for ma tion of QD-Luc8 con ju gates. Sim i -
lar to the orig i nal con fig u ra tion, they found that addi tion of coelenterazine
gen er ated effi cient BRET inter ac tions between Luc8 and QDs, and resulted in a pro -
nounced QD-sen si tized sig nal. Rao and cowork ers fur ther devel oped BRET inter ac -
tions and tested the abil ity of such con ju gates to sense proteolytic activ ity. They
recombinantly mod i fied Luc8 pro tein by express ing a C-ter mi nal pro te ase-rec og -
nized cleav age sequence fol lowed by a His6-tag for self-assem bly on CdSe-ZnS QDs
[66]. After puri fi ca tion and self-assem bly onto QDs, addi tion of the sub strate
resulted in effi cient QD sig nal due to energy trans fer from Luc8. More impor tantly,
they found that fur ther addi tion of a spe cific pro te ase, matrix metalloproteinase-2,
sig nif i cantly reduced the BRET ratio/effi ciency. This was attrib uted to cleav age of
the appended peptidyl-link age remov ing the Luc8 away from the QD and thus
reduc ing BRET inter ac tions, sim i lar to the con fig u ra tion dis cussed ear lier using
FRET and pep tide-dye sub strates [20]. Addi tional reports con firmed these find ings
and expanded the assem blies to include horse rad ish peroxidase enzyme coupled to
the chemical substrate luminol as the light-generating donor while paired with CdTe 
QD acceptors [67].
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Fig ure 4.12 (a) Sche matic of QD-Luc8 BRET assem blies. The bioluminescent energy from
Luc8-cat a lyzed oxi da tion of coelenterazine is trans ferred to the QDs result ing in their emis sion. (b)
Absorp tion and emis sion spec tra of QD655 (ex = 480 nm) and spec trum of the bioluminescent
light emit ted in the oxi da tion of coelenterazine sub strate by Luc8. (c) Mul ti plexed in vivo
bioluminescence imag ing of the fol low ing con ju gates intra mus cu larly injected at the indi cated
sites in a mouse: (I) QD800-Luc8 15 pmol (II) QD705-Luc8 15 pmol (III) mix ture of QD665-Luc8,
QD705-Luc8 and QD800-Luc8 (IV) QD665-Luc8 5 pmol. Images (c–f) were col lected with the
indi cated fil ters . Fig ures provided by J. Rao, Stan ford Uni ver sity, and reprinted with per mis sion of
the NPG [64]. (See Color Plate 7.)



From these pre lim i nary stud ies, it is clear that there are unique ben e fits to using
QD accep tors in BRET con fig u ra tions. The first arises from the pair ing of
Luc8-colenterazine, or alter na tively HRP-luminol, with a broad range of emit ting
QDs extend ing to the near-IR. QDs have very high extinc tion coef fi cients (exceed -
ing 2,000,000 M-1 cm-1), which make them very effec tive for “har vest ing” nearly all
the bioluminescent emis sion. BRET with QDs could be very use ful for in vivo and
deep-tis sue imag ing, as near-IR emis sion is located in the opti mal tis sue trans par -
ency win dow, min i miz ing poten tial scat ter ing and absorp tion issues. As the emis -
sion is dic tated by the QD-enzyme sub strate pair, which is con ju gated in the steps
prior to anal y sis, there are good multiplexing capa bil i ties avail able for either in vitro 
assays or for use in ani mal mod els [64]. This for mat can also ben e fit from a pleth ora
of mutated Luc enzymes recently reported with con trol over the emission
wavelength of the substrates [68].

4.6 Conclusions and Outlook 

The exam ples dis cussed in this chap ter pro vide an idea about the prog ress made in
the past five years for devel op ing a vari ety of sens ing assem blies based on the use of
QDs and resononce energy trans fer. They also detail some of the unique prop er ties
offered by lumi nes cent QDs as energy donors and the large poten tial for devel op ing
FRET-based biosensing. Advan tages offered by lumi nes cent QDs for imple ment ing
FRET-based assays can be sum ma rized in five main facts: (1) tun able QD emis sion
allow one to select a QD color with opti mized spec tral over lap with a given accep -
tor; (2) for any QD-dye pair, theypro vide the flex i bil ity to choose an exci ta tion
wave length that min i mizes direct exci ta tion con tri bu tion to accep tor emis sion; (3)
intraassembly FRET effi ciency can be improved by array ing mul ti ple accep tors
around a cen tral QD donor; (4) poten tial access to mul ti plex FRET sens ing, and (5)
energy trans fer driven by two-pho ton exci ta tion reduces back ground con tri bu tion
to accep tor sig nal, which can be beneficial to intracellular sensing based on QDs and 
FRET.

What devel op ments can we expect from FRET-based sens ing with QDs in the
future? As stated in [11] by Michalet and cowork ers, “QDs have a largely untapped
poten tial as cus tom iz able donors of a flu o res cence res o nance energy trans fer pair.”
In the near term, we antic i pate that addi tional FRET-based sens ing assem blies tar -
get ing a vari ety of small and large mol e cules, bio log i cal and nonbiological, will con -
tinue to be devel oped. There will be fur ther inter est in devel op ing sen sors that uti lize 
QDs as accep tors with bioluminescent and chemiluminescent donors. In the lon ger
term, transitioning these in vitro devel op ments to intracellular will cer tainly be
actively pur sued. One main hur dle that must be over come to facil i tate such tran si -
tion is the need for devel op ing repro duc ible meth ods that could con sis tently and
con trol la bly deliver QD-assem blies to spe cific intracellular com part ments [69].
These assem blies must be com pact to allow for fac ile transmembrane uptake while
per mit ting large mea sur able FRET effi cien cies. Sev eral deliv ery tech niques have
been attempted recently, though with mixed lev els of suc cess, includ ing
electroporation, chem i cal, pep tide-assisted, and transfection agents [69, 70]. Com -
pact ness of hydro philic QDs and their con ju gate assem blies is a very impor tant
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require ment for achiev ing high rates of FRET. Strat e gies for sur face
functionalization and bioconjugation of QDs and other nanocrystals (such as
metal lic and mag netic nanoparticles), capa ble of pro vid ing mate ri als that are sta ble
over extended period of time (6–12 months) and over a broad range of bio log i cal
con di tions (broad pH range and in the pres ence of dis solved salts) will con tinue to
be devel oped. From a prac ti cal per spec tive, one would like a bioconjugation strat -
egy that allows (1) con trol over QD-accep tor sep a ra tion dis tance, (2) con trol over
the ratio of biomolecules attached per QD or the con verse, (3) con trol over the rel a -
tive ori en ta tion of biomolecules attached to the QDs, and (4) sim ple con ju ga tion
strat e gies that facil i tate for ma tion of any QD-biomolecule pair (QD:DNA, pep tide,
pro tein, and so on). The first two cri te ria are par tic u larly cru cial for any FRET
appli ca tions. The nec es sary con ju ga tion chem is tries involve both the biomolecules
in ques tion and the devel op ment of new multifunctional sur face lig ands for the
QDs. This remains an area of active research for many dif fer ent groups, with con -
tin u ing prog ress being made in both improv ing the choices of lig ands avail able
[71–73] and the meth ods for mod i fy ing biomolecules to allow attachment to QDs
[17, 74]. Additional discussion of these issues is provided in Chapter 1 and Chapter
3 of this volume.

Finally, it’s also worth men tion ing one unex pected and eas ily acces si ble pair
that has proven to be a very use ful in devel op ing QD FRET sen sors. That is pair ing
com mer cial ∼600–605-nm emit ting QDs sur face-functionalized with streptavidin
with a Cy5 dye-accep tor (absorp tion max ima ∼650 nm, emis sion max ima 670 nm);
see Fig ure 4.1(b). For this spe cial case, the high QD donor quan tum yield ≥ 50 per -
cent, good spec tral over lap, the high Cy5 molar absorp tivity of 250,000 M-1cm-1,
and the abil ity to array mul ti ple Cy5 around a QD have all been com bined in a
num ber of dif fer ent func tional assem blies to allow effi cient FRET sens ing over dis -
tances approach ing ∼100Å [23, 75]. The mul ti ple streptavidin moi eties on the QD
sur face allow easy con ju ga tion to biotinylated DNA, pep tides, or pro teins, facil i tat -
ing assem bly of many of the sen sor con fig u ra tions. 
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C H A P T E R  5

Use of Luminescent Quantum Dots to
Image and Initiate Biological Functions

Eliz a beth A. Jares-Erijman, Avishay Pelah, María Julia Roberti, Valeria Sigot,
Lía Pietrasanta, Guillermo Menéndez, María H. Etchehon, and Thomas M. Jovin

5.1 Introduction

Quan tum dots (QDs) pos sess unique prop er ties (bright ness, photostability,
narrowband emis sion, and broad band absorp tion), and excel lent bio(chem i cal)
com pat i bil ity for imag ing struc tures and func tions of liv ing cells. The reader is
referred to Chap ter 1 for a descrip tion of the syn the sis, photophysical prop er ties,
and biofunctionalization strat e gies of quan tum dots, and to Chap ter 3 for an
account of pep tide-functionalized quan tum dots for live diag nos tic imag ing and
ther a peu tic appli ca tions. QDs con ju gated with lig ands are able to rec og nize and
track mul ti ple tar gets and visu al ize dynamic pro cesses. Such QDs can be directed to
pre cise cel lu lar tar gets [1–9], detect ing biomolecules with a sen si tiv ity extend ing to
the sin gle mol e cule level. Thus, one can study the essen tial pro cesses under ly ing the
func tions and reg u la tion of liv ing cells with probes pro vid ing “par tial molec u lar
deriv a tives” (i.e., views of indi vid ual pro cesses embed ded in the total ity of the cel lu -
lar machin ery). Without such information, a “dissection” of complex networks is
impossible.

Besides the bril liance and photostability of QDs that allow pro longed imag ing
and track ing of indi vid ual nanoparticles (NPs), other char ac ter is tics related to the
local den sity and nature of molec u lar com po nents can be exploited in cells and tis -
sues for pur poses other than mere detec tion. In par tic u lar, the sys tem atic “engi neer -
ing” of the molec u lar com po si tion on the sur face of QDs has been a cen tral fea ture
in numer ous appli ca tions rang ing beyond biosensing to cell deliv ery and release and 
to the acti va tion of indi vid ual reactions and entire pathways. 

A wide spread ten dency is to con sider the exis tence of mul ti ple groups on the
sur face of NPs as dis ad van ta geous in com par i son with sin gle attach ment or reac tive 
points. The ratio nale behind this asser tion is that a high num ber of mol e cules would 
pro vide mul ti ples sites of con ju ga tion lead ing to a dis tri bu tion of NP sub-
 populations dif fer ing in par ti cle-label stoichiometries, to unde sir able and
unphysiological cross-link ing and to other effects. Pro ce dures for achiev ing pre cise
con trol of the num ber of sites (down to sin gle moi eties) have been devel oped [10].
We will main tain in this pre sen ta tion, how ever, that under cer tain cir cum stances
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the pres ence of a large num ber of sites may offer dis tinct advan tages. In fact, numer -
ous stud ies dem on strate that mul ti ple iden ti cal or dif fer ent mol e cules on the sur face
of NPs can be exploited for a wide vari ety of pur poses, rang ing from the con trol of
opti cal or physical properties to the concurrent regulation of different functions.

Com mer cially avail able NPs coated with a poly meric layer to iso late the
core-shell struc ture from the aque ous envi ron ment have diam e ters of 15–20 nm and
may extend to dou ble these val ues if cov ered with PEG. Is this con sid er able size
impor tant such that QDs oper ate more as plat forms rather than as sin gle molec u lar
enti ties? The dis tinc tion is sub tle. For exam ple, QDs have been shown to be use ful as 
FRET donors and accep tors in numer ous appli ca tions [11, 12], although there have
been rel a tively few reports of exper i ments based on imag ing [1, 3, 4, 6, 13–17]. In
our own stud ies of cel lu lar sig nal ing medi ated by growth fac tors [5, 18–20] and
their recep tors, QDs con ju gated with lig ands have revealed the exis tence of novel
trans port and traf fick ing mech a nisms. Fig ure 5.1 depicts a strat egy QDs attached to
lig ands as in this case the epi der mal growth fac tor (EGF) vehi cles for spe cific tar get -
ing of cell sur face recep tors based on [20]. Lumi nes cent QDs allowed the visu al iza -
tion of the dis place ment of com plexes of EGF-EGFR on filopodia cel lu lar exten sions 
with a core of actin filaments toward the body of liv ing A431 cells, and their sub se -
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Fig ure 5.1 Strat egy to study the bind ing of QD-EGF to the EGF recep tor (EGFR), and the resul -
tant acti va tion and endocytosis of the recep tor into liv ing cells. The image dis plays A431 cells
express ing ERB1-EGFP 20 min after addi tion of biotinylated EGF bound to Streptavidin QD-605.
For fur ther details, see [20]. (See Color Plate 8.)



quent inter nal iza tion by endocytosis [5]. For this pur pose bio tin-EGF was bound to
streptavidin QDs. An impor tant ques tion was whether the QDs bound to the
filopodia were first taken up into the filopodia and thus trans ported within the cell
or instead were trans ported while remain ing out side the plasma mem brane. This
ques tion was addressed by exter nally add ing a nonpermeable biotinylated FRET
accep tor of the QDs that could bind to the nanoparticles only if they were acessible
to the medium (i.e., on the out side of the cell). Rapid and exten sive FRET sig nals
were observed, attest ing that the lat ter sit u a tion pre vails [5]. Thus, the QD-EGF
reagents served not only as tags of the EGF recep tor but also pro vided insight into
the molec u lar dis po si tion of this prototypic family of receptor tyrosine kinases
(RTKs) during the early stages of activation and processing. 

QD donors have been applied exten sively in FRET-based assays of enzy matic
activ i ties, with the sys tem atic intro duc tion of multifunctionality being a major issue 
([21] and ref er ences therein). For a detailed descrip tion of FRET-based biosensors,
see Chap ter 4 of this book, “Res o nance Energy Trans fer-Based Sens ing Using
Quan tum Dot Bioconjugates.” The dis tance depend ence of FRET oper at ing via sur -
face-bound or nearby small-mol e cule accep tors reflects the com plex inter play
between fac tors such as stoichiometry, spa tial dis tri bu tion and ori en ta tion, com po -
si tion (passivation shell, cap ping moi eties), and shape. (QDs emit ting at > 600 nm
tend to be nonspherical and dem on strate finite emission polarization, [22]). 

Opti cal prop er ties such as flu o res cence inten sity or life time can also be tai lored
with FRET accep tors. The design of FRET-based biosensors required for record ing
given states also requires con trol of the num ber of accep tors asso ci ated with each
QD donor [23]. 

5.2 Multivalency Allows Multifunctionality

An illus tra tive exam ple of how mul ti ple sites can be advan ta geous for
multifunctionality is given by the appli ca tion of QDs as “torch bear ers” into cells
[24]. In this study, we used QDs as tools for enabling and at the same time mon i tor -
ing the inter nal iza tion of liposomes (with a given cargo) into cells. The strat egy
( Figure 5.2) takes advan tage of the fact that the EGFR is overexpressed in a broad
spec trum of malig nant tumors and thus rep re sents a suit able tar get for deliv ery of
ther a peu tic liposomes. Streptavidin QDs prelabeled with bio tin-EGF were bound to 
biotinylated liposomes sta bi lized with polyethyleneglycol (PEG). In the two alter na -
tive schemes fea tured in the cited study, QDs of a sec ond color were used to mon i tor 
inter nal iza tion and deliv ery. In the first approach, the sec ond QD was attached to
the sur face of the liposomes via links pro vided by biotinylated lipids incor po rated in 
the bilayer. The inter nal liposomal space was avail able for load ing with cargo
(drugs, DNA, and so on). In the other approach one or more QDs of the sec ond
color was (were) encap su lated within the liposome. In both pro ce dures, the QDs
served to monitor endosomal escape after cellular uptake [24]. 

A related strat egy has been designed to pro vide the deliv ery of a tar get siRNA
sequence attached to a scaf fold-based PEGylated-QDs bear ing F3 tumor-hom ing
pep tides pro mot ing inter nal iza tion by tumor cells. The attached siRNA did not
inter fere with the activ ity of the F3 pep tide. The study was per formed on the expres -
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sion of a model EGFP mol e cule, adjust ing the ratio of F3 pep tide and siRNA so as to
opti mize inter nal iza tion and sup pres sion of EGFP expression [25].

In addi tion to the engi neer ing of com plex func tion al ity, a mul ti plic ity of sites on
nanoscale sur faces enables fur ther pos si bil i ties. Since kinetic and ther mo dy namic
param e ters are depend ent on the nanoscaled archi tec ture, it is pos si ble to con ceive
of strat e gies for tak ing advan tage of such spe cial char ac ter is tics in order to exert a
desired bio log i cal effect. For exam ple, multivalent NPs have been applied exten -
sively for in vitro assays based on the mod i fi ca tion of cer tain prop er ties aris ing as a
con se quence of self-assem bly. DNA hybrid iza tion (Fig ure 5.3, upper panel), bio -
tin-avidin (Fig ure 5.3, lower panel) and other sys tems have been used as the “glue”
for interparticle inter ac tions. The changes in opti cal [26, 27] or mag netic prop er ties
were used for mon i tor ing either nucleic acid hybrid iza tion or pro te ase activ ity. A
very ele gant exam ple [28] of the con trol of self-assem bly of superparamagnetic NPs
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Fig ure 5.2 Prep a ra tion of liposomes attached to and/or con tain ing QDs: (a) Sur face label ing of
lipid par ti cles with QD525-EGF and untargeted QD655. (b) Lipid par ti cles with encap su lated
QD655 and sur face labeled with QD525-EGF. QD-655 are either encap su lated or dec o rate the
liposome sur face. In a sec ond con ju ga tion step, pre formed QD525-EGF com plexes in 1:2 molar
ratio tar get the liposomes for spe cific cell deliv ery. The images depict the cel lu lar uptake of dual
QD-labeled liposomes by live A431 cells, detected as colocalized dots in endosomal ves i cles after
2h incu ba tion at 37 degrees C accord ing to strat e gies (a) and (b). (See Color Plate 9.)



involved the con ju ga tion of a pro te ase tar get pep tide GPLGVRGC to PEG. A 10-kD 
eth yl ene-gly col poly mer pre vented the inter ac tion of bio tins bound to the sur face of
one NP type with the neutravidin on the sur face of a sec ond NP type (see Fig ure 5.3,
lower panel). The proteolytic activ ity of metalloproteinase-2 (MMP-2), which cor -
re lates with can cer inva sion, angiogenesis, and metas ta sis, removed the PEG and
ini ti ated the self-assem bly of NPs. The pro te ase activ ity was eas ily detected by MRI
via changes in the trans verse T2 relax ation times of the NP aggre gates. In addi tion,
the aggre ga tion of nanoparticles led to the man i fes ta tion of an amplified magnetic
dipole, allowing their manipulation with magnets that failed to attract free NPs.

Another inter est ing approach was fea tured with an NP sys tem in which
self-assem bly was dynam i cally cou pled to the bal ance between two antag o nis tic
actions of a tyro sine kinase and a phosphatase [29]. The sys tem was designed to
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Fig ure 5.3 Biosensing based on the asso ci a tion of metal nanoparticles: (1) Self-assem bly of metal 
nanoparticles bear ing com ple men tary sin gle-stranded DNA chains. The aggre ga tion is detected by 
the shift in the exciton band of the nanoparticles. (2) Sche matic rep re sen ta tion of a proteolytic
actu a tion of self-assem bly. Neutravidin- and bio tin-functionalized superparamagnetic iron oxide
nanoparticles are functionalized by the attach ment of 10-Kd PEG chains anchored by MMP-2
cleavable pep tide sub strates (GPLGVRGC). Upon proteolytic removal of PEG through cleav age of
the pep tides, the par ti cles self-assem ble into nanoassemblies with enhanced mag netic sus cep ti bil -
ity, T2 mag netic res o nance relax ation, and low ered diffusivity.



pro duce coales cence of NPs in the pres ence of the kinase and redispersion in the
pres ence of the phosphatase. The strat egy involved the design of two NP pop u la -
tions. The first was mod i fied with pep tide sub strates able to be phosphorylated by
the Ab1 tyro sine kinase and dephosphorylated by a phosphatase. The sec ond pop u -
la tion was mod i fied with Src Homology 2 (SH2) domains that rec og nize and bind
the phosphorylated Ab1 kinase sub strate in a sequence-spe cific man ner. In com bi -
na tion, these NPs reported kinase and phosphatase activ i ties by self-assem bling as
pep tides became phosphorylated and dis as sem bling as the phosphate groups were
removed.

Engi neer ing the sur face of NPs can also be applied for the ini ti a tion and con trol
of the self-assem bly of biomolecules. In the case of the amy loid-form ing pro teins
involved in most neurodegenerative dis eases, such tools can pro vide impor tant
insights into the mech a nism of fibril la tion in liv ing cells and organ isms and also
have great poten tial for very sen si tive read outs in drug discovery efforts. 

The self-assem bly of natively unfolded or misfolded pro teins into ordered
fibrillar aggre gates known as amy loid is a fea ture com mon to numer ous human dis -
eases. These con di tions are often neurodegenerative, such as in Alz hei mer’s and Par -
kin son’s dis eases and spongiform encephalopathies, as well as nonneuropathic, as in 
type II dia be tes and dif fer ent forms of can cer. A ubiq ui tous cytopathological find ing 
is the pres ence of intracellular or extracellular highly orga nized fibrillar aggre gates.
Although the polypeptide chains involved in these dis eases lack sequence homology
or strong sim i lar i ties in amino acid com po si tion and size, the resul tant amy loid
fibrils are remark ably uni form with respect to both exter nal mor phol ogy and inter -
nal struc ture. Despite an increas ing num ber of pro teins and pep tide frag ments being
rec og nized as amyloidogenic, how these amy loid aggre gates assem ble remains
unclear. In par tic u lar, the iden tity of the nucle at ing spe cies, an ephem eral entity that
defines the rate of fibril for ma tion, remains a key out stand ing ques tion. In addi tion,
evi dence points to tran sient oligomeric inter me di ates along the fibril la tion path way
as the pre dom i nant molecules species responsible for cytotoxicity (i.e., neuronal
death).

Thus both in vitro and in liv ing cells, the ques tion of what struc tures act as a
nucle ation cen ters trig ger ing the onset of patho logic aggre ga tion is cen tral to the
under stand ing of under ly ing dis ease mechanism(s).

The aggre ga tion of amy loid pro teins is a pro cess highly depend ent on pro tein
con cen tra tion. In fact, exper i ments in vitro typ i cally require pro tein con cen tra tions
in excess of 100 µM, in order to observe the for ma tion of aggre gates in 3–10 days at
37 degrees C. Thus, a cen tral, prac ti cal con sid er ation is whether nanoparticles can
be employed to influ ence the nucle ation pro cess, gen er ally regarded as the
rate-deter min ing step, in a deter min is tic and con sis tent man ner. A non spe cific
approach that takes advan tage of the large sur face area offered by most
nanostructures was intro duced recently [30]. Copol y mer par ti cles, cerium oxide
par ti cles, QDs, and nanotubes were tested as nucle ation agents for the aggre ga tion
of the pro tein human β2-microglobulin. The authors reported an accel er a tion of
nucle ation that depended on the extent and nature of the par ti cle sur face. The dis ad -
van tage of this pro ce dure is that it lacks spec i fic ity (i.e., it can not dis crim i nate
between dif fer ent mol e cules with the ten dency to form aggre gates or mol e cules
exhib it ing affin i ties for such struc tures). In addi tion, aggre ga tion under such con di -
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tions requires high con cen tra tions of the nanostructures (100 nM in the case of
QDs). Such con cen tra tions can seri ously per turb the bio log i cal sys tems under study.

Nanoparticles can, how ever, can be employed in a more spe cific man ner in such 
stud ies. Sev eral of the other chap ters in this vol ume dis cuss meth ods for con trol ling
the den sity of mol e cules on the sur face of QDs and other nanoparticles, rang ing
from the use of small mol e cules to nucleic acids, pep tides, and pro teins. In our case,
attach ing a con trolled num ber of mol e cules of α-synuclein (AS)—a pro tein involved 
in the pathogenesis of Par kin son’s dis ease—on the sur face of QDs led to a high local 
con cen tra tion of the pro tein. This con di tion pro vided the con di tion required for the
fac ile ini ti a tion of aggre ga tion in a com pletely spe cific man ner (i.e., restricted to the
pro tein in ques tion). With this strat egy, very low con cen tra tions of QDs (1–5 nM,
Roberti et al., sub mit ted manu script) suf fice for sig nif i cantly accel er at ing the fibril -
la tion of 100-µM AS in vitro as well as in liv ing cells. That is, lumi nes cent QDs
bear ing a con trolled num ber of AS mol e cules com bined a spe cific induc tion and
effi cient detec tion of amy loid aggre ga tion in liv ing cells. The nucle ation capac ity of
QDs increased with the num ber of AS mol e cules attached to their sur face. Con trol
QDs (i.e., prep a ra tions with out added biotinylated AS) were inef fec tive either as
ini ti a tors or biosensors of aggre ga tion. The exper i ments are described in fur ther
detail in the ensu ing para graphs.

Great efforts have been devoted to elu ci dat ing the mech a nisms under ly ing the
phys i o log i cal func tion(s) of AS and the con di tions lead ing to its patho log i cal
self-asso ci a tion [31]. In liv ing cells and organ isms, oxi da tive stress con di tions can
be cre ated by expo sure to a vari ety of chem i cal agents such as FeCl2 or H2O2. These
com pounds ini ti ate a com plex cas cade of events lead ing to dif fer ent disfunctions,
includ ing that of amy loid pro tein aggre ga tion. In the case of the AS-mod i fied QDs
act ing as spe cific nucle ation sites, AS aggre ga tion was ini ti ated by a phys i cal-chem i -
cal pro cess inher ent to the nanoparticle rather than a con se quence of com plex
mechanisms involving a plethora of molecular entities. 

Exter nal stim u la tion, such as by oxi da tive stress, was required in the case of
other expres sion probes for AS. For exam ple, we have recently cre ated an AS
mutant (AS-C4) fused to a 12-amino-acid tag with the tetracysteine motif that spe -
cif i cally binds fluorogenic biarsenical com pounds (e.g., FlAsH, ReAsH) [32]. In
such a mutant, the func tional prop er ties of wild type AS pro tein were retained.
Fibril for ma tion induced by oxi da tive stress (e.g., expo sure to FeCl2) could be
readily detected and char ac ter ized both in vitro and in live cells. The avail abil ity of a 
spe cif i cally labeled pro tein that can be expressed in live cells or in tis sues represents
an impor tant advance for the study of the mech a nism of aggre ga tion. How ever,
such pro cesses ocurring under “clas si cal” con di tions of oxi da tive stress con di tion
are poorly under stood. Our newly devel oped QDs, use ful as nucle ation sites and as
mark ers, served to avoid the use of such chem i cals and yet led to pro tein aggre ga -
tion. The com bi na tion of AS-C4 with the QD reagents described ear lier was par tic -
u larly use ful, as dem on strated in stud ies of liv ing cells (HeLa, Fig ure 5.4). Vari able
(0–20 nM) con cen tra tions of AS-QDs were microinjected together with 100 mM of
AS-C4. In the pres ence of 2 nM QDs (Fig ure 5.5, upper panel), cells dis played a
mark edly increased inci dence of aggre gates, observed 24 hours after microinjection, 
com pared to the con trols (lower panel) lack ing QDs. In this strat egy, the QDs func -
tioned in a dual man ner (i.e., both as biomarkers and “nanoactuators,” or spe cific
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Microinjection

Cell

Fig ure 5.4 QDs act ing as spe cific nucle ation sites for ∝-synuclein (AS) in liv ing cells. Cells were
microinjected with AS in the pres ence or absence of AS-QDs-605 (40:1 pro tein:QD ratio) and
observed after 24h of incu ba tion. A mix ture 2 nM AS-QDs-605 and 100 mM of AS-TC labeled with 
FlAsH was microinjected into HeLa cells (upper panel, red arrow). QDs were detected, colocalizing
to a pro nounced degree with AS aggre gates. Lower panel, blue arrow, microinjection of 100 mM
of AS-TC labeled with FlAsH in the absence of QDs; lit tle or no aggre ga tion was observed. (See
Color Plate 10.)

Alpha-synuclein (AS) monomers
labeled with biarsenical FIAsH

Quantum dot streptavidin bound
to biotinilated AS (1:40)

Normalized
Thio-T Signal

1

0

20 40 60 80 100 120
Time (hs)

no QDs
QDs 5 nM no AS
QDs 5 nM, bAS 1:40

Fig ure 5.5 QDs act ing as spe cific nucle ation sites for ∝-synuclein (AS) in vitro. The aggre ga tion
of AS was mon i tored by Thio-T flu o res cence and by AFM; 5 nM (40:1 pro tein:QD ratio)
AS-QDs605 incu bated together with 100 mM of AS dis played a shorter lag and faster aggre ga tion
than in absence of QDs. The upper arrow indi cates the aggre ga tion course lead ing to fibrils
attached to NPs, as con firmed by AFM (upper panel). The sec ond row includ ing two con sec u tive
arrows to indi cate a slower process show fibril morphologies after aggre ga tion in the absence of
the QD nucle ation cen ters.



nucle ation agents). As biomarkers at very low con cen tra tions, they allowed the fac -
ile detec tion of AS mol e cules in fibrils, despite the pres ence of a vast excess of
monomeric pro tein. The dual label ing with the biarsenical com pounds pro vided a
fur ther “photophysical” enhance ment of sen si tiv ity (Roberti et al., manu script in
prep a ra tion). These tech niques will also ben e fit from improved biarsenicals that we
have syn the sized as an asso ci ated activ ity of these inves ti ga tions [33]. In addition,
we anticipate that dual-function NPs will undoubtedly be exploited in numerous
other systems.

Fig ure 5.5 depicts the func tion of AS-QDs in vitro. The aggre ga tion kinet ics
were mon i tored in the pres ence and in the absence of the NPs. The asso ci a tion of
QDs with nascent fibers was con firmed by AFM (upper panel), and the accel er a tion
of aggre ga tion (shorter lag phase) was dem on strated by the stan dard Thioflavin T
assay. 

5.3 Stimuli-Responsive Polymers and Qds As Tools for Imaging

Stim uli-respon sive poly mers pres ent attrac tive nanoactuation pos si bil i ties due to
the con trolled revers ible alter ation of their phys i cal char ac ter is tics upon induc tion
of the stim u lus. One such mate rial is the well-known tem per a ture respon sive poly -
mer, poly (N-isopropylacrylamide), PNIPAM. PNIPAM is a water-sol u ble poly mer
with a lower crit i cal solu tion tem per a ture (LCST) of 32 degrees C [34]. Heat ing an
aque ous solu tion of this poly mer above the LCST leads to dehy dra tion of the poly -
mer chains, result ing in a thermoreversible coil-to-glob ule phase tran si tion and
hydrophobically driven chain aggre ga tion. In a cross-linked hydrogel form,
PNIPAM is water swol len below the LCST, whereas above the LCST the gel ejects
water and col lapses, which leads to its dra matic reduc tion in size. This revers ible
prop erty ren ders PNIPAM use ful in numer ous biol ogy-related appli ca tions, such as
switch ing enzyme activ ity [35, 36] and dynam i cally con trol ling microtubule motil -
ity [37]. The ver sa til ity of such stim uli-respon sive poly mers, in both their lin ear and
cross-linked hydrogel forms, allows the construction of diverse actuators for
specific needs. 

Pro teins, or NPs such as QDs coated with spe cific pro teins, may be used to link
the poly meric actu a tor with a tar get of choice, relay ing the swell/col lapse forces to
the tar get. The exam ple of biotinylated PNIPAM beads bound to flu o res cent
streptavidin and streptavidin-coated QDs is shown in Fig ure 5.6 [38]. The vol ume
of “naked” beads as well as that of a “giant” fluorescently labeled beads changed
revers ibly with tem per a ture (Fig ure 5.7(a, b)). Evi dence that such hydrogels are able 
to gen er ate forces was dem on strated by attach ing biotinylated PNIPAM beads to
streptavidin-coated mag netic microspheres (Fig ure 5.7(c)) [38, 39]. Upon cycling
the tem per a ture, the vol ume of the bead changed and the force gen er ated by this
alter ation was able to dis place the mag netic microspheres. Phys i cal forces play crit i -
cal roles in cell, tis sue, and organ devel op ment. Such forces are trans duced into bio -
chem i cal responses, and their inves ti ga tion is of utmost impor tance. Inter nal rather
than exter nal poly meric force gen er a tors may also be con ceived, lead ing toward
new approaches for the manip u la tion of the cel lu lar machin ery. For exam ple,
insert ing smart poly mer-anti body con ju gates into a cell can serve to revers ibly
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aggre gate/disaggregate a tar get pro tein or shield it from proteolytic deg ra da tion,
thus manip u lat ing its cel lu lar func tion al ity. Stim uli-respon sive poly mers, other than 
PNIPAM, sen si tive to pH, light, or other fac tors should fur ther extend the ver sa til ity 
of poly meric actu a tors. Addi tional functionalities, such as local heat ing or sensing
capabilities may be incorporated into such actuators by the addition of various NPs.

5.4 Conclusions

In this report we have empha sized the increas ing poten tial offered by the
multifunctionality derived from intro duc ing mul ti ple sites on QDs. Such reagents
offer unique oppor tu ni ties for com bin ing dif fer ent func tions, such as sens ing, tar get -
ing, cell pen e tra tion, and deliv ery. In addi tion, by tak ing advan tage of the par tic u lar
chem is try at the sur face of NPs, “smart” actu a tors can be devised and employed.
Fur ther com bi na tion with pro gram ma ble inor ganic and organic mate ri als that dem -
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(a) (b) (c)

Fig ure 5.6 Poly (N-isopropylacrylamide, PNIPAM) tem per a ture-respon sive microbeads: (a) Beads
imaged by an AFM. (b) Biotinylated beads con ju gated to streptavidin Alexa 546. (c) Biotinylated
beads con ju gated to 605-nm QDs. Beads were ~1 mM in diam e ter.

>32°C

>32°C

>32°C <32°C
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Fig ure 5.7 Vol ume change of PNIPAM beads and sub se quent force gen er a tion upon tem per a -
ture cycle: (a) “Naked” microm e ter-sized beads. (b) “Giant” fluorescently labeled PNIPAM beads.
Scale bar: 6 mm. (c) Dis place ment of strepavidin-coated mag netic spheres by microm e ter-sized
biotinylated PNIPAM beads. 



on strate prop er ties respon sive to manip u la tion of tem per a ture, light, elec tric and
mag netic fields, pH, and ionic strength will enable a still greater increase in design
com plex ity and util ity. A golden age of smart nanodevices and nanomachines is in
sight.
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C H A P T E R  6

Single Particle Investigation of Biological
Processes Using QD-Bioconjugates

Thomas Pons and Hedi Mattoussi

6.1 Introduction

Sin gle mol e cule detec tion has become a widely used tool for inves ti gat ing a broad
range of phys i cal, chem i cal, and bio log i cal pro cesses [1, 2]. Because ensem ble mea -
sure ments are mac ro scopic in nature, they pro vide only infor ma tion about the aver -
age prop er ties of a sam ple (e.g., aver age size, con for ma tion, or ori en ta tion of
pro teins). In com par i son, sin gle mol e cule mea sure ments are able to resolve molec u -
lar-scale heterogeneities and the fate of indi vid ual mol e cules. Flu o res cence detec -
tion is a pow er ful, ver sa tile, and rel a tively easy-to-use tech nique. When applied to
sin gle mol e cules, it gives access to valu able molec u lar-scale infor ma tion. Sin gle
mol e cule (or par ti cle) flu o res cence is one of the most com monly used sin gle mol e -
cule tech niques in bio log i cal and bio phys i cal research. The abil ity to detect flu o res -
cence from sin gle fluorophores, enabled by recent prog ress in opti cal detec tion
tech niques, has allowed the devel op ment of a vari ety of sin gle mol e cule assays to
study ligand-recep tor bind ing, enzy matic activity, changes in macromolecular
conformation and single biomolecule dif fu sion and transport. 

Lumi nes cent semi con duc tor nanocrystals, or quan tum dots (QDs), are poten -
tially supe rior alter na tives to tra di tional organic fluorophores for an array of bio -
log i cal appli ca tions, includ ing sens ing and cell and tis sue imag ing [3, 4]. They
exhibit high flu o res cence quan tum yields, a pro nounced resis tance to photo and
chem i cal deg ra da tion, and high photobleaching thresh olds [3–5]. These fea tures are 
par tic u larly appeal ing for sin gle mol e cule flu o res cence mea sure ments, as QDs may
be indi vid u ally detected with high sig nal-to-noise ratios and for extended peri ods of
time (sev eral orders of mag ni tude lon ger than tra di tional organic dyes). QDs also
exhibit nar row and tun able emis sion bands along with broad exci ta tion spec tra,
which per mit unam big u ous dis crim i na tion of dif fer ent sin gle QD col ors and make
them par tic u larly suit able for mul ti plexed flu o res cence imag ing. These prop er ties
com bined have nat u rally led to their use as individual fluorophores in a wide range
of biophysical studies. 

In this chap ter, we will describe some of the prog ress recently made using sin gle
mol e cule stud ies employ ing QD fluorophores and the abil ity of this tech nique to
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gain insights into spe cific bio log i cal pro cesses. We will also dis cuss the advan tages
offered and lim i ta tions encoun tered by sin gle QD flu o res cence as an effec tive inves -
ti ga tive tool in biology.

6.2 Physical Properties of Single QDs

In addi tion to the unique size and com po si tion-depend ent opti cal and spec tro scopic
prop er ties described in Chap ter 1 of this vol ume, col loi dal lumi nes cent QDs have
another impor tant char ac ter is tic that dis tin guishes them from organic fluorophores: 
inter mit tent photoemission (blink ing) of indi vid ual nanocrystals. The
photoluminescence of iso lated QDs dis plays an alter na tion of “on” (emit ting) and
“off” (dark) peri ods, which dura tions fol low a “heavy-tail” power law dis tri bu tion
with time [6, 7]. In par tic u lar, there is a nonvanishing prob a bil ity for the QD to
enter a long dark period. This fea ture becomes espe cially impor tant for sin gle mol e -
cule detec tion, since a QD will become peri od i cally unavail able for detec tion. PL
blink ing is cer tainly one of the most dis cussed aspects of QDs and remains an active
area of research, as its under ly ing mech a nisms are not yet fully under stood (e.g., see
[8]). The total size of a QD var ies from ~10 to ~50 nm, depend ing on the type of
solubilization and functionalization tech nique used [3, 4]. This is sig nif i cantly larger 
than the aver age size of an organic fluorophore and will strongly influ ence the
QD-con ju gate dif fu sion and its abil ity to access cer tain cel lu lar com part ments.
Finally, the sur face of a sin gle QD often offers mul ti ple functionalization sites, con -
trary to mono-func tional dyes. The abil ity to con ju gate sev eral biomolecules on the
sur face of a sin gle QD may be par tic u larly advan ta geous in cer tain instances (e.g.,
when enhanced tar get affin ity and energy trans fer effi ciency are desired). How ever,
this multivalency may also be a lim i ta tion in other instances, espe cially when a strict
one-to-one QD-biomolecule con ju ga tion is required; extra puri fi ca tion steps are
then nec es sary to dis card QDs con ju gated to mul ti ple biomolecules. Over all, the dif -
fer ent phys i cal properties of QDs make them particularly attractive fluorescence
probes in a wide variety of single molecule assays.

6.3 In Vitro Detection of Biomolecular Interactions Using Single QD
Fluorescence

The abil ity to detect sin gle QD photoemission with a good sig nal-to-noise ratio and
for extended peri ods of time can ben e fit an array of in vitro biomolecular assays
requir ing either high detec tion sen si tiv ity or data col lec tion over long time inter vals.
It per mits one to exam ine the prop er ties of indi vid ual biomolecules sep a rately from
those aver aged over mac ro scopic pop u la tions. Because vir tu ally every pho ton emit -
ted by a QD can be detected within a nar row emis sion band, the pro por tion of pho -
tons that are rejected by the detec tion spec tral band is sub stan tially reduced, which
sim pli fies the spec tral deconvolution of sig nals from dif fer ent QD col ors. This could
be extremely ben e fi cial to sin gle mol e cule assays, where the number of detected
photons is inherently low. 
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6.3.1 Detection of Biomolecules Using Multicolor Colocalization of QD Probes

The nar row and tun able emis sion of QDs has been exploited in devel op ing mul ti -
plexed “sand wich” assays that rely on the simul ta neous inter ac tions of dis tinct
color QD-bioconjugates, each bind ing to a dif fer ent site on the same tar get mol e -
cule. For exam ple, if two QDs with dis tinct emis sion spec tra con ju gated to two dif -
fer ent DNA probes are mixed in a solu tion with a tar get DNA con tain ing
com ple men tary sequences for both probes, the tar get hybrid izes simul ta neously to
the two QD-DNA probes. This hybrid iza tion could then be detected opti cally on a
micro scope slide using wide field flu o res cence micros copy, where simul ta neous
imag ing of the sig nals from the two QD probes is mea sured. In [9], Wang and
cowork ers applied the detec tion strat egy based on the multicolor colocalization of
QDs to the genetic anal y sis of anthrax patho ge nic ity. Pos i tive iden ti fi ca tion of this
bac te rium requires the simul ta neous pres ence of three dis tinct genes, namely, rpoB,
pagA, and capC. For this assay, the authors con ju gated three pairs of tar get-spe cific
DNA probes (combinatorially) to three dis tinct color QDs emit ting at 525 nm, 605
nm, and 705 nm. As tar gets, they used three syn thetic oligonucleotides, each derived 
from con served sequences from each of the three anthrax-related genes; these were
used as sim u lated tar gets (in a back ground of E. coli genomic DNA) for anal y sis.
They first used the simul ta neous flu o res cence sig nals in the com bined pseudocolors
of the spots, namely, indigo, magenta, and orange, as an indi ca tion of the pres ence
of rpoB, pagA, and capC, respec tively (Fig ure 6.1(a)). They then car ried out four
sets of exper i ments, where the spec i fic ity of the assay was essen tially defined by its
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Fig ure 6.1 Sim u lated mul ti plexed anal y sis of anthrax-related genetic tar gets: (a) color pal let for
the three pairs of tar get-spe cific QD nanoprobes and their result ing colocalized flu o res cent images
upon sand wich hybrid iza tion; (b) four sam ples con tain ing dif fer ent com bi na tions of the three tar -
gets, rpoB, capC, and pagA. Checks rep re sent the exis tence of cer tain tar get sequences. Sam ple IV 
does not con tain any tar get and is used as a neg a tive con trol. (c) Flu o res cent images I, II, III, and
IV cor re late with sam ples I, II, III, and IV, respec tively. (Bar dimen sion is 1 µm.). Reprinted by per -
mis sion from the Amer i can Chem i cal Soci ety [9]. (See Color Plate 11.)



capac ity to cor rectly iden tify and quan tify the indi vid ual tar get sequences in a com -
plex mix ture of var i ous tar get com bi na tions (Fig ure 6.1(b)). In the first exper i ment,
flu o res cent spots in all the three com bined pseudocolors were detected, ver i fy ing the
pres ence of the three tar gets in the solu tion (Fig ure 6.1(c), I). In the next two exper i -
ments, the pres ence of two (Fig ure 6.1(c), II) or only one (Fig ure 6.1(c), III) tar get
was also unam big u ously deter mined with out false pos i tive or neg a tive results. In the 
fourth neg a tive con trol sam ple, only flu o res cent spots stemming from unhybridized
blue, green, and red QD probes were observed (Figure 6.1(c), IV); in this particular
sample, no specific target was present.

Alter na tively, the sam ple could be injected into a small glass cap il lary and the
QD sig nals could be detected sequen tially as the solu tion is flowed through the
obser va tion vol ume [10]. In both cases, the size of the total tar get-DNA probe-QD
com plex is smaller than the opti cal res o lu tion of the detec tion sys tem, and the pres -
ence of the tar get could be detected by the colocalization of two dis tinct sin gle QD
flu o res cence sig nals. This method is fast, as it occurs in solu tion phase rather than on 
a solid sub strate and does not require sep a ra tion of the unbound probes, since they
are not colocalized. It allows iden ti fi ca tion of sam ples with out prior poly mer ase
chain reac tions (PCRs) ampli fi ca tions, which are not quan ti ta tive and can intro duce 
nonnegligible errors. It also allows detec tion of low abun dance tar gets and has a
higher sen si tiv ity than microbead assays in which weak tar get sig nals may be dif fi -
cult to dis crim i nate against the strong microbead cod ing sig nal. Its sen si tiv ity has
been dem on strated even in the pres ence of a strong non spe cific back ground (i.e.,
sam ples mixed with cell extracts) [10]. It could also be applied to more than two QD 
probe col ors. For exam ple, using 10 dif fer ent QD col ors could con cep tu ally pro vide
45 dif fer ent QD pair com bi na tions. A sim i lar assay has been dem on strated using
QD-anti body con ju gates bind ing dif fer ent sites of the same tar get pro tein [10].
Again, the tar get presence was detected by the fluorescence colocalization of two
different single QD probes. 

Other reported assays using this for mat included QD-con ju gate bind ing two
extrem i ties of indi vid ual DNA mol e cules that were stretched on a glass sur face, and
the iden ti fi ca tion of sin gle large enti ties such as viruses or bac te ria from dif fer ent
strains in a mac ro scopic mix ture [9–13]. These assays often use QDs with spec trally
dis tinct emis sions con ju gated to dif fer ent anti bod ies. In the virus con structs, the col -
lected flu o res cence sig nal (being a mix of sig nals emit ted by dif fer ent QD-anti body
con ju gates bound onto a sin gle scaf fold) pro vided a spec tral “bar code” that
revealed the nature and num ber of pro teins dis played on the virus sur face. This has,
for exam ple, allowed a rapid iden ti fi ca tion of the virus strain [10]. We should
empha size that this assay for mat to iden tify viruses could be per formed with organic 
fluorophores, but effec tive anal y sis requires com plex spec tra deconvolution and
atten dant data anal y sis. How ever, QDs offer advan tages such as higher sen si tiv ity
and spec tral unmixing (deconvolution), which enable the mul ti plexed detec tion of
sin gle small biomolecules car ry ing only a few flu o res cent mark ers. A lim i ta tion to
this type of assay, how ever, resides in the inter mit tent emis sion of QDs (blink ing)
and the related “dark,” or nonemitting, QD frac tion. This causes some colocalized
QD probes to appear as isolated QDs and thus may introduce an unknown number
of “false negative” counts.
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6.3.2 Colocalization Studies Using Streptavidin-Coupled QD-Dye Pairs

In a seem ingly sim i lar study but dras ti cally dif fer ent in con cept and goals, Webb
and cowork ers inves ti gated the rela tion ship between ensem ble flu o res cence quan -
tum yields mea sured for mac ro scopic sam ples and the blink ing prop er ties of indi -
vid ual QDs [14]. The authors cou pled streptavidin-functionalized 525-nm emit ting
QDs with bio tin-functionalized Alexa Fluor 594 dye and used the flu o res cence col -
lected from dot and dye to dis tin guish between dark and bright freely dif fus ing
 single nanocrystals. This pres ents a dif fer ent con fig u ra tion from that of sur -
face-immo bi lized QDs (e.g., dis persed in poly meric films). The bright frac tions of
QDs were mea sured by flu o res cence coin ci dence anal y sis and two-pho ton flu o res -
cence cor re la tion spec tros copy. In par tic u lar, they reported that the bright frac tion
of QDs was pro por tional to the mea sured mac ro scopic quan tum yields of the sam -
ples. How ever, bright ness of indi vid ual QDs was con stant across sam ples with dif -
fer ent quan tum yields. They then applied the same mea sure ments to solu tions with
much higher vis cos ity, where nanocrystal res i dence time in the illu mi nated vol ume
was sub stan tially increased. Their find ings clearly indi cated that increas ing the res i -
dence time by as much as ten fold did not change the frac tion of “appar ently dark”
QDs, which they attrib uted to the pres ence of two pop u la tions of QDs in a sam ple:
one dark nonemitting and one emit ting; only the emit ting frac tion con trib uted to
the mea sured mac ro scopic flu o res cence yields. These find ings are intrigu ing, but
additional work is needed to better understand the correlation between single and
ensemble fluorescence properties of QDs.

6.3.3 Fluorescence Energy Transfer from Single QD to Organic Fluorophores

Flu o res cence res o nance energy trans fer (FRET) pro vides a unique tool to probe
intermolecular asso ci a tion dynam ics and intramolecular con for ma tion changes in
the 1–10-nm range [15, 16]. It relies on the nonradiative trans fer of exci ta tion
energy from a flu o res cent donor to a ground state prox i mal accep tor. The trans fer
effi ciency strongly depends on the donor-accep tor sep a ra tion dis tance and the spec -
tral over lap between the donor emis sion and the accep tor absorp tion. FRET pro -
vides a pow er ful means for study ing biomolecular inter ac tions involved in drug
screen ing or dis ease diag no sis and has been a widely used bio phys i cal tool for study -
ing pro tein and oligonucleotide con for ma tion in vitro and in live cells using dye
donor-dye accep tor FRET pairs. QDs offer a few unique advan tages (com pared to
organic dyes) for use as FRET donors [17–19]. Their nar row emis sion bands can be
tuned to pre cisely match the accep tor absorp tion spec trum and allow easy
deconvolution of the donor and accep tor emis sions. In addi tion, their broad absorp -
tion spec tra allow exci ta tion of the donor far from the accep tor absorp tion band,
sub stan tially reduc ing direct exci ta tion con tri bu tion to the accep tor sig nal. Finally,
because sev eral accep tors may be con ju gated to a sin gle QD donor, the over all
FRET rate can be sub stan tially increased, a clear advan tage espe cially with lon ger
sep a ra tion dis tances. The use of QD FRET donors has been dem on strated in ensem -
ble assays for detect ing DNA hybrid iza tion [20], enzyme activ ity [21], and for elu ci -
dat ing the struc ture of QD-pro tein assem blies [22]. Addi tional details on ensem ble
steady-state and time-resolved FRET using QD donors applied to bio log i cal sys tems 
can be found in Chap ter 4 of this vol ume. There has been a strong inter est in trans -
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lat ing these assays to the single molecule level, which could provide higher
sensitivity measurements while reducing materials consumption.

The most obvi ous sin gle par ti cle (sp-) FRET con fig u ra tion would use immo bi -
lized QD-bioconjugates, which can allow one to col lect and resolve time-depend ent
con for ma tional changes at the sin gle mol e cule level. In a recent report, sin gle immo -
bi lized QD-oligonucleotide con ju gates were used to probe DNA Holliday junc tion
dynam ics [23]. One of the char ac ter is tics of this four-DNA-strand assem bly is that it 
is struc tur ally poly mor phic, and its con for ma tion fluc tu ates between two dif fer ent
forms depend ing, for exam ple, on salt con cen tra tion. At low salt con cen tra tion and
in the absence of multivalent ions, the junc tion has an open form, which min i mizes
the repul sion between charged phos phates at the junc tion. When the salt con cen tra -
tion increases (or in the pres ence of multivalent cat ions), effects of elec tro static
repul sions are reduced, and the junc tion folds into one of two stacked con form ers.
By label ing one of the DNA strands with a dye accep tor and the other with a QD, the 
authors showed that these conformational changes induce fluc tu a tions in the FRET
effi ciency mea sured between the QD and dye. How ever, this type of sur face-immo -
bi lized assay remains par tic u larly dif fi cult to imple ment due to the weak FRET effi -
ciency for one QD-one dye pair, pri mar ily due to the use of large multilayer
functionalization and con ju ga tion schemes (the case with some of the com mer cially
avail able nanocrystals). More over, the inter mit tent and fluc tu at ing nature of sin gle
QD emis sion remains an important obstacle to quantitatively monitoring the
evolution of FRET efficiency with time. 

These lim i ta tions can be cir cum vented by prob ing freely dif fus ing
QD-bioconjugates in solu tion sam ples, which lim its the spec i men exci ta tion to the
res i dence time within the illu mi nated vol ume. It also reduces issues asso ci ated with
inter mit tent emis sion and data col lec tion and anal y sis. Exper i men tally, solu -
tion-phase sin gle par ti cle FRET con fig u ra tion uti lizes a con fo cal micro scope and a
laser exci ta tion that pro vides a highly focused beam for spec i men exci ta tion (Fig ure
6.2). The col lected sig nal con sists of simul ta neous bursts of PL inten si ties from the
donor (QD), col lected on the donor chan nel, ID, and the accep tor (dye), col lected on
the accep tor chan nel, IA, cor re spond ing to Brownian dif fu sion of sin gle QD con ju -
gates in and out of the 3D-restricted con fo cal vol ume (see exper i men tal step up, Fig -
ure 6.2). The spFRET sig na ture con sists of plot ting the pop u la tion frac tion of events 
ver sus emis sion ratios, η, defined as η = IA/(IA + ID). For a con trol solu tion of QD
donors only (absence of FRET), the pop u la tion frac tion ver sus η is reduced to a peak 
cen tered at η = 0. For QD-dye pairs, non zero con tri bu tion from the accep tors due to
energy trans fer broad ens the dis tri bu tion peak and shifts it to higher η val ues (Fig ure 
6.2). In what fol lows, we will describe a few rep re sen ta tive exam ples where spFRET
with QD-bioconjugates pro vided valu able and unique infor ma tion.

6.3.3.1 spFRET Applied to DNA Hybridization

Zhang and cowork ers showed that solu tion-phase spFRET applied to hybrid iza tion
assays could allow detec tion of a tar get DNA sequence with high sen si tiv ity [25]
(Fig ure 6.3). A “reporter probe” car ry ing an organic dye accep tor and a biotinylated 
“cap ture probe” were mixed with the DNA sam ple to be ana lyzed. These two
probes were designed to have com ple men tary sequences to two dif fer ent sec tions of
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the tar get sequence; they thus can simul ta neously hybrid ize with the tar get DNA (as 
shown in Fig ure 6.3). As a con se quence, in the pres ence of the tar get, a sand wich
hybrid was formed between the cap ture probe, the reporter probe, and the tar get
sequence. When mixed with streptavidin-coated QDs (com mer cially avail able), the
sand wich struc tures bound to the QD sur face, which brought sev eral Cy5 in close
prox im ity to the donor cen ter in each con ju gate. The sam ple con tain ing the
QD-sand wich com plexes was then intro duced in a glass cap il lary and flowed
through a small obser va tion vol ume where flu o res cence sig nals from indi vid ual
bioconjugates could be detected sequen tially (Fig ure 6.3). Sim i lar to multicolor
colocalization assays, the pres ence of the tar get was detected by the simul ta neous
detec tion of QD emis sion (ID) and Cy5 flu o res cence (IA), indic a tive of the QD-DNA
com plex for ma tion. This assay has par tic u larly high detec tion sen si tiv ity (in terms
of min i mal detect able tar get con cen tra tion) com pared to a molec u lar bea con assay
employ ing organic dyes, due to two fea tures spe cific to the QD-DNA assem blies.
First, direct exci ta tion con tri bu tion to the accep tor sig nal was extremely weak,
because the sys tem was excited in a region of min i mal accep tor absorbance. As a
result, the mea sured accep tor sig nal resulted only from FRET con tri bu tion, which
reduced the detec tion back ground to a min i mal level. Sec ond, because the QDs
were functionalized with sev eral streptravidin groups, each QD-con ju gate had sev -
eral sand wich hybrids arrayed around the nanocrystal sur face. This increased the
local accep tor con cen tra tion around a sin gle donor and allowed for high FRET effi -
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ciency and bright accep tor flu o res cence bursts, fur ther enhanc ing the detec tion sen -
si tiv ity. These QD sen sors were suc cess fully applied in con junc tion with an
oligonucleotide liga tion assay to reach sin gle nucle o tide muta tion detec tion [25]. In
a sim i lar assay, an increase in the flow veloc ity in the cap il lary was shown to slightly
increase the aver age FRET effi ciency [26]. This effect was attrib uted to the DNA
defor ma tion in the cap il lary stream that brought the dye accep tor in closer prox im -
ity to the QD donor. 

In a sub se quent study, Zhang and John son applied spFRET as a means to quan -
tify the inter ac tions between a spe cific pep tide on the Rev pro tein (Rev-pep tide) and
the Rev respon sive ele ment within the RNA gene (RRE-RNA) and to iden tify and
char ac ter ize poten tial inhib i tors [27]. Inter ac tions between the reg u la tory pro tein
Rev and a por tion of env gene within the RNA gene (RRE-RNA) are crit i cal to
HIV-1 rep li ca tion. Rev pep tide is a sequence from the basic region of Rev with
reported high affin ity to RRE. The authors dem on strated that the stoichiometry of
Rev-pep tide bind ing to RRE-RNA sequence can be accu rately deter mined using
such FRET-based sin gle QD-RRE-RNA sens ing assem blies (Fig ure 6.4). They fur -
ther used this sin gle par ti cle con fig u ra tion to poten tially quan tify the inhib i tory
effects of proflavin on the affin ity between Rev-pep tide and RRE. In par tic u lar,
spFRET per mit ted them to quan tify these inhib i tory effects even in the pres ence of
sub stan tial lev els of inter fer ence flu o res cence from high-con cen tra tion proflavin;
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the lat ter is a blue flu o res cent com pound that often pre vents the dis crim i na tion of
FRET sig nals in ensem ble mea sure ments. The main fac tors enabling effi cient FRET
from a QD donor to accep tors located at the other extrem i ties of long dou -
ble-stranded DNA and effec tive sig nal dis crim i na tion remained the high accep -
tor-to-donor ratio and the flexibility to choose the excitation wavelength far from
the dye (and proflavin) absorption bands.

6.3.3.2 spFRET Applied to Determining QD-Bioconjugate Heterogeneity

In the sec ond exam ple, we used sin gle-QD FRET to char ac ter ize the het er o ge ne ity
of self-assem bled QD-bioconjugates and to gain infor ma tion about the dis tri bu tion
in con ju gate valence [24]. These con ju gates were formed by attach ing (via
metal-affin ity driven self-assem bly) aver age num bers of malt ose bind ing pro tein
(MBPs) labeled with rhodamine red (RR) onto CdSe-ZnS QDs capped with
dihydrolipoic acid (DHLA) lig ands; the QDs served as exciton donors and scaf folds
for array ing var i ous num bers of dye-labeled pro teins. The influ ence of the accep tor- 
to-donor ratio was exam ined by vary ing the ratio of accep tor dye
labeled-to-unlabeled pro teins while keep ing the same total num ber of pro teins con -
ju gated around a sin gle QD. This study showed that within a mac ro scopic homo ge -
neous sam ple, het er o ge ne ity in con ju gate valence char ac ter izes indi vid ual
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self-assem bled QD-pro tein con ju gates. More impor tantly it was shown that the
num ber of accep tors per QD fol lowed a Pois son dis tri bu tion, where the prob a bil ity
of find ing a con ju gate hav ing exactly n accep tors for sam ple with a nom i nal num ber
of pro tein dye per QD, N, obeys the rela tion [24]: 

( ) ( )p N n N N nn, exp != − (6.1)

In par tic u lar, using the dis tri bu tion plots shown in Fig ure 6.2(c), spFRET
allowed us to deter mine the frac tion of QD-con ju gates hav ing zero valence (i.e.,
QDs that are not con ju gated to any MBP dye), p(N,0), for a series of mac ro scopic
sam ples with increas ing nom i nal valence, N. This was extracted from a very nar row
win dow in the dis tri bu tion of pop u la tion frac tion cen tered at η = 0 (Fig ure 6.5).
Data clearly showed that the zero valence pop u la tion frac tion (p(N,0)) decreased
expo nen tially with increas ing N, which agrees well with the pre dic tion of (6.1). It is
worth men tion ing that this study also showed that sin gle QD FRET mea sure ments
pro vided esti mates of donor-accep tor sep a ra tion dis tance that was com pat i ble with
ensem ble mea sure ments and the struc ture of the QD-pro tein con ju gate. Addi tional
details on apply ing these find ings to QD-pro tein sen sors can be found in [24].

6.4 In Vitro and In Vivo Tracking of Protein Using Single QDs 

6.4.1 In Vitro Detection of Kinesin and Myosin Motor Movement

Sin gle mol e cule track ing has played a cru cial role in elu ci dat ing the char ac ter is tics of 
motor pro teins, such as kinesin, myo sin, and dynein, that are respon si ble for active
intracellular trans port of ves i cles, organelles, and pro tein com plexes (as car gos)
along microtubules or actin fil a ments. A num ber of stud ies have used either poly mer 
beads of a few hun dreds nanometers in size or flu o res cent organic dyes to fol low the
move ment of indi vid ual motors; deter mine their veloc ity, the size, and rate of their
steps; and pro vide unique insights into their struc tural prop er ties (see, for exam ple,
[28, 29]). How ever, use of QDs to tag molec u lar motors, instead, could open up new 
pos si bil i ties to study their dynamic prop er ties by extend ing the obser va tion times,
due to the high photobleaching thresh olds com pared to organic dyes; con ven tional
fluorophores allow obser va tion for only a few sec onds to a few tens of seconds
depending on the experimental conditions. 

QDs have been used to label sin gle frag ments of actin or microtubule, the sub -
strate on which the motors move. In these “slid ing” assays, motors are adsorbed on
a sur face and then exposed to sub strate frag ments. The immo bi lized motors are able 
to bind these frag ments and induce their trans port across the sur face. A first
“proof-of-prin ci ple” study by Mansson and cowork ers dem on strated the use of
QDs to label actin fil a ments slid ing on a sur face of adsorbed myo sin motors, where
move ment of actin fil a ments was tracked for sev eral sec onds [30]. It was then envi -
sioned that the streptavidin-QDs used to label the actin fil a ments could also be used
as anchor points (or a scaf fold) to bind and trans port large biotinylated car gos. In a
more refined study Leduc and cowork ers used sin gle QDs to inves ti gate the coop er a -
tive inter ac tions between kinesin motors inter act ing with the same microtubule [31]. 
Kinesin motors were com bined with flu o res cent pro teins before being immo bi lized
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on a glass sur face, so that their loca tions could be deter mined by flu o res cence imag -
ing. QD-labeled microtubules were then depos ited on the kinesin-functionalized
sur face, and their motion was tracked by detect ing the QD emis sion with a ~3-nm
pre ci sion. By ana lyz ing the motion, veloc ity, and step size of microtubules bound to
one, two, or more motors, the authors showed the exis tence of frac tional motion
steps and the absence of syn chro ni za tion between several kinesin motors interacting 
with the same microtubule.

QDs have also been used to label sin gle motor pro teins and track their motion
with high pre ci sion. For exam ple, indi vid ual kinesin motors were labeled with QDs, 
and their motion char ac ter is tics, such as veloc ity, step length, and dwell time, were
deter mined under dif fer ent con di tions using sin gle QD track ing [32]. In par tic u lar,
the authors dem on strated that in the pres ence of obsta cles or in crowded con di -
tions, kinesin motors can wait on the microtubule in a strongly bound state. They
pos tu lated that this behav ior could explain pauses in the motion of kinesin-trans -
ported car gos observed in liv ing cells. In another study, the two heads of indi vid ual
myo sin V motors were labeled with two dif fer ent QD col ors [33]. Using two-color
sin gle QD track ing, the authors were able to locate the posi tions of the two heads
with ~6-nm pre ci sion for sev eral min utes, fol low the motion of indi vid ual myo sin
mol e cules, and probe changes in their intramolecular con for ma tion. They observed
that the two heads move alter na tively along the actin fil a ment and that the heads
were sep a rated by 36 nm dur ing pauses in motion, con firm ing the pre dic tions of
the hand-over-hand model of myosin mode of walking along an actin filament
(Figure 6.6).
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6.4.2 Tracking of Protein Receptors in Live Cells

Trans pos ing sin gle QD con ju gate track ing from in vitro con di tions to liv ing cells has 
the poten tial to unravel com plex biomolecular inter ac tions under ly ing spe cific cel lu -
lar activ i ties. How ever, track ing of indi vid ual pro teins in live cells using sin gle QD
flu o res cence encoun ters dif fi cul ties that are often shared with other sin gle par ti cle
tags (e.g., latex beads, gold nanoparticles, and so on) or sin gle fluorophore track ing
tech niques. The first dif fi culty is caused by non spe cific inter ac tions of QDs and their 
con ju gates with their envi ron ment, either due to steric hin drance (“crowd ing”
effects, lim ited access to par tic u lar cel lu lar com part ments, and so on) or to unde -
sired adsorp tion of endog e nous mol e cules onto the QD sur face. The sec ond major
hur dle to the effec tive use of QDs for sin gle mol e cule track ing in live cells derives
from the dif fi cul ties of cross ing of the plasma mem brane and the deliv ery of iso -
lated QD-con ju gates into the cyto plasm. For these rea sons, sin gle QD track ing of
recep tor pro teins in cell media have been suc cess fully reported pri mar ily for eas ily
acces si ble tar gets. These include transmembrane proteins to investigate mem brane-
bound receptor diffusion or endosomal trafficking.

Spa tial orga ni za tion of the cel lu lar mem brane com po nents (lipids, pro teins, car -
bo hy drates, and so on) plays a crit i cal role in their inter ac tions with other mem -
brane com po nents, and in the cell sig nal ing and com mu ni ca tion with the
extracellular envi ron ment and sur round ing tis sue. Under stand ing when and how
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Fig ure 6.6 Myo sin V processive runs with heads labeled with dif fer ent color QDs. Green and red
open cir cles are the two dif fer ent QD posi tions deter mined by Gaussian fits. Solid lines are the
aver age QD posi tions between steps, with the onset of steps deter mined by eye. Upper left are
aver aged QD images for steps labeled A–D. The yel low lines con nect QD cen ters empha siz ing
alter nat ing rel a tive head posi tions. The green arrow iden ti fies the substep. Lower right are his to -
grams of interhead spac ing and step size. Reprinted by per mis sion from the Bio phys i cal Soci ety
[33], © 2005. (See Color Plate 12.)



the cell reor ga nizes these mem brane com po nents is there fore a key chal lenge in the
study of cel lu lar activ ity. In par tic u lar, traf fick ing of neu ro trans mit ter recep tor pro -
teins within mem brane com part ments and between mem brane and intracellular
space plays an impor tant role in the reg u la tion of neuronal activ ity. The QD resis -
tance to photobleaching has given research ers the oppor tu nity to track sin gle
transmembrane neu ro trans mit ter recep tors for long peri ods of time and led to a
better under stand ing of recep tor traf fick ing in neu rons. Dahan and cowork ers
reported the first use of QD for sin gle recep tor track ing in cul tured neu rons in 2003
[34]. The authors labeled indi vid ual glycine recep tors with sin gle QD-streptavidin
con ju gates via pri mary and sec ond ary anti bod ies. Sin gle QDs were iden ti fied and
tracked by their blink ing prop er ties. They observed a con sid er ably higher flu o res -
cence sig nal com pared to stan dard fluorophores, result ing in a spa tial res o lu tion
reach ing 5–10 nm, com pared with 40 nm with an organic dye. Even more impress -
ing was the dura tion for which they were able to fol low the tra jec tory of sin gle
QD-labeled recep tors—more than 20 min utes, com pared to ~5s for a stan dard
organic fluorophore. This allowed the visu al iza tion of recep tor tra jec to ries on a
time scale that was not acces si ble before and revealed new dif fu sion dynam ics. In
par tic u lar, the authors showed the exis tence of sev eral mem brane domains cor re -
spond ing to syn ap tic, perisynaptic, and extrasynaptic regions with dif fer ent recep -
tor dif fu sion behav iors. Since then, numer ous stud ies have since used QDs to track
tra jec to ries of indi vid ual mem brane recep tors, in neu rons [35–39], or other cell
types [40, 41]. Single QD tracking will likely become one of the methods of choice
for studying transmembrane protein dynamics, accessible to both specialists and
nonspecialists. 

QDs have also given access to new infor ma tion regard ing endosomal traf fick -
ing of transmembrane recep tors. A study by Lidke and cowork ers in 2004 dem on -
strated that QDs con ju gated to the epi der mal growth fac tor (EGF) using
streptavidin-bio tin bind ing could be used to mon i tor the bind ing of EGF to spe cific
mem brane recep tors and track their intracellular fate [42] (Fig ure 6.7). EGF-QDs
were shown to cor rectly bind and acti vate the tar geted erbB1 recep tor, fol lowed by
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(a)

(b)

Fig ure 6.7 Ret ro grade trans port of EGF-QDs (red) on filipodia. (a) A431 cell express ing recep tor
erbB3-mCitrine (green); max i mum inten sity pro jec tion of four 0.5-µm con fo cal sec tions as a func -
tion of time. (b) Mag ni fied image of filipodium indi cated in the last panel of (a), show ing the uni -
form migra tion of the EGF-QDs toward the cell body with a veloc ity of ∼10 nm/s. All scale bars,
5 µm. Reprinted by per mis sion from Macmillan Pub lish ers Ltd [42], © 2004. (See Color Plate 13.)



endocytotic uptake of the EGF-QD-recep tor com plex. The authors were then able to 
track the tra jec to ries of indi vid ual EGF-QD-recep tors and show the exis tence of a
new ret ro grade trans port mech a nism in filopodia from the cell sur face to the cell
body. In a sub se quent study, the authors used sin gle EGF-QD track ing to exam ine
the nature of this ret ro grade trans port in detail [43]. In par tic u lar, anal y sis of sin gle
QD tra jec to ries and their mean square dis place ments showed a behav ior con sis tent
with active trans port and not a Brownian motion. The authors showed that this
trans port was sup ported by the actin net work, as indi cated by anal y sis of trans port
veloc i ties and the effects of phar ma co log i cal agents. They next exposed the cells to
two dif fer ent col ors of EGF-QD con ju gates and observed that the onset of active
trans port cor re lated with merg ing of two EGF-QD con ju gates. This showed that
dimerization of EGF-acti vated recep tors was nec es sary to trig ger the active trans -
port. Finally, they exam ined whether ret ro grade trans port occurred before or after
endocytosis of the EGF-QD-recep tors con ju gates using FRET between QD donors
and organic dyes. Mem brane-imper me able biotinylated dyes were able to bind the
remain ing bio tin-bind ing sites on QD-EGF con ju gates, result ing in effi cient FRET,
even after the onset of ret ro grade trans port. This dem on strated that these con ju gates 
were still avail able to the extracellular medium and that recep tor endocytosis
occurred only after ret ro grade trans port along the filopodia, when reach ing the cell
body. In another study, Vu and cowork ers used anti body-con ju gated QDs to tar get
spe cific mem brane recep tors to the nerve growth fac tor [44]. The authors showed
that QDs allowed mon i tor ing not only of the recep tor cel lu lar uptake, but also of its
intracellular fate. QD-labeled recep tor pro cess ing by the cells was consistent with
that of unlabeled receptors, including active shuttling of QD-receptors conjugates to 
new neural processes. 

Cir cum vent ing issues of effec tive transmembrane deliv ery of QD-bioconjugates, 
Courty and cowork ers used osmotic lysis of pinosomes to deliver indi vid ual
QD-kinesin motor con ju gates into the cell cyto plasm. This mode of deliv ery
involves expo sure of the cells to first a hyper-osmotic solu tion to induce QD
pinocytosis, then to a hypo-osmotic solu tion to break the pinosomes and release
their con tent into the cyto plasm. The authors were then able to fol low the QD tra -
jec to ries over time and found that the major ity of QD-con ju gates exhibit tra jec to ries 
typ i cal of freely dif fus ing Brownian motion, but a smaller frac tion (~ 10 per cent) of
con ju gates exhib ited a rather lin ear directed motion. This directed motion was never 
observed when using unconjugated QDs or when inhib it ing kinesin motor trans port
by a chem i cally induced depolymerization of the actin fil a ments. When ana lyz ing
the directed motion of this frac tion of QD-con ju gates, the authors observed a veloc -
ity con sis tent with in vitro obser va tions, which show that kinesin move ment was not 
affected by its QD cargo. This study is par tic u larly encour ag ing for future use of
QDs to track indi vid ual biomolecules in the cyto plasm, even though sys tem atic
stud ies will be needed to val i date this type of cel lu lar deliv ery and to ensure the
absence of non spe cific interactions of the QDs with the complex intracellular
environment.

These stud ies, and oth ers, clearly indi cate that QDs may offer pre cious insights
into intracellular traf fick ing of mem brane recep tors and reveal pre vi ously inac ces si -
ble trans port mech a nisms. In gen eral, the main lim i ta tions of these tech niques orig i -
nate from the still rel a tively large size of the QD con ju gates, which may influ ence the 
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QD-labeled pro tein dif fu sion in con fined spaces like syn ap tic clefts or from non spe -
cific inter ac tions with endog e nous mol e cules. The size lim i ta tion adds con straints
even to prob ing extracellular transmembrane pro tein track ing (e.g., due to the pres -
ence of large transmembrane car bo hy drates). Blink ing of QD flu o res cence causes
inter mit tent inter rup tion of the recon structed tra jec to ries, but it appears that this is
not a major obsta cle to the use of QDs as long as the den sity of labeled recep tors is
low enough that the same QD can be iden ti fied again dur ing the next emit ting
period. How ever, it may be nec es sary to cor rect quan ti ta tive transport
measurements from QD blinking effect in certain applications [45].

6.5 Conclusion

QDs are find ing increas ing util ity in a vari ety of appli ca tions, includ ing bio log i cal
sens ing and imag ing, due to sev eral unique intrin sic photophysical prop er ties. By
allow ing easy mea sure ments with high sig nal-to-noise ratios and extended obser va -
tion times, QDs have also opened up new pos si bil i ties for study ing biomolecular
inter ac tions at the sin gle mol e cule level. For exam ple, they allowed track ing of sin -
gle biomolecule tra jec to ries over sev eral tens of min utes with high sig nal-to-noise
ratios and con se quently high spa tial res o lu tion. The set of sin gle mol e cule stud ies
sum ma rized in this chap ter con sti tute only a frac tion of what use of lumi nes cent
QDs prom ises in biol ogy. These mate ri als have the poten tial not only to improve
exist ing sin gle biomolecule assays, but more impor tantly to pro vide pre vi ously
inac ces si ble infor ma tion about biomolecular inter ac tions, as has been dem on -
strated in a few pre lim i nary in vitro and live cell stud ies. Opti cal tech niques for the
track ing of sin gle mol e cules, in par tic u lar, will con tinue to ben e fit from using QDs
[45-47], as fur ther prog ress will poten tially bring even better spatial and temporal
resolution of reconstructed trajectories in living cells. 

How ever, fur ther prog ress will be required in sev eral domains to take advan -
tage of the full poten tial of QDs use in sin gle mol e cule stud ies. In par tic u lar, more
sys tem atic stud ies are needed to char ac ter ize the effects of sur face coat ing and con -
ju ga tion strat e gies on the long-term sta bil ity of hydro philic QDs and
QD-bioconjugates in buff ers and in intracellular envi ron ments. These issues are fur -
ther dis cussed in Chap ter 1 of this vol ume. Intracellular com part ments are com plex
and usu ally rich in ionic mate ri als, and non spe cific inter ac tions often affect the QD
move ments in these media. Since QDs offer real advan tages for sin gle mol e cule
stud ies com pared to other flu o res cent mark ers, we can expect that as the sur face
prop er ties, sta bil ity, and con ju ga tion strat e gies con tinue to prog ress, sin gle mol e -
cule assays using QDs will ulti mately tran si tion from proof-of-prin ci ples per formed 
by specialists to general use by a broad biological and biophysical community.
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C H A P T E R  7

Assessment of the Issues Related to the
Toxicity of Quantum Dots

Françoise M. Winnik and Dusica Maysinger

7.1 Introduction

With the excit ing pos si bil i ties offered by quan tum dots (QDs) in clin i cal appli ca -
tions, the poten tial tox ic ity of QDs has become a seri ous con cern. To date there is
not suf fi cient infor ma tion avail able in the lit er a ture or unan i mous con sent on
whether or not QDs induce harm ful effects when they are intro duced into bio log i cal 
sys tems. How ever, in the past few years there has been a num ber of impor tant inves -
ti ga tions on the safety of QDs point ing out some key fac tors that may con trib ute to
the harm ful inter ac tions of QDs with cells in vivo and in vitro. In view of their size,
QDs belong to a class of mate ri als known as engi neered nanomaterials that are
under inves ti ga tion by reg u la tory agen cies world wide regard ing haz ard iden ti fi ca -
tion. Sev eral reviews on the poten tial det ri men tal health effects of nanoparticles and 
on screen ing strat e gies have appeared recently and should be con sulted by read ers
wish ing to gain insights into the bur geon ing field of nanotoxicity and its
implications in engineering, research, and health management [1–5].

In his toxicologic review of QDs pub lished in 2006, Hardman offers an excel -
lent intro duc tion to the com plex ity of the prob lem [6]. He stressed that the extent of 
cytotoxicity depends on a num ber of fac tors related not only to the physicochemical 
prop er ties of the par ti cles but also to the modal i ties of their use. A large sec tion of a
2008 review by Lewinski et al. on the cytotoxicity of nanoparticles is devoted to
semi con duc tor nanoparticles [7]. It pro vides a list of the exper i men tal set ups and
results on CdSe and CdTe QDs reported from 2002 to 2007, includ ing data on cell
lines, con di tions of expo sures, assays employed, and sur face char ac ter is tics of the
QDs. This infor ma tion is very use ful, since cell type and cell sta tus at the time of QD 
expo sure crit i cally influ ence the extent of QD-induced cell tox ic ity. All these bio log -
i cal vari ables together with the rich ness of QDs in terms of chem is try and breadth of 
appli ca tions have led to con fus ing and some times con tra dic tory state ments on
QD-induced tox ic ity. Our objec tive in this review is to help the reader in iden ti fy ing
the risks involved with the use of QDs and in design ing pro to cols that will elim i nate
unde sir able side effects, or at least min i mize them, within the con text of a spe cific
appli ca tion. The review exam ines first the routes of expo sure to QDs and the mech -
a nisms of their cel lu lar inter nal iza tion. This sec tion includes a brief descrip tion of
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com mon in vitro assays of cel lu lar dam age. Then, we expose the exper i men tal evi -
dence of cel lu lar dam age induced by QDs via four mech a nis tic path ways: (1) release
of toxic metal ions; (2) release of cap ping mate rial; (3) pro duc tion of reac tive oxy -
gen spe cies (ROS); and (4) genomic and epigenomic damage. A final section is
devoted to the current status on QD bioaccumulation and clearance in vivo. 

7.2 General Considerations

7.2.1 Routes of Exposure

Given that QDs show great prom ise as med i cal imag ing agents, expo sure result ing
from admin is tra tion to patients for medic i nal pur pose is of great est con cern, at least
the o ret i cally, since no QD prod uct is cur rently approved for diag nos tics or ther a -
peu tic pur poses. A major ity of the stud ies on the poten tial tox ic ity of QDs were
designed such that they model this puta tive admin is tra tive route of expo sure for
humans, as will be described later. None the less, it is impor tant to assess inci den tal
or acci den tal modes of expo sure, such as those met in the work place by research ers,
engi neers, or cli ni cians, who may be exposed to QDs by inha la tion, through der mal
con tact, or by acci den tal inges tion. Most pro to cols cur rently in use for syn the sis of
QDs are sol vent based and require han dling of solu tions. Lit tle is known on the con -
di tions under which QDs may form aero sols or whether they form aggre gates in air.
Guide lines to assess the risks of QD inha la tion are pro vided by the large body of
work on the health effects of expo sure to air borne nanoparticles sim i lar to QDs in
term of their size (min eral dust par ti cles, sil i cates, and so on) [1, 8, 9]. Top i cal expo -
sure, either acci den tal or through cos metic appli ca tions, pro vides another poten tial
route of entry. 

A study by con fo cal micros copy has revealed that QDs can pen e trate the stra -
tum corneum of intact por cine skin and local ize within the epi der mal and der mal
lay ers after 8 to 24 hours of expo sure [10]. The study encom passed QDs of dif fer ent
sizes and shapes (spher i cal 4.6 nm in diam e ter and ellip soi dal 12 nm × 6 nm) with
neu tral (PEG), anionic (COO−), and cationic (PEG-NH2) coat ings. Local iza tion of
QDs in the epi der mal lay ers was con firmed in all cases after a 24-hour expo sure, but 
the kinet ics of pen e tra tion depended on the QDs char ac ter is tics. Fur ther more, the
group showed that anionic and cationic QDs, but not neu tral QDs, are inter nal ized
by epi der mal keratinocytes (HEK cells) and local ize in the cyto plasm and the
nucleus [11, 12]. Intradermal (ID) injec tion of CdSe/ZnS core/shell nanoparticles
coated with poly(eth yl ene gly col) (PEG) emit ting at 621 nm with a diam e ter of 37
nm was per formed into female SKH-1 hair less mice as a model sys tem for deter min -
ing tis sue local iza tion fol low ing intradermal infil tra tion [13]. The QDs remained as
a deposit in skin and pen e trated the sur round ing via ble subcutis. They were dis trib -
uted to drain ing lymph node, to the liver, and to other organs.

Nanoparticle expo sure through con tam i nated envi ron men tal media is also of
con cern, given the large range of pos si ble appli ca tions, which may neces si tate size -
able pro duc tion vol ume of these nanoproducts. Most QD met als (e.g., Cd, Te, and
Se) are known to be toxic to ver te brates at low con cen tra tion (ppm); thus, deg ra da -
tion of QDs upon stor age in the dark or under photolytic con di tions could have
harm ful envi ron men tal con se quences. Unfor tu nately, lit tle is known on the sta bil ity
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of QDs sub jected to envi ron men tal trans for ma tions. Con tam i na tions of the envi -
ron ment could occur via streams pol luted with waste mat ter orig i nat ing from man -
u fac tur ing or clin i cal set tings [14]. Proper pro ce dures for the dis posal of
QD-con tain ing waste should be estab lished in order to min i mize the risk of envi ron -
men tal con tam i na tion, as numer ous stud ies described later have confirmed that
many cell types are able to internalize QDs. 

7.2.2 Mechanisms of Cellular Internalization of QDs 

Dif fer ent cel lu lar uptake mech a nisms may con trib ute to the inter nal iza tion of QDs
(Fig ure 7.1). The rel e vance of each path way depends on the physicochemical prop -
er ties of the QDs (e.g., size, sur face charge, coat ing, lig ands, and aggre ga tion sta tus) 
and on the exposed cell type. For cells from the immune sys tem, such as
macrophages, uptake of nanoparticles occurs via phagocytosis, a pro cess through
which par ti cles are engulfed by the mem brane recep tors lead ing to the for ma tion of
phagosomes [15, 16]. The translocation mech a nism avail able to all cells is
endocytosis, a term that encom passes sev eral dis tinct mech a nisms and even tu ally
leads to the for ma tion of intracellular ves i cles, the endosomes, which are led to var i -
ous cell com part ments [17, 18]. Nanoparticles that can not be used by the cells are
traf ficked to acidic com part ments (the lysosomes, pH ~ 5) or to the peroxisomes,
which pro vide a highly oxi da tive envi ron ment favor ing deg ra da tion of the par ti cles
[19]. Exam ples of spe cific endocytotic pro cesses include pinocytosis, which involves 
the for ma tion of macropinosomes that mature and form lysosomes. Clathrin-medi -
ated endocytosis occurs at spe cific loca tions of the mem brane known as
clathrin-coated pits and yields inter me di ate ves i cles, which are pro cessed by early
endosomes and late endosomes. Nonclathrin and noncaveolae-medi ated
endocytosis are also avail able to cells. For exam ple, par ti cles may be internalized
via so-called lipid rafts. Inter nal iza tion of nanoparticles by sim ple dif fu sion, a pas -
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Color Plate 14.)



sive pro cess, may also account for nanoparticle entry into cells. Recently, an active
transport of nonfunctionalized QDs was also reported [20].

Sev eral or all of the inter nal iza tion pro cesses are avail able to nanoparticles as
they come in con tact with live cells [21]. The selec tion of the most prob a ble mech a -
nism of entry depends on fac tors such as (1) the physicochemical prop er ties of the
par ti cles, in par tic u lar their size, shape, sur face chem is try, and aggre ga tion state; (2)
the exper i men tal con di tions of the in vitro or in vivo assay, which will affect the
nanoparticle indi rectly via pro cesses such as opsonization by serum com po nents or
mod i fi ca tions by pro teins or lipids; and (3) the char ac ter is tics of the cell (“pro fes -
sional” phagocytes or not, nor mal ver sus “can cer ous” cells, dif fer en ti a tion sta tus).
The inter ac tion of a given nanoparticle with a cell and the final out come of the expo -
sure are dic tated by these fac tors as a whole. To con duct mech a nis tic inves ti ga tions
on the cytotoxicity of nanoparticles, it is nec es sary to con trol as many param e ters as
pos si ble in order to clar ify the rela tion between the uptake mech a nism and sub se -
quent cel lu lar dis tri bu tion pat tern of the par ti cles and monitor which cellular
pathways are triggered by internalized nanoparticles. 

7.2.3 Detection of QD-Induced Cytotoxicity

The first in vivo stud ies aimed at dem on strat ing the excep tional imag ing capa bil i ties 
of QDs did not indi cate marked cytotoxic effects [22]. Yet in vitro inves ti ga tions
pro vided evi dence of cytotoxicity, rais ing the ques tion of the rel e vance of in vitro
tests in the con text of QDs eval u a tion for in vivo appli ca tions. None the less cell cul -
ture assays need to be con ducted in order to min i mize unnec es sary in vivo exper i -
ments and to gain mech a nis tic infor ma tion. In the fol low ing sec tion, we describe
briefly the assays com monly employed in stud ies address ing the ques tion of QD
cytotoxicity in order to help the reader to appreciate the limitations of each
technique.

In a large num ber of stud ies, con clu sions are drawn from colorimetric assays,
such as the MTT via bil ity assay, aimed at dis tin guish ing between live and dead cells. 
In this test, a yel low dye, 3-(4,5-dimethylzol-2-yl)-2,5-diphenyl tetrazolium bro mide 
(MTT), is con verted into a dark blue formazan dye upon reac tion with mito chon -
drial dehydrogenase enzymes [23, 24]. This con ver sion occurs only in live cells.
Hence, the pro duc tion of formazan, quan ti fied by its absorbance at 492 nm, can be
cor re lated to the via bil ity of cells under a given set of con di tions. The WST-1 and
WST-8 tests func tion sim i larly, on the basis of dif fer ent water-sol u ble formazan
dyes [25, 26]. The Alamar Blue (or resazurin) test is a colorimetric assay in which the 
nonfluorescent Alamar Blue is con verted to a pink flu o res cent dye by NADP and
FADH-depend ent enzymes dur ing oxy gen con sump tion in healthy cells [27, 28]. A
few stud ies have reported via bil ity data based on other tests, such as the Trypan Blue 
exclu sion assay [29]. The idea here is that Trypan Blue only enters cells with dam -
aged mem branes. This selec tiv ity results in two cell pop u la tions: (1) stained cells
that are either dead or dying and (2) clear cells that are alive with uncompromised
mem branes. This assay is widely used in biology due to its simplicity. 

Via bil ity assays yield no infor ma tion on sublethal effects of QDs that may have
impli ca tions in the lon ger timeframe or that may help in elu ci dat ing mech a nis tic
path ways. A num ber of tests have been devel oped to assess such dam ages. For
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instance, the glutathione assay detects lev els of glutathione (GSH) using Ellman’s
reagent (5,5’-dithio-bis-2-nitrobenzoic acid, DTNB), which reacts with thiol groups 
to pro duce yel low 5-thio-2-nitrobenzoic acid (TNB) and oxi dized glutathione
(GSSG) [30, 31]. The pro duc tion of TNB is mea sured from the absorbance (405 or
412 nm), and these con cen tra tions are cor re lated to the con cen tra tion of GSH in the 
sam ple. Peroxidation of mem brane lipids is assessed by spe cific assays, such as the
thiobarbituric (TBA) test, which detects the for ma tion of a lipid-peroxidation
byprod uct known to form a flu o res cent pink dye upon treat ment with TBA (heat in
acidic con di tions) [32]. The flu o res cent dye BODIPY-581/591 C11 is a lipid dye that
inserts into lipid mem branes. It allows the quan ti fi ca tion of oxi dized ver sus
nonoxidized lipids, using the ratio of green to red flu o res cence inten sity, which
scales with the ratio of oxi dized to nonoxidized lipids. The lac tate dehydrogenase
(LDH) release assay, another mea sure of mem brane integ rity, is a colorimetric assay 
involv ing the con ver sion of a tetrazolium salt into a formazan, quan ti fied by its
absorbance at 490 nm [33, 34]. The extent of LDH enzyme release into the cel lu lar
envi ron ment is pro por tional to the num ber of cells with com pro mised mem branes.
QD expo sure-trig gered inflam ma tion can be tested via the pro duc tion of
pro-inflam ma tory cytokines detected by enzyme-linked immunosorbant assays
(ELISA). The most com monly mea sured mark ers of inflam ma tion are cytokines,
such as interleukins (e.g., IL-1Beta, IL-6), and tumor necro sis fac tors (e.g.,
TNF-alpha). ELISA assays are gen er ally sen si tive, fast, and easily performed in
laboratories without need for expensive and sophisticated equipment.

A use ful method to assess the occur rence of DNA dam age on QD-treated cells
uses flow cytometry of cells stained with propidium iodide or Annexin V [35, 36].
Propidium iodide only enters cells with leaky mem branes and the dye becomes
strongly flu o res cent upon bind ing to DNA. The emis sion inten sity is a mea sure of
the extent of dam aged plasma mem brane (i.e., the more exten sive the dam age, the
more dye will get into the cell nuclei and the stron ger the flu o res cence inten sity).
Flow cytometry pro vides reli able infor ma tion on dif fer ent pop u la tions of cells
exposed to inju ri ous agents. How ever this tech nique does not reveal any infor ma -
tion on pos si ble mor pho log i cal changes in the nucleus and other organelles. Trans -
mis sion elec tron micros copy is the most reli able tech nique to detect such changes.
How ever, this tech nique is time con sum ing. It can only pro vide infor ma tion on a
rel a tively lim ited num ber of cells at one time, and it is not prac ti cal for deter min ing
the dynam ics of a dete ri o ra tion pro cess. The Comet assay or sin gle cell gel elec tro -
pho re sis (SCGE) assay is a rapid, sen si tive, and rel a tively sim ple method to detect
DNA dam age at the level of indi vid ual cells [37]. In the orig i nal pro ce dure cell lysis
and sub se quent elec tro pho re sis were done under neu tral con di tions, and stain ing
was done with acridine orange [38]. The image obtained resem bles a comet with a
dis tinct head com pris ing of intact DNA and a tail con sist ing of dam aged or frag -
mented DNA. A more ver sa tile alka line method was devel oped later to mea sure low 
lev els of strand breaks with high sen si tiv ity [39]. This assay is semiquantitative, and
inter pre ta tion of dif fer ent types of tails is some times dif fi cult. High-through put
assays, such as the GeneChip assay (Affymetrix) pro vide fast and effective means of
profiling changes in gene expression upon treatment of cells with nanoparticles,
including QDs. 
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There is no ques tion that the most reli able infor ma tion on cytotoxicity is
obtained by com bin ing sev eral dif fer ent tech niques. A con sid er ably larger pal ette of
approaches must be applied if the ques tions are directed toward reveal ing a par tic u -
lar type of cell death or degen er a tion. Sub tle cel lu lar dam age, which could even tu -
ally lead to long-term impair ment, can only be revealed by func tional assays (e.g.,
electrophysiological assess ments of chan nel func tions; release of neurotransmitters
or hor mones, histone acetylation, post-translational mod i fi ca tion, methylation, and 
phosphorylation) cou pled with real-time live cell imag ing. Descrip tion of these
assays is beyond the scope of this chapter.

7.3 Mechanisms of Quantum Dots Cytotoxicity

There is a gen eral con sen sus that QD-induced cel lu lar impair ment and even tual cell
death can involve the fol low ing events: (1) the release of the highly toxic heavy met -
als (Cd, Te, Se); (2) the desorption of the organic cap ping layer; (3) the for ma tion of
reac tive oxy gen spe cies (ROS) and the cas cade of events trig gered by ROS; and (4)
epigenetic and genetic changes involv ing histone mod i fi ca tions and DNA cleavage. 

7.3.1 Release of Toxic Metal Ions 

Cad mium, sele nium, and tel lu rium, the core com po nents of the most widely used
QDs, are known to cause acute and chronic toxic effects in humans. A great deal of
tox i co log i cal data is avail able on cad mium and sele nium, which are of seri ous envi -
ron men tal con cern. They are known to accu mu late in ver te brates, with a bio logic
half-life in humans of 15 to 20 years (in the case of cad mium) [40]. Cad mium can be  
retained in all organs [41], and it has been shown to cross the blood brain bar rier
and induce neu ro log i cal dam age [42, 43]. The liver and kid ney are the main tar get
organs of cad mium tox ic ity [44], which involves, among other fac tors, inter fer ence
with anti ox i dant enzymes [45], alter ations in thiol pro teins [46], inhi bi tion of
energy metab o lism [47], gen er a tion of ROS and lipid peroxidation [48], and alter -
ation in DNA struc ture [49]. Less is known on the tox ic ity of tel lu rium, although it
was shown almost 20 years ago that this metal can induce sig nif i cant damage in the
peripheral nervous sys tem [50].

Sev eral groups have dem on strated that the amount of free Cd2+ in solu tions of
QDs prior to their addi tion to cells cor re lates with the cytotoxicity in vitro [51,52].
The free Cd2+ con cen tra tion, deter mined by tech niques such as induc tively cou pled,
plasma opti cal emis sion spec tros copy (ICP/EOS), in a 0.25 mg/mL solu tion of QDs
ranged from 6 ppm (~ 50 µM) for non toxic CdSe/ZnS QDs to as much as 126 ppm
(~ 1.05 × 103 µM) for the highly toxic CdSe QDs [53]. The lat ter value is within the
range of Cd2+ lev els known to induce sig nif i cant decrease in cell via bil ity (100 to 400
µM) [54]. Derfus et al. dem on strated that the level of Cd2+ con tam i nat ing solu tions
of CdSe QDs depends on the type of coat ing and on stor age con di tions, such as
expo sure to light and air [53]. Their work sug gests that Cd2+ gen er a tion results from
the grad ual ero sion of the nanoparticle outer sur face. 

More recent work indi cates that a ZnS outer layer pro vides the CdSe core with a 
robust, mostly defect-free coat ing of enhanced resis tance against deg ra da tion in oxi -
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da tive media. For instance, CdSe/ZnS QDs were shown to be non toxic and did not
inter fere with the liver-spe cific func tions of pri mary hepatocytes after expo sure to
low con cen tra tions (< 0.25 mg/mL) and rel a tively short peri ods of time (< 1 hr) [53,
55, 56, 57]. Var i ous ZnS-pro tected QDs have been used in a large num ber of in vivo 
and in vitro stud ies dur ing which QD-induced cytotoxicity was not observed within
the imag ing time period [51, 58, 59]. These stud ies and oth ers sug gest that one key
require ment is to pro tect the core with an outer layer that with stands aggres sions
from oxi da tive, acidic, or basic envi ron ments, and to ver ify that there is no trace of
Cd or Se release dur ing stor age, upon irra di a tion, and upon con tact with the bio log -
i cal media. Most stud ies sug gest that this cri te rion is met by QDs cov ered with a
zinc sul fide or cad mium sul fide (ZnS or CdS) outer layer syn the sized accord ing to
the core-shell model, a num ber of which are cur rently com mer cially avail able. Sil -
ica-coated CdSe or CdSe/ZnS par ti cles, which also pres ent this robust core-shell
mor phol ogy, were shown to be non toxic in var i ous types of cells—HepG2 (human
liver car ci noma), NIH 3T3 (mouse embry onic fibroblasts), and COS-7 (mon key
kid ney fibroblasts) based on the Alamar Blue via bil ity assay [60]. In these stud ies,
the sil ica outer sur face was hydro philic due to the pres ence of PEG chains or amine
groups orig i nat ing from the aminopropylsilane used dur ing the syn the sis of the sil -
ica shell. Leak ing of Cd2+ from sil ica-coated par ti cles is believed to be pre cluded,
although the absence of free Cd2+ in cells treated with SiO2-coated QDs has not been
dem on strated exper i men tally.

Cad mium tel lu ride-QDs also induce cytotoxic effects in vitro and in vivo. Their
tox ic ity was ascribed in part to the pres ence of free Cd2+ in a study of Cho et al., who 
tested expo sure of human breast can cer cells (MCF-7) to CdTe QDs with no pro tec -
tive coat ing other than an adsorbed layer of hydro philic lig ands, such as
mercaptopropionic acid (MPA) or cysteamine (Cys) [61]. They mea sured the
intracellular con cen tra tion of Cd2+ in MCF-7 cells incu bated for 24 hours with var i -
ous QDs (10 µg/mL) using a Cd-spe cific cel lu lar assay (Mea sure-iT). This study
revealed that there is no lin ear cor re la tion between the intracellular Cd2+ con cen tra -
tion mea sured in QD-exposed cells and the per cent loss of met a bolic activ ity (MTT
assay) of the same cells treated with the same QDs under the same con di tions. For
exam ple, MPA-coated CdTe QDs were sig nif i cantly more toxic than Cys-coated
CdTe QDs, yet the intracellular Cd2+ con cen tra tion was sig nif i cantly lower in
MPA-CdTe treated cells, com pared to Cys-CdTe treated cells. Cho et al. also
reported that CdSe/ZnS QDs were non toxic to MCF-7 cells under the same con di -
tions and that the intracellular Cd2+ con cen tra tion in cells treated with CdSe/ZnS
QDs was not detect able within the sen si tiv ity lim its of the assay. 

Kirchner et al. pointed out that the con cen tra tion of Cd2+ ions released from
unpro tected CdSe par ti cles should scale with the con cen tra tion of Cd atoms on the
sur face of the CdSe core, a value that can be esti mated from the size and con cen tra -
tion of the CdSe par ti cles (i.e., a 1-nM solu tion of CdSe par ti cles with 100 sur face
Cd-atoms has a sur face Cd con cen tra tion of 100 nM) [51]. Using this indi ca tor of
Cd2+ con cen tra tion as a means to com pare the cytotoxic effect of var i ous CdSe QDs
on sev eral cell lines (NRK fibroblasts, MDA-MB-435S breast can cer cells, CHO
cells, and RBL cells), these authors con cluded that there is no cor re la tion between
the Cd2+ sur face con cen tra tion and the via bil ity of cells exposed to QDs in serum
free medium [51]. This study cor rob o rates the find ings of Cho et al. indi cat ing that
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the tox ic ity of QDs (CdTe or CdSe) can not be accounted solely by the inher ent tox -
ic ity of released Cd2+. 

7.3.2 Effects of Capping Materials on Cytotoxicity

The stan dard pro to col for QD syn the sis involves first the for ma tion of semi con duc -
tor crys tals in an organic sol vent, and sec ond exchange of the lipophilic ligand, usu -
ally trioctylphosphine oxide (TOPO), with a hydro philic ligand, yield ing
water-sol u ble QDs. Since TOPO is a cytotoxic com pound, it is impor tant to ensure
its com plete removal dur ing the exchange step [62]. The chem i cal struc ture of the
lipophilic ligand needs to be selected with a view on its tox ic ity, since it has been
spec u lated that expo sure to acidic or oxi da tive intracellular envi ron ments or com -
pet i tive adsorp tion of cel lu lar com po nents may trig ger its desorption and
intracellular release. The tox ic ity of sev eral stan dard low molec u lar weight lig ands
was tested in the absence of QDs [62]. Some com pounds, such as thioglycerol, were
shown to be innoc u ous to cells; oth ers turned out to be harm ful. For exam ple,
mercaptoundecanoic acid (MUA) induced DNA dam age at 50 µg/mL, and at con -
cen tra tions > 100 µg/mL proved to be toxic in human lymphoblastoid WTK1 cells.
Cysteamine, another com monly used cap ping agent, was found to be weakly
genotoxic after a 12h treat ment. These mate ri als, whether inad ver tently pres ent in
the QD solu tion or desorbed from the QDs in vitro or in vivo, can con trib ute to the
over all cytotoxicity of QDs [63]. 

Sev eral groups have dem on strated that the replace ment of low molec u lar weight 
lig ands by a biocompatible hydro philic poly mer can alle vi ate the harm ful effects of
QDs. Thus, PEG chains [51] or PEG-grafted poly mers [60] yield water-dispersible,
sta ble, and gen er ally non toxic QDs. How ever, PEGylation increases sub stan tially
the hydro dy namic vol ume of the QDs and less ens their cel lu lar uptake, com pared to
QDs with less bulky hydro philic cap ping. These trends were observed in a study of
CdSe/Si-PEG QDs, which pre sented no toxic effects in NRK fibroblasts up to a con -
cen tra tion of 30 µM, as deter mined from the ratio of adher ent cells after and before
QD expo sure. How ever, cel lu lar uptake of the PEGylated QDs was greatly reduced
com pared to the cor re spond ing non-PEGylated QDs that had cytotoxic effects [51].
A recent study by Ryman-Ras mus sen et al. pro vides use ful infor ma tion on the tox ic -
ity of var i ous com mer cial PEG-coated CdSe/ZnS toward skin cells, pri mary neo na -
tal human epi der mal keratinocytes (NHEK) [12]. The QDs car ried neu tral PEG
chains, amine-ter mi nated-PEG, or COOH ter mi nated PEG-chains. They were
shown to local ize in the cyto plasm and the nucleus of NHEK cells. The three types of 
QDs were non toxic, as deter mined by the MTT assay, when used in low con cen tra -
tion (2 nM). Expo sure to higher con cen tra tions of QDs (10 nM) revealed that the
amine- and carboxylic acid-functionalized QDs were toxic and trig gered
pro-inflam ma tory cytokine release, whereas QDs coated with neu tral PEG
remained harm less. Fur ther exper i ments cor re lated the coat ing-depend ent
cytotoxicity of QDs to the mech a nism of their inter ac tions with the cells [11]. 

Entrap ment of CdSe QDs into poly(D-L)lactide nanoparticles sta bi lized by sur -
fac tants (over all hydro dy namic diam e ter of the com pos ite par ti cles: 160 to 260 nm)
was reported as yet another means to insu late the QD core from the cel lu lar envi ron -
ment [65]. The QD-con tain ing par ti cles, when coated with neu tral or neg a tively
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charged sur fac tants, were shown to be non toxic toward HepG2 cells, as assessed by
the MTT test. Sim i lar par ti cles sta bi lized with a cationic surfactant (cetyltrimethyl
ammo nium bro mide) proved to be toxic to the cells. This study high lights some of
the prob lems related to the use of poly mer-coated QDs, namely, increased size, and
intro duc tion of mate ri als, other than the metal core, which may be inherently toxic. 

7.3.3 Effects of QD Size on Cytotoxicity

A com par i son of the tox ic ity of QDs with iden ti cal, or at least sim i lar, com po si tion
and sur face coat ing but dif fer ent in size or hydro dy namic vol ume points to the
rather gen eral trend that smaller QDs are more cytotoxic than larger ones. Kirchner
et al. tested the tox ic ity of dif fer ent size CdSe QDs in sev eral cell lines  and attrib -
uted this trend to the higher sur face-to-vol ume ratio of small nanoparticles com -
pared to larger ones (or higher Cd2+ sur face con cen tra tion per mol or weight of QD)
[51]. Lovric et al. also noted that green CdTe QDs (diam e ter ~2.2–3 nm) were sig -
nif i cantly more toxic than red ones (~5.2–6 nm), with iden ti cal sur face cov er ing as
assessed by the MTT assay [66]. More over, they observed that the red QDs local ize
pri mar ily in the cell cyto plasm and do not enter in the nucleus, whereas the smaller
green QDs are found within the nucleus, where dam age of the DNA can occur. Sim -
i lar trends were reported also dur ing an in vitro study of the inter ac tions of green
(~2 nm), yel low (~4 nm), and red (~6 nm) CdTe QDs in human hepatoma cells
(HepG2) in con cen tra tions up to 100 µM treated for 48h [67]. The via bil ity of cells
was assessed by the MTT assay and reported as IC50 val ues or con cen tra tion of QD
caus ing a 50 per cent reduc tion in via bil ity. The IC50 val ues were 3.0, 4.8, and 19.1
µM for the green, yel low, and red QDs, respec tively. Note that the researcher car -
ried out in par al lel an in vivo trial, expos ing the same QDs to Sprague-Dawley rats
[67]. The ani mals expe ri enced a tem po rary decrease in loco mo tion imme di ately
upon injec tion and some weight loss. How ever, after a 4-hr treat ment, there was no
notice able dam age to the spe cific organs.

Most of cytotoxicity data from QD expo sure in vitro relate loss of via bil ity and
other cel lu lar impair ments to the con cen tra tion of the QD solu tion added to sys tem
inves ti gated. This con cen tra tion is a good esti mate of the extracellular QD con cen -
tra tion prior to inter nal iza tion. If the QD size, coat ing, and con cen tra tion are such
that the nanoparticles are readily endocytosed by the cells employed, then one may
assume that the intracellular con cen tra tion will be equal, or sim i lar, to the ini tial
con cen tra tion, given suf fi cient time for inter nal iza tion to occur. How ever, this may
not be the case at all, since there is great vari abil ity in QD inter nal iza tion, as
revealed by numer ous stud ies. These con sid er ations moti vated Chang et al. to eval -
u ate the tox ic ity of a set of CdSe/CdS QDs (core/shell struc ture) toward a human
breast can cer cell line (SK-BR-3) on the basis on the intracellular QD con cen tra tion, 
rather than the ini tial QD con cen tra tion added to cells [64]. The QDs were either
coated with a thin poly meric shell bear ing carboxylates or PEGylated with PEG
chains (MW 750 or 6000). Cell via bil ity was assessed by the live/dead assay.
Cytotoxicity was shown to be (1) con cen tra tion depend ent—the higher the dose,
the higher the cell death—a trend reported in many pre vi ous stud ies and (2) sur face
depend ent—the “bare” carboxylated QDs caused the larg est decrease in cell via bil -
ity for a given ini tial con cen tra tion. How ever, the intracellular QD con cen tra tion,
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after a 4-hr incu ba tion at 37 degrees C, dif fered greatly for the three types of QDs:
the intracellular con cen tra tion of uncoated QDs was approx i mately five times
higher than that of the PEGylated QDs. A plot of the frac tion of cell death ver sus
intracellular QD con cen tra tion indi cated no sig nif i cant dif fer ence between via bil ity
data obtained for the three types of QDs, although ini tial con cen tra tion/tox ic ity
stud ies revealed dif fer ent cytotoxicities for each sur face-mod i fied QD (Fig ure 7.2).
Hence, the study sug gests that the appar ent improved biocompatibility of some QDs 
arises from a reduced cellular uptake of QDs and is not a good indicator of the
intrinsic toxicity level of the QDs.

The gen er al ity of this obser va tion remains to be con firmed. None the less it
points to the impor tance of assess ing the tox ic ity of QDs on the basis of their
intracellular con cen tra tion, a pro to col rarely fol lowed in the past. Spe cial exper i -
men tal care needs to be taken in order to ensure the reli abil ity of the intracellular
QD con cen tra tion deter mi na tion. Sev eral pro to cols have been reported and usu ally
involve sev eral steps [68, 69]: (a) removal of excess extracellular QDs by wash ing
the cells; (b) deter mi na tion of cell num ber; and (c) mea sure ment of the sam ple lumi -
nes cence (from QDs) using appro pri ate con trols and cal i bra tion curves. Some
authors rec om mend sub ject ing the cells to an alkali treat ment (2-hr incu ba tion in
0.1M NaOH) prior to lumi nes cence mea sure ment in order to destroy the cell and all
the organelles. Cel lu lar res i dues are then removed by centrifugation prior to
fluorometric quantification.

7.3.4 Effects of Reactive Oxygen Species on Cytotoxicity 

7.3.4.1 Oxidative Stress

The gen er a tion of ROS upon expo sure of cells to nanoparticles is cur rently con sid -
ered to be one of the major con tri bu tors to their tox ic ity [2, 4]. Alter ation of the
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Fig ure 7.2 Cytotoxicity eval u a tion based on the same num ber of intracellular QDs for non
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per mis sion from Wiley-VCH.



steady-state bal ance between oxi dant and anti ox i dant agents in the cell causes what
is known as oxi da tive stress, which dis rupts nor mal phys i o log i cal pro cesses suf fi -
ciently to inhibit pro lif er a tion, induce dif fer en ti a tion [70], and, even tu ally, lead to
cell death [71]. There are many dif fer ent types of cell death, and it is com monly
believed that QDs lead not only to apoptosis, but also to necro sis and cell death
with autophagy [72]. Sev eral modes for the acti va tion of cel lu lar sig nal ing cas cades
by ROS have been iden ti fied and dis cussed in detail [73]. Cel lu lar response depends
on the sever ity of the oxi da tive stress, cell type, expres sion of anti ox i dant enzymes,
microenvironment, and many other fac tors includ ing other pos si ble stress ors pres -
ent together with QDs. At its low est level, oxi da tive stress induces the gen er a tion of
anti ox i dants and the syn the sis of detox i fi ca tion enzymes [74]. At higher lev els, this
pro tec tive response is over taken by inflam ma tion ini ti ated through acti va tion of
proinflammatory sig nal ing cas cades. It is well doc u mented that cer tain types of
QDs cause cytokine release and the release of proapoptotic fac tors [11]. Pro -
grammed cell death can be ini ti ated either extrin si cally or intrin si cally. A well-char -
ac ter ized extrin si cally ini ti ated pro gram involves the sig nal transduction cas cade
start ing with the Fas (CD95) recep tor, which is a prototypical “death recep tor”
[75]. Acti va tion of the Fas recep tor even tu ally leads to caspase acti va tion and
cell death [76]. Down stream sig nal ing of Fas can also induce acti va tion of lipases
and pro-apoptotic tran scrip tion fac tors such as p53, which then poten ti ate
apoptosis [77]. 

Var i ous assays have been devel oped to detect and quan tify the cel lu lar
responses at each level of oxi da tive stress. Param e ters assessed include increased
expres sion of anti ox i dant enzymes and cytokines, upregulation of “death recep -
tors” such as Fas, or cell mem brane dam age, includ ing lipid peroxidation. ROS
them selves can be detected by elec tron spin res o nance spec tros copy [78], an
approach that tends to be cum ber some with tis sues or cells, or via in vitro assays
using a vari ety of flu o res cent dyes [79, 80]. Dichlorodihydrofluorescein diacetate is
often used in pre lim i nary screen ing since it detects nearly all ROS [81, 82]. Other
dyes are much more spe cific to indi vid ual types of free rad i cals. Two ROS spe cies
often impli cated in the oxi da tive stress induced by nanoparticles are superoxide and 
sin glet oxy gen, which can be detected by dihydroethidium and singlet oxygen green
sensor, respectively.

Imag ing by con fo cal flu o res cence micros copy of cells stained with organelle-
spe cific dyes is a pow er ful tool to assess sig na ture mor pho log i cal dam ages inflicted
by ROS on cell organelles, such as the mito chon dria (e.g., visu al ized with
MitoTracker Deep Red), lysosomes (e.g., LysoTracker DND 99), the nucleus (e.g.,
DAPI and Draq5), and lipid drop lets (e.g., Oil Red O). Cells dam aged upon treat -
ment with CdTe QDs (2–3 nm, green pos i tively charged) are visu al ized by this tech -
nique, as pre sented in Fig ure 7.3, together with micro graphs of nor mal cells
obtained under the same con di tions [83]. By com par ing the micro graphs recorded
for nor mal cells and cells sub jected to oxi da tive stress, one notices that in injured
cells the nuclei are deformed and is chromatin con densed, the mito chon dria are
swol len and often local ized in the perinuclear region; the lysosomes are swol len,
and the num ber of lipid drop lets is increased.
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7.3.4.2 Mechanisms of QD-Induced Oxidative Stress

While sev eral stud ies, described later, point to the involve ment of ROS gen er a tion as 
one fac tor con trib ut ing to the tox ic ity of QDs, the exact mech a nism by which QDs
cause ROS for ma tion is not yet fully under stood. Enhanced ROS gen er a tion may
occur by direct reac tion of the QDs with molec u lar oxy gen pres ent in bio log i cal flu -
ids or via phys i cal inter ac tion with cel lu lar struc tures involved in the catal y sis of bio -
log i cal reduc tion/oxi da tion (redox) pro cesses. Spe cific mech a nisms that have been
sug gested include the fol low ing: (a) light-induced energy trans fer, in the pres ence of
a photosensitizer, lead ing to the for ma tion of sin glet oxy gen (1O2) [61, 84]. The gen -
er a tion of 1O2 upon irra di a tion of QDs has been shown to occur, but it is gen er ally
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not an effi cient pro cess, except in the case of QD-photosensitizer con ju gates, such
as those inves ti gated for appli ca tions in photodynamic ther apy [85–87]. (b)
Photoexcitation to gen er ate free elec trons and sub se quent elec tron trans fer to oxy -
gen yield ing superoxide (O2

-), which disproportionates spon ta ne ously or upon
enzy matic catal y sis to pro duce hydro gen per ox ide. Hydro gen per ox ide can be fully
reduced to water by peroxidases or else par tially reduced in the pres ence of redox
active tran si tion metal ions in their reduced form, such as Fe2+ or Cu+ (Fenton reac -
tion), result ing in the pro duc tion of hydroxyl rad i cals, which are potent ini ti a tors of 
rad i cal chain reac tions with diverse biomolecules. In this con text, it is use ful to
recall the results of Ipe et al. [78], who per formed a study of free rad i cal gen er a tion
in aque ous solu tion by photoirradiation of CdS, CdSe, and CdSe/ZnS QDs coated
with mercaptopropionic acid. The study con firmed that QDs are able to pro duce
free of rad i cals upon UV irra di a tion, but the type and quan tity of rad i cal formed
depend on the QD com po si tion. While CdS QDs have suf fi cient redox power to
gen er ate both hydroxyl and superoxide rad i cals, CdSe QDs exclu sively gen er ate
hydroxyl rad i cals. Impor tantly, irra di a tion of CdSe/ZnS core/shell QDs did not pro -
duce free rad i cals under the con di tions used. 

7.3.4.3 Oxidative Stress and Free Cd2+

The sit u a tion is some what com pli cated by the fact that ROS gen er a tion can be
induced also by Cd2+ ions pres ent inad ver tently or leaked out of the QDs. A num ber
of authors have reported this mech a nism to account for the tox ic ity of Cd2+ added as 
sol u ble salt (not as QD) while inves ti gat ing its effect on dif fer ent cell types [88–90].
Often ROS for ma tion is detected in the early stages of Cd2+-induced tox ic ity. Lipid
peroxidation has also been asso ci ated to ROS pro duced from Cd2+, rather than by
direct Cd2+ involve ment. All the param e ters stud ied (ROS for ma tion, mito chon drial 
poten tial dys func tion, and so on) were found to be lower in the pres ence of serum
than in its absence, imply ing a serum pro tec tion against oxi da tive stress [48]. The
pro tec tion is believed to be medi ated by seques tra tion of cad mium by thiol groups
of serum pro teins, which decreases the effec tive con cen tra tion of Cd2+ and con se -
quently reduces the dam age caused by Cd2+. It is worth while to remem ber here that
sev eral research ers have noted a sim i lar pro tec tive effect of serum against
QD-inflicted dam ages. 

7.3.4.4 Experimental Evidence

In an early study, Lovric et al. [66], who exam ined the inter ac tions of CdTe QDs
capped with small lig ands on rat pheochromocytoma (PC12) cells, noted that QDs
coated with MPA or cysteamine were cytotoxic at con cen tra tions of 10 µg/mL. Cell
death was char ac ter ized by chromatin con den sa tion and mem brane blebbing, com -
monly detected in cells under go ing apoptotic cell death. Based on the mor pho log i -
cal changes of cells upon expo sure to QDs, the authors pro posed that cell death was
caused by the gen er a tion of ROS and that, con se quently, the out come of expo sure
may be altered by treat ing the cells with agents known to pro tect cells under oxi da -
tive stress, such as N-acetylcysteine (NAC). Indeed, addi tion of NAC to cells
exposed to CdTe QDs sig nif i cantly enhanced cell sur vival. Such a remark able pro -
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tec tive effect by NAC is not only due to its anti ox i dant effect via inter ac tion with
thiol groups but also due to sev eral other mech a nisms includ ing its role as a
glutathione pre cur sor, as a tran scrip tion reg u la tor for genes involved in cel lu lar
homeo sta sis, and as a cell sur vival pro moter via inhi bi tion of apoptotic sig nal
transduction path ways. 

The gen er a tion of ROS was shown to take place also in QD-exposed human
neuroblastoma cells [91]. For exam ple IMR-32 cells, treated with mercaptoacetic
acid (MPA) coated CdSe QDs under went severe bio chem i cal changes ascribed to the 
gen er a tion of ROS detected in vitro by the 2’,7’-dichlorofluorescein diacetate flu o -
res cence assay. In con trast, none of these changes were observed when IMR-32 cells
were treated with CdSe/ZnS core-shell QDs, con firm ing pre vi ous reports on the pro -
tec tive effect of the ZnS shell. Dam ages inflicted by CdSe QDs were alle vi ated by
pre treat ment of the cells with ROS scav en gers, such as NAC or α-tocopherol.
Information on the apoptotic sig nal pwathways was gath ered from a bat tery of cel -
lu lar assays that revealed acti va tion of the pro tein kinase c-Jun-N-ter mi nal kinase
(JNK) and of caspase-9 and caspase-3, but not caspase-8, decrease of the mito chon -
drial mem brane poten tial, and mito chon drial release of cytochrome c. More over,
CdSe QDs were shown to inhibit sur vival-related sig nal ing events, such as the
expres sion of the Ras and Raf-1 pro teins, and to decrease acti va tion of the
extracellular signal regulated kinase (ERK). 

The effects caused to another human neuroblastoma cell line, SH-SY5Y, by
expo sure to CdTe QDs were assessed by Choi et al. [92], who con firmed the role of
oxi da tive stress in cell death based on the results of exper i ments that com bined bio -
chem i cal assess ment of cel lu lar mech a nisms and chem i cal mod i fi ca tion of the QD
sur face layer. Var i ous cel lu lar responses were iden ti fied by treat ing SH-SY5Y cells
with either NAC-con ju gated, NAC-capped, or cysteamine-capped CdTe QDs. The
NAC-mod i fied QDs led to reduced cell death, decreased Fas expres sion, decreased
mito chon drial mem brane lipid peroxidation, and less exten sive per tur ba tion of the
mito chon drial mem brane poten tial, com pared to cysteamine-capped QDs. The
authors noted also that cel lu lar uptake was reduced for NAC-mod i fied QDs, com -
pared to cysteamine-QDs. These stud ies illus trate the fact that even if the sur face of
the QDs is mod i fied with mol e cules endowed of anti ox i dant ther a peu tic prop er ties,
it is not pos si ble to com pletely com pen sate for the lack of sta ble cap ping (e.g., by
ZnS). An addi tional rea son for the par tial but not full pro tec tion of cells exposed to
the uncapped CdTe QDs is that the most effec tive con cen tra tions of NAC are within 
the millimolar range (2–5 mM) which is unat tain able with the num ber of NAC mol -
e cules asso ci ated with sur faces of low nanomolar QD con cen tra tions. This notion
was con firmed by treat ing the cells con com i tantly with unbound and QD-bound
NAC to achieve millimolar concentrations. This treatment provided full protection
from QD-induced toxicity.

In sum mary, CdSe and CdTe QDs are prone to dis turb cel lu lar ROS equi lib ria
to var i ous extents depend ing on the type and redox sta tus of the cell or organelle in
con tact with the QDs. This char ac ter is tic of uncapped CdSe and CdTe QDs is a lim i -
ta tion for their in vitro or in vivo long-term appli ca tions. In con trast, lit tle evi dence
has been reported so far indi cat ing that core-shell type QDs, such as CdSe/ZnS QDs, 
induce detect able lev els of oxi da tive stress in the cellular environment.
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7.3.5 Effects of QDs on Genomic DNA

Some nanoparticles, such as tita nium diox ide, fullerenes, or die sel exhaust par ti cles, 
have been shown to elicit nuclear DNA dam age [3], which could have major
long-term phys i o log i cal and patho log i cal impli ca tions for cells, tis sues, and organ -
isms. On the sin gle cell level, such par ti cle-induced injury may have three major
con se quences: (1) induc tion and fix a tion of muta tions; (2) induc tion of DNA cell
cycle arrest; and (3) acti va tion of sig nal transduction path ways that pro mote
apoptosis [93]. Dam ages are thought to occur either by direct inter ac tion of the
nanoparticles with DNA or via ROS orig i nat ing from cell expo sure to
nanoparticles. In the case of QDs, evi dence of dam age to DNA by direct inter ac tion
is scarce. Green and Howman reported some DNA dam age upon treat ment with
bio tin-con ju gated CdSe/ZnS QDs in the dark and under UV irra di a tion [94]. The
exper i ments were con ducted with solu tions of supercoiled dou ble stranded DNA,
which is highly sen si tive to free rad i cals. Dam age occurred imme di ately upon con -
tact of DNA with QDs. How ever, the authors of this study observed that ~70 per -
cent of the DNA was adsorbed irre vers ibly on the QDs and hence unavail able for
anal y sis. The DNA nick ing detected was attrib uted to the photo- or dark-gen er a -
tion of free rad i cals in QD solu tions. DNA dam age was reported also by Liang et al.
[95], who stud ied the inter ac tions of MAA-capped CdSe QDs with calf thy mus
DNA. In this case, how ever, dam age was noted only if the DNA/QD solu tion was
sub jected to UV irra di a tion. It was also attrib uted to the gen er a tion of free rad i cals
and ROS. Con trol exper i ments con firmed that the dam age was not caused by free
Cd2+ ions. 

It is dif fi cult to trans pose these exper i men tal results to the sit u a tion encoun tered 
in the cel lu lar envi ron ments. How ever, since there is evi dence that QDs can pen e -
trate the cell nucleus and that they can gen er ate ROS intracellularly, there is a need
to assess the long-term effects of QD expo sure on the genomic and epigenetic lev els.
This aspect of the cytotoxicity of QDs is largely unex plored at this time, but sev eral
research groups have ini ti ated stud ies prob ing this issue. T. Zhang et al. [96] per -
formed a high through put gene expres sion anal y sis to assess genotoxic effects in
two cell types, a human skin cell line (HSF-42) and lung fibroblasts (IMR-90),
exposed to low (2 nM) and high (> 20 nM) doses of core-shell CdSe/ZnS QDs cov -
ered with a PEG-sil ane outer layer. The two cell lines were selected as rep re sen ta tive 
of sit u a tions cor re spond ing to der mal expo sure or inha la tion. The QD inner core
had a diam e ter of ~ 3 nm and the entire nanoparticle was 8 to 10 nm in diam e ter.
The gene expres sion assay failed to reveal any sig nif i cant dif fer ence in the
phenotypic response of either cell line to high or low doses on QDs in the short term. 
Twenty to 30 per cent of the genes were affected and a reduced expres sion of genes
involved in M-phase exit was observed, together with an increased expres sion of
genes involved in ves i cle trans port and cell pro tec tion. Such changes could be del e -
te ri ous in the long run. There was no evi dence for altered expres sion of any genes
involved in Cd and Se tox ic ity, con firm ing that a com bi na tion of ZnS shell(s) and
silylation is effec tive in pre vent ing leak age of Cd2+ from the QDs inner core. Using
var i ous colorimetric assays, Zhang et al. con firmed by stan dard meth od ol o gies that
the PEG-Si-CdSe/ZnS QDs used in the high-through put assay do not affect cell pro -
lif er a tion sig nif i cantly. A very mod est increase in both necro sis and apoptosis was
noted for cells treated with high (10 nM) or low (2 nM) con cen tra tion of QDs.
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Imag ing by con fo cal flu o res cence micros copy of HSF-42 cells after a 48-hour expo -
sure to the QDs revealed that QDs had been inter nal ized. They were local ized in the
cyto plasm and the perinuclear region, but were unable to cross the nuclear mem -
brane. The authors con clude that the ZnS/Si-PEG-shielded QDs have min i mal
impact on cells and on its genomic con tent, mak ing them suit able for imag ing of cel -
lu lar com part ments, except for the nucleus, which they can not enter.

Other types of QDs, how ever, are able to pen e trate the cell nucleus via mech a -
nisms that are not yet fully under stood. Treat ment of cells with such QDs has an
increased prob a bil ity to induce DNA dam age. Nabiev et al. [20] dem on strated that
small QDs (2–3 nm in diam e ter) enter the nucleus via nuclear pore com plexes and
spe cif i cally tar get his tones in the nuclei and nucle oli. Recall ing that his tones play an
impor tant role in the nor mal cell cycle and in tumor growth, the authors spec u late
that QDs may have a dif fer ent “tro pism” for his tones at some stages of the cell cycle. 
The study was car ried out with CdTe QDs capped with thioglycolic acid (d = 2.1
and 3.4 nm) as well as CdSe/ZnS QDs solubilized with cysteine (d = 3.8 nm) and
com mer cial CdSe/ZnS 605 nm QDs. Cells assessed were of var i ous types: blood
monocyte-derived pri mary macrophages, human THP-1 monocytes, trans formed
epi the lial cell lines (HCT-116 and AGS), and vas cu lar endo the lial HUVEC cells. It is 
impor tant to observe that the QDs had no cytotoxic effects over the 72-hr incu ba -
tion period dur ing which the assays were per formed. Nabiev et al. pointed out, how -
ever, that the spe cific intracellular and intranuclear accu mu la tion of
unfunctionalized QDs may pro duce unknown delayed effects in the long term, add -
ing that given the fast nuclear local iza tion of QDs exposed to epi the lial cells and
macrophages, it seems impor tant to imple ment strict envi ron men tal con trol of
nanoparticles.

A study by Choi et al. [97] aimed at assess ing the long-term effects of expo sure
to QDs pro vides strong evi dence that small CdTe QDs coated with
mercaptopropionic acid are able to trig ger genotoxic and epigenetic changes in
human breast can cer cells (MCF-7). Flu o res cence micros copy imag ing together with 
TEM con firmed that the CdTe/MPA QDs were inter nal ized by the cells and
translocated in the nucleus, where they induced chromatin con den sa tion and reor -
ga ni za tion, as well as over all nuclear shrink ing in the case of a high-dose (10 µg/mL)
24-hr expo sure. These mac ro scopic changes were traced to hypoacetylation of
histone 3, sug gest ing reduced gene tran scrip tion. RT-PCR ampli fi ca tion stud ies
indi cated that the mRNA lev els of two genes involved in pre vent ing cell death
(cIAP-1 and Hsp70) were sig nif i cantly reduced in QD-treated cells and that GPx
(glutathione peroxidase) mRNA expres sion was com pletely sup pressed upon QD
treat ment. Other effects were noted to occur simul ta neously, in par tic u lar
upregulation of proapoptotic genes (Bax, Puma, and Noxa), as well as a dra matic
increase in phosphorylated p53 pro tein lev els in the nucleus, cytosol, and mito chon -
dria. The authors spec u late that it may be pos si ble that, despite the global
hypoacetylation observed after QD treat ment, local p53 recruit ment brings about
local hyperacetylation to allow for increased mRNA pro duc tion. The authors sug -
gest that changes in the cell epigenome may be trig gered by QD-gen er ated ROS and
by free Cd2+ released by the QDs, two phe nom ena that have been asso ci ated pre vi -
ously to CdTe QDs. A sche matic rep re sen ta tion of the over all changes that occur
upon expo sure of MCF-7 cells to min ute amounts of intracellular CdTe QDs is
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given in Fig ure 7.4. Infor ma tion on the effects of QDs on the epigenome, such as
histone mod i fi ca tion and DNA methylation, is scarce. The study by Choi et al., who 
employed poorly pro tected CdTe QDs prone to deg ra da tion, shows that, aside from 
genotoxic effects, nanoparticles may cause more sub tle epigenetic changes, which
need to be examined thoroughly in particular when medical applications are to be
considered.

The long-term effects of QDs and their impact on cell dif fer en ti a tion have been
eval u ated also from the view point of their impact on stem cell growth, dif fer en ti a -
tion, and func tions. Hsieh et al. [98] mon i tored human bone mar row mesenchymal 
stem cells (hBMSC) exposed to CdSe/ZnS QDs in the pres ence of lipofectamine.
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Media. (See Color Plate 16.)



They assessed other meth ods of QDs inter nal iza tion, such as the pres ence of cal -
cium phos phate or of the HIV-derived Tat pep tides, which were not effec tive in
medi at ing the trans port of QDs through the cell mem brane. The inter nal ized QDs
local ized in endosome-like struc tures. They had no dam ag ing effect on cell pro lif er -
a tion, and the cell cycle dis tri bu tion was not dis turbed. Hsieh et al. also car ried out
RT-PCR on treated cells and noticed that the expres sion of two osteogenic mark ers, 
osteopontin and osteocalcin, was inhib ited sig nif i cantly. They con cluded that
expo sure to CdSe/ZnS QDs pre vents the full response of hBMSCs in the induc tion
of osteogenic dif fer en ti a tion. The authors observed that the effect took place inde -
pend ently of the QD size, although no data was pro vided. Another study by the
same group sug gests that QD label ing of hBMSCs also inhib its the elab o ra tion of
chondrogenic matrix [99]. 

In con trast, Shah et al. [100] did not observe any QD-induced dam ag ing effects
in the course of a study of pri mary BMSCs exposed to CdSe/ZnS (λem 600 ± 10 nm)
con ju gated to a pep tide (CGGGRGD). The con ju gated QDs, which had a ten dency
to aggre gate, were inter nal ized by the cells but did not translocate in the nucleus.
QD-treated cells were able to pro lif er ate for extended peri ods (up to 28 days) with
no sign of adverse effect. More over, multilineage dif fer en ti a tion of the BMSCs into
osteo blasts, chondrocytes, and adipocytes occurred, yield ing QD-labeled dif fer en ti -
ated cells. The suc cess ful out come of cell dif fer en ti a tion was ver i fied by matrix
biosynthesis mark ers. Pos si ble QD-inflicted dam age to the DNA was not assessed
and there fore can not be entirely ruled out.

7.4 Bioaccumulation and Clearance of QDs

The pal ette of QDs cur rently avail able for in vitro stud ies of cel lu lar mech a nisms is
quite stag ger ing. As described in the pre ced ing sec tions, a num ber of design rules
have emerged to guide the elab o ra tion of QDs able to per form a spe cific imag ing
task with out affect ing the cell func tions sig nif i cantly, at least in the short term. In
vitro stud ies have answered in part some of the key bio log i cal ques tions related to
QD uptake, subcellular dis tri bu tion, and func tional con se quences. The next step is
to intro duce QDs in ani mals and even tu ally into the human body for live, real-time
imag ing. Early in vivo imag ing exper i ments with QDs gave no indi ca tion of acute
tox ic ity over the exper i ment time period (up to 24 hrs) [22]. These exper i ments dem -
on strated the power of QDs to image var i ous tis sues and to allow the pre cise imag -
ing of tumors and the simul ta neous iden ti fi ca tion of dif fer ent pop u la tions of cells.

How ever, early in vivo stud ies sug gested also that QDs may be sys tem i cally dis -
trib uted in rodent ani mals and accu mu late in var i ous organs. Ballou et al. [101]
assessed the effect of the size and sur face coat ing of QDs on their biodistribution.
This study indi cated that QDs accu mu late and can be detected in the lymph nodes,
bone mar row, liver, and spleen up to four months after injec tion. In addi tion,
Ballou’s exper i ments dem on strated that the organs and tis sues in which QDs tend to 
accu mu late depend on the size and sur face charge of the QDs. A recent study sug -
gests that QDs with appro pri ate organic coat ing are retained in injected ani mals
(mice) for more than two years, with min i mal tox ic ity as assessed by patho log i cal
exam i na tion [102]. Akerman et al. [22] inves ti gated the in vivo fate of CdSe/ZnS
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QDs coated with lung- and tumor-tar get ing pep tides injected (intra ve nously) in
mice. The QDs were shown to accu mu late, not only in the tar geted organs, but also
in the liver and spleen, regard less of the pep tide con ju gated to the QDs. 

In these stud ies, the strong QD emis sion was exploited for detec tion and qual i -
ta tive mea sure of QD con cen tra tion. This approach is not suit able for accu rate
assess ment of QD con cen tra tions, given the impact of envi ron men tal vari abil ity on
the inten sity of QD emis sion. Stud ies by Ballou et al. and Akerman et al. were the
first reports of the excep tional poten tial of QDs in exper i men tal biol ogy and med i -
cine and of the pos si ble pit falls of nanoparticle-based med i cal imag ing techniques.

Recently, a few research groups have car ried out quan ti ta tive pharmacokinetic
anal y ses in which the QD con cen tra tions were deter mined from Cd con cen tra tion
in var i ous organs obtained by induc tively cou pled plasma atomic emis sion spec tros -
copy (ICP-AES) or induc tively cou pled plasma mass spec tros copy (ICP-MS). This
ana lyt i cal tech nique yields accu rate quan ti ta tive val ues, unlike mea sure ments rely -
ing on the light emit ting prop er ties of QDs. Gopee et al. [99] have eval u ated the
biodistribution of intradermally injected QDs (CdSe/ZnS PEG coated, diam e ter =
37 nm, emis sion at 621 nm) in mice. The QDs migrated rap idly from the injec tion
site to regional lymph nodes. Quan ti fi ca tion of the QDs 24 hrs after dos ing revealed 
that resid ual QDs remained at the injec tion site, but there was also a sig nif i cant
accu mu la tion in the liver, regional drain ing lymph nodes, kidneys, spleen, and
hepatic lymph nodes. 

Fischer et al. [104] per formed a pharmacokinetic study in Sprague-Dawley rats
(intra ve nous injec tion) with two sam ples of CdSe/ZnS QDs (core size = 5.5 nm)
coated either with mercaptoundecanoic acid with lysine crosslinking (total hydro -
dy namic diam e ter = 25 nm) or with bovine serum albu min (BSA, total hydro dy -
namic diam e ter (HD) = 80 nm). The plasma half-life was lon ger for the smaller QDs 
(58 ± 17 min ver sus 39 ± 3 min or clear ances of 0.59 ± 0.16 mL min−1 kg−1 ver sus
1.23 ± 0.22 mL min−1 kg−1). Neg li gi ble clear ance in the urine or feces was observed
for both QD sam ples over a period of up to 10 days after injec tion, lead ing the
authors to con clude that the QDs are seques tered and not excreted. The liver took
up most of the QD dose (99 per cent of the BSA-coated QDs and 40 per cent of the
smaller QDs after 90 min), and, in the liver, the QDs were local ized in ves i cles
within the Kupffer cells. Small amounts of both types of QDs were local ized in the
spleen, kid ney, and bone mar row with some level of selec tiv ity depend ing on the
coat ing of the QDs. The authors car ried out exper i ments aimed at detect ing the
pres ence of free cad mium in spleen and liver tis sues, but they were unable to detect
any Cd that might have leaked from the QDs. 

Yang et al. [105] mon i tored the pharmacokinetics of com mer cial QD705
CdTe/ZnS coated with methoxy-PEG-5000, diam e ter ~13 nm) after a sin gle intra -
ve nous injec tion in mice. The QDs had a plasma half-life of 18.5 hrs. After a period
of 24 hrs post injec tion, high lev els of QDs were detected in the liver, spleen, and
kid ney. Com plete QD mass bal ance stud ies were car ried 1 day and 28 days after
dos ing. High lev els of QDs per sisted in the liver, spleen, and kid ney. Over time,
the liver uptake appeared to increase rel a tive to the QD con tent in all other organs
(Fig ure 7.5). About 50 per cent of the QD mass was retained in the car cass, mainly
dis trib uted in large masses of mus cle, skin, and bone. No excre tion occurred over
28 days, except for min ute amounts of QDs (account ing for 0.01 to 0.04 per cent of
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the total dose) found in the urine. Tis sue local iza tions, judged from imag ing by flu o -
res cence micros copy of the red QD emis sion, were mainly in the lin ings of hepatic
sinu soids, renal ves sels, and glomerular vasculature in the kidneys. 

The accu mu la tion of QDs may cause renal and hepatic tox ic ity in the long term,
even if they remain intact and do not erode and exude free cad mium ions. The reten -
tion of metal par ti cles in var i ous organs can also inter fere with sub se quent med i cal
tests, such as radio log i cal tests by X-ray imag ing or mag netic res o nance imag ing.
Thus, for nanoparticles such as QDs, which do not and should not degrade in vivo,
body clear ance needs to be one of the required design param e ters for clin i cal appli -
ca tions. This cri te rion is related to the size of the nanoparticles, since glo mer u lar fil -
tra tion in the kid neys, con trolled by the effec tive renal pore size, is a sen si tive
func tion of the hydro dy namic par ti cle size. The liver is designed spe cif i cally to cap -
ture and elim i nate par ti cles 10 to 20 nm in size. Par ti cles that remain intact in the
liver can be excreted via the bile and the feces. How ever trans port of intact par ti cles
from the liver to bile is very slow, which accounts for the sig nif i cant long-term accu -
mu la tion of QDs in the liver as observed in most in vivo imaging experiments. 

Long-term prob lems related to per sis tent reten tion of QDs in the liver and kid -
neys can be avoided by using QDs able to be cleared rap idly from the body via renal
fil tra tion. Based on the assump tion that the renal fil tra tion thresh old of QDs is a
func tion of the hydro dy namic diam e ter of the nanoparticles, H.-S Choi et al. [106]
car ried out a pharmacokinetic study of QDs with dif fer ent hydro dy namic diam e ters
but iden ti cal com po si tions and sur face prop er ties. They employed cysteine-coated
CdSe/ZnS QDs rang ing in hydro dy namic diam e ter from 4.4 nm to 8.7 nm by
increas ing the core size while keep ing the same organic coat ing. The authors care -
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Fig ure 7.5 Mass bal ance stud ies of an intra ve nous dose of QD705 injected in ICR mice; (a) 24
hours after injec tion, and (b) 28 days after injec tion. Repro duced from [105] with per mis sion from
Envi ron men tal Health Per spec tives.



fully selected an organic coat ing able to with stand the adsorp tion of serum pro teins, 
in order to pre vent unde sir able size increase of the QDs upon injec tion. Par ti cles
were labeled with a chelated form of the γ-ray emit ting iso tope 99mTc.
Radioscintigraphic images were recorded to mon i tor the dis tri bu tion and clear ance
of QDs upon intra ve nous injec tion into CD mice. Four hours after injec tion with
QDs of hydro dy namic diam e ter 4.36 nm, the dom i nant sig nal was in the blad der,
whereas QDs of hydro dy namic diam e ter 8.65 nm exhib ited a higher uptake in the
liver, lung, and spleen. By mea sur ing the radio graphic inten sity in urine (excreted
and preexcreted) and in the entire car cass (less the blad der and ure thra), H.-S Choi
et al. obtained a rela tion ship between hydro dy namic diam e ter, renal clear ance, and
total body reten tion (Fig ure 7.6). Results from these stud ies sug gest that the upper
limit of hydro dy namic diam e ter for total nanoparticle renal QD clear ance (after 4
hrs) is approx i mately 5.5 nm. The authors con clude that larger particles are most
likely not promising imaging tools for clinical applications. 

7.5 Outlook

In view of their size and com po si tion, QDs may impact phys i o log i cal func tions and
exert toxic effects that can not be ignored. How ever, there is no con clu sive evi dence
that QD-induced effects will cause major prob lems to human health or to the envi -
ron ment. In this review, we have assessed the risks asso ci ated with the use of QDs as 
imag ing agents in med i cal diag nos tics, as well as those asso ci ated with inad ver tent
con tact with QDs by inha la tion, der mal expo sure, or inges tion. We con sid ered fac -
tors sus cep ti ble to trig ger toxic effects and means to min i mize them. The core/shell
QDs of the cur rent gen er a tion are very robust against sur face ero sion and leach ing
of toxic metal ions or coat ing mate ri als, a severe con cern asso ci ated with the use of
the first gen er a tion QDs. How ever, the bioaccumulation/clear ance issue needs to be 
addressed in detail, since QDs are poten tial induc ers of oxi da tive stress upon cell
inter nal iza tion. This prop erty of QDs needs to be fully under stood on the
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Fig ure 7.6 Urine excre tion and car cass reten tion of 99mTC-labeled QDs after intra ve nous injec tion
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nongenomic, genomic, and epigenomic lev els. Even small, hardly detect able
amounts of QDs can cause epigenetic changes, which remain pro grammed long
after the ini tial sig nal has been removed. We are still far from solv ing the numer ous
prob lems related to the unknown fate of cells and tis sues exposed to QDs for long
time peri ods in intracellular con cen tra tions so low that they can not be deter mined
accu rately by cur rently avail able tech niques. This issue can only be addressed by
employ ing a com bi na tion of tech niques, such as high through put gene expres sion
anal y sis, proteomics, lipidomics, metabolomics, and expertise in cell biology,
physics, chemistry, and environmental science.
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C H A P T E R  8

Chemical and Biological Sensing Based
on Gold Nanoparticles

Chang-Cheng You, Sarit S. Agasti, Myoung-Hwan Park, and Vin cent M. Rotello

8.1 Introduction

Chem i cal and bio log i cal sens ing plays a sig nif i cant role in med i cal, foren sic, agri -
cul tural, and envi ron men tal sci ences [1]. The prompt and accu rate sens ing of dis -
eases and harm ful agents will give sig nif i cant improve ment in var i ous fields such as
healthcare, food safety, and envi ron men tal mon i tor ing. In gen eral, sen sor sys tems
con sist of a rec og ni tion com po nent for tar get bind ing and a transduction ele ment
for sig nal ing the bind ing event. There are mul ti ple cri te ria for the cre ation of effi -
cient sen sors, includ ing response time, sig nal-to-noise char ac ter is tics, sen si tiv ity,
and selec tiv ity. Thus, sens ing tech nol ogy has been con cerned with both devel op -
ments of the rec og ni tion pro cess and under stand ing of the transduction mech a nism
through the use of new mate ri als. Sim i larly, the min ia tur iza tion of a sen sor often
increases its sig nal-to-noise ratio, facil i tat ing the sig nal transduction [2]. To this
end, nanomaterials are par tic u larly inter est ing in cre at ing novel chem i cal and bio -
log i cal sensors due to unique physicochemical properties that are absent in
macro-scaled materials [3].

Gold nanoparticles (AuNPs) are sta ble mate ri als that can be readily fab ri cated
through either chem i cal reduc tion of gold salts or phys i cal treat ment of bulk
gold. AuNPs pos sess unique opti cal and elec tronic prop er ties due to the large sur -
face-to-vol ume ratio with high den sity, and they show excel lent biocompatibility
with var ied lig ands [4]. The opto el ec tronic prop er ties of AuNPs depend on their size 
and shape, as well as upon the sur round ing chem i cal envi ron ment. As shown in Fig -
ure 8.1, the bind ing event may change the physicochemical prop er ties of AuNPs
such as sur face plasmon res o nance, con duc tiv ity, and redox behav ior, lead ing to
detect able sig nals. In this regard, AuNPs behave as sig nal trans duc ers. On the other
hand, AuNPs pro vide an adapt able plat form for mul ti ple functionalization with
either small organic lig ands or large biomacromolecules. The resul tant
functionalized AuNPs offer oppor tu ni ties in the selec tive bind ing and sensing of
organic as well as biological targets [5–7]. 

In this chap ter, we have orga nized our dis cus sion on the basis of the
transduction mech a nisms that have been used with these sen sors, includ ing absorp -
tion, quench ing, con duc tiv ity, redox, and den sity. Within these sec tions, we will
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focus on the recent research activ i ties involv ing the use of AuNPs in the detec tion of
a vari ety of tar get analytes includ ing metal ions, vol a tile mol e cules, organic com -
pounds, oligonucleotides, and proteins. 

8.2 Synthesis of Gold Nanoparticles

The syn the sis of col loi dal gold dates back to Far a day, who obtained gold hydro sols
by the reduc tion of an aque ous solu tion of chloroaurate using phos pho rus dis solved
in car bon disulfide in 1857 [8]. Dur ing the past few decades, many efforts have been
devoted to the prep a ra tion of AuNPs with con trol over their size, shape, sta bil ity,
sol u bil ity, and sur face func tion al ity. Both “top-down” (e.g., phys i cal manip u la tion) 
and “bot tom-up” (e.g., chem i cal trans for ma tion) meth ods have been suc cess fully
devel oped. AuNPs with vary ing core sizes can be pre pared by the chem i cal reduc -
tion of gold salts in the pres ence of appro pri ate sta bi liz ing agents that pro vide the
nec es sary bar rier to par ti cle coales cence. Some com mon syn thetic meth ods of
core-shell AuNPs are sum ma rized in Table 8.1. It should be noted that the terms
colloid and clus ter are often used inter change ably; the for mer gen er ally refers to par -
ti cles with diam e ters larger than 10 nm, while the latter refers to smaller particles.

Turkevich et al. devel oped a sim ple syn thetic method of gold colloids in 1951 by 
the treat ment of hydro gen tetrachloroaurate with cit ric acid in boil ing water [18]. In 
this approach, cit ric acid acts as both reduc ing and sta bi liz ing agent. Frens’s group
fur ther refined this method and manip u lated the core sizes by chang ing the feed
ratio of gold salt to sodium citrate [19]. This pro to col is usu ally used to pre pare
spher i cal AuNPs in diam e ters of 10 to 20 nm, though larger AuNPs (e.g., 100 nm)
can also be prepared. 

Triphenylphosphine has been used as the cap ping agent to pre pare small gold
clus ters. Monodisperse AuNPs in diam e ters of 1–2 nm are obtained by reduc tion of
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AuCl(PPh3) with diborane [9] or sodium borohydride [11]. Par tic u larly, par ti cles of
for mula Au55(PPh3)12Cl6 (or Au101(PPh3)21Cl5) [11] con sti tute the pre dom i nant frac -
tion of the prod ucts. These small AuNPs have found inter est ing appli ca tions in
molec u lar devices [10, 21]. Kinetic stud ies have revealed that phos phine-capped
AuNPs undergo rapid exchange of cap ping ligand phos phine with dissociated
phosphine [22].

In 1990s, a break through in the AuNP syn the sis was achieved, involv ing the
trans fer of hydro gen tetrachloroaurate from aque ous phase to tolu ene phase by the
surfactant tetraoctylammonium bro mide (TOAB) and the sub se quent reduc tion by
sodium borohydride in the pres ence of alkanethiols to gen er ate nanoparticles that
are sol u ble in organic sol vents [12]. This syn thetic approach, known as
Brust-Schiffrin method, leads to rel a tively monodisperse AuNPs pro tected by thiol
lig ands with con trolled diam e ters rang ing from 1.5 to 5 nm. The nanoparticle size
can be readily var ied by the var i ous reac tion con di tions, includ ing gold-to-thiol
ratio, reduc tion rate, and reac tion tem per a ture [14]. Thiol-pro tected AuNPs pos sess 
supe rior sta bil ity to most of the other AuNPs due to the syn er gis tic effect of strong
thiol-gold inter ac tions and van der Waals inter ac tions of the lig ands. Nanoparticles
of this kind can be thor oughly dried and redis persed in solu tion with out any aggre -
ga tion. Monophasic reduc tion of gold salts by sodium borohydride in the pres ence
of thiols has also been devel oped [23, 24], through which water-sol u ble AuNPs
could be pre pared in a sin gle step. In the biphasic reduc tion pro to col, the absence of
thiol lig ands can lead to slightly larger nanoparticles sta bi lized by qua ter nary
ammo nium, which show con sid er able sta bil ity in solu tion and serve as excellent
precursors for other functionalized nanoparticles [15].

Var i ous reduc ing/cap ping agents, such as amino acid [25], oleyl amine [16],
aliphatic and aro matic amines [26, 27], and hyperbranched polyethylenimine [28]
have been used to reduce gold salts into nanoparticles with var i ous core sizes and
dispersities. The size and shape of AuNPs can be fur ther manip u lated by
physicochemical treat ments includ ing light-irra di a tion and thermolysis [13, 31].
For exam ple, con ven tional rip en ing [29, 30] and diges tive rip en ing [32, 33] treat -
ments have been con ducted to increase and decrease the nanoparticle size, with the
con cur rent decrease in polydispersity. UV and laser irra di a tion pro vides another
pow er ful approach to improve the nanoparticle qual ity [34, 35]. The cap ping
agents listed in Table 8.1 are gen er ally lack ing in chem i cal func tion al ity, thus
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Table 8.1 Syn thetic Meth ods and Cap ping Agents for AuNPs of Diverse Core Size

Core Size (d) Syn thetic Meth ods Cap ping Agents Ref er ences

1–2 nm Reduc tion of AuCl(PPh3) with diborane or sodium
borohydride

Phos phine [9–11]

1.5–5 nm Biphasic reduc tion of HAuCl4 by sodium
borohydride in the pres ence of thiol cap ping agents

Alkanethiol [12–14]

5–8 nm Reduc tion of HAuCl4 by sodium borohydride in the
pres ence of TOAB

Qua ter nary 
ammo nium
salt (TOAB)

[15]

8–20 nm Reduc tion of HAuCl4 by oleyl amine in water under
heat ing

Oleyl amine [16, 17]

10–40 nm Reduc tion of HAuCl4 with sodium citrate in water Citrate [18–20]



restrict ing their appli ca tions in sens ing. One effi cient approach for the nanoparticle
functionalization is the place-exchange pro cess intro duced by Murray et al. [36].
Ini tially, the thiol lig ands are anchored on the nanoparticle sur face, and then they’re
replaced by the pres ence of exter nal thiol lig ands [37]. The load ing of func tional lig -
ands can be con trolled by mod u lat ing the reac tion time and/or the amount of incom -
ing lig ands. Mixed monolayer-pro tected gold clus ters can be obtained by
place-exchange reac tions using a mix ture of two or more lig ands as the incom ing
agents. The thiol lig ands on gold sur face pos sess a cer tain level of mobil ity, and con -
se quently they can undergo repo si tion on the sur face to opti mize interaction with
analytes [38], as well as slowly hop between nanoparticles [39].

Labile cap ping agents such as citrate [40], triphenylphosphine [41], and
dimethylaminopyridine [42] can be dis placed by thiols under mild reac tion con di -
tions with no resid ual cap ping agent. Citrate-sta bi lized AuNPs are impor tant pre -
cur sors for large functionalized col loi dal ensem bles such as those car ry ing
oligonucleotide [43], pro tein, or anti body functionalities [44]. How ever, the
chemisorption of thiol lig ands onto the citrate-sta bi lized nanoparticles can cause
irre vers ible aggre ga tion [45]. In this case, the addi tion of nonionic surfactant such as 
Tween 20 can pre vent aggre ga tion dur ing the place-exchange [46].

8.3 Physical Properties of Gold Nanoparticles

AuNPs pos sess unique size- and shape-depend ent opti cal and elec tronic prop er ties.
Solu tions of spher i cal AuNPs exhibit a diverse range of col ors includ ing brown, red,
and vio let as the core size increases from 1 to 100 nm. Gen er ally, AuNPs show an
intense absorp tion peak from 500 to 550 nm [47], referred to as sur face plasmon
band, which arises from the col lec tive oscil la tion of the con duc tion elec trons due to
the res o nant exci ta tion by the inci dent pho tons (Fig ure 8.2). This sur face plasmon
band is absent in both small nanoparticles (d < 2 nm) and bulk mate ri als. Mie the o -
ret i cally inter preted the sur face plasmon res o nance (SPR) phe nom ena in 1908 [48],
and his the ory has been exten sively cor re lated with the exper i men tal results [49, 50]. 
The SPR is sen si tive not only to nanoparticle size, but also to the sur round ing envi -
ron ment such as ligand, sol vent, and tem per a ture. Par tic u larly, the SPR fre quency is
depend ent on the prox im ity to other nanoparticles. Thus, under nanoparticle aggre -
ga tion, the sur face plasmon band shows sig nif i cant red-shift ing (to ca. 650 nm) and
broad en ing, and the solu tion dis plays a red-to-blue color change due to the
interparticle plasmon cou pling [51]. This phe nom e non con sti tutes the cor ner stone
for their appli ca tion in colorimetric sens ing, which will be dis cussed in detail in the
fol low ing sec tions.
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Gen er ally, it is not easy to deter mine AuNP con cen tra tions. As the molar
extinc tion coef fi cient of col loi dal gold (520 nm) is ~4000 M−1 cm−1 per gold atom
[52], the nanoparticle con cen tra tion can then be roughly esti mated based on the
num ber of gold atoms. The extinc tion coef fi cients of AuNPs with dif fer ent sizes and 
cap ping lig ands have also been mea sured exper i men tally [53]. A lin ear rela tion ship
is observed between log a rithms of molar extinc tion coef fi cient (ε) and core diam e ter 
(d), essen tially irre spec tive of the lig ands and sol vents:

ln lnε = +k d c (8.1)

where k = 3.32 and c = 10.8 (λ = 506 nm). The nanoparticle con cen tra tions can be
readily deduced from Beer-Lam bert Law once the nanoparticle size is known (from
TEM). For exam ple, it is esti mated that the AuNP of 20-nm diam e ter has a molar
extinc tion coef fi cient of 1 × 109 M-1 cm-1 from (8.1). This value is at least three
orders higher than that of com mon organic dyes (104 − 106 M−1 cm−1), indi cat ing
that AuNPs may serve as excel lent light col lec tors [54].

Not only can AuNPs show photoluminescence under cer tain con di tions [55,
56], but they can also enhance flu o res cence at appro pri ate fluorophore-to-metal
dis tances on solid sub strates [57], based on the superb quench ing abil ity of AuNPs
to prox i mal fluorophores. This effect could be explained by the reflected far-field
radi a tion from the fluorophore back on itself, which depends on the dis tance from
the metal sur face. The life time of fluorophore was decreased when the reflected field 
ampli tude was increased, whereas it was increased when the field was opposed. Flu -
o res cence res o nance energy trans fer (FRET) is an impor tant deac ti va tion path way
for the excited fluorophores in case of a good over lap between the donor’s emis sion
spec trum and the gold sur face plasmon band [58, 59]. Both radi a tive and
nonradiative decay rates of flu o res cent mol e cules are dis tinctly affected, indi cat ing
highly effi cient flu o res cence quench ing with small (1-nm) nanoparticles.
Photoinduced elec tron trans fer (PET) can also quench fluorophores in the vicin ity
of AuNPs, where the nanoparticles act as elec tron accep tors [5]. The elec tron trans -
fer pro cess can be mod u lated by charg ing/dis charg ing the gold core, pro vid ing an
interesting opportunity for sensor fabrication [60].

In con trast to bulk met als, a band gap exists between the valence and the con -
duc tion bands of small metal nanoparticles. There fore, small metal nanoparticles
dis play size-depend ent quantization effects, lead ing to the dis crete elec tron-tran si -
tion energy lev els. For exam ple, 15 redox states have been observed for
hexanethiol-capped AuNPs (Au147, r = 0.81 nm) at room tem per a ture [61], indi cat -
ing that AuNPs are multivalent redox spe cies with mol e cule-like redox prop er ties
[62]. The quantized capac i tance charg ing behav ior of AuNPs is dis tinctly affected
by applied elec tro lyte ions, exter nal lig ands, and mag netic fields, expand ing their
util ity in elec tronic devices and elec tro chem i cal labels [21]. 

8.4 Colorimetric Sensing

The clus ter ing of AuNPs of appro pri ate sizes (d > 3.5 nm) results in interparticle
sur face plasmon cou pling [63], result ing in a color change from red to blue. These
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color changes can be eas ily observed by the naked eye at nanomolar con cen tra tions.
There fore, AuNPs have been intensely used in the colorimetric sens ing of diverse
sub stances rang ing from sim ple metal ions and small mol e cules to com plex poly nuc -
leo tides and pro teins [3].

8.4.1 Colorimetric Detection of Metal Ions and Anions

The colorimetric detec tion of metal ions using AuNPs requires the incor po ra tion of
che lat ing agents onto the nanoparticle sur face (Fig ure 8.3). AuNPs car ry ing
15-crown-5 moi eties have been fab ri cated to detect potas sium ions, which are phys i -
o log i cally impor tant [64], through a red-to-blue color change. The con cen tra tion
ranges of K+ detec tion are from µM to mM, depend ing upon the con cen tra tions of
colloid gold. Attrac tively, this sen sor sys tem is still via ble in the pres ence of a large
amount of inter fer en tial Na+. This sys tem, extended to the detec tion of Na+, has
been achieved by the incor po ra tion of 12-crown-4 onto the AuNPs [65]. Sim i larly,
phenanthroline-functionalized 4-nm AuNPs and lac tose-functionalized 16-nm
AuNPs have been con structed, respec tively, to detect Li+ and Ca2+ with lit tle inter fer -
ence from other metal ions [66, 67].

Heavy metal ions such as Pb2+, Cd2+, and Hg2+ are quite toxic. Hupp et al. have
reported a sim ple metal ion sens ing sys tem based on 11-mercaptoundecanoic acid
(MUA)-functionalized 13 nm AuNPs [68]. In their design, the sur face carboxylates
act as metal ion recep tors and the nanoparticle aggre ga tion is driven by heavy-metal
ion chelation. The pres ence of Pb2+, Cd2+, or Hg2+ (= 400 µM) causes nanoparticle
aggre ga tion, whereas Zn2+ exhib its no response. Fine con trol of the buffer com pos ite 
can sig nif i cantly improve the selec tiv ity and sen si tiv ity of this sys tem [69]. Mixed
monolayer-pro tected AuNPs car ry ing both carboxylate and 15-crown-5
functionalities pro vide a colorimetric sen sor for Pb2+, where Pb2+ ions dis rupt the ini -
tially hydro gen-bonded assem blies [70]. Cysteine and pep tide-functionalized
AuNPs have been fab ri cated and used to detect Cu2+ and Hg2+, respec tively [71, 72].
These sens ing sys tems are able to detect the tar get analytes at submicromolar con -
cen tra tions. Recently, Mirkin et al. reported a detec tion limit of 100 nM with
DNA-functionalized AuNPs [73].

In gen eral, selec tiv ity and sen si tiv ity are very impor tant in ionic sens ing. Liu and
Lu have devised a highly selec tive lead biosensors using DNAzyme-directed assem -
bly of AuNPs [74–76]. DNAzymes are cat a lyt i cally active DNA mol e cules and show 
metal-depend ent activ i ties. In the sen sor design, a Pb2+-spe cific DNAzyme was cho -
sen as the tar get rec og ni tion ele ment and DNA-functionalized AuNPs as the sig nal
trans ducer. The DNAzyme con sists of an enzyme strand and a sub strate strand, and
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both ends are extended with bases that are com ple men tary to the DNA anchored on 
AuNPs. The DNAzyme and the DNA-functionalized AuNPs ini tially form blue-col -
ored assem blies through Wat son-Crick base pair ing [77, 78]. In the pres ence of
Pb2+, the DNAzyme is acti vated and cleaves the sub strate strand to dis as sem ble the
AuNPs, result ing in a blue-to-red color change. In addi tion, the sen sor is avail able
for detect ing Pb2+ of 100 nM, while other diva lent metal ions such as Ca2+, Co2+,
Ni2+, and Cd2+ show only back ground blue color. Fur ther inves ti ga tion indi cated
that it’s very impor tant to arrange AuNPs’ assem blies in the dis as sem bly pro cess,
because “head-to-tail” man ner might result in a large steric hin drance that could
dis fa vor the assem bly, com par ing with the “tail-to-tail” align ment [79]. Thus, opti -
mi za tion of the AuNP align ment in the assem blies allows a fast detec tion of Pb2+ (<
10 min) at ambi ent tem per a ture [76, 79]. This approach has also been extended to
the detec tion of adenosine by using AuNPs functionalized with an adenosine-spe -
cific aptazyme [80].

In com par i son with metal ions, the colorimetric detec tion of anions using
AuNPs is still lim ited mainly due to the lack of appro pri ate anion recep tors. Kubo et 
al. have attached isothiouronium groups onto AuNPs and then explored their
colorimetric sens ing of oxoanions in aque ous meth a nol solu tion [81]. The pres ence
of Cl− does not affect the absorp tion prop er ties of the nanoparticle, whereas
oxanions such as AcO−, HPO4

2−, and malonate induce color changes. Par tic u larly,
ditopic malonate causes the big color change from red to blue due to the sig nif i cant
AuNP aggre ga tion. Thioglucose-coated AuNPs have been used to sense flu o ride
anions in water [82]. Although other anions such as Cl−, Br−, I−, AcO−, and NO3

−

show only a lit tle color change, the rel a tively nar row con cen tra tion range (20 ~ 40
mM) for F− detec tion restricts the prac ti cal application of this system.

8.4.2 Colorimetric Detection of Biomaterials

In solu tion-based colorimetric detec tion, it is crit i cal to intro duce appro pri ate
recep tors onto AuNPs such that aggre ga tion or disaggregation can be trig gered by
tar get complexations. How ever, this rec og ni tion is not readily achieved for the
small organic mol e cule sens ing, as the small organic analytes can not serve as the
bridg ing agents for nanoparticle assem bly in most cases. On the basis of a com pet i -
tive colorimetric assay, Geddes et al. have dem on strated glu cose sens ing by using
assem blies of concanavalin A (Con A) and dex tran-functionalized AuNPs [83, 84].
Con A is a multivalent pro tein (four sugar bind ing sites at pH 7), which allows dex -
tran-coated nanoparticles to cross-link, afford ing assem blies with broad ened and
red-shifted SPR. When glu cose is pres ent, it com pet i tively inter acts with Con A,
releas ing the indi vid ual dex tran-coated AuNPs. This pro cess can be readily mon i -
tored by either con ven tional UV/Vis spec trom e try [83] or wave length-ratiometric
res o nance light scat ter ing [84]. Sig nif i cantly, the dynamic range for glu cose sens ing
can be mod u lated by var i ous fac tors such as dex tran length, par ti cle size, and the
load ing amount of dex tran or Con A. A glu cose dynamic sens ing range of 1−40 mM 
has been achieved, and it can poten tially be used to diag nose the blood glucose level
in healthy people (3–8 mM) and in diabetics (2–40 mM).

Incor po ra tion of AuNPs into the poly mer matrix of molec u larly imprinted
poly mers (MIPs) pro vides SPR-based molec u lar sen sors. For exam ple,
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MUA-AuNPs have been immo bi lized into a MIP gel placed between two glass slides
to serve as a colorimetric adren a line sen sor [85]. The ini tially shrunken MIP gel in
the absence of adren a line affords the close prox im ity of AuNPs. The selec tive bind -
ing of tar get analytes, how ever, causes a blue-shift in the SPR band of the immo bi -
lized AuNPs due to the swell ing of the MIP gel. This AuNP-MIP sys tem selec tively
detects adren a line with a dynamic range from 5 µM to 2 mM.

Aptamers are sin gle-stranded oligonucleic acid-based bind ing mol e cules that
can bind a great vari ety of tar gets with high affin ity and spec i fic ity [86]. For exam -
ple, Lu and cowork ers have designed an effec tive cocaine sen sor using a cocaine
aptamer-medi ated AuNP assem bly [87]. As illus trated in Fig ure 8.4, the sen sor con -
sists of two kinds of sin gle-stranded (ss) DNA-mod i fied AuNPs and a linker DNA
mol e cule that car ries cocaine aptamer. The linker mol e cule pairs respec tively with
two ssDNA-functionalized AuNPs to gen er ate blue aggre gates where a part of
cocaine aptamer takes part in the DNA hybrid iza tion. When cocaine is pres ent in
the sys tem, the aptamer changes its struc ture to bind cocaine, result ing in the dis as -
sem bly of the aggre gates with a con com i tant blue-to-red color change whose rate
depends upon the cocaine con cen tra tion (50 to 500 µM). This sens ing approach is of 
gen eral sig nif i cance in the sen sor design, as any aptamer of choice can poten tially
be grafted into this sys tem [87]. Inter est ingly, the use of a mix ture of dif fer ent
aptamers pro vides smart mate ri als for respond ing to the com bi na tion of analytes
[88]. Recently, both adenosine and cocaine aptamer-linked nanoparticle aggre gates
have been immo bi lized onto a lat eral flow device, allow ing a more sen si tive “dip -
stick” test that can be per formed in com plex sam ple matri ces such as human blood
serum [89].

DNA-med i tated AuNP assem bly was first described by Mirkin et al. in 1996
[77]. Since then, the oligonucleotide-directed AuNP aggre ga tion has been exten -
sively used in the colorimetric detec tion of oligonucleotides [78, 90–97] and fab ri ca -
tion of struc tured assem blies [98]. Gen er ally, two ssDNA-mod i fied AuNPs are used
for the detec tion of oligonucleotides, where the base sequences are respec tively com -
ple men tary to both ends of the tar get oligonucleotides. There fore, the pres ence of
tar get oligonucleotides causes the AuNP aggre ga tion accom pa nied with a color
change. The intense absorp tivity of AuNPs cou pled with the strong and highly spe -
cific base-pair ing of DNA mol e cules enables the ultrasensitive detec tion of
oligonuceotides in a quan ti ta tive man ner. When large AuNPs (e.g., 50 nm or 100
nm) are employed, the detec tion limit was subpicomolar with out the assis tance of
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poly mer ase chain reac tion (PCR) [91]. Inter est ingly, citrate-sta bi lized AuNPs can
dis tin guish ssDNA and dsDNA at the level of 100 fmol based on sim ple elec tro static 
inter ac tions [99], such as single-base-pair mismatches.

The oligonucleotide-directed AuNP assem bly has impor tant appli ca tions in the
colorimetric screen ing of DNA bind ers [100] and tri plex DNA bind ers [101]. In the
lat ter case, the assay is com posed of two sets of noncomplementary AuNPs and a
free strand of DNA that can form tri plexes with those on the nanoparticles with no
aggre ga tion at room tem per a ture due to the low sta bil ity of the tri plex struc ture
(Fig ure 8.5). How ever, the appro pri ate tri plex DNA bind ers can sta bi lize the com -
plexes, induc ing the aggre ga tion of AuNPs. The sim plic ity of this approach makes it 
more con ve nient than other meth ods such as com pet i tive dial y sis, mass spec tros -
copy, and elec tro pho re sis, thus being suit able in high-through put screen ing of
poten tial tri plex binders from large combinatorial libraries [101].

Pro tein detec tion and iden ti fi ca tion is impor tant in med i cal diag nos tics,
proteomics, and antibioterrorism. Ligand-mod i fied AuNPs pro vide a prom is ing
scaf fold for colorimetric detec tion of pro teins. For exam ple, agglu ti nin, a biva lent
lectin that can spe cif i cally rec og nize β-D-galactose, induces the aggre ga tion of
galactose-functionalized AuNPs based on the lectin con cen tra tion, allow ing the
quan ti ta tive detec tion of the pro tein [102]. Sig nif i cantly, the sen si tiv ity of this sys -
tem is appre cia bly high enough to detect the lectin con cen tra tion of 1 ppm, com pa -
ra ble to that of immu no log i cal assay meth ods such as ELISA [102]. Pro tein-directed 
glyconanoparticle assem bly has been used to detect pro tein-pro tein inter ac tions.
Inter est ingly, Chen et al. used the assem blies Con A and mannose-mod i fied AuNPs
to iden tify the bind ing part ners for Con A, since the pro tein-pro tein inter ac tions dis -
rupt the ini tial nanoparticle-pro tein assem blies, afford ing both quan ti ta tive results
[103]. Recently, the con trolled aggre ga tion of glyconanoparticles has been har -
nessed to attain colorimetric detec tion of chol era toxin [104]. By using the high
bind ing affin ity between bio tin and avidin, bio tin-functionalized AuNPs have been
depos ited on glass sub strates, with colorimetric changes upon streptavidin bind ing
with nanoparticle size-depend ent sen si tiv ity [105, 106].

Aptamers rival anti bod ies in terms of bind ing abil ity. AuNPs car ry ing an
aptamer that is spe cific to platelet-derived growth fac tors (PDGFs) have been
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exploited to detect PDGFs by mon i tor ing the changes in color and extinc tion of the
AuNPs as a con se quence of aggre ga tion [107]. Note wor thy, this assem bly of
aptamer-AuNP-PDGF could also be used to detect PDGF recep tors through a com -
pet i tive bind ing mech a nism. Recently, Dong’s group reported a much sim pler
aptamer-based colorimetric sens ing sys tem by thrombin-bind ing aptamers [108].
The aptamers fold into a struc ture of G-quadruplex/duplex in the pres ence of
thrombin due to the aptamer-pro tein rec og ni tion, los ing their pro tect ing func tion.
The AuNP aggre gates are formed accord ingly with a detection limit of 0.83 nM for
thrombin.

Willner et al. have achieved thrombin sens ing using thrombin aptamer-mod i fied 
glass sur face [109]. The functionalized glass sub strate was treated with thrombin
tar gets and aptamer-functionalized AuNPs suc ces sively, lead ing to a “sand wich”
com plex. The immo bi lized AuNPs are fur ther enlarged in a growth solu tion con -
tain ing HAuCl4, CTAB, and NADH [110], which ini ti ates the SPR cou pling inter ac -
tion of adja cent nanoparticles with a sen si tiv ity limit of 2 nM.

Dithiols have long been used as cross-link ers in the assem bly of AuNPs [111]. In
case of dithiol-functionalized pep tides as bridg ing agents, the AuNP assem blies pro -
vide a pow er ful plat form for colorimetric detec tion of pro teases [112]. In a rep re sen -
ta tive study, Scrimin and cowork ers designed two C- and N-ter mi nal cysteinyl
deriv a tives of pep tide sub strates that are spe cific to thrombin and lethal fac tor,
respec tively [113]. First, the pep tides were treated with the analytes, and then they
were incu bated with citrate-sta bi lized 12-nm AuNPs. In the absence of tar get pro -
teases, the intact pep tides induce nanoparticle aggre ga tions, show ing a red-to-blue
color change, while the pro te ase-cleaved pep tides do not bring any color change
with the sen si tiv ity in the low nanomolar range. Stevens et al. fur ther sim pli fied this
two-stage approach by using AuNPs functionalized with Fmoc-pro tected pep tides
(sub strate of thermolysin) with a cysteine anchor. The π-π stack ing inter ac tions
between Fmoc groups led to an assem bled state of AuNPs, which can be directly
sub jected to pro tein sens ing. Once thermolysin is pres ent, the pep tide lig ands are
digested and AuNPs are dis persed in the solu tion along with a blue-to-red color
change. This sys tem has achieved an impres sive sen si tiv ity of 90 zg mL-1 (less than
380 mol e cules) [114]. Based on the enzy matic cleav age of DNA mol e cules, real-time 
colorimetric screen ing meth ods for endonuclease activ ity and inhi bi tion have been
devel oped by using DNA-medi ated AuNP assem blies [115]. Sim i larly, the prin ci ple
of enzyme-trig gered AuNP assem bly/dis as sem bly has been employed to detect
kinase [116] and phosphatases [117, 118], along with the screen ing of their activ ity.
It has also been dem on strated that AuNPs can act as a colorimetric sensor for
protein conformational changes [119].

8.5 Fluorescence Sensing

As it has been dem on strated ear lier, AuNPs can be treated as nonmolecular chromo -
phores with high molar extinc tion coef fi cients. Their excep tional quench ing abil ity
makes them excel lent energy accep tors in the FRET assays [58, 120]. Poly-pyridyl
com plex [Ru(bpy)3]3+ is a well-known fluorophore, which is effec tively quenched by
anionic tiopronin-coated AuNPs [121]. The elec tro static inter ac tion-driven com -
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plexes can be dis so ci ated by addi tion of elec tro lytes such as K+, Bu4N
+, and Ca2+

salts. The flu o res cence quench ing and recov ery fol low Stern-Volmer rela tions, thus
show ing prom is ing exploi ta tion in the detec tion of these ions [121]. By employ ing
the same prin ci ple, Rhodamine B-adsorbed AuNPs have been used in the turn-on
flu o res cence sens ing of Hg2+ [122]. By opti miz ing the AuNP sur face func tion al ity
and the che lat ing agent in the sam ple solu tion, the selec tiv ity of this sys tem for Hg2+

is 50-fold over other metal ions (e.g., Pb2+, Cd2+, Co2+) with a detec tion limit of 2.0
ppb. Sim i larly, Nile red-adsorbed AuNPs show the selec tive detec tion of
aminothiols [123], whereas Zhu, Li, and col lab o ra tors have fab ri cated bispyridyl
perylene bridged AuNPs as Cu2+ sen sors [124]. The flu o res cence of perylene is
quenched by AuNPs, while Cu2+ ions release the dye from the aggre gate by stron ger
pyridine-Cu2+ coor di na tion, regen er at ing the flu o res cence. Sig nif i cantly, this sys tem 
can also be used in the colorimetric sens ing of Cu2+ as the ion rec og ni tion involves
the aggre ga tion and disaggregation of AuNPs. Recently, lan tha num com plexes of
bipyridine-functionalized AuNPs have been used as phos pho res cent sen sors for
alka line earth metal ions and tran si tion metal ions [125].

AuNP-based molec u lar bea cons have been designed to pro vide flu o res cence
sens ing of DNA [126]. As shown in Fig ure 8.6, the dye mol e cules within the ini tial
closed hair pin struc ture are in close prox im ity to the AuNPs, result ing in effec tive
flu o res cence quench ing through FRET. The hybrid iza tion of tar get DNA opens up
the hair pin struc ture, increas ing the donor-accep tor dis tance and pro vid ing a sig nif -
i cant increase in flu o res cence. In com par i son with com mon molec u lar quenchers,
this AuNP-based molec u lar bea con exhib its a sen si tiv ity enhanced up to 100-fold
with sig nif i cantly improved detec tion of a sin gle mis match. Sim i larly, Nie et al.
reported that oligonucleotide-functionalized AuNPs with fluorophore-ter mi nus
spon ta ne ously assem ble into a con strained arch-like con for ma tion with close
donor-accep tor dis tance, which responds to tar get ssDNA by a hybrid iza -
tion-induced strand stretch ing and con se quent flu o res cence light-up [127]. The dis -
tance-depend ent FRET also provides a powerful way for the detection of DNA
cleavage [128].

As with organic flu o res cent dyes, the emis sion of semi con duc tor quan tum dots
can be effec tively quenched by AuNPs in the appro pri ate vicin ity. Melvin et al. have
designed a flu o res cent com pet i tive assay for DNA detec tion using QDs and AuNPs
as the FRET donor-accep tor cou ple [129]. In their pro to col, the CdSe QDs linked to 
a short DNA strand are hybrid ized with a com ple men tary DNA strand linked to an
AuNP, lead ing to quenched assem blies due to the sur face con tact between QDs and
AuNPs. When unlabelled com ple men tary oligonucleotides are pres ent, the
AuNP-DNA is dis placed from the QD-DNA, regen er at ing the QD fluorescence. 
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Kim, Oh, and cowork ers have fab ri cated an inhi bi tion assay of pro teins on the
basis of FRET between QDs and AuNPs [130]. The streptavidin-functionalized QDs
spe cif i cally inter act with biotinylated AuNPs to afford quenched assem blies through
a QD-to-AuNP FRET pro cess (Fig ure 8.7). This sys tem has been exploited to the tar -
get avidin, which releases the biotinylated AuNPs from QDs through a com pet i tive
bind ing and regen er ates the photoluminescence of QDs with a detec tion limit of 10
nM cou pled with a dynamic range up to 2 µM. This study pro vides a generic tac tic
for design ing pro tein sen sors. For exam ple, the assem bly of dex tran-functionalized
QDs and Con A–coated AuNPs are avail able for the detec tion of glycoproteins in the 
pro tein sens ing through spe cific pro tein-ligand inter ac tions [131].

On the basis of flu o res cent indi ca tor-dis place ment assay cou pled with “chem i -
cal nose” approach, Rotello and col lab o ra tors have devised a sen sor array con sist -
ing of six cationic AuNPs and one anionic poly(p-phenyleneethynylene) (PPE)
poly mer, which can prop erly iden tify seven com mon pro teins [132]. The ini tially
quenched poly mer-AuNP com plexes are dis rupted by pro tein analytes through com -
pet i tive bind ing, result ing in flu o res cence res to ra tion, as shown in Fig ure 8.8(a).
Because the pro tein-nanoparticle inter ac tions are deter mined by their respec tive
struc tural fea tures such as charged, hydro pho bic, hydro philic, and hydro gen-bond -
ing sites [133, 134], the diverse par ti cle-pro tein affin i ties gen er ate a dis tin guished
flu o res cence response pat tern for indi vid ual pro teins (Fig ure 8.8(b)). Lin ear dis crim -
i na tion anal y sis (LDA) has been used to dif fer en ti ate the response pat terns in high
accu racy. Pro tein sam ples with both unknown iden tity and con cen tra tion have been 
sub jected to the detec tion with the sen sor array. With the train ing matrix (7 pro teins 
× 6 sen sors × 6 rep li cates) as the stan dard, an iden ti fi ca tion accu racy of 94.2 per cent
was obtained on the basis of 52 sam ples, and the pro tein con cen tra tions were gen er -
ally determined within ±5 percent error.

8.6 Electrical and Electrochemical Sensing

Attrib utes such as the rough en ing of the con duc tive sens ing inter face, the cat a lytic
prop er ties, and the con duc tiv ity prop er ties of AuNPs make them excel lent can di -
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dates for electroanalytical appli ca tions [135]. The assem bly of mul ti lay ered AuNPs
onto elec trodes sig nif i cantly enhances elec trode sur face area, enabling the highly
sen si tive elec tro chem i cal detec tion of redox analytes [136]. On the other hand, the
analyte or redox part ners on a rough ened elec trode have more free dom in ori en ta -
tion to facil i tate the elec tron trans fer through the con duct ing path ways pro vided by
AuNPs. Par tic u larly, the AuNP-dec o rated elec trode dis plays high electrocatalytic
activ ity in com par i son with bulk elec trodes. For exam ple, AuNP-elec trodes are able 
to dis crim i nate the voltammetric signals of dopamine, ascorbate, and uric acid
[137, 138].

Chemiresistors are solid-state devices that exhibit elec tri cal resis tance changes
upon inter ac tion with chem i cal spe cies. The elec tronic con duc tiv i ties of self-assem -
bled films of monolayer-pro tected AuNPs can be var ied by par ti cle size,
interparticle sep a ra tion, ligand prop er ties, and chem i cal envi ron ments [139]. These
mate ri als have been widely used to build chemiresistors for vapor sens ing dur ing the 
past decade [135]. Recently, Wohltjen and Snow have fab ri cated a sen sor by depo si -
tion of a thin film of octanethiol-coated AuNPs (d ~ 2 nm) onto an interdigitated
microelectrode [140]. This sen sor shows a large and rapid decrease in the con duc -
tance upon expo sure to tolu ene and tetrachloroethylene, with a detec tion limit of
ca. 1 ppm. The increase of the resis tance indi cates that the film swell ing dom i nates
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the vapor sens ing, lead ing to an increase of the interparticle dis tances. Once the
coated lig ands of AuNPs are replaced by those bear ing polar func tional groups, the
resul tant chemiresistors are more sensitive to polar analytes [141].

Vossmeyer et al. have sys tem at i cally inves ti gated the sens ing sys tem with vapor
of tolu ene and tetrachloroethylene from films formed by dodecylamine-sta bi lized
AuNPs and α,ω-dithiols with dif fer ent chain lengths (C6, C9, C12, C16) [142]. It was
found that the resis tance responses at a given con cen tra tion of tolu ene analyte
increase expo nen tially with increas ing num ber of meth y lene units. This effect has
been attrib uted to the aug men ta tion of sorp tion sites along with increas ing the
ligand length. Zhong and cowork ers have tested the cofactors influ enc ing the per -
for mance of sen sor arrays con structed from AuNP films and interdigitated
microelectrodes, prov ing the cor re la tion between the vapor-response sen si tiv ity and
the interparticle spac ing prop er ties [143, 144]. Sig nif i cantly, it was dem on strated
that a com pro mised bal ance between the interparticle chain-chain cohe sive
interdigitation and the film-vapor inter ac tion deter mines the rel a tive change of the
elec tri cal resis tance.

AuNP-dendrimer com pos ites have like wise been used in vapor sens ing [145]. In
these layer-by-layer self-assem blies, the AuNPs pro vide the film mate rial with elec -
tric con duc tiv ity, while the dendrimers serve to cross-link the par ti cles and to pro -
vide sites for the selec tive sorp tion of analyte mol e cules. The chem i cal selec tiv ity of
the films is pre dom i nantly deter mined by the sol u bil ity prop er ties of the dendrimer
com po nent. In an early study, an inter est ing bioconjugate mate rial has been fab ri -
cated by the in situ reduc tion of gold salts to nanoparticles by spi der silk [146]. The
spi der-silk fiber dis plays envi ron men tally depend ent expan sion/con trac tion that
con se quently changes the con duc tiv ity of the adhe sive nanoparticles. This mate rial
dis tin guishes the polar ity of alco hol vapors (from meth a nol to butanol) by dis tinct
con duc tiv ity changes and shows excellent cycling efficiency for exposure to
methanol vapor.

The com bi na tion of the electroactivity of AuNPs and the complexation fea tures
of macrocyclic com pounds lead to attrac tive sen sory mate ri als. In a series of stud ies
[147–150], Willner and cowork ers have dem on strated an attrac tive con cept to real -
ize three-dimen sional elec trode sur faces, where citrate-sta bi lized AuNPs and
oligocationic cyclophanes or molec u lar squares were alter nately depos ited onto a
3-aminopropyltriethoxysilane-mod i fied indium-doped tin oxide (ITO) con duc tive
glass (Fig ure 8.9). In these sys tems, the AuNPs pro vide con duc tive sur faces, while the 
macrocycles serve as “molec u lar glues” that asso ci ate with π-donor sub strates such
as hydroquinone in their cav i ties. The molec u lar rec og ni tion increases the local
 concentration of sub strates at the elec trode sur face, facil i tat ing the detec tion of tar -
gets at low con cen tra tion (e.g., 1 µM of hydroquinone) where the bare ITO elec trode
describes no elec tri cal response [151]. The sen si tiv ity of this sys tem can be readily
tuned by adjust ing the num ber of the assem bled lay ers, as the elec tri cal response of
the analytes are pro por tional to the num ber of lay ers [147]. The preconcentration
of sub strates can be deter mined by con trol ling the bind ing affin ity between
macrocycles and analytes, pro vid ing selec tiv ity. For exam ple, the mul ti lay ered elec -
trodes built up from AuNPs and cyclobis(paraquat-p-phenyl ene) cyclophane
respond to hydroquninone, whereas the elec trodes con sist ing of multilayers of
AuNPs and the enlarged cyclophane cyclobis(paraquat- pbiphenylene) respond only
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to dihydroxymethyl ferrocene [149]. Sens ing stud ies on anionic π-donor analytes
such as 3,4-dihydroxyphenylacetic acid con firm that the preconcentration of
analytes at the con duc tive sup port orig i nates from the spe cific π donor-accep tor
inter ac tions rather than non spe cific elec tro static inter ac tions [148].

In most cases, the elec tro chem i cal sen sors can only be used to detect
redox-active analytes due to their voltammetric nature. To allow the anal y sis of
nonredox-active com pounds, Willner et al. have depos ited a film com posed of
polyethyleneimine, AuNPs, and cyclobis(paraquat-p-phenyl ene) on the Al2O3 insu -
lat ing layer of an ion-sen si tive field-effect tran sis tor to serve as a sens ing inter face
[152]. This device is able to sense any charged analytes that are bound to
the cyclophane, irre spec tive of their redox activ ity. With adren a line as a model
com pound, it was dem on strated that the anal y sis could be accom plished by mea -
sur ing either the source-drain cur rent or the gate-source volt age. Sig nif i cantly, the
sens ing device is reus able (at least 100 cycles) with high sta bil ity. Recently,
AuNP-based micro elec tronic devices have been fab ri cated to detect H2S where the
adsorp tion of H2S mol e cules onto the nanoparticles dras ti cally changes the hop -
ping behav ior of elec trons through the par ti cles and con se quently the cur rent-volt -
age pro file [153].

Although bulk Au metal is chem i cally inert, AuNPs have proven to be cat a lysts
for many reac tions. These mate ri als fea ture extraor di nary cat a lytic activ ity due to
their large sur face-to-vol ume ratio and inter face-dom i nated prop er ties [4, 154].
There fore, AuNP-mod i fied elec trodes hold great prom ises in the electrocatalytic
detec tion of organic and bio log i cal mol e cules [137, 155–157]. As an exam ple,
Jena and Raj have dem on strated the electrocatalytic sens ing of glu cose by
using an AuNP-coated gold elec trode [156]. The AuNPs are self-assem bled on
a three-dimen sional sil i cate net work anchored on an elec trode fol lowed by
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Fig ure 8.9 Electroactive multilayers formed by the self-assem bly of anionic AuNPs and
bipyridinium-based oligocations.



 enlargement with hydroxylamine. The enzyme-free amperometric response of this
sys tem increases lin early with the glu cose concentration with a detection limit of 50
nM.

While the inte gra tion of enzymes and elec trodes would lead to highly selec tive
elec tri cal biosensors, the direct immo bi li za tion of redox enzymes onto the elec trodes 
gen er ally results in low sen si tiv ity due to the lack of mutual elec tri cal com mu ni ca -
tion between the enzyme and the elec trode. AuNPs and redox enzymes have been
codeposited on the elec trodes to improve such elec tri cal com mu ni ca tion [158–161];
like wise, the immo bi li za tion of enzymes onto AuNPs can often increase their turn -
over rates [162, 163], which would poten tially rein force the detec tion sen si tiv ity. To 
facil i tate the elec tron trans fer between the enzyme active sites and the elec trode sup -
port, Willner and cowork ers have con structed a bioelectrocatalytic sys tem with
highly effi cient elec tri cal con tact ing of glu cose oxidase (GOx) with elec trode sup -
port by the recon sti tu tion of apo-glu cose oxidase (apo-GOx) on a 1.4-nm gold
nanoparticle that was functionalized with the cofac tor flavin ade nine dinucleotide
(FAD) (Fig ure 8.10) [164]. The nanoparticle-recon sti tuted enzyme elec trodes exhib -
ited extremely effi cient elec tri cal com mu ni ca tion with the elec trode, with elec -
tron-trans fer turn over rate of ca. 5000 s-1 sevenfold higher than the electron-transfer 
rate constant of native GOx.

AuNP-based elec tro chem i cal detec tion of DNA has been devel oped as an alter -
na tive to opti cal approaches [165]. In this route, the DNA rec og ni tion events are
trans duced into elec tri cal or elec tro chem i cal sig nals by using AuNPs as medi a tors.
For exam ple, Mirkin et al. have fab ri cated a DNA array detec tion method in which
the bind ing of oligonucleotide-functionalized AuNPs leads to con duc tiv ity changes
asso ci ated with tar get bind ing events [166]. First, short cap ture oligonucleotides
were immo bi lized on the SiO2 sur face between two elec trodes, and then the tar get
DNA and AuNPs functionalized with oligonucleotides were added suc ces sively for
hybrid iza tion. Finally, the enlarge ment of metal nanoparticles was con ducted to
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Fig ure 8.10 Fab ri ca tion of GOx elec trode by the recon sti tu tion of apo-GOx on a
FAD-functionalized AuNP: (a) The adsorp tion of AuNP-recon sti tuted apo-GOx to a dithiol
monolayer assem bled on a gold elec trode, and (b) the adsorp tion of FAD-AuNPs to a dithiol
monolayer assem bled on a gold elec trode fol lowed by the recon sti tu tion of apo-GOx on the func -
tional nanoparticles. Both routes afforded almost iden ti cal monolayers.



enhance the con duc tiv ity by depo si tion of sil ver onto AuNPs (Fig ure 8.11). Using
this method, the tar get DNA has been detected at con cen tra tions as low as 500
femtomolar with a point mutation selectivity factor of ~100,000:1 [166].

The redox prop er ties of AuNPs fur ther enable their appli ca tions as elec tro -
chem i cal labels in oligonucleotide detec tion. In a rep re sen ta tive study, Ozsoz et al.
have shown that the treat ment of a tar get DNA-mod i fied elec trode with com ple -
men tary probes con ju gated to AuNPs resulted in the appear ance of a gold oxide
wave at +1.2V, show ing the detec tion limit as low as 0.78 fmol with the assis tance
of PCR ampli fi ca tion [167]. So far, sev eral ampli fi ca tion tac tics that are readily
acces si ble have been devel oped, involv ing the nanoparticle enhance ment by sil ver
depo si tion [168] and the incor po ra tion of elec tro chem i cally active groups onto
AuNPs [169, 170]. As an exam ple, ferrocene-capped AuNP/streptavidin con ju gates 
were attached to a biotinylated DNA detec tion probe of a “sand wich” DNA com -
plex on the elec trode, show ing good selec tiv ity and reproducibility with a detec tion
limit of 2 pM, in spite of its sim plic ity [169, 171]. Sim i larly, Fan et al. described a
sand wich detec tion sys tem involv ing hybrid iza tion with AuNP-labeled reporter
probe DNA and sub se quent treat ment with [Ru(NH3)6]

3+ com plexes [172]. The
quan ti ta tive adsorp tion of [Ru(NH3)6]

3+ to the sur face-con fined cap ture probe
DNA via elec tro static inter ac tions resulted in ampli fied elec tro chem i cal sig nals
under chronocoulometric inter ro ga tion. The DNA sen sor could detect as low as
femtomolar (zeptomoles) DNA tar gets and exhibit excel lent selec tiv ity against even
a sin gle base mis match. More recently, Willner et al. reported a novel ampli fied
elec tro chem i cal detec tion of DNA through the aggre ga tion of AuNPs on elec trodes
and the inter ca la tion of meth y lene blue into the DNA-crosslinked struc ture [173].
In this sys tem, the meth y lene blue units act as a spe cific elec tro chem i cal indi ca tor
for the dou ble-stranded DNA for ma tion, while the AuNP assem blies facil i tate the
elec tri cal con tact of the inter ca lated meth y lene blue with the elec trodes. There fore,
this approach exhib its a detec tion limit of 0.1 pM for a 27-mer DNA.
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Fig ure 8.11 Elec tri cal detec tion of DNA based on the “sand wich” hybrid iza tion with
DNA-functionalized AuNPs fol lowed by sil ver depo si tion.



AuNP-based immunoassays have been employed in the pro tein sens ing by mon i -
tor ing either the con duc tiv ity changes or the elec tro chem i cal sig nal ing. A con duc tiv -
ity immunoassay sys tem designed by Velev and Kaler involved the adsorp tion of
pro teins between anti bod ies immo bi lized in an elec trode gap and a sec ond ary
AuNP-tagged anti body fol lowed by AuNPs that are enlarged and fused together by
a metastable solu tion of sil ver salts, which via nucle ation depos its a sil ver layer on
top of the gold (this is called sil ver enhance ment) [174]. Con duc tive paths were
formed across interdigitated elec trodes, lead ing to a mea sur able con duc tiv ity
changes. This assay has achieved ultrasensitive detec tion of human IgG at 0.2 pM.
Like wise, Limoges et al. devised a highly elec tro chem i cal immunoassay by using
AuNP-labeled anti bod ies [175]. As illus trated in Fig ure 8.12, the AuNP-labeled
anti body forms sand wich com plexes with the goat IgG tar get and the immo bi lized
anti body. After removal of the unbound labeled anti body, AuNPs were dis solved in
an acidic bro mine-bro mide solu tion to release gold ions, which are quan ti ta tively
deter mined at a dis pos able car bon-based screen-printed elec trode (SPE) by anodic
strip ping voltammetry (ASV). With 18 ± 5 nm AuNPs as the label, a detec tion limit
of 3 pM was obtained through this pro to col ben e fit ing from the sen si tive ASV deter -
mi na tion of Au(III) at a SPE (5 nM) and the large num ber of atoms in AuNPs (1.7 ×
105 gold atoms in a 18 nm AuNP). In an early study, a new strat egy based on cyclic
accu mu la tion of AuNPs has been devel oped for deter mi na tion of human IgG by
ASV [176]. In this pro to col, the probe anti body in the sand wich com plexes is
labeled with dethiobiotin and advidin-AuNPs, which are intro duced for fur ther
complexation. The alter na tive treat ment of the sys tem with bio tin solu tion and
avidin-AuNPs could real ize cyclic accu mu la tion of AuNPs. The detec tion limit of
this method reaches as low as 0.1 ng mL-1 human IgG.
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AuNP label.



8.7 Surface Enhanced Raman Scattering-Based Sensing

Raman scat ter ing is the inelas tic scat ter ing of inci dent pho tons, which is sen si tive to
dif fer ent vibra tional modes and con se quently pro vides the fin ger print of the tar get
mol e cules. The cross-sec tion of Raman scat ter ing is about 10 to 15 orders smaller
than that of flu o res cence, which severely restricts the direct appli ca tion of this tech -
nique. It has been dem on strated that when a mol e cule is adsorbed on rough metal
sur faces, its Raman scat ter ing may be sig nif i cantly enhanced by up to 15 orders of
mag ni tude, enabling sin gle mol e cule detec tion [177]. This sur face-enhanced Raman 
scat ter ing (SERS) has been attrib uted to a local elec tro mag netic field enhance ment
induced by a plasmon res o nance of opti cally active nanoparticles [178, 179]. The
field enhance ment is depend ent on the nanoparticle size, shape, ori en ta tion, and
aggre ga tion. 

AuNP-based SERS has been suc cess fully exploited in bio log i cal sens ing. In a
rep re sen ta tive study, Mirkin et al. used AuNP probes labeled with oligonucleotides
and Raman-active dyes to achieve mul ti plexed detec tion of oligonucleotide tar gets
[180]. Through a sand wich assay approach fol lowed by sil ver enhance ment, SERS
sig nals are detected exclu sively from the Raman dyes immo bi lized on the par ti cles,
show ing a detec tion limit of 20 fM. Spe cif i cally, this method is able to dis crim i nate
sin gle nucle o tide polymorphisms relat ing to six dif fer ent viruses, ben e fit ing from
the spec i fic ity of com ple men tary probe sequences as well as the fin ger print of the
Raman dyes. Recently, nonfluorescent Raman tags have been incor po rated into
DNA-functionalized 30-nm AuNP probes for the SERS detec tion of DNA [181]. In
this sys tem, the inten sity of Raman sig nal of the probes could be con trolled by the
sur face cov er age of the Raman tags on the par ti cles, indi cat ing a simul ta neous iden -
ti fi ca tion of up to eight probes in a mix ture and a detection limit of ca. 100 nM
without further metal enhancement. 

AuNPs functionalized with either pro tein lig ands or anti bod ies and Raman dyes 
have been devel oped to detect the pro tein-small mol e cule and pro tein-pro tein inter -
ac tions [182]. How ever, this approach required fur ther sil ver enhance ment to get
appro pri ate SERS when 13-nm AuNPs were used. Lipert, Por ter, and cowork ers
have coated 30-nm AuNPs with a monolayer of an intrin si cally strong Raman scat -
ter (5-thiol-2-nitrobenzoate) fol lowed by a layer of cova lently linked anti bod ies for
SERS detec tion [183]. This design not only min i mizes the sep a ra tion between label
and par ti cle sur face but also max i mizes the num ber of labels on each par ti cle, so
that the sen si tiv ity can be dras ti cally enhanced. This immunoassay sys tem has been
exploited in the detec tion of free pros tate-spe cific anti gen (PSA) through a sand wich 
assay for mat based on monoclonal anti bod ies. Detec tion lim its of ~1 pg mL−1 in
human serum and ~ 4 pg mL-1 in bovine serum albu min have been achieved with a
spec trom e ter read out time of 60s. In addi tion, Nie et al. reported biocompatible and 
non toxic AuNPs for in vivo tumor tar get ing and detec tion based on pegylated
AuNPs and SERS [184]. These par ti cles were >200 times brighter than near-infra -
red-emit ting quan tum dots and allowed spec tro scopic detec tion of small tumors
(0.03 cm3) at a pen e tra tion depth of 1–2 cm. 
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8.8 Gold Nanoparticle-Amplified SPR Sensing

The exci ta tion of pla nar noble metal film by light leads to SPR, which is depend ent on 
the refrac tive index of lay ers pres ent in the inter fa cial region. This phe nom e non has
been exten sively exploited in chem i cal and bio log i cal sens ing, and some sen sors have
been com mer cial ized [185]. SPR sen sors exhibit higher sen si tiv ity for large analyte
mol e cules because their effect on the refrac tive index is pro por tion ally greater.
Accord ingly, the intro duc tion of AuNPs onto the sens ing sur face pro vides an effec tive 
way to enhance this effect attrib ut ing to their high mass cou pled with the high dielec -
tric con stant of AuNPs and the elec tro mag netic cou pling between AuNPs and the
metal film [186]. By way of exam ple, a MIP gel with embed ded AuNPs has been pre -
pared on a gold film-coated chip [187]. Not only can the swell ing of MIPs by bind ing
of analytes lead to the sig nif i cant changes in dielec tric con stant near the gold sub -
strate sur face, it can also increase the dis tance between the AuNPs within the poly mer 
and the sub strate sur face, dras ti cally enhanc ing the degree of SPR angle shift. By
using this method, dopa mine could be detected at as low as nanomolar con cen tra -
tions [187], as com pared to the micromolar sen si tiv ity of colorimetric meth ods [85].

The spe cific base pair ing in nucle o tide inter ac tions facil i tates the highly selec tive 
sens ing of oligoncucleotides. The sen si tiv ity of oligonucleotide detec tion can be
dras ti cally improved by using AuNP-ampli fied SPR [188, 189]. Keating et al. have
designed a sand wich approach where a monolayer of 12-mer oligonucleotides were
first immo bi lized onto a gold sub strate and the tar get DNA and AuNPs car ry ing
com ple men tary DNA mol e cules were com bined suc ces sively [188]. The
AuNP-tagged sur face shows a greater than 10-fold increase in angle shift, cor re -
spond ing to a more than 1,000-fold improve ment in sen si tiv ity for the tar get DNA
com pared with the nonamplified assay. As a con se quence, a ~10 pM limit of quan ti -
fi ca tion was achieved for a 24-mer DNA. The non spe cific adsorp tion of AuNPs
onto the sur face may atten u ate the SPR sig nal enhance ment. It has been shown that
a dex tran layer between the gold film and the immo bi lized DNA mol e cules effec -
tively reduces the non spe cific adsorp tion, lead ing to an extremely sen si tive detec tion 
of a 39-mer DNA at femtomolar level [190]. The real-time multicolor DNA detec -
tion has been achieved by using ssDNA-mod i fied AuNPs and micropatterned
chemoresponsive dif frac tion grat ings interrogated simultaneously at multiple laser
wavelengths [191].

Highly spe cific anti body-anti gen rec og ni tion holds great prom ise in selec tive
pro tein sens ing [192]. Natan et al. devised the first AuNP-enhanced SPR
immunosensing sys tem by using either anti gen- or anti body-functionalized AuNPs
as sig nal ampli fier [193]. In a typ i cal sand wich immunoassay, the gold film is first
coated with γ-chain-spe cific monoclonal goat antihuman immu no glob u lin G
(α-h-IgG(γ)). Sub se quently, the addi tion of h-IgG and the sec ond free anti body leads 
only a small plasmon angle shift. While the sec ond free anti body is replaced by an
elec tro static con ju gate between 10-nm-diam e ter AuNP and α-h-IgG(Fc), the
plasmon angle shift dras ti cally increases by 28 times com pared with the unam pli fied 
assay. Picomolar detec tion of h-IgG has been real ized using such par ti cle enhance -
ment. Recently, both com pet i tive and sand wich immunoassays have been devel oped 
to quan tify human tis sue inhib i tor of metalloproteinases-2 on the basis of
AuNP-enhanced SPR [194].
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8.9 Quartz Crystal Microbalance-Based Sensing

Quartz crys tal microbalance (QCM) (i.e., a piezo elec tric microbalance) mea sures
mass changes on a quartz crys tal res o na tor in gas phase or in aque ous solu tion by
fol low ing the respec tive fre quency changes. This tech nique has been widely used in
the sens ing of var i ous tar gets rang ing from vol a tile mol e cules to micro or gan isms
due to its high sen si tiv ity, eco nomic effec tive ness, and con ve nient oper a tion [195].
The inte gra tion of AuNPs into QCM-based sens ing sys tems is of great inter est
mainly due to their two appeal ing attrib utes. First, nanoparticles pos sess large sur -
face area and sur face-to-vol ume ratio. Accord ingly, AuNPs and AuNP-dendrimer
act ing as sorptive mate ri als have been used for appli ca tions in vapor sens ing
[196–198]. Based on the rel a tively heavy mass of AuNPs and the direct response of
QCM related to sur face mass changes, the use of nanoparticles as “mass enhancers” 
pro vides a pow er ful approach for pro mot ing detec tion sen si tiv ity by ampli fy ing fre -
quency changes [199].

Efforts have been focused on the detec tion of oligonucleotides using QCM sen -
sors with the assis tance of AuNPs. Gen er ally, the exper i men tal setup involves the
immo bi li za tion of thiol-ter mi nated ssDNA onto the gold-coated QCM, fol lowed by 
hybrid iza tion with tar get oligonucleotides. It was dem on strated that the intro duc -
tion of a layer of AuNPs between the gold film and the immo bi lized ssDNA sig nif i -
cantly improves the detec tion capac ity of the sys tem as a con se quence of the large
sur face of AuNPs [200]. On the other hand, sand wich approaches can dras ti cally
improve the detec tion limit, where one end of tar get oligonucleotides hybrid izes
with the immo bi lized ssDNA mol e cules (rec og ni tion ele ments) while the other end
hybrid izes with ssDNA-mod i fied AuNPs (sig nal ampli fier) [201–205]. Par tic u larly,
multivalent ssDNA-mod i fied AuNPs are able to fur ther hybrid ize with AuNPs
functionalized with com ple men tary ssDNA and pro vide the den dritic ampli fi ca tion
effect [202]. Cat a lyzed depo si tion of gold onto the ampli fier AuNPs has also been
con ducted to improve the sen si tiv ity of the QCM approach, and a detec tion limit of
ca. 1 fM has been attained [206]. How ever, it should be noted that non spe cific
adsorp tion of AuNPs to the gold film of QCM needs to be avoided in the ampli fi ca -
tion pro cess, as it will lead to an over es ti mate of sig nal enhance ment [207].
Recently, a microcantilever-based DNA sen sor has been designed as an anal ogy to
QCM [208]. In com par i son with QCM, the sen sor ele ment is 100 times smaller,
enabling the con struc tion of a high-den sity senor array for mul ti plexed detec tion.
On the basis of the sand wich approach cou pled with AuNP-ampli fi ca tion, a
detection limit of 23 pM has been achieved on a microcantilever for sensing a
30-mer DNA [208].

Detec tion of streptavidin on a QCM has been reported using AuNPs as a sig nal
ampli fi ca tion probe [209]. In the exper i men tal setup, biotinylated BSA was first
immo bi lized on the gold sur face of the QCM elec trode and the com bi na tion of
strepatvidin induced small fre quency changes of the piezo elec tric crys tal. The fur -
ther treat ment of the result ing inter face with bio tin-functionalized AuNP enhanced
the sens ing sig nal with an addi tional fre quency change two times higher, result ing
in a wide detec tion win dow from 1 ng mL−1 to 10 µg mL−1.
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8.10 Gold Nanoparticle-Based Bio-Barcode Assay

Mirkin’s group has devel oped an AuNP-based bio-barcode assay to amplify the tar -
get mol e cules with highly mul ti plexed and ultrasensitive detec tion of pro teins and
nucleic acids. In order to prove this con cept, the bio-barcode assay was first
employed to ana lyze PSA, which is a biomarker pro tein for pros tate and breast can -
cer [210]. As shown in Fig ure 8.13(a), a mag netic microparticle car ry ing anti bod ies
that spe cif i cally bind PSA was first used to cap ture the pro tein. Sub se quently, a
30-nm AuNP that was functionalized with barcode DNA and anti bod ies unique to
the pro tein tar get was com bined to sand wich the pro tein between mag netic and gold 
par ti cles. Mag netic sep a ra tion of this assem bly fol lowed by ther mal dehybridization 
of dou ble-stranded DNA on AuNPs yielded the ssDNA-functionalized AuNPs and
free barcode nucleic acids. The free barcode DNA was ana lyzed directly by using
chip-based sand wich hybrid iza tion with ss-DNA functionalized AuNP probes, fol -
lowed by sil ver ampli fi ca tion, lead ing to a detec tion limit of 30 aM. When PCR
ampli fi ca tion on the barcode DNA was con ducted, an unprec e dented sen si tiv ity of 3 
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Fig ure 8.13 AuNP-based bio-barcode assay of (a) pro teins and (b) DNA.



attomolar was obtained [210]. The fea si bil ity of this bio-barcode approach has also
been ver i fied by the detec tion of amy loid-β-derived diffusible lig ands, a sol u ble
patho genic Alz hei mer’s dis ease marker, in the cerebrospinal fluid [211]. Inter est -
ingly, this approach has proven to be able to achieve mul ti plexed detec tion of pro -
tein can cer mark ers by using a mix ture of dif fer ent biobarcoded AuNP probes
[212]. Dur ing the detec tion pro cess, the released barcode DNA mol e cules can be
spe cif i cally immo bi lized onto a DNA functionalized sur face, fol lowed by hybrid iza -
tion with ssDNA-AuNP and sil ver ampli fi ca tion. There fore, the barcode
oligonucleotides can be scanometrically iden ti fied.

To sim plify the sig nal read out, fluorophore-tagged biobarcoded AuNPs have
been used in pro tein detec tion [213]. As the released barcode DNA is flu o res cent, it
can be readily quan ti fied by mea sur ing the flu o res cence inten sity. With PSA as the
model pro tein, a detec tion limit of 300 aM was obtained with out other ampli fi ca -
tion. Nam and Groves et al. devel oped a colorimetric bio-barcode assay for pro tein
detec tion [214, 215]. In their approach, the released barcode nucleo tides serve as a
bridg ing agent of two ssDNA-functionalized barcode-cap ture AuNPs. The
barcode-directed AuNP aggre ga tion leads to a red-to-blue color change. Through
this method, cytokine has been detected at 30 aM, which far higher than that of
con ven tional colorimetric detection.

Ultrasensitive detec tion of DNA has also been devel oped through the prin ci ple
of biobarcode ampli fi ca tion [216, 217]. As illus trated in Fig ure 8.13(b), the anti -
bod ies in the pro tein detec tion sys tem are replaced by spe cific ssDNA. Con se -
quently, the tar get DNA can hybrid ize with both the mag netic par ti cle probes and
the biobarcoded AuNP probes to form sand wich assem blies. The mag netic sep a ra -
tion fol lowed by ther mal dehybridization releases the free barcode nucleo tides for
anal y sis. Using scanometric detec tion, this method has led to a 500-zeptomolar sen -
si tiv ity, which is com pa ra ble to many PCR-based approaches with out the need for
enzy matic ampli fi ca tion [216]. Multiplexed DNA detec tion is also fea si ble using a
mix ture of different biobarcoded nanoparticle probes [217].

8.11 Concluding Remarks

AuNPs pres ent a ver sa tile scaf fold for the cre ation of chem i cal and bio log i cal sen -
sors. First, the par ti cles pro vide an adapt able plat form for the incor po ra tion of var i -
ous functionalities rang ing from small organic lig ands to large biomacromolecules,
allow ing the bind ing of tar get mol e cules with appro pri ate affin ity and selec tiv ity.
Addi tion ally, the phys i cal, opti cal, and elec tronic attrib utes of AuNPs can be uti -
lized to rec og nize the transduction of the bind ing events. Thus, functionalized
AuNPs may act as both molec u lar recep tor and sig nal trans ducer in a sin gle sens ing
pro cess, which often sim pli fies the sen sor design. More over, AuNPs exhibit many
attrib utes that are supe rior to small mol e cules (e.g., their high absorp tivity and
dense mass). These fea tures fur ther facil i tate the appli ca tion of AuNPs in the con -
struc tion of highly sen si tive sen sors. A great variety of analytes have been subjected
to the sensing studies.

The sen si tiv ity of AuNP-based sen sors is cor re lated with a vari ety of fac tors,
such as the analyte, the rec og ni tion part ner, and the transduction mech a nism. As
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sum ma rized in Table 8.2, the detec tion limit of AuNP sen sors ranges from
micromolar to zeptomolar, which is depend ent not only on the tar get spe cies, but
also on the pre cise design of the sen sors. Gen er ally, the detec tion sen si tiv i ties are less 
than pico-/femto-molar, with DNA and pro tein as tar get mol e cules. It seems that a
the o ret i cal detec tion limit has been attained for the tar gets of this type, as it has been
pro posed that indi vid ual nanoscale sen sors will be lim ited to picomolar-order sen si -
tiv ity for prac ti cal time scales due to the analyte trans port lim i ta tion [2], mak ing
directed trans port of biomolecules essential for further enhancements in sensitivity.

To achieve highly effi cient sen sors, it is impor tant to mod u late the nanoparticle
sur face func tion al ity for the selec tive cap ture of tar get analytes. Highly selec tive
dou ble-stranded DNA, anti body-anti gen, and aptamer-analyte inter ac tions have
been uti lized to engi neer the rec og ni tion events. Despite their extraor di nary spec i fic -
ity, these sys tems are not advan ta geous in the high-through put screen ing of dif fer ent 
analytes because a tre men dous amount of per ti nent rec og ni tion ele ments need to be
fab ri cated for multianalyte detec tion. In this regard, the sen sor array approach
would play an impor tant role, as selec tiv ity rather than spec i fic ity is required. To
this end, a lim ited num ber of indi vid ual sen sors may pro vide nearly unlim ited
screening capability toward the target analytes.

Over all, the AuNP-based sens ing stud ies described have mainly been focused on 
colorimetric and elec tro chem i cal pro to cols. Both meth ods afford pro nounced detec -
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Table 8.2 Com par i son of Detec tion Lim its of Dif fer ent AuNP-Based Chem i cal
and Bio log i cal Sen sors

Assay Method Analytes
Detec tion
Limit Ref er ence

Colorimetric Metal ion (Pb2+) 2.5 nM [70]

Organic com pound (adren a line) 5 µM [85]

Oligonucleotide (ssDNA 30mer) 50 pM [91]

Pro tein (thermolysin) ~1 aM [114]

Flu o res cence Metal ion (Hg2+) 10 nM [122]

Oligonucleotide (ssDNA 16mer) 0.2 µM [126]

Pro tein (avidin) 10 nM [130]

Elec tro chem i cal Vol a tile com pound (tolu ene) 1 ppm [140]

Organic com pound (glu cose) 50 nM [156]

Oligonucleotide (ssDNA 27mer) 0.1 pM [173]

Pro tein (human IgG) 0.2 pM [174]

SERS Oligonucleotide (ssDNA 30 mer) 20 fM [180]

Pro tein (PSA) 30 fM [183]

SPR Organic com pound (dopa mine) 1 nM [187]

Oligonucleotide (ssDNA 39mer) 1.38 fM [190]

Pro tein (human IgG) 6.7 pM [193]

QCM Vol a tile com pound (tolu ene) 10 ppm [196]

Oligonucleotide (ssDNA 27mer) ~1 fM [206]

Pro tein (streptavidin) ~20 pM [209]

Bio-barcode Oligonucleotide (ssDNA 27mer) 500 zM [216]

Pro tein (PSA) 30 aM [210]



tion sen si tiv ity and exten sive range of tar gets. By con trast, stud ies con cerned with
flu o res cence-based sens ing are rel a tively scarce, with cur rent sys tems hav ing high
detec tion lim its. AuNP-based flu o res cence sens ing sys tems are in prin ci ple supe rior
to small organic molec u lar sys tems due to the intense absorp tivity of AuNPs cou -
pled with their superb quench ing abil ity. This capa bil ity, how ever, has not been
real ized as of yet. Taken together, how ever, both the opto el ec tronic prop er ties of
AuNPs and their ampli fi ca tion abil ity hold great prom ise in pro duc ing chemical
and biological sensors featuring high performance. 
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C H A P T E R  9

Plasmon-Resonant Gold Nanorods:
Photophysical Properties Applied Toward
Biological Imaging and Therapy

Qingshan Wei and Alex an der Wei

9.1 Introduction

Anisotropic gold nanoparticles are ide ally suited as con trast agents for the opti cal
imag ing of bio log i cal tis sues. Unlike many other inor ganic nanomaterials, col loi dal
gold is essen tially inert and has a long his tory of clin i cal use, not only as
immunocytochemical probes for ex vivo appli ca tions [1–4] but also as col loi dal
adju vants for in vivo radiotherapies [5–8], and more recently in ani mal stud ies for
rheu ma toid arthri tis [9–11]. More over, recent devel op ments in nanomaterials syn -
the sis have enabled gold nanoparticles to be engi neered into struc tures with tun able
sur face plasmon modes and with opti cal res o nances rang ing from vis i ble to
near-infra red (NIR) wave lengths [12]. Sev eral types of gold nanostructures are cur -
rently being inves ti gated as con trast agents for var i ous opti cal imag ing modal i ties,
but those with plasmon res o nances in the NIR region between 750 and 1300 nm are 
par tic u larly favor able for bio med i cal imag ing, as shorter wave lengths are extin -
guished by hemo glo bin or other endog e nous pig ments and lon ger wave lengths are
strongly atten u ated by water [13]. Gold nanorods (GNRs) are espe cially attrac tive
due to the tunability of their plasmon res o nances, and also their straight for ward
and highly repro duc ible syn the sis. GNRs sup port a higher absorp tion cross sec tion
at NIR fre quen cies per unit vol ume than most other nanostructures and have nar -
rower linewidths at com pa ra ble res o nance fre quen cies due to reduced radi a tive
damp ing effects [14]. With respect to syn the sis, GNRs are effi ciently pre pared in
micellar surfactant solu tions using seeded growth con di tions, with var i ous mod i fi -
ca tions devel oped for fine con trol over aspect ratio, scalability and uni for mity, opti -
cal and col loi dal sta bil ity, and absorp tion and scat ter ing prop er ties. The latter
define the types of optical imaging modalities that can be empowered by the use of
GNRs as contrast agents.

In this chap ter, we review the cur rent level of knowl edge on the chem is try and
photophysical prop er ties of GNRs, fol lowed by their appli ca tions toward bio log i -
cal imag ing. Numer ous exam ples of bio log i cal appli ca tions will be dis cussed to

197



illus trate the breadth of pos si bil i ties that have been inspired by the ver sa til ity of
these useful nanomaterials. 

9.2 Synthesis

In recent years, numer ous meth ods have been devel oped toward the prep a ra tion of
GNRs with con trolled diam e ters and length-to-width (aspect) ratios. Mesoscopic
(micron to submicron) GNRs have been fab ri cated using “top-down” litho graphic
meth ods such as elec tron-beam lithog ra phy [15], focused-ion beam mill ing [16],
and microtomy (nanoskiving) [17], or by templated electrodeposition into
nanoporous alu mi num oxide [18–24] or polycarbonate [25] mem branes. How ever,
these meth ods are less use ful for pre par ing smaller GNRs with lengths below 100
nm, a more com pat i ble size range for bio med i cal and in vivo appli ca tions. Instead,
GNRs can be syn the sized in a scal able fash ion by the reduc tion of gold chlo ride
(HAuCl4) in aque ous solu tions con tain ing micellar cationic sur fac tants, such as
cetyltrimethylammonium bro mide (CTAB). These meth ods are extremely pop u lar
for the tunability of reac tion param e ters that deter mine the aspect ratio and sub se -
quent opti cal prop er ties of GNRs. The CTAB-medi ated syn the sis of GNRs has gone
through sev eral stages of devel op ment. Sem i nal con tri bu tions by Wang and cowork -
ers dem on strated the syn the sis of GNRs in CTAB solu tions by elec tro chem i cal
reduc tion of gold ions or by the elec trol y sis of gold elec trodes, with con trolled
aspect ratios from 2.5 to 6.0 and opti cal extinc tions extend ing well into the NIR
range [26–29]. Pho to chem i cal reduc tion of HAuCl4 has also proven to be quite use -
ful for GNR syn the sis [30–37], as well as more recently developed methods based on 
microwave [38–40] and proton beam irradiation [41].

At pres ent, the most pop u lar method for syn the siz ing GNRs with NIR absorp -
tion involves the chem i cal reduc tion of HAuCl4 using a mild, organic reductant such 
as ascor bic acid, nucle ated by small gold nanoparticle “seeds” [42, 43]. The seeded
growth con cept for GNR syn the sis was first estab lished in 2001 by Murphy and
cowork ers, and has rap idly gone through numer ous stages of devel op ment [44–46].
Ini tial stud ies involved the addi tion of citrate-sta bi lized nanoparticles to growth
solu tions con tain ing HAuCl4 and CTAB, with ascor bic acid as a reduc ing agent and
sil ver nitrate (AgNO3) as an addi tive (Fig ure 9.1) [42, 47]. Vari a tions in the reac tion
con di tions and seed ing strat e gies yielded GNRs with diam e ters of 15–20 nm and
con trolled aspect ratios as high as 20, but these dis per sions often con tained a sig nif i -
cant frac tion of spher i cal nanoparticles. Replac ing citrate-sta bi lized seeds with
CTAB-sta bi lized seeds increases the GNR yields to over 90 percent [48].

The aspect ratio and NIR-absorb ing prop er ties of GNRs can be tuned either by
con trol ling the rel a tive con cen tra tion of seeds or by the amount of AgNO3 [42, 47,
48, 50], which was later estab lished to have a pas si vat ing role through the
underpotential depo si tion of a sil ver monolayer, pri mar ily onto the {110} fac ets
along the length of the GNRs [51]. The kinet ics of GNR growth are rapid and nearly 
com plete within min utes of seed addi tion, and typ i cally pro duce dumb bell-shaped
GNRs with slightly flared ends with lengths well below 100 nm and absorp tions in
the range of 750–900 nm, due to their lon gi tu di nal plasmon res o nances (see next
sec tion). How ever, the reduc tion of HAuCl4 by ascor bic acid is often incom plete and 
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can lead to a slower, sec ond ary growth stage, in which the GNRs are “fat tened” by
the gal vanic dis place ment of sil ver from the GNR sides. This can grad u ally shift the
plasmon res o nance from NIR to vis i ble wave lengths, result ing in an “opti cal drift”
by as much as 100 nm. This sec ond ary growth pro cess can be sup pressed by ensur -
ing the con sump tion of resid ual HAuCl4, either by add ing sodium sul fide (Na2S)
after the nanorod syn the sis to quench fur ther growth [52] or by adjust ing the
amount of ascor bic acid to ensure com plete reduc tion.1

GNRs with higher aspect ratios and submicron lengths can be pre pared by a
con sec u tive seeded growth pro cess [53–56] or by serial addi tion of growth solu tion
[57, 58]. These growth con di tions do not require the addi tion of AgNO3 and can be
fur ther pro moted by intro duc ing small amounts of nitric acid [59, 60], although the
exact role of the lat ter addi tive is pres ently unknown. Alter na tive sur fac tants to
CTAB with larger cationic headgroups [48, 61–63] or poly meric lig ands [64] can
also be used to increase GNR aspect ratio.

With regard to the GNR growth mech a nism, a full under stand ing is lack ing,
although sev eral hypoth e ses have been sug gested. One of these con cerns the role of
CTAB and its pos si ble pref er ence for cer tain crys tal line fac ets on the sur faces of the
gold nanoparticle seeds [65]. Pref er en tial adsorp tion to the {100} fac ets will lead to
faster growth along the {110} com mon axis shared by {111} fac ets, result ing in the
pro duc tion of {110} fac ets along the sides of the GNRs at the expense of {111} sur -
face area. An elec tric field-directed growth mech a nism has also been pro posed, in
which AuI-CTAB com plexes are trans ported to the nanorod tips by con vec tive
forces driven by elec tric field gra di ents [66]. The role of the AgNO3 is also of great
inter est: the com pet i tive depo si tion of Ag ions slows down the over all growth rate
and can account for the high uni for mity and yield of GNRs. Fur ther more, the
electroless (underpotential) depo si tion of Ag occurs pref er en tially on high-energy
{110} fac ets, pro mot ing anisotropic growth [51]. The GNR growth kinet ics are also
influ enced by the rel a tive con cen tra tions of the nucle at ing par ti cle, HAuCl4, CTAB,
AgNO3, and ascor bic acid, as well as the pH and reac tion tem per a ture, all of which
can lead to significant changes in particle shapes, sizes, and yields [50, 67–71].
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Fig ure 9.1 (a) Scheme for seed-medi ated growth of GNRs; (b) crys tal line fac ets on a typ i cal
GNR [49]. Reprinted with per mis sion from the Mate ri als Research Soci ety and Amer i can Chem i cal
Soci ety.

1. Zubarev, E. R., per sonal com mu ni ca tion.



9.3 Optical Properties

9.3.1 Absorption

The tre men dous inter est in GNRs in the past decade stems in large part from their
intense and wave length-tun able opti cal prop er ties. These are inti mately asso ci ated
with an elec tro dy namic phe nom e non known as sur face plasmons, which embody
the col lec tive oscil la tions of con duc tion elec trons when excited by light. In the case
of gold nanoparticles (which are much smaller than the wave length of vis i ble light),
the plasmons are bounded and will res o nate at spe cific elec tro mag netic fre quen cies,
and are thus char ac ter ized by very large opti cal cross sec tions. These local ized sur -
face plasmon res o nances (LSPRs) are highly sen si tive to par ti cle size, shape, mate rial 
com po si tion, and the local dielec tric envi ron ment. A num ber of recent mono graphs
and reviews pro vide a detailed dis cus sion on the many fac tors that sig nif i cantly
impact the LSPR of metal nanoparticles [72–86]. 

For small iso tro pic nanoparticles, the LSPR can be sim ply described as a sin gle
dipole mode accord ing to Mie the ory [87].2 How ever, the reduced sym me try of
anisotropic par ti cles such as GNRs results in at least two res o nance modes, a lon gi -
tu di nal res o nance (LR) along the GNR axis and a trans verse res o nance (TR) nor mal
to that axis. The LR and TR modes were first defined for ellip soi dal par ti cles by
Gans in the early twen ti eth cen tury as an exten sion of Mie the ory [88]. The extinc -
tion cross sec tion (Cext) of an ellip soid can be mathematically expressed as
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where V is the par ti cle vol ume, εm is the dielec tric con stant of the sur round ing
medium, ε = ε1 + iε2 is the com plex dielec tric func tion of the metal, and Pj are depo -
lar iza tion fac tors asso ci ated with dimen sions A, B, and C (A = length; B, C = width).
These fac tors are defined for GNRs as
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 rep re sents the ellip ticity and R is the aspect ratio, or A/B. 

El-Sayed and cowork ers adapted the Mie-Gans equa tion to derive a sim ple,
semiempirical rela tion ship between the GNR lon gi tu di nal res o nance wave length
(λLR) and aspect ratio R [89–91]:
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2. Mie the ory is more accu rately defined as a com plete ana lyt i cal solu tion of Maxwell’s equa tions for the elec -
tro mag netic scat ter ing by polarizable bodies.



( )λ εLR mR= − +5371 4229 49514. . . (9.4)

This rela tion ship indi cates that λLR shifts from the vis i ble to NIR and mid-IR
wave lengths with increas ing R, and is valid within the first degree of approx i ma -
tion. How ever, sig nif i cant dis par i ties exist between (9.4) and exper i men tal absorp -
tion val ues. This is not sur pris ing given the assump tion of GNRs as ide ally prolate
ellip soids, and also because of polydispersity in par ti cle aspect ratio as well as unac -
counted mod u la tions in the dielec tric func tion at the GNR sur face. A better fit of
exper i men tal mea sure ments to (9.4) can be achieved by adjust ing one or more phys -
i cal param e ters, such as a higher effec tive dielec tric medium to off set the pres ence of 
charge near the GNR sur face [92].

The plasmon res o nance modes of GNRs can also be cal cu lated numer i cally,
such as by the dis crete dipole approx i ma tion (DDA) [93–96] or finite-dif fer ence
time-domain (FDTD) [15, 97] meth ods, which take into account the true shape of
GNRs. Again, lin ear rela tion ships between λLR and R can be estab lished within a
lim ited range [93], but the cal cu la tions also reveal that λLR is highly depend ent on
par ti cle shape [98], diam e ter [89, 99], and the dielec tric medium [100–104]. In con -
trast, the trans verse res o nance wave length (λTR) is only mildly affected by changes in 
GNR shape and aspect ratio, usu ally stay ing within the range of 515–525 nm. 

The tun able LR is most eas ily appre ci ated by the vari a tions in color of GNRs as
a func tion of aspect ratio R. Shorter GNRs appear blue, while lon ger GNRs appear
red, indi cat ing the min ima in extinc tion at those wave lengths (Fig ure 9.2(a)); more
pre cisely, the col ors are the con se quence of strong absorp tion at orange and green
wave lengths. These are on the oppo site side of the color wheel of blue and red (Fig -
ure 9.2(b)), and cor re spond, respec tively, to λLR for short GNRs and λTR for long
GNRs [105].
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Fig ure 9.2 (a) Opti cal absorp tion spec tra of GNRs with dif fer ent aspect ratios; (b) color wheel
with ref er ence to λLR (and λTR) for GNR sam ples a–e. (See Color Plate 17.)



The LR mode is highly sen si tive to envi ron men tal fac tors. The ani so tropy of
GNRs intrin si cally ren ders them polar iza tion-depend ent, which gives rise to a cos2

rela tion ship between the GNR long axis and polar ized inci dent light [106, 107].
This angu lar depend ency on light absorp tion has been observed exper i men tally
using GNRs aligned in poly mer films [106, 108]: the LR mode is at its stron gest
when the polar ized light is aligned par al lel to the GNRs, whereas the TR mode
becomes dom i nant if the polar iza tion is per pen dic u lar to the GNR axis. The LR
wave length is also strongly influ enced by changes in the sur face dielec tric by chem i -
cal adsorp tion or sur face mod i fi ca tions [52, 109–111]. Metal nanoparticles are well
known to expe ri ence LSPR shifts due to sur face adsorp tion, and nanorods are the
most sen si tive among these [112]. This has led to the devel op ment of GNR-based
mul ti plex biosensors, using shifts in LR for opti cal detec tion (Sec tion 9.5.3) [110,
113]. Other fac tors known to influ ence the LR wave length include sur face rough -
ness [114], elec tron charg ing [115, 116], and interparticle cou pling (aggre ga tion)
effects [117–119]. Multipole plasmon resonances are also reported in relatively long 
rods [120–122]. 

9.3.2 Plasmon-Resonant Scattering

Res o nant light scat ter ing detec tion is one of the most straight for ward and ver sa tile
meth ods for visu al iz ing and track ing nanoparticles. Plasmon-res o nant scat ter ing
from GNRs has been inves ti gated by con fo cal and darkfield micros copy [17,
123–125] and is also mod eled using numer i cal approaches [126–130].
Time-resolved light scat ter ing from indi vid ual GNRs adsorbed loosely onto glass
sub strates has been mon i tored at a high frame rate, reveal ing orientational dif fu sion
on the mil li sec ond timescale but local res i dency (stiction) times on the order of sec -
onds [131]. The low par ti cle vol umes of GNRs pre pared by seeded growth make
their scat ter ing cross-sec tions rel a tively small com pared with their absorbances
[128]. On the other hand, the small size of GNRs sup ports a nar row plasmon res o -
nance linewidth, whereas those pro duced by NIR-absorb ing spher i cal nanoparticles 
are much broader due to size-depend ent damp ing effects [5]. The scat ter ing sig nals
from GNRs increase with par ti cle diam e ter, com men su rate with an increase in vol -
ume [97]. In con trast, the res o nant scat ter ing does not increase lin early with length
but achieves a max i mum when the aspect ratio is close to 2, then grad u ally decreases 
[127, 128, 130]. Far-field opti cal micros copy tech niques based on elas tic light scat -
ter ing will likely remain a use ful tool for decades to come, but other meth ods have
also been devel oped for the direct obser va tion of LSPRs in GNRs. These include
scan ning near-field opti cal micros copy (SNOM) [132–136], two-dimen sional tran -
sient absorp tion map ping [137], high-res o lu tion cathodoluminescence spectroscopy 
[138], and photoemission electron microscopy [139].

9.3.3 Linear Photoluminescence

The absorp tion and scat ter ing prop er ties of gold nanoparticles are well estab lished,
but their photoemission prop er ties are much less so. Indeed, photoluminescence
(PL) is con sid ered a rather unusual prop erty for met als, which are better known for
their abil ity to quench flu o res cent mol e cules or par ti cles by back-elec tron trans fer.
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Nev er the less, weak yet detect able PL can be gen er ated from bulk Au [140] and from 
Au nanoparticles and GNRs using laser exci ta tion [141–143]. PL can also be effi -
ciently gen er ated by UV exci ta tion of very small (<2 nm) gold nanoclusters [144,
145], whose discretized energy states are absent in larger col loi dal nanoparticles.

El-Sayed and cowork ers excited GNRs at 480 nm (above plasmon res o nance)
to pro duce lin ear photoemission spec tra with λem rang ing from 548–588 nm. The
emis sion wave length was observed to increase lin early with aspect ratio, whereas
the quan tum effi ciency (φem) had a qua dratic depend ency on GNR length [141].
Plasmons were deter mined to be impor tant in PL ampli fi ca tion, with the φem of
GNRs esti mated to be more than 106 times com pared with bulk Au, due to res o nant
cou pling with local elec tro mag netic fields. Sub se quent stud ies attrib uted the
increase in PL to ultrafast, plasmon-enhanced emis sions [142, 143]. The effect of
higher aspect ratios (R > 3.5) on PL is some what less clear and in par tial con flict
with the ear lier study [141]. In a report by the same group, the PL inten sity (λex =
480 nm; λem ca. 600 nm) decreased with R, which was attrib uted to the reduced
over lap between LR and the interband tran si tion [146]. This was also accom pa nied
by the appear ance of a sec ond emis sion peak at 740 nm, close to the band edge of
Au. A sec ond, inde pend ent report indi cated that the inten sity of this emis sion band
increased when using even lon ger GNRs (R = 13) at lower energy exci ta tion (λex up
to 690 nm) [147].

9.3.4 Nonlinear Optical Properties

GNRs exhibit sev eral non lin ear opti cal (NLO) prop er ties, gen er ated upon
plasmon-res o nant exci ta tion with ultrashort (femto second) laser pulses.
Two-pho ton lumi nes cence (TPL), hyper-Ray leigh scat ter ing (HRS), and sec ond
har monic gen er a tion (SHG) have all attracted a great deal of atten tion for their
capac ity to pro duce opti cal con trast at vis i ble wave lengths using NIR exci ta tion
and with very low autofluorescence. TPL involves the simul ta neous absorp tion of
two pho tons (typ i cally in the NIR range), fol lowed by a three-step pro cess: (1)
exci ta tion of elec trons from the d- to the sp-band to gen er ate elec tron-hole pairs,
(2) scat ter ing of elec trons and holes on the pico sec ond timescale with par tial
energy trans fer to the phonon lat tice, and (3) elec tron-hole recom bi na tion result -
ing in photoemission [140]. As with sin gle-pho ton PL, the intrin sic TPL effi ciency
of bulk gold is poor, but TPL sig nals from GNRs can be greatly ampli fied by res o -
nant cou pling of the inci dent exci ta tion with the LR mode (Fig ure 9.3(a)) [148,
149]. The two-pho ton absorp tion cross sec tion of GNRs pro duced by seeded
growth meth ods is on the order of 2 × 103 GM, inter me di ate between that of typ i -
cal dye mol e cules (~102 GM) [150, 151] and semi con duc tor quan tum dots (~104

GM) [152]. Other Au nanostructures such as nanospheres [153], nanoplates
[154], nanoshells [155], and nanoparticle dimers [156, 157] have also been found
to exhibit TPL activ ity, but GNRs pro duced by seeded growth meth ods have the
high est TPL inten sity per unit vol ume, as well as the added fea ture of polar iza -
tion-depend ent exci ta tion [148, 158]. 

The TPL inten sity of GNRs is quadratically depend ent on exci ta tion power as
expected, but has lit tle cor re la tion with exci ta tion fre quency (Fig ure 9.3(b, c))
[148]. The emis sion spec tra are broad and con tain sev eral peaks asso ci ated with
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interband tran si tions. The TPL of indi vid ual GNRs have also been exam ined by
SNOM and shown to depend strongly on the local den sity of states, with max i mum
PL enhance ment at the tips where the elec tro mag netic field is stron gest [159, 160].
Fur ther more, the TPL inten sity of sin gle GNRs has a cos4 depend ency on the polar -
iza tion of inci dent light, another char ac ter is tic of a non lin ear absorp tion pro cess
[148]. Higher-order, multiphoton emis sions have been reported in Au nanostripes
fab ri cated by focused-ion beam mill ing [16] and Au nanowire arrays [161], as well
as third-order absorp tion coef fi cients of GNRs embed ded in a sil ica matrix [162].
These stud ies con trib ute toward our fun da men tal under stand ing of the nonlinear
absorption properties of GNRs.

The sec ond-order polarizability of GNRs has been mea sured by hyper-Ray leigh
scat ter ing (HRS) [163]. Unlike TPL, the HRS sig nal is fre quency-dou bled and the
inci dent polar iza tion is retained. The HRS response is plasmon-enhanced and has
been mod eled as a dis crete, lin ear aggre gate of spher i cal nanoparticles, whose strong 
interparticle cou plings increase the HRS sig nal by an order of mag ni tude com pared
with the sum of indi vid ual nanospheres. Sec ond har monic gen er a tion (SHG) is
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Fig ure 9.3 TPL gen er ated from GNRs, using a femto second-pulsed Ti:sap phire laser: (a) Exci ta -
tion inten si ties super im posed onto GNR absorp tion spec trum; (b) qua dratic depend ence of PL
inten sity with exci ta tion power; (c) TPL emis sion spec tra from GNRs in aque ous solu tion, excited
at 730, 780, and 830 nm, respec tively [148].



another closely related, plasmon-enhanced NLO response, and has been inves ti -
gated in ori ented GNR arrays as a func tion of exci ta tion polar iza tion and wave -
length [164, 165]. The emer gence and char ac ter iza tion of these NLO prop er ties
pro vide fer tile ground for bio log i cal imag ing appli ca tions, as will be dis cussed in the 
next sec tion.

9.3.5 Other Optical Properties

The tun able plasmonic responses of GNRs endow them with excit ing poten tial for
var i ous bioanalytical appli ca tions, such as sur face-enhanced Raman scat ter ing
(SERS) and sur face-enhanced flu o res cence (SEF). SERS is based on the Raman
vibra tional modes of chem i cal spe cies adsorbed onto the sur faces of plasmon-res o -
nant nanoparticles. The nor mally weak Raman inten si ties can be ampli fied by many 
orders of mag ni tude using local, plasmon-enhanced elec tro mag netic fields; con se -
quently, the sig nal strength is highly depend ent on the plasmon res o nance of the
sup port ing nanostructure. GNRs have been shown to sup port SERS using a NIR
exci ta tion source with esti mated enhance ment fac tors rang ing from 107 to 109, up
to 105 times larger than from Au nanoparticles irra di ated under iden ti cal
(nonresonant) con di tions [166, 167]. Not sur pris ingly, the SERS response of GNRs
is also very sen si tive to aspect ratio, with dif fer ences of up to 100-fold in sig nal
enhance ment between res o nant and nonresonant con di tions [168]. The
interparticle spac ing between GNRs can also be impor tant, as it deter mines the
strength of cou pled plasmon modes and can gen er ate “hot spots” with extremely
high local enhance ments [169]. GNR aggre gates have been pre pared sim ply by
salt-induced floc cu la tion [170], whereas sub strates with adjust able pack ing den si -
ties have been pre pared using layer-by-layer (LbL) assem bly [171, 172], by
two-dimen sional self-assem bly at sol vent inter faces [173], and by one-dimen sional
(end-to-end) assem bly with a pro nounced shift in λLR [174]. In addi tion to local field 
enhance ment, the elec tronic inter ac tion between the Au sub strate and absorbed
mol e cules can also con trib ute to SERS, com monly referred to as a chem i cal
enhance ment effect [175, 176]. 

SEF has been care fully inves ti gated for fluorophores on col loi dal nanoparticle
sur faces [177–180], but less atten tion has been paid toward GNRs [181, 182]. SEF
is very sen si tive to the dis tance between fluorophores and nanoparticles, as a result
of the com pe ti tion between local field enhance ment and quench ing effects due to
back-elec tron or res o nant energy trans fer. The lat ter effects are at their max i mum
when the fluorophores are within a few nanometers (<5 nm) of the metal sur face,
but a slight increase in sep a ra tion can result in an emis sion enhance ment of up to
100-fold [183]. Both SEF and flu o res cence energy trans fer are strongly depend ent
on the over lap between the LSPR and the mol e cule’s absorp tion and emis sion spec -
tra. For exam ple, rhodamine B (λex/λem = 520/570 nm) adsorbed onto GNRs with λLR

= 700 nm expe ri enced less than 10 per cent quench ing by res o nant energy trans fer,
but almost 100 per cent quench ing on Au nanospheres [181]. Inter est ingly, the elec -
tronic cou pling between the dye and GNR can split λLR into two peaks, with a large
plasmon shift up to 120 nm [182]. This split ting was highly depend ent on the dye
con cen tra tion as well as the dye–nanorod dis tance. 
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9.4 Surface Chemistry and Biocompatibility

Sur face engi neer ing plays a crit i cal role in the devel op ment of GNRs for bio med i cal
appli ca tions. Nanoparticle-based agents need to meet at least sev eral cri te ria in
order to be con sid ered use ful for in vivo appli ca tions: (1) dis per sion sta bil ity in
blood and other phys i o log i cal flu ids; (2) functionalization meth ods for site-selec tive
tar get ing and/or cell uptake; (3) resis tance against non spe cific cell uptake and pro -
tein adsorp tion; (4) suf fi ciently long cir cu la tion life times to allow effi cient deliv ery
to the region of inter est; (5) low cytotoxicity and inflam ma tory response. In addi -
tion, the engi neered nanomaterial must be robust against chem i cal deg ra da tion
while under bio log i cal expo sure to avoid com pro mis ing its abil ity to meet these cri -
te ria. Together, these pres ent a for mi da ble obsta cle course through which very few
mate ri als have suc cess fully nav i gated. Con se quently, the sur face chem is try of GNRs 
(and of nanoparticles in gen eral) requires as much atten tion and devel op ment as the
nanomaterials them selves, if they are to meet their full bio med i cal poten tial. In this
sec tion, we sur vey the various surface chemistries developed for GNRs and their
intended use in biological systems.

9.4.1 Bioconjugation Methods

It is not dif fi cult to appre ci ate the util ity of GNRs functionalized with biomolecular
rec og ni tion ele ments. Decades of research have already been devoted to the
bioconjugation of col loi dal gold nanoparticles, many of which have been tar geted
toward cell-sur face biomarkers for ex vivo immunolabeling stud ies by opti cal or
elec tron micros copy [1]. How ever, many of those pro to cols can not be adapted in a
straight for ward man ner toward the bioconjugation of GNRs, par tic u larly those
syn the sized or sta bi lized in micellar CTAB solu tions [184]. As will become clear
later, the pres ence of this cationic and toxic surfactant intro duces some sig nif i cant
chal lenges in the prep a ra tion of functionalized GNRs, which can fulfill the criteria
described earlier.

The phys i cal or elec tro static absorp tion of anionic polyelectrolytes (PE) such as
polystyrenesulfonate is the most direct and prac ti cal method of coat ing CTAB-sta bi -
lized GNRs (Fig ure 9.4(a)). PE-coated GNRs have been shown to form sta ble dis -
per sions at var i ous pH or ionic strength, and are also sta ble against dilu tion effects
[185]. The lat ter is impor tant because sol u ble CTAB can be removed from aque ous
sus pen sions of GNRs by mul ti ple centrifugation-redispersion cycles or by extrac tion 
with chlo ro form, but when CTAB falls below the crit i cal micelle con cen tra tion (ca.
1 mM) [186], the GNRs become destabilized and quickly flocculate. In most cases,
the polyanionic coat ing pre vents GNRs from agglom er at ing and also reverses their
zeta poten tial from pos i tive to neg a tive, which sub stan tially improves their com pat i -
bil ity with bio log i cal media. The PE coat ing can also serve as a “primer” layer for
anti bod ies [187] or small pro teins such as myoglobin [188, 189], transferrin [185],
or streptavidin [190, 191] via physisorption at a rel a tively low pH. Recent exam ples
of GNRs functionalized by this approach have been tar geted against epi der mal
growth fac tor recep tor (EGFR) [192, 193], pros tate spe cific anti gen (PSA) [194],
and the δ-opioid recep tor [195]. It is worth men tion ing that multilayer PE coat ings
have also been used to load var i ous molec u lar car gos onto GNRs, includ ing dye
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mol e cules [182] and hydro pho bic pro teins such as bovine serum albu min (BSA)
[196].

Cova lent crosslinking fur ther increases the sta bil ity of bioconjugated GNRs,
although the long-term sta bil ity of the physisorbed polyelectrolyte remains an open
ques tion for the time being. Amine- and acet y lene-ter mi nated biomolecules have been 
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Fig ure 9.4 Sur face functionalization and bioconjugation meth ods devel oped for GNRs: (a) elec -
tro static physisorption onto PE-coated GNRs [187]; (b) cova lent attach ment via carbodiimide cou -
pling [197]; (c) “click” bioconjugation [198]; (d) chemisorption using thiols [200]; (e)
chemisorption using dithiocarbamates (DTCs) [224]. Reprinted with per mis sion from the Amer i can 
Chem i cal Soci ety.



incor po rated onto GNRs via carbodiimide cou pling [197] and “click” bioconjugation 
[198], using inter me di ate PE coat ings bear ing acti vated N-hydroxysuccinimide
(NHS) carboxylate esters or azides, respec tively (Fig ure 9.4(b,c)). 

Chemisorption offers an alter na tive route for the sur face bioconjugation of
GNRs and other Au nanoparticles. Thiols (–SH) are pres ently the most widely used
func tional group [199], and have been con ju gated to pro teins [200],
oligonucleotides [201, 202], DNA aptamers [203], and oligopeptides [204] for their
immo bi li za tion on GNR sur faces (Fig ure 9.4(d)). Low molec u lar-weight spe cies
such as alkanedithiols [205], bio tin [206, 207], mercaptoacetic acid [208–210],
cysteine [117, 209, 211–213], and glutathione [117, 211, 212] can also be intro -
duced for sub se quent biofunctionalization. A very inter est ing con se quence of the
chemisorptive approach is that many of these lig ands adsorb pref er en tially onto the
tips of GNRs, either on the {111} fac ets or their edges. This anisotropic
functionalization has enabled GNRs to be assem bled in end-to-end fash ion, with a
strong effect on their plasmon res o nances (Sec tion 9.3.5) [117, 202, 205–210, 212,
213]. End-to-end assem bly can be cou pled with biomolecular rec og ni tion events,
and has been used as an opti cal switch for biosensing appli ca tions (Sec tion 9.5.3.1)
[117, 174, 202, 205, 210].

Despite their pop u lar ity for the functionalization of Au sur faces, chemisorbed
thiols may have lim ited sta bil ity when exposed to phys i o log i cal con di tions [214,
215]. A num ber of reports have dem on strated that chemisorbed alkanethiols are
readily dis placed by sur face exchange by other mol e cules [216–218] (includ ing
biogenic thiols such as glutathione) [219] and desorb at an appre cia ble rate under
oxi da tive con di tions [220] or in the pres ence of elec tro lytes [221]. These path ways
com pro mise the integ rity of alkanethiol-based self-assem bled monolayers [215,
217], with less than pos i tive con se quences for in vivo applications. 

Robust alter na tives to thiol chemisorption are cur rently under inves ti ga tion.
One prom is ing devel op ment involves lig ands based on the dithiocarbamate (DTC)
group (–NCS2

–), which can be formed in situ by the con den sa tion of alkylamines
with CS2 under mod er ately basic con di tions (Fig ure 9.4(e)) [222]. This is a use ful
addi tion to exist ing bioconjugation meth ods, as it pro vides the option of attach ing
amine-ter mi nated lig ands directly onto Au sur faces. DTC chemisorption has been
dem on strated on GNRs using amine-ter mi nated polyethyeleneglycol (PEG) [223]
and diamine oligoethyleneglycols con ju gated to folic acid [224, 279]. Other recent
exam ples involv ing DTC chemisorption include the con ju ga tion of amine-ter mi -
nated DNA oligonucleotides [225] and proline-terminated oligopeptides [226].

Finally, it is worth not ing that CTAB-sta bi lized GNRs have also been coated
with a sil ica layer using the well-known Stöber method [184, 227–231].
Mesoporous sil ica coat ings have also been pre pared by adjust ing the amount of
CTAB around the nucle at ing GNR [232]. The sur face mod i fi ca tion of sil ica is well
known and may rep re sent yet another direc tion for bioconjugation, given suf fi cient
chem i cal sta bil ity and con trol over dispersion stability.

9.4.2 Cytotoxicity and Nonspecific Cell Uptake

The cytotoxicity of nanomaterials has been a broadly dis cussed issue and has
attracted a great deal of atten tion world wide [233]. With respect to GNRs,
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cytotoxicity stud ies have been few but are increas ing in num ber, pav ing the way
toward their poten tial bio med i cal appli ca tions. The mem brane-com pro mis ing
effects of the cationic surfactant CTAB is a pri mary con cern due to its high acute
cytotoxicity (IC50 < 10 µM) and abil ity to inhibit mito chon drial activ ity [234, 235],
so con sid er able atten tion has been paid to reduce its pres ence [236–238].
CTAB-sta bi lized GNRs coated with anionic PE [239, 197], serum pro teins [238], or 
exchanged with phosphatidylcholine [230] or syn thetic cationic lipids [240] all have 
reduced cytotoxicity pro files, due in part to the shield ing effect of those physisorbed 
mate ri als. On the other hand, in vitro stud ies have shown that the CTAB-sta bi lized
GNRs them selves are not nec es sar ily cytotoxic, if the excess CTAB is removed from
the solu tion. For exam ple, CTAB-coated GNRs were observed to be inter nal ized by
K562 or KB cells (from human leu ke mia or naso pha ryn geal car ci noma cell lines,
respec tively) but did not pro duce an appre cia ble cytotoxic response over sev eral
days of incu ba tion [223, 236]. Nev er the less, the non spe cific uptake of GNRs medi -
ated by CTAB is unde sir able, and efforts are cur rently under way to ensure its com -
plete removal.

Chemisorptive approaches have also been used to improve the biocompability
of GNRs. Treat ment of CTAB-sta bi lized GNRs with thiol-ter mi nated poly(eth yl ene 
gly col) (PEG-SH) [200, 237, 241] or with amine-ter mi nated PEGs in the pres ence of 
CS2 (in situ PEG-DTC for ma tion) [223] have been shown to be inert to cell uptake
and ame na ble to in vivo biodistribution stud ies, with a cir cu la tion half life on the
order of sev eral hours [159]. PEG-coated GNRs form sta ble dis per sions in buf fered
solu tions, can be exten sively dia lyzed for the rig or ous removal of CTAB [223, 162],
and have low cytotoxicity even at high con cen tra tions, with 90 per cent cell via bil ity
reported for a GNR concentration of 0.5 mM [237]. 

9.5 Biological Applications of Gold Nanorods

Like many other inor ganic nanomaterials dis cussed through out this vol ume,
plasmon-res o nant GNRs have sev eral key advan tages over con ven tional NIR dyes
and chromo phores for in vitro and in vivo appli ca tions. Their lin ear and non lin ear
opti cal cross sec tions are many times larger than organic mol e cules, and their
photophysical responses are essen tially invul ner a ble to photobleaching effects.
More over, GNRs are capa ble of pro duc ing intense photothermal effects, a prop erty 
not typ i cally asso ci ated with con ven tional imag ing agents or fluorophores. The
con cept of using NIR-absorb ing nanoparticles as highly local ized heat sources has
inspired a tidal wave of pos si bil i ties for com bin ing diag nos tic imag ing with
photoactivated ther a pies, now a days referred to by the port man teau
“theragnostics.” Here we sur vey a wide range of stud ies that apply the opti cal and
photothermal properties of GNRs in a biological context. 

9.5.1 Contrast Agents for Imaging

9.5.1.1 Dark-Field Microscopy

The ever-increas ing sen si tiv ity and resolv ing power of opti cal and opto el ec tronic
sys tems has renewed an inter est in imag ing modal i ties based on res o nant light scat -
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ter ing, both in the vis i ble and the NIR range. Plasmon-res o nant scat ter ers are well
matched with dark-field micros copy, a pop u lar tool for imag ing bio log i cal sam ples.
GNRs have a cer tain appeal as scat ter ing con trast agents because they sup port dual
plasmon modes in the vis i ble and NIR range. The lat ter can be expected to pro duce a 
polar iza tion-depend ent response (Sec tion 9.3.1), although this fea ture has yet to be
exploited for bio log i cal imag ing. GNRs have been used in dark-field micros copy for
tar geted can cer cell imag ing: for exam ple, anti body-labeled GNRs were observed to
label malig nant car ci noma cell lines by rec og ni tion of their cell-sur face EFGRs,
whereas their affin ity for nor mal human keratinocytes was low [192]. In this case,
the TR mode of GNRs pro duced an eas ily detect able orange-red scat ter ing with
white light exci ta tion. The same strat egy has been used to mon i tor the tar geted
nuclear deliv ery of GNRs con ju gated with transferrin [185] or cell-pen e trat ing pep -
tides [204]. Dark-field micros copy with white-light illu mi na tion can also sup port
mul ti plex label ing strat e gies, as dem on strated by the simul ta neous detec tion of
GNRs with dif fer ent aspect ratios, tar geted toward sep a rate cell-sur face biomarkers
on human breast epi the lial cells [113]. Dark-field GNR imag ing can even be used to
mea sure tis sue prop er ties: lon ger GNRs (R~15) were embed ded in a car diac
fibroblast net work to track local defor ma tions induced by mechan i cal stress (Figure
9.5) [242]. Strain distributions were measured by monitoring the positions of GNRs
in real time [242, 243]. 

9.5.1.2 Two-Photon Luminescence Microscopy

Inter est in nanomaterials for NLO imag ing has grown very rap idly in the past five
years, in sync with the greater avail abil ity of multiphoton con fo cal micros copy.
Semi con duc tor quan tum-dot nanocrystals [152, 244] and quan tum rods [245–247], 
nanosized car bon dots [248], and gold nanoshells [249] have all proven to have use -
ful NLO prop er ties and can serve as con trast agents for bio log i cal imag ing in
multiphoton micros copy. GNRs exhibit appre cia ble lumi nes cence under both lin ear 
and non lin ear exci ta tion con di tions (Sec tions 9.3.3 and 9.3.4) [141, 146], but the
lat ter is better suited for bio log i cal imag ing for the fol low ing rea sons: (1) as men -
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Fig ure 9.5 Par tially over lap ping dark-field and flu o res cence images of GNRs incu bated with car -
diac fibroblasts [242]. TEM image of GNRs shown in upper-left inset. Reprinted with per mis sion
from the Amer i can Chem i cal Soci ety. (See Color Plate 18.)



tioned pre vi ously, NIR illu mi na tion has greater transmittivity through bio log i cal
struc tures and can there fore achieve greater pen e tra tion depth than vis i ble light; (2)
multiphoton exci ta tion pro duces a much lower autofluorescence back ground, with
a com men su rate increase in sig nal-to-noise ratio; (3) NLO sig nal inten si ties are
highly power depend ent, which increases the 3D spatial resolution and minimizes
collateral photodamage. 

The util ity of GNRs as TPL con trast agents has been dem on strated both in vitro 
and in vivo [148]. In a sem i nal in vivo TPL imag ing study by Cheng and cowork ers,
a dilute solu tion of CTAB-sta bi lized GNRs were deliv ered into an anes the tized
mouse by tail vein injec tion, then detected some min utes later pass ing through ear
blood ves sels after dilu tion in the blood pool (Fig ure 9.6) [148]. Con tin u ous TPL
mon i tor ing revealed that the GNRs were cleared from the blood stream within 30
min utes pre sum ably due to opsonization, but sub se quent in vivo TPL stud ies with
PEG-con ju gated GNRs indi cate a much lon ger blood res i dency time, with a cir cu la -
tion half life of sev eral hours.3 A three-dimen sional TPL imag ing modal ity has also
been devel oped for tis sues using GNRs as con trast agents [193], with pen e tra tion
depths up to 75 µm in a tis sue phan tom [193].

In vitro TPL imag ing can be per formed in real time or over the course of many
hours, and has been used to track the tra jec tory and even tual fate of indi vid ual
GNRs incu bated with KB cells [223, 224]. CTAB-sta bi lized GNRs were inter nal -
ized by KB cells within a few hours and observed to migrate toward the nucleus with 
a bidirectional motion, sug ges tive of co-trans port with endosomes along
microtubules [223]. In con trast, GNRs coated with PEG chains by in situ DTC for -
ma tion were not taken up by KB cells, as char ac ter ized by the near-absence of TPL
sig nals. Folic acid-con ju gated GNRs have been tar geted to the high-affin ity folate
recep tor expressed on the sur faces of KB cells and observed by TPL imag ing to accu -
mu late on the outer cell mem brane for many hours prior to their recep tor-medi ated
endocytosis and deliv ery to the perinuclear region [224]. This image-guided deliv -
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Fig ure 9.6 Still-frame TPL image of sev eral GNRs (indi cated by arrows) pass ing through a mouse
ear blood ves sel, sev eral min utes after a tail vein injec tion [148]. Blood ves sel walls in trans mis sion
over lay enhanced for clar ity. 

3. Tong, L., and Cheng, J.-X., per sonal com mu ni ca tion.



ery pro vides an oppor tu nity not just to iden tify and tar get can cer cells for
photothermally induced cell death (dis cussed later), but also to time the deliv ery of
NIR dosage for maximum efficacy. 

9.5.1.3 Optical Coherence Tomography 

Opti cal coher ence tomog ra phy (OCT) is a recently estab lished bio med i cal imag ing
tech nol ogy capa ble of 2–3-mm depth pen e tra tion, with axial res o lu tion on the order 
of 10 µm and lat eral res o lu tion in the low micron range [250–252]. OCT is
noninvasive and anal o gous in sev eral respects to ultra sound imag ing, except that
reflec tions of NIR light are detected rather than sound. OCT is pri mar ily used in
clin i cal opthalmology, but recent tech no log i cal advances have made it pos si ble to
image nontransparent tis sues, extend ing its appli ca tion toward a broader range of
med i cal spe cial ties. But unlike other noninvasive imag ing modal i ties such as ultra -
sound, mag netic res o nance imag ing (MRI), or x-ray com puted tomog ra phy (CT),
OCT can image cel lu lar and even subcellular struc tures, with 10–25 times greater
spa tial res o lu tion than that pro duced by ultra sound imag ing, and up to 100 times
better than MRI or CT [253].

OCT typ i cally gen er ates images based on mor phol ogy-depend ent scat ter ing,
but can also pro duce images by dif fer en tial absorp tion con trast (spec tro scopic
mode) or by dif fer ences in absorp tion/scat ter ing pro files. These OCT vari a tions can
profit enor mously from NIR-active con trast agents. Plasmon-res o nant
nanoparticles such as gold nanoshells [254–257], nanocages [258, 259], and GNRs
[260–263] are among the most prom is ing con trast agents, based on their NIR
extinc tion prop er ties. How ever, GNRs dif fer from the oth ers in that their opti cal
response is dom i nated by their absorp tion cross sec tion. GNRs have been employed
in con ven tional back scat ter ing OCT, but a very high con cen tra tion is needed to
produce detectable contrast [262]. 

GNRs are much better suited to sup port OCT modal i ties based on dif fer en tial
absorp tion or back scat ter ing albedo (the ratio of back scat ter ing to total extinc tion),
which have the advan tage of pro duc ing con trast in tis sues with intrin si cally high
scat ter ing cross-sec tions. An OCT modal ity based on low back scat ter ing albedo has
been dem on strated with GNRs in highly back scat ter ing tis sue phan toms, with an
esti mated detec tion limit as low as 30 ppm [260]. The nar row absorp tion linewidths 
of GNRs can also be used to enhance spec tro scopic-domain OCT, and were recently 
inves ti gated as con trast agents in an excised sam ple of human breast inva sive ductal
car ci noma [261]. The GNR dis tri bu tion was parameterized by eval u at ing the evo lu -
tion of the back scat tered light spec trum over a range of tis sue depths. The polar iza -
tion-depend ent extinc tion of GNRs has not yet been exploited for OCT imag ing,
but is antic i pated to pro vide fur ther enhance ments to absorp tion-based modal i ties,
and offers untapped potential for polarization-sensitive OCT. 

9.5.1.4 Photoacoustic Imaging

The optoacoustic prop er ties of plasmon-res o nant gold nanoparticles orig i nate from
photoinduced cav i ta tion effects. This pro cess can be sum ma rized as fol lows: (1)
thermalization of con duc tion elec trons on the subpicosecond timescale [74]; (2)
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elec tron-phonon relax ation on the pico sec ond timescale and thermalization of the
phonon lat tice, with a sub se quent rise in tem per a ture by hun dreds to thou sands of
degrees; (3) tran sient microbubble expan sion upon reach ing the kinetic spinodal of
the super heated medium, ini ti ated on the nano sec ond timescale [264, 265]; (4)
microbubble col lapse, result ing in shockwaves and other forms of acous tic emis -
sion. The expan sion and col lapse of a cav i ta tion bub ble takes place on a micro sec -
ond timescale and are easily detected by ultrasonic transducers. 

Photoacoustic tomog ra phy (PAT) is an emerg ing noninvasive imag ing tech -
nique based on NIR-induced photoacoustic effects [266]. Images are obtained by
the recon struc tion of the opti cal energy absorp tion dis trib uted across an array of
acous tic trans duc ers. The advan tage of PAT over pure opti cal or ultra sonic imag ing 
tech nique relies on the com bined mer its of opti cal irra di a tion and acous tic detec -
tion. Laser pulse irra di a tion pro vides a site-directed illu mi na tion with micron-level
spa tial res o lu tion, as com pared with the mil li me ter res o lu tion of ultra sound waves.
On the other hand, the low dif fu sion of prop a gat ing acous tic waves is advan ta geous 
over reflected opti cal sig nals, which suf fer from scat ter ing by bio log i cal tis sue
[267]. The depth res o lu tion of PAT can be sev eral cen ti me ters in bio log i cal tis sue
[268], whereas pure optical imaging is limited to millimeter penetration depths
[269].

NIR-absorb ing gold nanoparticles have only recently been employed as exog e -
nous in vivo con trast agents for PAT, which nor mally relies on the intrin sic dif fer -
ences in opti cal absorp tion by dif fer ent tis sue for pro duc ing con trast. In one recent
exam ple, PAT images of nude mice were sig nif i cantly enhanced by the injec tion of
GNRs, which could pro vide vari a tions in sig nal inten sity with con cen tra tion dif fer -
ences as low as 1.25 pM (Fig ure 9.7) [270]. This limit of sen si tiv ity is 75 times
greater than the detec tion of superparamagnetic iron oxide nanoparticles by MRI.
Other exam ples involv ing GNRs in PAT include quan ti ta tive flow anal y sis in bio -
log i cal tis sues [271] and the dis tri bu tion kinet ics of drug deliv ery sys tems [272].
Gold nanoshells (>100 nm) and nanocages of more com pact size (<50 nm) have also 
been used as PAT con trast agents and detected in rat brains after intra ve nous injec -
tion, with observ able vas cu lar con trast within min utes [273, 274]. 

9.5.2 Photothermal Therapy 

Metal nanoparticles are highly effi cient con vert ers of light energy into heat, mak ing
them prom is ing agents for the tar geted photothermolysis of cells. Numer ous in
vitro exam ples have been reported using Au nanoparticles con ju gated to
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Fig ure 9.7 Photoacoustic tomog ra phy of a nude mouse (a) before and (b) after injec tion of GNRs 
[270]. Reprinted with per mis sion from the Amer i can Chem i cal Soci ety.



biomolecular rec og ni tion ele ments. The thresh old laser fluence required for
photoinduced dam age can be remark ably low: an early report by Lin and cowork ers 
dem on strated that anti body-labeled Au nanoparticles tar geted toward CD8+ lym -
pho cytes could deliver a death blow with just a sin gle 20-ns laser pulse of 0.35 J/cm2

[275]. For photothermolysis in vivo, NIR irra di a tion is pre ferred due to their greater 
pen e tra tion depth into bio log i cal tis sue [13]. A sem i nal report by Halas and West
illus trated the use of NIR-active gold nanoshells for in vivo photothermal imag ing
and ther apy in a tumor mouse model [276]. PEG-coated nanoshells admin is tered in
the vicin ity of tumors could induce photothermal abla tion fol low ing expo sure to
NIR laser irra di a tion, which raised the local tem per a ture by nearly 40K [276]. A
sub se quent study indi cated that mice sub jected to nanoshell-medi ated photothermal 
ther apy had a 100 per cent sur vival rate with com plete tumor reduc tion (N=7),
whereas control mice all died within 10–20 days [277].

GNRs are also highly effi cient con vert ers of NIR light energy into heat and have
been explored for the tar geted photothermolysis of tumor cells [192, 224, 278, 279], 
par a sitic pro to zo ans [280], macrophage [281], and patho genic bac te ria [282].
While the issue of cell-selec tive deliv ery is of pri mary impor tance for future
theragnostic appli ca tions, atten tion must also be paid toward the mech a nisms of
photoinduced cell injury. In par tic u lar, necro sis is often assumed to be the result of
hyperthermia, for which a few degrees is suf fi cient to cause cell and tis sue mal func -
tion. How ever, this is not nec es sar ily the case at the sin gle-cell level. A recent study
by Wei and Cheng has shown that GNRs bound to tumor cell mem branes can serve
as “optoporation” agents and induce cell necro sis by pro mot ing an intracellular
influx of Ca ions (Fig ure 9.8) [279]. This is explained most straightfowardly by the
injury of the cell mem brane due to local cav i ta tion dynam ics [264, 265], although a
num ber of biomolecular mech a nisms can also con trib ute toward the disruption of
intracellular homeostasis.

The photothermal prop er ties of GNRs sug gest another attrac tive ther a peu tic
appli ca tion: molec u lar release trig gered by NIR light. Photoinduced release of DNA
pre vi ously adsorbed onto GNRs has been reported by sev eral groups [283–285].
The release mech a nism has been attrib uted to the reshap ing of GNRs [283, 285] as
well as the photoinduced dis so ci a tion of thiolated DNA from the GNR sur face
[284]. Impor tantly, the released DNA remains bio log i cally active as proven in sub -
se quent transfection exper i ments, result ing in GFP expres sion [284]. Poly -
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Fig ure 9.8 (a, b) Folate-con ju gated GNRs (red) tar geted to the mem branes of KB cells, before
and after a 1-min expo sure to a scan ning NIR laser (12 J/cm2). (c) Evi dence for “optoporation” was 
obtained by using ethidium bro mide (red) and a flu o res cent dye indi cat ing high lev els of
intracellular Ca2+ (green) [279]. Reprinted with per mis sion from Wiley-VCH Pub lish ing. (See Color
Plate 19.)



mer-coated GNRs are also appeal ing from the per spec tive of drug deliv ery and
con trolled release. Thermoresponsive poly mers such as poly(N-isopropy-
lacrylamide), or PNIPAAm, can be actu ated in response to light when adsorbed
onto GNRs or by load ing GNRs into PNIPAAm hydrogels [286]. GNRs adsorbed
onto PNIPAAm microspheres have also been pre pared by elec tro static absorp tion,
with revers ible vol ume tran si tions and LSPR shifts observed upon photothermal
stim u la tion [287–290]. Photoresponsive GNR–PNIPAAm hydrogels loaded with
bioactive sub stances may have poten tial for con trolled drug release but are pres -
ently lim ited by the uneven dis tri bu tion of GNRs within the hydrogel matrix, result -
ing in a non uni form photothermal response. As an alter na tive, PNIPAAm chains
can be grafted directly onto GNRs via sur face-ini ti ated atom trans fer rad i cal poly -
mer iza tion (SI-ATRP) [291]. These poly mer-con ju gated GNRs have a well-defined
core-shell mor phol ogy and a unit par ti cle size below 100 nm, and may be more
appro pri ate inter me di ates for the preparation of hydrogels with uniform
photoresponsive behavior.

9.5.3 Ex Vivo Bioanalytical Applications 

The lon gi tu di nal SPR of GNRs is highly sen si tive to sur face adsorp tion and envi ron -
men tal changes, mak ing them excel lent sub strates for opti cally based bioanalytical
appli ca tions. A few of these have already been dis cussed in the con text of in vitro
biosensing [113]; how ever, some of the most pow er ful and widely used diag nos tic
meth ods are per formed offline. Here we focus on ex vivo bioanalytical appli ca tions
whose scope can be fur ther aug mented by the incorporation of GNRs.

9.5.3.1 LSPR-Based Biosensors

Bioanalytical meth ods based on the LSPR of plasmon-res o nant nanoparticles typ i -
cally fall into two cat e go ries: colorimetric response to analytes trig gered by
nanoparticle aggre ga tion and LSPR shifts caused by changes in local refrac tive
index. GNRs have been suc cess fully used in both types of sens ing modal i ties.
Low-aspect ratio GNRs are par tic u larly well suited for detect ing analytes that can
trig ger their end-to-end aggre ga tion. Their lon gi tu di nal res o nances pro duce much
stron ger redshifts than that observed for iso tro pic nanoparticles of com pa ra ble size
(and can thus sup port lower lim its of detec tion) but are still readily mea sured using
con ven tional opti cal detec tion sys tems [208]. Aggre ga tion-induced LSPR shifts can
also be adapted for multiplexing strat e gies; for exam ple, sequence-selec tive
oligonucleotide detec tion based on GNR-GNR ver sus GNR-nanosphere assem bly
has been dem on strated [202]. Inter est ingly, the GNR-nanosphere cou pling pro -
duced a greater redshift than GNR-GNR assem blies under sim i lar sam pling con di -
tions. This counterintuitive obser va tion may be attrib uted to the kinet ics of
nanoparticle aggre ga tion and the pref er en tial chemisorption of the thiolated
antisense oligonucleotide on the GNR tips: the fre quency of col li sion with isotropic
gold nanospheres is higher than the rate of self-aggregation. 

Thiolated amino acids such as cysteine and glutathione have also been reported
to induce GNR aggre ga tion selec tively (see Fig ure 9.9) [117]. The com bi na tion of
the pri mary thiol and the α-amino acid func tion al ity is required to induce a strong
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colorimetric response. Anti body-anti gen rec og ni tion can also be used to trig ger the
self-assem bly of GNRs at low anti gen con cen tra tions, with detec tion lim its as low as 
60 ng/mL dur ing a 2-min sam pling cycle [187]. Inor ganic ions such as Fe2+ can cause
the aggre ga tion of PSS-coated GNRs [292], and even alkali ions such as Na+ and K+

ions can be used to selec tively induce GNR aggre ga tion by append ing thiolated
crown ether deriv a tives onto the GNR sur faces [293]. But not all metal ions are
detected by a redshift in LSPR: Hg2+ ions have been shown to be a selec tive etchant
of GNRs due to the amal gam ation of mer cury and gold, and can reduce their aspect
ratio to pro duce a chemoselective blueshift [294]. This detec tion modal ity is suf fi -
ciently sen si tive to detect trace Hg2+ in tap water by simple addition to a GNR
dispersion.

Chem i cal and biomolecular analytes can also pro duce siz able LSPR shifts in
GNRs via recep tor-medi ated sur face adsorp tion, which pro duces a change in local
refrac tive index. GNRs are typ i cally immo bi lized on glass sub strates and sep a rated
by at least one par ti cle length to min i mize plasmon cou pling effects [295]. These sys -
tems have been applied to streptavidin-bio tin bind ing in serum [101, 296] and for
anti body-anti gen rec og ni tion on freely sus pended GNRs [110] or on core–shell
GNR–sil ica films [297]. The kinet ics of biomolecular adsorp tion have also been
stud ied by using time-resolved LSPR shifts of GNRs immo bi lized along the walls of
a flow cell chan nel [298]. The sen si tiv ity of adsorp tion-induced LSPR shifts can be
fur ther enhanced by the inter ro ga tion of sin gle GNRs rather than ensem ble mea -
sure ments. Sin gle-GNR scat ter ing spec tra recorded by dark-field micros copy have
been mon i tored for LSPR shifts induced by analyte adsorption to biomolecular
receptors [299].
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Fig ure 9.9 Selec tive detec tion of cysteine and glutathione by end-to-end aggre ga tion of GNRs
[117]: (a) Struc tures of cysteine and glutathione; (b) TEM images of GNRs in the absence (left) and 
pres ence (mid dle and right) of cysteine. Reprinted with per mis sion from the Amer i can Chem i cal
Soci ety.



9.5.3.2 SERS-Based Sensors

While the SERS activ i ties of GNRs have been exten sively inves ti gated (Sec tion
9.3.5) [166–174], at pres ent there are only a few dem on stra tions for bioanalytical
appli ca tions. One recent in vitro study inves ti gated the poten tial of CTAB-sta bi lized 
GNRs as SERS tags for can cer diag nos tics, using anti-EFGR for tar get ing oral car ci -
noma cells dis trib uted in a pop u la tion of healthy cells (Fig ure 9.10) [300]. CTAB
pro vided a con ve nient Raman vibra tional sig na ture for iden ti fy ing can cer cells.
Another SERS-related effort is under devel op ment for detect ing nuclear
translocation events using GNRs functionalized with ratio nally designed pep tide
lig ands [204]. The in vivo use of dye-functionalized gold nanoparticles as
immunolabels for SERS-based imag ing has recently been dem on strated [301] and
will likely inspire fur ther devel op ments in this area using NIR-active GNRs. 

9.6 Outlook

Cur rent devel op ments of plasmon-res o nant GNRs as bio log i cal sen sors and
theragnostic agents place them on a fast track toward tech nol o gies with excit ing
poten tial for bio med i cal diag nos tics and image-guided ther a pies. With respect to
imag ing, opti cal microscopies based on lin ear and multiphoton pro cesses such as
TPL can be used to inves ti gate GNR-based theragnostics in cells and tis sues with
micron spa tial res o lu tion, whereas emerg ing in vivo imag ing modal i ties such as
OCT and PAT stand to make tre men dous gains by employ ing GNRs as NIR-active
con trast agents. Pre clin i cal eval u a tion of functionalized GNRs remains an out -
stand ing issue: While col loi dal Au nanoparticles have been employed as adju vants
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Fig ure 9.10 Anti body-functionalized GNRs for SERS imag ing [300]: (a) Bright- and dark-field images of
anti-EGFR-con ju gated GNRs on nor mal human keratinocytes (HaCat) and malig nant squamous car ci noma
(HSC) cells. (b, c) SERS spec tra of GNRs incu bated with HaCat and HSC cells, respec tively. Reprinted with
per mis sion from the Amer i can Chem i cal Soci ety.



in clin i cal radiotherapies for many years [5–8], functionalized GNRs will be
regarded as novel com bi na tion prod ucts and will require the same pharmacokinetic
test ing as any other chem i cal entity. Indeed, the photothermal activ ity of GNRs
under scores the impor tance of opti miz ing their biodistribution, adsorp tion, and
excre tion to min i mize unin tended photodamage to healthy tis sues and organs. Sur -
face chem is try has a vital role in the devel op ment of safe and clin i cally use ful
nanomaterials and may prove to be the crit i cal deter mi nant for meet ing reg u la tory
stan dards. Suc cess ful advances in nanomedicine will require active col lab o ra tions
between research sci en tists and engi neers for fur ther opti mi za tion of GNR-based
tech nol o gies, cli ni cians and vet er i nar i ans for translational research on patient out -
comes as well as medium- to long-term health effects, and gov ern ment agen cies for
pro vid ing the nec es sary support and infrastructure to catalyze the transition from
promising nanotechnologies to biomedical practice.
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Magnetic Nanoparticles in Biomedical
Applications

Jinwoo Cheon, PhD and Jae-Hyun Lee

10.1 Introduction

Mag netic nanoparticles not only pos sess inter est ing nano-size phe nom ena and
prop er ties includ ing superparamagnetism, they have begun to show prom ise in a
vari ety of tech no log i cal appli ca tions [1–3]. In recent decades, mag netic
nanoparticles have shown poten tial appli ca bil ity in the bio med i cal fields. They are
becom ing impor tant tools for the diag no sis and treat ment of dis eases, and for the
sep a ra tion of spe cific patho gens and bio log i cal spe cies. In this chap ter, we will
briefly cover nanoscale mag ne tism and describe sev eral impor tant appli ca tions that
have lever aged this pheonomena, includ ing mag netic res o nance imag ing (MRI)
con trast agents, biomagnetic separation, and drug delivery. 

10.2 Nanoscale Magnetic Properties

In bulk mag netic mate ri als, the com po si tion, crys tal line struc ture, anisotropic
energy, and crys tal line defects are the cru cial param e ters that deter mine mag netic
prop er ties [4]. How ever, in the nanoscale regime, size is a sig nif i cant param e ter in
deter min ing its mag netic prop er ties [5, 6]. One of the inter est ing size-depend ent
phe nom ena of nanoparticles is superparamagnetism. The main char ac ter is tics of
superparamagnetism, con trary to its bulk coun ter part, fer ro mag ne tism, are shown
in Fig ure 10.1(a, b). In bulk fer ro mag netic mate ri als, once the mag netic spins of the
mate rial are aligned along the exter nal mag netic field (B0), the net mag ne ti za tion
(M) is con served even after B0 is removed. An addi tional reverse exter nal mag netic
field referred to as the coer cive field (coercivity, Hc) is required to drive the net mag -
ne ti za tion to zero. In superparamagnetism, how ever, M becomes zero imme di ately
after B0 is removed (Fig ure 10.1(b)).

The ori gin of this phe nom e non is deeply related to the mag netic ani so tropy
energy, the energy required for a spin flip, and it is pro por tional to the prod uct of
the mag netic anisotropic con stant (Ku) and the vol ume (V) of the mag net [4]. In bulk 
mate ri als the mag netic ani so tropy energy (KuV) is much larger than the ther mal
energy (kT) (Fig ure 10.1(c), blue line), whereas in a nanoparticle this energy is com -
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pa ra ble to kT and is suf fi cient to readily invert the mag netic spin direc tion (Fig ure
10.1(c), red line). The mag netic spin fluc tu a tion in nanoparticles that results in a net
mag ne ti za tion of zero is referred to as superparamagnetism. 

In superparamagnetism, the block ing tem per a ture (TB) is defined as the tran si -
tion tem per a ture from fer ro mag ne tism to superparamagnetism. Below TB,
nanoparticles remain fer ro mag netic since the ther mal energy (kT) is smaller than
KuV, whereas above TB, kT is com pa ra ble to KuV so they are eas ily demag ne tized
and become superparamagnetic. TB can be expressed by the size-depend ent
rela tion ship

T
K V

kB
u=

25
(10.1)

which results in a lower TB for smaller nanoparticles (Fig ure 10.1(d)) [4d].
The mag netic coercivity (Hc) also exhib its the size-depend ent char ac ter is tics in

nanoparticles (Fig ure 10.1(e)). Con trary to bulk mag nets with multidomain mag -
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Fig ure 10.1 The main char ac ter is tics of nanoscale mag ne tism. Mag netic spin struc tures of (a) fer ro mag ne -
tism which has a sig nif i cant amount of net mag ne ti za tion (M) after the exter nal mag netic field (B0) has dis -
ap peared and (b) superparamagnetism in which the net mag ne ti za tion (M) becomes zero. (c) Energy
dia gram of mag netic nanoparticles of dif fer ent par ti cle sizes. In large par ti cle, ani so tropy energy (U1) is
higher than ther mal energy (kT) which results in fer ro mag ne tism (top), and in a small par ti cle, ani so tropy
energy (U2) is lower than kT which results in superparamagnetism (bot tom). (d) Size-depend ent zero-field
cool ing curves indi cat ing changes in the block ing tem per a ture (TB). (e) Size-depend ent coercivity (Hc) curve, 
in which mag netic domain struc tures changes from multidomain fer ro mag ne tism to single-domain and
superparamagnetism. (See Color Plate 20.)



netic struc tures, nanoparticles pos sesses a sin gle-domain mag netic struc ture in
which all spins are uni di rec tional below a crit i cal size (Dc). In this stage, Hc

decreases as the size of the nanoparticle decreases fol low ing the relationship 
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in which ms is the sat u ra tion mag ne ti za tion of a nanoparticle [4d]. Fur ther, the
nanoparticle enters into the superparamagnetic stage of zero Hc below Ds.

Another size-depend ent prop erty observed in mag netic nanoparticles is the sat -
u ra tion mag ne ti za tion (ms). Mag net i cally dis or dered-spin glasslike lay ers exist on
the sur face of mag netic mate ri als due to the ther mally reduced spin-spin exchange
cou pling energy, which is referred to as sur face spin cant ing. In bulk mate ri als, the
sur face spin cant ing effect is neg li gi ble due to the rel a tively small sur face area com -
pared to the total vol ume of mag net. How ever, this effect becomes prom i nent in
nanoparticle and can be described as 

( )
m M
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(10.3)

where Ms is the sat u ra tion mag ne ti za tion of the bulk, r is the size of the nanopartile,
and d is the thick ness of the dis or dered sur face layer [7].

Under stand ing these nanoscale prop er ties of mag netic nanoparticles is crit i cal
for the design of opti mized mag netic nanoparticles for their enhanced appli ca bil ity
in the bio med i cal sci ence as con trast enhance ment agents for mag netic res o nance
imag ing (MRI), for translational vec tors for magnetophoretic sep a ra tion and sens -
ing of bio log i cal spe cies, and for magnetic drug delivery. 

10.3 Magnetic Resonance Imaging (MRI) Contrast Agent

Superparamagnetic nanoparticles are emerg ing as next gen er a tion molec u lar imag -
ing probes for observ ing and track ing molec u lar events via MRI, which is one of the
most pow er ful med i cal diag nos tic tools avail able due to its noninvasive nature and
mul ti di men sional tomographic capa bil ity cou pled with its high spa tial res o lu tion
[8]. Although MRI lags in sen si tiv ity com pared to other imag ing modal i ties [9], this
dis ad van tage can be over come using mag netic nanoparticle-based con trast agents
[10]. Under an applied mag netic field, nanoparticles are mag ne tized with a moment
of µ and gen er ate induced mag netic fields, which can per turb the mag netic relax -
ation pro cesses of the pro ton in water mol e cules sur round ing the mag netic
nanoparticles. 

Fig ure 10.2 depicts the basic con cept of how a mag netic nanoparticle influ ences
the spin-spin (T2) relax ation time of a pro ton and the result ing T2-weighted MRI
con trast [8]. T2 relax ation refers to the tem po ral decay of the trans verse mag ne ti za -
tion (mxy) of the pro ton that is per pen dic u lar to the exter nal mag netic field (B0)
upon the exci ta tion by a radio fre quency (RF) pulse. Before the exci ta tion, the pre -
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ces sion of mxy has nearly zero phase coher ency (Fig ure 10.2(a) i, (b) i). How ever,
when the RF pulse changes both the ori en ta tion of the pro tons and their mag ne ti za -
tion with respect to the exter nal mag netic field, it gen er ates strong phase coher ency
of mxy (Fig ure 10.2(a) ii, (b) ii). After that the mag ne ti za tion relaxes back to the ini -
tial dephased state within a cer tain echo time (Fig ure 10.2(a) ii–iv, (b) ii–iv). MRI
records this relax ation pro cess and then recon structs them to obtain grayscale
images. In T2-weighted MRI, faster relax ation results in a darker MRI sig nal. An
induced mag netic field gen er ated by a mag netic nanoparticle can make the T2 relax -
ation much faster and result in an even darker MRI signal (Figure 10.2(c), i–iii) [10].

For con ven tional MRI con trast agents, superparamagnetic iron oxide (SPIO)
nanoparticles are syn the sized through the pre cip i ta tion of iron oxide in an aque ous
solu tion con tain ing fer rous salts by add ing an alka line solu tion [11]. Such iron oxide 
nanoparticles are usu ally insol u ble as-is, and a coat ing mate rial is required for them
to be sol u ble in aque ous media. For this pur pose, nanoparticles with a sur face coat -
ing of dex tran are com monly used, includ ing the SPIO prod ucts Feridex (Endorem),
the ultrasmall superparamagnetic iron oxide (USPIO) Combidex (Sinerem), and
MION (monocrystalline iron oxide nanocomposite) or CLIO (cross-linked iron
oxide), which pres ent the amine func tional group on the outer sur face for fur ther
bioconjugation [12]. Since these nanoparticles are rel a tively small in size, have a
long blood half life time, and have bioconjugation capa bil i ties, they are use ful for in
vivo MRI of bio log i cal tar gets. These agents have been used to assist in the iden ti fi -
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Fig ure 10.2 Con cep tual fig ure of spin-spin (T2) relax ation pro cesses of pro ton and T2-weighted
MRI con trast. (a) Tem po ral decays of trans verse mag ne ti za tion (mxy) in Car te sian coor di nates: (a
(i)) before radio fre quency (RF) exci ta tion, and (a (ii–iv)) after exci ta tion along with echo time (TE).
(b) The mag ni tude changes of trans verse mag ne ti za tion (mxy) changes in proton with TE: (b (i))
before RF exci ta tion, and (b (ii–iv)) after exci ta tion, with mag netic nanoparticle (black arrows) or
with out mag netic nanoparticles (gray arrows). (c (i–iii)) MRI con trast changes along with TE, with
mag netic nanoparticle (lower cir cles) or with out mag netic nanoparticles (upper cir cles).



ca tion of not only liver tumors, blood ves sel angiography, and malig nant lymph
nodes, but also for tar get-spe cific molec u lar and cel lu lar imag ing such as small sized 
tumors, mon i tor ing of gene expres sion in spe cially engi neered cells that overexpress 
a given gene, detec tion of amy loid β plagues for Alz hei mer’s dis ease diag no sis, and
imag ing of apoptosis, which is an active pro cess in the pro grammed self-destruc tion
of cells [13]. Weissleder and cowork ers dem on strated that MRI detec tion of
transgene expres sion of engi neered trans fer ring recep tor (ETR) in tumors is pos si ble 
by using MION-trasnferrin con trast agents [13d]. Also, Bogdanov and cowork ers
suc cess fully imaged angiogenesis with MRI as selec tively tar get ing the E-selectin
mark ers that involve angiogenesis by CLIO-anti-human E-selectin anti body con ju -
gates [13h]. Fig ure 10.3 shows the scheme and in vivo MRI of apoptosis, the pro -
grammed cell death where the redis tri bu tion of phosphatidylserine in the cell
mem brane occurs (Fig ure 10.3(a)). Rep re sen ta tive bind ing pro teins to
phosphatidylserine are annexin V and synaptotagmin I. Although imag ing of
apoptosis using these pro teins has already been per formed through radio iso tope
tech niques, the spa tial res o lu tion is only 1~3 mm and needs improve ment [14].
Brin dle and cowork ers have shown that con ju gates of the SPIO and C2 domain of
synaptotagmin I (SPIO-C2) can detect apoptotic cells through MRI with ~0.1-mm
res o lu tion [13g]. MR images were taken before and after the injec tion at sev eral
time inter vals in a tumor-bear ing mouse. The SPIO-C2s are able to detect apoptotic
regions with sig nif i cant MRI sig nal changes exhib it ing as dark con trasts (Fig ure
10.3(b)).
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Fig ure 10.3 (a) Tar get ing of apoptosis using SPIO-C2 domain of synaptotagmin I. (b)
T2-weighted in vivo MR images of tumors implanted in a mouse taken before and at sev eral time
points after the injec tion of SPIO-C2 domain of synaptotagmin I nanoparticles. (Repro duced with
per mis sion from [13g]. © 2001 Nature Pub lish ing Group.)



One impor tant issue in the MRI con trast effect using mag netic nanoparticles is
the attain ment of a high R2 value (spin-spin relaxivity, R2 = 1/T2), a deter min ing
fac tor for increas ing MRI detec tion sen si tiv ity. Accord ing to the outer sphere relax -
ation model of water pro tons by sol ute mag netic nanoparticles, R2 of the pro ton is
given by
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where M is molarity of the mag netic nanoparticle; r is nanoparticle size; D is rel a tive
dif fu sion; jn(ω) is the spec tral den sity func tion; µ is the mag netic moment of the
nanoparticle; γΙ is the gyro mag netic ratio of pro tons; NA is Avo ga dro’s num ber; and
ωS and ωI are the Lar mor angu lar pre ces sion fre quen cies of the nanoparticle and
water pro ton mag netic moments, respec tively [15]. Accord ing to this equa tion,
spin-spin relaxivity (R2) is roughly pro por tional to the square of the mag netic
moment (µ) of the nanoparticle that has a lin ear rela tion ship with sat u ra tion mag ne -
ti za tion (ms) [4a]. From (10.3) and (10.4), it can be shown that par ti cle size (r) is pro -
por tional to R2. Recently, Cheon, Suh, and cowork ers devel oped mag ne tism
engi neered iron oxide (MEIO) nanoparticles and empir i cally dem on strated their
size effect on ms and R2, which increase along with increas ing par ti cle size from 4 to
6, 9, and 12 nm [16].

In addi tion to the size effects, mag netic dop ant effects of MEIO nanoparticles
are also sig nif i cant. For exam ple, MEIO (Fe3O4) nanoparticles have fer ro mag netic
spin struc tures where Fe2+ and Fe3+ occu py ing Oh sites align par al lel to the exter nal
mag netic field, and Fe3+ in Td sites align antiparallel to the field [4d]. Incor po ra tion
of a mag netic dop ant M2+ (M = Mn, Co, Ni) to replace Oh Fe2+ leads to a change in
the net mag ne ti za tion. MnMEIO (Mn2+ ion doped mag ne tism engi neered iron
oxide) nanoparticles show the high est mag ne ti za tion val ues (110 emu/g(Mn+Fe))
and exhibit the better MR sig nal enhance ment effects than the other metal-doped
MEIO nanoparticles, includ ing MEIO, CoMEIO, and NiMEIO with dimin ished
mass mag ne ti za tion val ues of 101 emu/g(Fe), 99 emu/g(Co+Fe), and 85
emu/g(Ni+Fe), respec tively. One item of note is that the R2 coef fi cient (r2) of 12-nm
MnMEIO nanoparticle (358 mM−1s−1) is ~5.8 times higher than that of a con ven -
tional molec u lar MR imag ing con trast agent such as CLIO nanoparticles (62
mM−1s−1) [17]. Such MR sig nal enhance ment effects of MnMEIO nanoparticles
enable suc cess ful ultrasensitive in vivo detec tion of bio log i cal tar gets (Fig ure 10.4).
When these nanoparticles are con ju gated with the can cer-tar get ing anti body,
Herceptin, and intra ve nously injected into a mouse bear ing a small HER2/neu
recep tor pos i tive can cer (<50 mg of can cer weight), they selec tively detect the small
can cer after 2 hr with strong MR sig nals (shown in blue), which rep re sents high R2
(~34 per cent of R2 change) (Fig ure 10.4(a–c, g)). How ever, under the same con di -
tions, con ven tional CLIO-Herceptin probes do not dis tin guish tumors in MR
images (shown in red) with out a notice able R2 change (Fig ure 10.4(d–g)) [17]. Such
results clearly dem on strate the sig nif i cance of mag ne tism engi neer ing of
nanoparticles in order to increase R2 and MRI detec tion sen si tiv ity.
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10.4 Magnetic Separation

In bio med i cal appli ca tions, sep a ra tion of spe cific bio log i cal enti ties from the inci -
dent solu tion for con trol ling sam ple con cen tra tion and sub se quent anal y ses is
impor tant. Among the var i ous sep a ra tion tech niques, mag netic sep a ra tion has its
mer its, includ ing fast sep a ra tion time, and good sep a ra tion yield and res o lu tion,
and has proven to be a very sen si tive tech nique for sep a rat ing small amounts of
mol e cules (e.g., cells, nucleic acids, and proteins) [18].
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nanoparticles. (a–c) Color mapped MRI of the tumor-bearing mouse at dif fer ent tem po ral points
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probes (blue square) and CLIO-Herceptin probes (red cir cle). (Repro duced with per mis sion from 
[17]. © 2007 Nature Pub lish ing Group.) (See Color Plate 21.)



Mag ne tism of the par ti cle is a deter min ing fac tor for attain ing the best sep a ra -
tion effi ciency against the hydro dy namic drag force act ing on the mag netic par ti cle
in the solu tion. The rel a tive veloc ity of the par ti cle (∆v) in the car rier fluid can be
expressed as follows:
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2
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ε η
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where r is par ti cle size; µ is mag netic moment of the par ti cle; ε0 is per me abil ity of
free space; η is vis cos ity of the medium; and B is the exter nal mag netic field [19].
Accord ing to this equa tion, larger par ti cles with a large mag netic moment should be
more effec tive in mag netic sep a ra tion. Until now, mag netic beads have been widely
used for such pur poses, but these still have prob lems includ ing low mag netic
moment and mag netic inhomogeneity [20]. The use of nanoparticles with
well-defined size and mag ne tism can be advan ta geous in this sit u a tion, due to the
large sur face areas of nanoparticles ensur ing the bind ing of tar gets with very small
quan ti ties as well as high con trol la bil ity and reproducibility. Fur ther more, the use of 
nanoparticles can reduce the pos si bil i ties of the inter fer ence of tar geted mol e cules by 
the mag netic par ti cles them selves for fur ther tests [21]. 

Using mag netic nanoparticles, Terstappen and col leagues devised a plat form for 
cell anal y sis based on immunomagnetic selec tion and mag netic align ment of cells
(Fig ure 10.5) [18b]. Whole blood is mixed with mag netic nanoparticles (SPIO) con -
ju gated with leu ko cyte tar get ing anti bod ies and flu o res cent probes, and placed in a
mag netic field sep a rat ing cham ber (Fig ure 10.5(a)). Leu ko cytes selec tively labeled
with mag netic nanoparticles move upward by mag netic force and align between
mag netic nickel lines. An epi-illu mi na tion sys tem can opti cally image and mea sure
sig nals obtained from the aligned cells (Fig ure 10.5(b)). It is nota ble that cell counts
per unit blood vol ume obtained from this sys tem are roughly 10 times larger than
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Fig ure 10.5 (a) Sche matic rep re sen ta tion of the cell anal y sis sys tem using immunomagnetic
selec tion. (b) Flu o res cent micro scopic images of leu ko cytes aligned between fer ro mag netic nickel
lines. (Repro duced with per mis sion from  [18b]. © 1999 Nature Pub lish ing Group.)



from the stan dard hema tol ogy ana lyzer and flow cytometer, which means the mag -
netic sep a ra tion sys tem has sig nif i cantly enhanced sensitivity with minimal
complexity. 

As another exam ple, tar get pro teins can be selec tively sep a rated out from the
cell lysates. Pro teins are much smaller than cells and usu ally have ~ 1–5 bind ing sites 
for con ven tional iron oxide nanoparticles with rel a tively low mag netic moment
that do not show effec tive sep a ra tion [18f]. Xu and cowork ers used Co or SmCo5.2

mag netic nanoparticles to resolve this prob lem [22]. Due to the supe rior mag netic
moment value of Co or SmCo5.2 to iron oxide [4b, 23], this nanoparticle can
enhance the sep a ra tion yield of pro teins. As a fea si bil ity test, the nanoparticles were
bioconjugated with nitrilotriacetic acid (Ni-NTA) lig ands that spe cif i cally bind to
histidine (His) tagged pro teins (Fig ure 10.6(a)) and suc cess fully sep a rate green flu o -
res cent pro tein (6xHis-GFP) in whole cell lysates. 

Sodiumdodecylsulfate/polyacrylamide gel elec tro pho re sis (SDS/PAGE) show
only a sin gle intense GFP band after sep a ra tion (Fig ure 10.6(b), lane 2), whereas
numer ous pro tein bands are observed prior to sep a ra tion (Fig ure 10.6(b), lane 1)
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Fig ure 10.6 (a) Sche matic of SmCo5.2 nanoparticles con ju gated with nitrilotriacetic acid (Ni-NTA) 
ligand for the spe cific sep a ra tion of histidine (His) tagged green flu o res cence pro tein (GFP). (b)
SDS/PAGE anal y sis for the puri fi ca tion of the pro teins. Lane 1: cell lysates; lane 2: mag net i cally sep -
a rated GFP pro teins; lane 3: molec u lar weight marker. (Repro duced with per mis sion from  [22a]. © 
2004 Nature Pub lish ing Group.)



[22a]. Apart from these exam ples, there are numer ous exam ples of mag netic sep a ra -
tion using mag netic nanoparticles. Recently it is shown that Fe3O4 nanoparticles are
effec tive to remove arsenic from wastewater by a rel a tively low-gra di ent mag net
(<100 T/m) [18g].

The mag netic sep a ra tion tech nique can be extended to ultrasensitive and reli -
able tar get sens ing and diag nos tic sys tems. Park, Kim, Cheon, and cowork ers
adopted the mag netic sep a ra tion to microfluidic sys tems for the detec tion of IgE, an
indi ca tor for allergy caused by a hyper sen si tive reac tion between aller gens and aller -
gen-spe cific IgE anti bod ies [24]. For this exper i ment, microbeads coated with mite
aller gen from Dermatophagoides farinae are first mixed with the tar get IgE with
vary ing con cen tra tions (Fig ure 10.7(b)). Then antihuman IgE-coated MEIO
nanoparticles with the capa bil ity to bind to the Fc region of the tar get IgE are fur ther 
added, and the result ing solu tion is injected into the microfluidic chan nel (Fig ure
10.7(a)). In the microfluidic chan nel, the lat eral veloc ity of IgE bound MEIO
nanoparticles toward the mag netic field is care fully mea sured, reveal ing dif fer ent
veloc i ties for the dif fer ent con cen tra tions of IgE. At a high con cen tra tion of the tar -
get IgE, lat eral move ment of the microbeads with a veloc ity (vlat) of ~15 µm/s is
observed (Fig ure 10.7(c)), while reduced (vlat = ∼2 µm/s) and neg li gi ble lat eral move -
ment is observed at lower con cen tra tions of IgE and no IgE, respec tively (Fig ure
10.7(d,e)). Such obser va tions are rea son able since the higher IgE con cen tra tions
induce more bind ing of MEIO nanoparticles onto the microbeads. Using this sys -
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tem, ultrasensitive detec tion of IgE is pos si ble in that the detec tion limit of tar get IgE 
can be low ered to subpicomolar IgE lev els (~500 fM). 

10.5 Magnetic Drug Delivery

The key param e ters of the drug deliv ery sys tem that must be opti mized to over come
the cur rent lim i ta tion of chemotherapies are (a) reduc ing the drug dos age level to
min i mize the side effects and the cytotoxic effects to nor mal tis sues and organs, and
(b) increas ing the deliv ered dos age to a tar geted region with sys temic con trol la bil ity
[19a]. In a mag netic drug deliv ery sys tem, the ther a peu tic drugs are con ju gated to
the mag netic nanoparticles, which are sub se quently injected into the cir cu la tory
sys tem and guided to the tar get region by an exter nal strong mag netic. The under ly -
ing phys i cal prin ci ples are sim i lar to biomagnetic sep a ra tion, and their effi cacy is
mainly deter mined by the mag netic field strength, par ti cle size, and mag netic prop -
er ties of par ti cles [25]. It is known that larger par ti cles (~1-µm microspheres or
agglom er ates) are more effec tive in resist ing the coun ter flow dynam ics of the cir cu -
la tory sys tem with mag netic flux in the range of 0.2–0.7T at the tar get sites [25b].

In an effort to real ize this type of mag netic drug deliv ery sys tem, FeRx Cor po ra -
tion con ducted phase I/II tri als with the mag netic par ti cle bound to doxorubicin, an
anticancer drug [26]. Transcatheter deliv er ies of the mag netic nanoparticle to the
hepatic artery are guided by a 1.5T short-bore mag net, which is mon i tored by using
intraprocedural MRI (Fig ure 10.8(a)), fol lowed by interim cath e ter repo si tion ing
for the opti mi za tion of deliv ery to the tumor and minimization of deliv ery to nor -
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mal tis sue [26c]. As can be seen in Fig ure 10.8(c–f), which shows MRI of hepatic
tumor injected three times with mag net i cally guided doxorubicin bound mag netic
par ti cles, mag netic par ti cles affect only the tumor region (white arrow) and is
imaged as dark con trast not observed in the nor mal liver region. After the treat ment, 
final frac tion of treated tumor vol ume is 0.77, whereas the frac tion of nor mal liver
vol ume is only 0.07, which shows prom ise for direct ing mag net i cally targeted tumor 
therapies (Figure 10.8b).

As another exam ple of the fea si bil ity test of mag netic tar get ing, liposomes con -
tain ing mag netic nanoparticles are used to tar get tumors with an extracorporeal
mag net [27]. For in vivo stud ies, a nude mouse bear ing a PC3 human pros tate car ci -
noma tumor in each flank receives an intra ve nous injec tion of the
magnetoliposomes after a small mag net with 0.3T mag netic field and a field gra di -
ent of 11 T/m is fixed to the skin above one tumor (Fig ure 10.9(a)). As can be seen in
Fig ure 10.9(b), the left tumor, which is mag net i cally tar geted for 24 hr, appears dark 
in T2-weighted MRI than the contralateral (con trol) tumor (right), indi cat ing pref -
er en tial accumulation of magnetoliposomes. 

Despite these prom is ing results, clin i cal use of mag netic drug deliv ery has
encoun tered some set backs. FeRx Cor po ra tion, one of the lead ing com pa nies in
mag netic tar get ing and drug deliv ery, halted oper a tions in mid-2004 after its lead ing 
com pound, doxorubicin bound mag netic par ti cle, did not show sta tis ti cal sig nif i -
cance in clin i cal phase II/III com pared to the prod ucts cur rently man u fac tured [28].
This fail ure implies the need for more effi cient mag netic deliv ery sys tems that
require new mag netic par ti cles with higher mag netic moments and stron ger exter nal 
mag nets, as dis cussed in (10.5). In addi tion, ther a peu tic effi cacy can be improved by
apply ing the prin ci ples described ear lier and should be extended to mag netic par ti -
cle-based hyperthermia and not limited to drug targeting.
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Fig ure 10.9 Mag net i cally tar geted magnetoliposomes to soild tumors: (a) Con cep tual scheme
and (b) T2-weighted axial MRI of the mouse in which a mag net is attached onto the left tumors
for 24 hr after intra ve nous injec tion of magnetoliposomes. (Repro duced with per mis sion from 
[27]. © 2006 The Radio log i cal Soci ety of North America.)



10.6 Conclusions

This chap ter describes the basic con cepts of the inter ac tions between mag netic
nanoparticles and exter nal mag netic fields, and shows their poten tial appli ca tions
in the bio med i cal field espe cially for MRI con trast agents, biomagnetic sep a ra tions,
and mag netic drug deliv ery. Many other appli ca tions of mag netic nanoparticle in
biomedicine are cur rently being explored, such as mag netic twist ing cytometry,
which uses cell mem brane bound mag netic nanoparticles for mea sur ing the
mechan i cal prop er ties of cell [29], and mag netic nanoparticle–based sen sors, which
uses mag neto-resis tance or mag netic relax ation mech a nism for detect ing
biomolecules [30]. Some of these mag netic nanoparticle–based tech nol o gies are
already com mer cially avail able (e.g., MRI con trast agent and biomagnetic sep a ra -
tion), and there are still many pos si bil i ties for the other technologies to be
transferred to clinical industries. 
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Magnetic Nanoparticles–Assisted Cellular 
MR Imaging and Their Biomedical
Applications

Ali S Arbab, MD, PhD and Joseph A Frank, MD, MS

11.1 Introduction

Track ing of admin is tered cells by dif fer ent imag ing modal i ties is becom ing pop u -
lar among inves ti ga tors. Var i ous in vitro tech niques are being used to tag these
cells so that they can be detected using noninvasive imag ing (see Table 11.1). Dif -
fer ent reporter genes have been intro duced into cells and are detected by opti cal
imager/flu o res cent or con fo cal micro copy [1–5]. Exog e nous opti cal or flu o res cent
tags such as quan tum dots or other near-infra red nanoparticles are being intro -
duced into the cyto plasm of cells for opti cal imag ing [6–10]. Nuclear med i cine
approaches have incor po rated the sodium iodide symporter (NIS) [11–13] or her -
pes sim plex virus thymidine kinase (HSVtk) genes into cells and have used chelated 
radionuclides or pos i tron emit ters to track cells [14–17]. Indium-111-oxine
and Technicium99m che lates [18, 19] have been used to label and track by sin gle
pho ton emis sion com puted tomog ra phy (SPECT) [20–23]. Pos i tron-emit ting
radio iso tope 2-[18F]-fluoro-2-deoxy-D-glu cose (18F-FDG) and Cop per 64
pyruvaldehyde-bis (N4-methylthiosemicarbazone) have been used in the in vitro
label ing and subsequent track ing of labeled cells [24, 25] by pos i tron emis sion
tomog ra phy (PET). Label ing cells with superparamagnetic iron oxide
nanoparticles (SPIO) or a para mag netic con trast agent (gad o lin ium or man ga nese) 
allows for the pos si bil ity of detect ing sin gle cells or clus ters of labeled cells within
tar get tis sues fol low ing either direct implan ta tion or intra ve nous injec tion
[26–32]. Var i ous approaches have been devel oped to label cells with SPIO
nanoparticles or sol u ble para mag netic MR con trast agents [26, 27, 33–48]. This
chap ter will focus on how dif fer ent types of cells can be labeled with dif fer ent mag -
netic nanoparticles for cel lu lar mag netic res o nance imag ing (CMRI) and how it
can be used to trans late from bench to bed side. 
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11.2 Characterization of MRI Contrast Agents or Magnetic
Nanoparticles Used in Cell Labeling for CMRI

MR con trast agents used to label cells can either exhibit prop er ties of being para -
mag netic or superparamagnetic. These agents alter the nuclear mag netic res o nance
relax ation (NMR) times of the water pro tons in solu tion or tis sue known as T1, T2,
and T2*. The spin-lat tice, or lon gi tu di nal relax ation time, or T1 rep re sents the
expo nen tial recov ery of the pro ton spine to align with the exter nal mag netic field.
The spin-spin, or trans verse relax ation time, or T2 is the expo nen tial loss of coher -
ence among the spins ori ented at an angle to the static mag netic field due to inter ac -
tions of the spins. The T2* (T2 star) is the loss of phase coher ence of the spins in the
exter nal mag netic field and is a com bi na tion of mag netic field in-homogeneities and
T2. 

11.2.1 Paramagnetic Agents

Para mag net ism refers to the abil ity of a metal such as man ga nese, gad o lin ium, or
iron to inter act with water pro tons through dipole-dipole inter ac tion with direct
inner sphere effects result ing in a short en ing of NMR relax ation times and is usu ally
asso ci ated with enhance ment (increase in sig nal inten sity) on T1-weighted images
(T1W). Gad o lin ium che lates (i.e., GdDTPA, GdDOTA, or GdDO3A) and man ga -
nese chlo ride are para mag netic con trast agents used in exper i men tal and clin i cal
stud ies. These agents tend to shorten T1 relax ation time greater than the T2 and T2* 
of tissues.

Gad o lin ium (Gd) che late–based con trast agents for cell label ing have been used
to label cells ex vivo with lim ited results. Reports indi cate mod est T1 enhance ment
or in some cases no T1 enhance ment when gad o lin ium che late–based agents are
used for cell label ing [49–55]. Thus the need remains to iden tify an agent that will
exert a strong T1 effect, allow ing detec tion of cells in dis ease mod els, where the cells
need to be con spic u ous, ver sus sur round ing tis sues, where labeled cell num bers are
low or when con cen tra tion of gad o lin ium is low. Giesel et al. [52] were able to label
mesenchymal stem cells (MSC) using a bifunctional gadoflurine M-Cy3.5 for both
MRI and opti cal imag ing. Gadoflurine M-Cy3.5 is designed with a hydro philic tail
that allows the agent to insert itself in the cell wall and then gets inter nal ized into
cytosol. Intracerebral implan ta tion of 106 gadoflurine M-Cy3.5 labeled MSC
allowed for clear visu al iza tion of cells in the rat brain on T1-weighted imag ing at
clin i cally rel e vant 1.5 Tesla that could be con firmed by flu o res cent micros copy.
Ander son et al. used gad o lin ium fullerenol, which has higher relaxivities than con -
ven tional gad o lin ium che lates, to label MSCs [45]. Gad o lin ium fullerenol–labeled
MSCs could be detected on 7T MRI fol low ing direct injec tion of 106 cells into the
rat thigh. Gad o lin ium fullerenol–label ing decreased the stem cell pro lif er a tion ini -
tially sug gest ing that the agent may be alter ing mito chon drial func tion. Brekke et al.
used a com bi na tion gad o lin ium che late with flu o res cent tag to label cells and noted
a sig nif i cant decrease in pro lif er a tion and increase in reac tive oxy gen spe cies after
24 hr of incu ba tion [56]. The tran sient neg a tive effect on cell pro lif er a tion of a gad o -
lin ium-based agent used for cel lu lar and molec u lar imag ing warrants fur ther eval u a -
tion of this agent on long-term tox ic ity or the abil ity of the cells to repair dam age. 
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Man ga nese (Mn) chlo ride was the first para mag netic con trast agent used in
MRI. It has been shown that it can be taken up by cells in vivo through cal cium
chan nels in the cell mem brane [48, 57, 58]. Aoki et al. have recently reported that
lym pho cytes could be labeled fol low ing incu ba tion with man ga nese chlo ride [48].
MRI of cells in gel a tin dem on strated increased sig nal inten sity on T1W images;
how ever, it is not clear if there would be suf fi cient con trast enhance ment to detect
Mn-labeled cells in vivo by MRI. Recently, cells have been labeled with para mag -
netic man ga nese oxide nanoparticles, and the enhance ment could be detected using
stan dard T1-weighted imag ing, although fur ther work is needed to fully under stand 
the uptake and safety of this agent in stem cells [59]. The major draw back when
using Mn as an MR con trast agent is its nar row ther a peu tic window and potential
toxicity.

11.2.2 Superparamagnetic Agents

Superparamagnetic iron oxide nanoparticles are a fam ily of MRI con trast agents
that are pres ently being used to effi ciently label cells for cel lu lar imag ing. Various
meth ods are in use for preparing SPIO nanoparticles, result ing in a wide range of
physiochemical dif fer ences, includ ing core size (e.g., ultrasmall (U)SPIO), shape,
mono, or oligocrystalline com po si tion, and outer coat ing, that may alter the abil ity
to use these agents to label cells. The basic chem is try behind the for ma tion of SPIO
nanoparticles is a mix ture of fer rous and fer ric iron salts at alka line pH with a coat -
ing (dex tran or other types of coat ings) that is actively stirred or sonicated, result ing
in mag ne tite con tain ing var i ous ratios of Fe3O4 to Fe2O3 in the crys tals [60, 61]. The 
typ i cal syn the sis of SPIO nanoparticles is represented by the chemical formula

[ ]Fe Fe OH Coating Magnetite coat2+ + + + → ++ −3

The size of the (U)SPIO nanoparticles depends on the sur face coat ing used that
deter mines if the par ti cle is monocrystalline (Ferumoxtran) or con sists of mul ti ple
or oligocrystalline such as ferumoxides [61]. Sur face coat ings on (U)SPIO
nanoparticles may be var i ously sized and sur face charged mol e cules, includ ing dex -
tran and mod i fied cross-linked dex tran, dendrimers, starches, citrate, or viral par ti -
cles [40, 61–80]. The coat ing is usu ally added dur ing for ma tion of the Fe3O4 to
Fe2O3 crys tals and allows the SPIO nanoparticles to exist in a col loi dal sus pen sion
in aque ous solu tions. For sev eral clin i cally approved SPIO nanoparticles (e.g.,
ferumoxides, ferumoxtran, and ferucarbotran), the coat ing is dex tran, which is
attached through elec tro static inter ac tion to the iron core by hydro gen bonds
between some of the dex tran hydroxyl groups and the sur face oxide groups of the
iron core [61]. The unat tached dex tran tails cover the rest of the iron crys tals and
con trib ute to most of the hydro dy namic diam e ter of the (U)SPIO nanoparticles
[61]. Fig ure 11.1 is a scan ning elec tron micro graph of ferumoxides with its
oligocrystal struc ture and dex tran coat ing. For SPIO nanoparticles (e.g.,
ferumoxides or ferucarbotran), through elec tro static inter ac tions, the dex tran links
or clus ters mul ti ple sin gle iron oxide crys tals together, mak ing the nanoparticle
hydro dy namic diam e ter range between 60 and 200 nm [61]. A dis cus sion of
chemical synthesis of magnetic nanoparticles can be found in Chapter 2.
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The coat ing mol e cules (i.e., dex tran) will con trib ute to the sur face charge or zeta 
poten tial of the (U)SPIO in water. The zeta poten tial or the aver age poten tial dif fer -
ence in mil li volts exists between the sur face of the (U)SPIO nanoparticles immersed
in a con duc tion liq uid (water) and the bulk of the liq uid. Dex tran-coated
ferumoxides have a zeta poten tial of -32 mil li volts, while ferumoxtran coated with a 
shorter chain dex tran has a mea sured zeta poten tial of -2.0–0 mil li volts [81].
Ferumoxtrans near neu tral sur face charge and size con trib ute to long blood half life, 
com pared to the larger SPIO nanoparticles. Zeta poten tials have not been reported
for other (U)SPIO nanoparticles char ac ter ized as hav ing either anionic or cationic
charges. Cationic (U)SIPO nanoparticles have been used to label pri mary and cloned 
cell pop u la tions in cul tures because of sur face chanrge of cell mem brane, such as
human cer vi cal can cer cells (HeLa). HeLa cells have a negative zeta potential [82]
and the (U)SPIO agent ini tially inter acts with the plasma mem brane through elec tro -
static inter ac tions fol lowed by endocytosis. 

In the absence of an exter nal mag netic field, the mag netic domains in the iron
oxide crys tals are ran domly ori ented and have zero net mag netic moment.
Superparamagnetism occurs when the crys tals are placed in the pres ence of an exter -
nal mag netic field. The mag netic domains will reori ent and tend to align, result ing in 
a large mag netic moment due to mag netic order ing exceed ing the one that would
occur with para mag netic ions, such as man ga nese, iron, and gad o lin ium in aque ous
solu tion. This induced mag netic moment causes a dis tor tion of the local mag netic
fields when the SPIO nanoparticles are MR imaged, which results in sig nal loss
(hypointensity) com pared to sur round ing tis sue because of mag netic sus cep ti bil ity
and a bloom ing arti fact on the T2*-weighted image [63, 64, 83, 84]. The SPIO
nanoparticles do not retain the resid ual mag ne ti za tion once the exter nal field is
removed, and there fore cells labeled intracellularly with SPIO nanoparticles will not
aggre gate. The SPIO labeled cells can be sep a rated from unlabeled cells using exter -
nal mag netic field [28]. SPIO nanoparticles shorten the T1, T2, and T2* relax ation
times of water or tis sue when pres ent in high enough con cen tra tions [61, 85]. In gen -
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ferumoxides with protamine sul fate (100 µg:2 µg).



eral, (U)SPIO nanoparticles will alter the T2/T2* of the sur round ing tis sue in part
due to the field gra di ents sur round ing the nanoparticles, result ing in a rapid
dephasing of the pro tons in the envi ron ment. (U)SPIO nanoparticles’ effect on MRI
sig nal inten si ties depends on var i ous fac tors includ ing par ti cle size, hydro dy namic
radius, con cen tra tion of par ti cles within the voxel (i.e., an image vol ume ele ment),
image acqui si tion param e ters, and whether the MR con trast agent is in solu tion or
com part men tal ized within a cell [30, 32, 86]. Table 11.1 sum ma rizes the var i ous
physiochemical char ac ter is tics of (U)SPIO nanoparticles that have been used for
label ing cells. Long echo time T2 weighted (T2W) spin echo pulse sequences or
T2*W gra di ent echo MR pulse sequences are com monly used to detect the pres ence
of (U)SPIO nanoparticles within tis sues. For MR cel lu lar imag ing, (U)SPIO
nanoparticles are usually compartmentalized within endosomes or
macropinosomes within the cytoplasm of cells. 

Table 11.1 Com par i son of Dif fer ent Imag ing Modal i ties with Respect to Res o lu tion, Imag ing Depth, Acqui si -
tion Time, Avail able Con trast Agents, Appli ca tion, and Clin i cal Appli ca bil ity

Tech nique Res o lu tion Depth Time
Imag ing
Agents Appli ca tion

Main 
Characteristics

Clin i cally 
Rel e vant

MRI 10–100 µm No
limit

µsec to
hours

Gad o lin ium,
man ga nese,
iron oxides
nanoparticles

Anat omy,
phys i ol ogy,
met a bolic, 
cel lu lar, 
molec u lar

Ver sa tile, high
soft tis sue 
con trast

Yes

CT 25–50 µm No
limit

Sec to
min

Iodine Anat omy,
phys i ol ogy 
cel lu lar?

Lung and bone Yes?

Ultra sound 50 µm mm-
cm

Sec to
min

Microbubbles Anat omy,
phys i ol ogy

Vas cu lar,
interventional

Yes

PET 1–2 mm 
(ded i cated small 
ani mal scan ner)
3–5 mm for
clin i cal sys tem

No
Limit

Min 18F, 11C, 15O,
64Cu

Phys i ol ogy
metab o lism,
molec u lar, 
cel lu lar

Ver sa tile, 
recep tor 
stud ies, 
cyclo tron 
needed

Yes

SPECT 1–2 mm 
(ded i cated small 
ani mal scan ner)
5 mm for 
clin i cal sys tem

No
limit

Min 99mTc, 111In,
128I

Phys i ol ogy
metab o lism,
molec u lar, 
cel lu lar

Com monly
used for MoAb
imag ing

Yes

Flu o res cence
reflectance
imag ing

2–3 mm <1 cm Min GFP, NIR
fluorochrome

Phys i ol ogy,
molec u lar, 
cel lu lar

Rapid screen ing 
of molec u lar
events

No

Bioluminescence 
imag ing

2–3 mm cm Min Luciferins Cel lu lar 
molec u lar, 
cel lu lar

Gene 
expres sion

No

Intravital
micros copy

1 µm 400
µm

Sec to
min

Fluorochromes Phys i ol ogy,
molec u lar,
cel lu lar

Lim ited depth Lim ited
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11.3 Methods for Labeling Cells with Magnetic Nanoparticles for CMRI

As men tioned in the ear lier sec tion, the sur face of most of the com mer cially avail -
able (U)SPIO nanoparticles is neg a tively charged. On the other hand, elec tric charge
of cell sur face is also neg a tive. Inves ti ga tors have mod i fied the sur face charge of the
nanoparticles by coat ing it with cationic mate ri als or mod i fied the coat ing by
attach ing mem brane pen e tra ble pep tides. Com mer cially avail able transfection
agents have also been used to mod ify neg a tively charged SPIO to facilitate uptake by 
cells.

11.3.1 Endocytosis of Contrast Agents

Cells use a vari ety of modes to reg u late their inter nal envi ron ment and allow for the
uptake of nutri ents, cell-to-cell com mu ni ca tion and the inter nal iza tion of
macromolecules and par ti cles across the plasma mem brane. Endocytosis is a global
term used to describe the var i ous mech a nisms that cells use to inter nal ize
macromolecules and par ti cles within ves i cles that derived from the cell mem brane
and that are located in the cyto plasm. Endocytosis by def i ni tion includes
phagocytosis (cell eat ing), pinocytosis (cell drink ing), clathrin-medi ated
endocytosis, caveolin medi ated endocytosis, and clathrin and caveolin inde pend ent
endocytosis [87–89]. Spe cial ized or pro fes sional phagocytic cells such as neu tro -
phils, monocytes, macrophages, and microglia use phagocytosis to clear large par -
tic u late debris and bac te ria. Phagocytosis is an active pro cess involv ing spe cific cell
sur face recep tors and sig nal ing cas cades, energy metab o lites, and regulation of actin 
as part of cell cytoskeleton. 

In con trast to phagocytosis, all cells exhibit pinocytosis or fluid phase uptake
from the sur round ing envi ron ment. The amount of uptake of a macromolecular MR 
con trast agent is directly pro por tional to the con cen tra tion in the media and the vol -
ume of the intracellular ves i cles. In gen eral, non spe cific bind ing of an agent to cell
sur faces results in pinocytosis. A highly effi cient method of intracellular incor po ra -
tion of con trast agents into cells is through clathrin-medi ated endocytosis (also
referred to as recep tor-medi ated endocytosis), which would con cen trate the con trast 
agent within clathirin-coated ves i cles. The recep tor bind ing typ i cally trig gers the
local accu mu la tion of clathrin struc tures on the cyto plas mic sur face of the plasma
mem brane as it begins to invaginate, form ing clathrin-coated pits. Clathrin-medi -
ated endocytosis requires spe cific recep tor-ligand inter ac tions to stim u late
pinocytosis, such as bind ing of transferrin to its recep tor or the high or low den sity
lipo pro tein (HDL or LDL) par ti cles to their respective cell surface receptors [90, 91].

MRI con trast agents can be incor po rated into cells through non spe cific
phagocytosis or the var i ous endocytic path ways that nonphagocytic cells use, such
as pinocytosis, clathrin-medi ated endocytosis, caveolin-medi ated endocytosis, and
clathrin- and caveolin-inde pend ent endocytosis [87–89]. Incu bat ing cells in high
con cen tra tions of MR con trast agents in media is a slow and inef fi cient method of
intracytoplasmic incor po ra tion by pinocytosis and does not usu ally result in high
con cen tra tions of the agent in cells [26, 27, 39, 50]. MR con trast agents with lig ands 
or site-spe cific anti bod ies cova lently bound to the nanoparticles would attach to the
spe cific recep tor on the cell sur face and start the for ma tion of the com plex into a
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coated pit on the plasma mem brane [62, 84, 92–96]. For exam ple, transferrin recep -
tor (TfR) has been pri mar ily used to shut tle SPIO nanoparticles into cells either by
attach ing transferrin to the sur face coat or by cova lently attach ing a monoclonal
anti body directly to the rat TfR pres ent on rat pro gen i tor oligodendrocytes [84]. By
genet i cally engi neer ing tumor cells to express high lev els of TfR, uptake of the
transferrin-USPIO con trast agent has been used to mon i tor gene expres sion in flank
tumors in exper i men tal mod els, lead ing to the pos si bil ity of using this label ing
approach to tag cells in vivo with MR con trast agents in pre clin i cal stud ies [62,
92–94, 97]. Macropinocytosis allows for the uptake of larger par ti cles from the
extracellular space and is an active pro cess start ing as a mem brane exten sion from
the plasma mem brane. After encom pass ing the par ti cles, the exten sion col lapses
into the plasma mem brane, form ing irreg u lar-sized marcopinosomes.
Macropinocytosis is the pre sumed mech a nism for which arginine con tain ing pro -
tein transduction domains includ ing polyarginine, HIV-transactivator tran scrip tion 
(Tat) pro teins, pep tides, polycationic transfection agents, and liposomes get incor -
po rated into the cell [89, 98, 99]. Depend ing on its con tents, the macropinosomes
may or may not fuse with deep lysosomes in the cells, and the contents would then
undergo digestion by lysosomal enzymes and buffers. 

Caveolea-medi ated endocytosis is pri mar ily used by endo the lial cells for exten -
sive transcellular shut tling of serum pro teins from the blood stream into tis sue;
how ever, other cells in cul ture may also use this method of endocytosis [88, 89].
Caveolea are flask-shaped invagination in the plasma mem brane enriched in cho les -
terol and sphingolipods and marked by inte gral mem brane pro tein, caveolin.
Caveolea inter nal ize large molec u lar com plexes, tox ins, and some viruses. For most
cells, caveolea for ma tion is a slow pro cess and the ves i cles are rel a tively small in size 
(50-60 nm) and vol ume when com pared to clathrin-coated ves i cles that can rap idly
form and are about 120nm in diam e ter [89]. Fur ther exper i ments need to be per -
formed to deter mine what role caveolea-medi ated endocytosis plays in the uptake
of viral coated SPIO contrast agents [40] or other SPIO com plexes in cell cul ture.

Clathrin- and caveolea-inde pend ent endocytosis tend to occur in neu rons and
neuroendocrine cells and are pri mar ily the mech a nisms of the reuptake fol low ing
post-syn ap tic release of ves i cles. This method of endocytosis is prob a bly not
involved in the uptake of SPIO nanoparticles into neuronal stem cells (NSC) or
neuronal pro gen i tor cells [88, 89]. 

11.3.2 Modified Nanoparticles for Cell Labeling

Superparamagnetic iron oxide nanoparticles are being used to effi ciently label cells
for cel lu lar MRI. Dex tran-coated SPIO nanoparticles such as ferumoxides,
ferucarbotran, or ferumoxtran are clin i cally approved MR con trast agents for use
as hepatic imag ing or have been used in clin i cal tri als as blood pool agent or for
lymphangiography [100–104]. They are also being used to label cells. Exper i men tal
(U)SPIO nanoparticles have also been used for label ing cells. The cationic-coated
USPIO nanoparticles, carboxypropyl trimethyl ammo nium (i.e., WSIO), and citrate 
(i.e., VSOP C184) were designed so that they would attach to the neg a tive sur face
charge of plasma mem branes through elec tro static inter ac tions and then get incor -
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po rated into endosomes of macrophages [70]. A dis cus sion on the bio med i cal appli -
ca tions of mag netic nanoparticles can be found in Chapter 10.

Dendrimers are branched syn thetic poly mers with lay ered archi tec ture that can
be of var i ous sizes or gen er a tions and have mul ti ple appli ca tions includ ing
transfecting oligonucleotides into cells by bind ing to the plasma mem brane and
stim u lat ing endocytosis [105–108]. Add ing gen er a tion 4.5 polyamindoamine (i.e.,
PAMAM) dendrimer as a coat ing for iron oxide nanoparticles resulted in the syn the -
sis of magnetodendrimers (e.g., MD-100) [64]. Incu bat ing mam ma lian cells with
MD-100 for 1–2 days resulted in a wide vari ety of cells dem on strat ing on Prus sian
blue stain ing a remark ably high degree of intracellular label ing, with the cyto plasm
con tain ing large num bers of iron-con tain ing ves i cles or endosomes. Label ing cells
with MD-100 did not alter their pro lif er a tion capac ity, via bil ity, or tox ic ity as com -
pared to unlabeled cells. MD-100–labeled oligodendroglial pro gen i tors derived
from neu ral stem cells were trans planted into the ven tri cles of neo na tal
dysmyelinated Long Evans Shaker rats, and the migra tion of labeled cells into the
brain paren chyma could be observed by cel lu lar MRI up to 42 days fol low ing
implan ta tion. On his tol ogy, there were areas of new myelin for ma tion dem on -
strated using antimyelin basic pro tein stains that cor re sponded to areas on MRI,
prov ing that the MD-100 did not interfere with the functioning of the labeled cells. 

Mod i fi ca tion of the dex tran coat ing of USPIO nanoparticles by cross-link ing the 
dex tran strands (CLIO) and then cova lently attach ing HIV-1 Tat pro teins to the sur -
face has allowed for effi cient and effec tive label ing of nonphagocytic cells, pre sum -
ably through macropinocytosis [38]. CLIO-Tat labeled HIV-1 could be recov ered
fol low ing their hom ing to bone mar row, and could be visu al ized ex vivo by MR
imag ing. Using MR imag ing, hom ing of CLIO-Tat labeled lym pho cytes could be
visu al ized in the liver and spleen in nor mal mice [109]. CLIO-Tat–labeled T-cells
have been used as adop tive trans fer in auto im mune dia be tes mouse mod els, and
labeled cells have been shown to selec tively home to spe cific anti gens in B16 mel a -
noma in a mouse model by in vivo MRI [37, 110, 111]. Selec tive hom ing of anti -
gen-sen si tized CLIO-Tat–labeled T-cells to tumors can be detected using CMRI
within tar geted tumors 12 hr fol low ing infu sion of labeled cells, and it has been
reported that as few as three labeled T-cells/voxel could be detected by MRI. There
are no reported dif fer ences in CLIO-Tat labeled and unlabeled cells as far as func -
tion, via bil ity, or abil ity to home to tar get tis sues [37, 112]. CLIO-Tat or a slight
mod i fi ca tion that includes attach ing opti cal imag ing agents (i.e., FITC, CY5.5) to
the dex tran coat, are very effi cient in label ing cells ex vivo [113]. CLIO-Tat use is
rel a tively lim ited since it is a cus tom syn the sized agent and not com mer cially
avail able.

Con ju gat ing anti gen-spe cific inter nal iz ing monoclonal anti bod ies (mAb) to the
dex tran coat of USPIO nanoparticles has facil i tated the mag netic label ing of cells by
clathrin-medi ated endocytosis. [84, 92, 93, 114–116]. The monoclonal anti body
(OX-26) to the rat TfR was cova lently attached to USPIO nanoparticles
(MION-46L) and used to label rat pro gen i tor oligodendrocytes (CG-4). Iron oxide
par ti cles were observed in the CG-4 cells using trans mis sion elec tron micros copy
and by his tol ogy using Prus sian blue stain ing. MION-46L-OX -26 labeled rat CG-4
cells were directly implanted into spi nal cords of myelin-defi cient rats and ex vivo
MR images, obtained 10–14 days after implan ta tion. They dem on strated excel lent
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cor re la tion between the hypointense regions and bloom ing arti facts caused by the
pres ence of labeled cells and the degree of myelination in the spi nal cord detected on 
immuno-his to chem is try. The results indi cated that mag net i cally labeled cells would 
not inter fere with the cell dif fer en ti a tion, migra tion along area of pathol ogy, or the
for ma tion of myelin wraps around axons. Ahrens et al. labeled den dritic cells by
biotinylating anti-CD-11 mAb in con junc tion with strepavidin attached to dex tran
coated iron oxide nanoparticles [115]. The advan tage of this two-stage label ing
approach is that the CD 11 mAb is com mer cially avail able, and bio tin-strepavidin
inter ac tion is a com monly used molec u lar biol ogy pro ce dure result ing in the SPIO
being incor po rated in endosomes. While the use of tar get-spe cific mAb attached to
SPIO pro vides for effi cient cel lu lar label ing, a major drawback of this approach is
the need for a specific mAb for each cell type and species.

Viruses and viral shells are being explored as car ri ers for MRI con trast agents.
A hemagglutinatin virus of Japan (HVJ) enve lope that encap su lated SPIO
nanoparticles was found to label microglial cells in cul ture [40, 117, 118]. The HVJ
SPIO–labeled cells were intracardially injected, and clus ters of cells could be seen
within one day fol low ing trans plan ta tion in the brains of mice. The HVJ SPIO par ti -
cles were report edly more effi cient at label ing cells than com bin ing dex tran-coated
SPIO with transfection agent lipofectamine [40]; how ever, since HVJ enve lopes are
not com mer cially avail able, the use of this agent for label ing cells is limited. 

Com mer cially avail able micron-sized iron oxide par ti cles (MPIO) are also
being used to label cells for cel lu lar MRI stud ies in exper i men tal mod els. These
agents are from 0.3 to >5 microns in size, con tain ing greater than 60 per cent mag ne -
tite in a poly mer coat ing that can include a flu o res cent marker that allows for dual
detec tion of labeled cells by MRI and flu o res cent micros copy. MPIOs can be pur -
chased with either ter mi nal amines or car boxyl groups on the sur face, thus allow ing 
for chem i cal mod i fi ca tion to attach pep tides, lig ands, or monoclonal anti bod ies to
the spe cific tar gets and recep tors on cells. MPIOs have been used to track
macrophage infil tra tion in trans plan ta tion rejec tion, to mon i tor sin gle cell migra -
tion in tis sues, and to locate implanted stem cells in an area of myo car dial infarc tion 
[42, 73, 119–121]. Hinds et al. [119] dem on strated that MPIOs did not alter via bil -
ity, pro lif er a tion, or dif fer en tial capac ity of labeled hematopoietic stem cells and
MSCs com pared to unlabeled cells and MRI and con fo cal micros copy could detect
these labeled cells. Recently, Shapiro et al. [42] reported uptake of very large MPIO
of 5.8 microns in size in cul tured hepatocytes and have been able to visu al ize sin gle
cells at 7 Tesla on T2*-weighted images. Heyn et al. [122] have shown that fol low -
ing IC injec tion of enhanced green flu o res cent pro tein (EGFP) transfected breast
can cer cells (231BR) labeled with MPIO in mice, the num ber of hypointense regions 
detected on a bal ance steady state gra di ent echo image (e.g., FIESTA) decreased
with time. Approx i mately 1–3 per cent of orig i nal hypointense regions in the brain
could be detected 28 days fol low ing IC injec tion of labeled cells as either remain ing
unchanged or becom ing hyperintense tumors. The authors indi cated that met a static 
breast can cer detected at the end of the study report edly orig i nated from the
hypointense voxel seen on postinfusion MRI. To date, no stud ies have been per -
formed spe cif i cally address ing how the micron-sized par ti cles are removed from the
cells or whether the endosome/lysosome can digest the poly mer coat ing. 
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11.3.3 Transfection Agent Mediated Cell Labeling

SPIO nanoparticles are used to mag net i cally label and track these cells using T2W or 
T2*W images [28, 30, 64, 84, 97, 110, 119, 123–134]. Although sev eral approaches 
for label ing cells with SPIO nanoparticles have been explored, most of the agents
used were pro pri etary com pounds, involved unique or com plex syn the sis, or
included bio chem i cal mod i fi ca tion of the dex tran coat of the SPIO nanoparticles to
stim u late endocytosis by cells. In 2002, a rel a tively straight for ward approach was
devel oped com bin ing (U)SPIO with com monly avail able polycationic transfection
agents to effec tively label cells. Dif fer ent com mer cially avail able transfection agents
have been tried with vary ing results [26, 27, 29, 31, 33, 35, 135, 136]. How ever,
most of the com mer cially avail able transfection agents are toxic to the cells at rel a -
tively low doses. Moreover, these transfection agents are not FDA approved to be
used in the clin ics. Mixing two FDA approved agents, ferumoxides (Feridex IV,
Berlex, NJ) and protamine sul fate together form a com plex that effi ciently and effec -
tively labels stem cells [29, 34, 35, 137–139]. Ferumoxides are dex tran-coated col -
loi dal iron oxide nanoparticles that mag net i cally sat u rate at low fields and have an
extremely high NMR T2 relaxivity. Changes in R2 (R2=1/T2) are lin ear with
respect to iron con cen tra tion. Protamine sul fate is an FDA-approved drug con tain -
ing >60 per cent arginine and is used for treat ment of hep a rin anticoagulation over -
dose. Cells are labeled with the ferumoxides-protamine sul fate (FE-Pro) com plex via 
macropinocytosis and can be imaged at clin i cally rel e vant MRI fields using stan dard 
imag ing tech niques. 

The con cen tra tion of iron in cells is depend ent on nuclear to cytoplasma ratio,
the iron con cen tra tion in the nano- or micron-sized par ti cles, iron con tent in media,
incu ba tion times, and method of endocytosis of the par ti cles [33–35, 42]. Unlabeled
stem cells usu ally con tain less that 0.1 picogram of iron per cell, whereas labeled
cells grown in sus pen sion (i.e., HSCs, T-cells) con tain 1–5 picograms of iron per cell
and cells that adhere to cul ture dish (i.e., MSCs, HeLa, macrophages) can take up
from 5 to >20 picograms of iron per cell [29, 34, 35]. Label ing cells with
ferumoxides does not alter the via bil ity and func tional capa bil ity of cells or the
differentiation capac ity of stem cells [34, 140]. FE-Pro labeled embry onic, MSCs,
HSC, and NSC showed sim i lar rates of dif fer en ti a tion to dif fer ent lin eages, in com -
par i son with unlabeled cells [34, 135, 140–142]. Recent arti cles showed the safe
han dling of SPIO nanoparticles by the cells [143, 144]. Soon after phagocytosis, iron 
par ti cles remain within endosomes, and by days 3 to 5 these endosomes fuse with
lysosomes and the iron oxides par ti cles start to dis in te grate [144]. Eddy et al. have
shown that iron oxide label ing of HeLa and MSCs resulted in a tran sient decrease in
transferrin recep tor-1 (TfR-1) mRNA and pro tein lev els. In con trast, iron oxides
label ing of pri mary macrophages resulted in an increase in TfR-1 mes sen ger
ribonucleic acid (mRNA) but not in TfR-1 pro tein lev els. Ferritin mRNA and pro -
tein lev els increased tran siently in labeled HeLa and macrophages but were sus -
tained in MSCs [143]. 

11.3.4 Other Methods of Cell Labeling

Mechan i cal approaches such as the gene gun or electroporation have been used to
effec tively intro duce MRI con trast agents into cells. The gene gun fires nanoparticles 
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or mag netic beads directly into cells in cul ture, driv ing the par ti cles through the cell
mem brane or directly into the nucleus; how ever, it is unknown what the long-term
effects are on func tional, met a bolic, and dif fer en tial capa bil i ties of the cell [145].
More over the tech nique using par ti cles has its own lim i ta tions with respect to effi -
ciency, poten tial tis sue dam age cre ated by the impact of the par ti cles, and small area 
of cov er age [146]. Since there are less trau matic meth ods to label cells with MR
SPIO nanoparticles, it is unlikely that the gene gun approach will be used in the
future. Direct injec tion of high con cen tra tions of gad o lin ium che lates into Xenopus
laevis eggs enable suc cess ful track ing of the labeled cell pro lif er a tion and migra tion
dur ing devel op ment using MRI and opti cal imag ing [147]. How ever, this approach
is not a prac ti cal or effi cient method for labeling mammalian cells with MR contrast 
agents.

Electroporation has recently been used to label cells with gad o lin ium che lates
and SPIO nanoparticles [39, 50]. Electroporation is com monly used to intro duce
DNA into the cell genome and well known to be asso ci ated with cell stress due to
chem i cal imbal ances and efflux or influx of chem i cals from within the cell and sur -
round ing media alter ing the cells via bil ity and sur vival. There is rel a tively lit tle
expe ri ence using this approach with MRI con trast agents to label cells and it is
unclear as to the long-term effects on reac tive oxy gen spe cies or cell via bil ity when
using this method. Recently it has been shown that sig nif i cant amount of cell lysis
and death occurred dur ing electroporation and fol low ing label ing of con trast agents 
[148]. It has been reported that mag netic label ing of embry onic stem cells using
electroporation resulted in sig nif i cant decrease in the per cent age of via ble cells com -
pared to label ing cells with transfection agents complexed to ferumoxides [135]. In
addi tion, by label ing embry onic stem cell (ESC) with ferumoxides by
electroporation method, the abil ity of these cells to dif fer en ti ate into car diac pro -
gen i tor cells was impaired, indi cat ing that this method may not be clinically useful
[135]. 

Magnetofection is a tech nique that uti lizes strong mag netic force to intro duce
mag netic nanoparticle- or oligonucleotide- (i.e., DNA or RNA) coated SPIO
nanoparticles into the cell, result ing in effec tive incor po ra tion of the DNA into the
cell genome [149–154]. How ever, direct deliv ery to the cell cyto plasm could be a
deter rent for mag netic cell label ing because of pos si ble tox ic ity fol low ing the release 
of iron into the nucleus. This tech nique is use ful for rapid label ing only in adher ent
cells. Its util ity for sus pen sion cells or cells with small cyto plasm to nuclear ratio
(such as T-cells and hematopoietic stem cells) has not been ver i fied. More over,
details on tox ic ity and nuclear uptake have not been described yet.

11.4 Methods to Monitor the Functional Status of Labeled Cells or
Toxicity Following Labeling

Mag netic label ing of cells can be assessed qual i ta tively using Prus sian blue stain for
iron by iden ti fy ing elec tron-dense mate rial in endosomes by elec tron micros copy or
by the using T2*W mag netic res o nance imag ing for deter min ing the pres ences of
iron in cells. Con fo cal micros copy is another method that can be uti lized to deter -
mine the local iza tion of mag netic par ti cles that are tagged with flu o res cent dye or
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pro teins. Multiphoton con fo cal micros copy can deter mine the depth as well as loca -
tion of iron par ti cles in the cyto plasm or nucleus. Quan ti ta tive approaches com -
monly used to deter mine the amount of iron taken up by the cells include NMR
relaxometery, spec tro pho to met ric assays, and induc tively cou pled plasma mass
spec trom e try. Deter mi na tion of intracellular iron is impor tant in order to val i date
mag netic res o nance imag ing (MRI) tech niques used to semiquantitate the num ber of 
labeled cells in a region of inter est [33, 127, 130, 155]. The pres er va tion of cell via -
bil ity, cell func tion, and dif fer en tial capac ity of cells are the impor tant mea sures that 
need to be mon i tored fol low ing label ing cells with MRI con trast agents because
soluble iron (intracellular) is toxic to the cells and may damage DNA. 

11.4.1 Determination of Cell Viability 

Ionic or the transfection agents, which are used to label cells, are toxic to the cells.
Fer rous forms in the cyto plas mic iron can stim u late the increased pro duc tion of
hydroperoxide and increase the amount of nascent hydroxyl free rad i cals that can
cause dena tur ation of DNA [156–158]. There fore, it is essen tial to deter mine the
short- and long-term tox ic ity of label ing cells with iron in order to trans late from
bench to bed side. Cell via bil ity is usu ally deter mined at time of cell count ing using
the trypan blue dye exclu sion test. Propidium iodide (PI) can also be used to detect
dead cells by flu o res cent micro scope or by flow cytometry. Changes in the rate of
apoptosis, a long-term indi ca tion of (U)SPIO label ing of cells, can be accom plished
by using incu bat ing cells with flu o res cent-labeled annexin V and PI, and ana lyzed
using flow cytometry. Inves ti ga tors have found that cell via bil ity or rate of apoptosis 
is not dif fer ent from unlabeled con trol cells when cells are labeled using any of the
meth ods described ear lier. Short- and long-term pro lif er a tion capac ity of the labeled 
cells can be assessed by tritiated-thymidine uptake, BRDU incor po ra tion, or MTT
(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bro mide) assay (Roche
Molec u lar Biochemicals, Indi a nap o lis, IN). Proliferative assays are usu ally pre -
formed as a pulse chase label ing exper i ment with the (U)SPIO and deter mi na tions
made at dif fer ent time points [33]. The dis solv ing of (U)SPIO nanoparticles releas -
ing fer rous ions in the cells or nucleus could initiate a Fenton reaction through
Haber-Weiss chemistry [156] and result in the devel op ment of free rad i cals that
could cause dam age to DNA. Reac tive oxy gen spe cies (ROS) can be detected by
using the flu o res cent probe CM-H2DCFDA (Molec u lar Probes Inc., Eugene, OR).
CM-H2DCFDA is a nonfluorescent agent that forms flu o res cent esters when reacted
with reac tive oxy gen spe cies (ROS) inside cells that can be detected by flow
cytometry, flu o res cent, or con fo cal micros copy. Pawelczyk et al. has dem on strated
that fol low ing label ing of MSCs and macrophages with FE-Pro resulted in a tran -
sient decrease in gene and pro tein expres sion of the transferrin recep tor while gene
and pro tein lev els of ferritin either remained sta ble or increased in response to the
iron load [143]. These results indi cate that FE-Pro label ing of cells elic ited appro pri -
ate and expected phys i o log i cal changes of iron metab o lism or stor age. To date, lit tle
or no alter ations in cells via bil ity, proliferative capac ity, met a bolic activ ity,
apoptotic rate, reac tive oxy gen spe cies (ROS) for ma tion, and func tional and dif fer -
en tial capac ity were reported for cells labeled with clin i cally approved (U)SPIO MR
con trast agents when compared to unlabeled cells. Although previous studies
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[159–161] indi cated tox ic ity of TAT pro tein in cells, a recent pub li ca tion indi cated
no short-term loss of cell via bil ity or accu mu la tion of CLIO-Tat in the nucleus [71]. 

11.4.2 Determination of Cell Function

It is also impor tant that labeled cells should not devi ate from their orig i nal func tion
or get acti vated (in case of T-cells). Cel lu lar func tional assays should be per formed
after label ing and com pared with that of con trol cells. Cell acti va tion mark ers as
well as phenotypic expres sion should be assessed for pri mary cell pop u la tions.
Label ing lym pho cytes (T-cells) with SPIO nanoparticles may change one pop u la -
tion of T-cells (such as T helper cells) to another (such as cytotoxic T-cells). Anal y sis 
of dif fer ent phenotypic cell sur face marker expres sion (i.e., CD mark ers, CD4,
CD8, CD11a, CD19, CD25) of T-cells and pro duc tion of cytokines (interferons,
interleukins, and so on) should be per formed before and after label ing immune cells. 
For stem cells, pri mary as well as lin eage mark ers should be assessed before and
after labeling with MR contrast agents.

11.4.3 Determination of Cell Differentiation Capacity

Deter mi na tion of differentiation capac ity of labeled cells is espe cially impor tant for
nonhematopoietic stem cells such as MSCs and NSCs. MSC should be dif fer en ti -
ated to adipogenic, chondrogenic, and osteogenic lin eages. For HSC, dif fer en ti a tion 
to col ony-form ing units (CFUs) should be deter mined for labeled and unlabeled
cells. Endo the lial pro gen i tor cells (EPC) can be dif fer en ti ated to col ony-form ing
units, endo the lial cells, and cord-like struc tures in matrigel sys tem. NSC should be
dif fer en ti ated to neuronal and/or glial cell lin eages. Differentiation capac ity of mag -
net i cally labeled cells can also be deter mined by track ing the in vivo migra tion and
tar geted incor po ra tion or labeled stem cells in different organs [162].

11.5 MRI Techniques to Detect Cells Labeled with Superparamagnetic
Iron Oxides

A vari ety of con ven tional MR imag ing tech niques can be used to deter mine the
pres ence of iron in var i ous tis sues over a wide range of mag netic field strengths. In
gen eral, MRI meth ods for the detec tion of SPIO labeled cells usu ally con sist of T2
or T2* imag ing sequences because of the sig nif i cant sig nal dephasing due to the
mag netic field (B0) in-homogeneities induced in water mol e cules in and near the
cells. Dif fer en ti a tion between sig nal loss caused by the intracellular SPIO
nanoparticles and native low sig nal in tis sue can be a chal leng ing risk. In addi tion,
par tial vol ume effects, motion, blood flow, or hem or rhage can all mask the pres -
ence of the mag net i cally labeled cells within tis sues. To improve the sen si tiv ity to
track mag net i cally labeled stem cells or other cells, sev eral pos i tive con trast or white 
marker pulse sequences have been devel oped [163–166]. The sig nal inten si ties on
MRI sur round ing the SPIO nanoparticles have a char ac ter is tic bar bell pat tern and
have been the o ret i cally derived for a sin gle dipole in a homo ge neous mag netic field
[167]. The off-res o nance pos i tive con trast pulse sequences allow for visu al iza tion of 
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high sig nal inten si ties against a suppressed background in regions containing SPIO
labeled cells [163–167]. 

The devel op ment of a post-pro cess ing pos i tive con trast tech nique called sus cep -
ti bil ity gra di ent map ping (SGM) has allowed for the detec tion of mag net i cally
labeled cells in tis sues [167, 168]. The SGM method is based on the the ory that an
object with a mag netic sus cep ti bil ity devi ates from its sur round ings, thereby cre at -
ing a local mag netic gra di ent that leads to an echo shift in k-space with gra di ent echo 
imag ing. The SGM method deter mines the amount of the shift of the echo for every
voxel in all three spa tial dimen sions by local one-dimen sional fast Fou rier trans form 
used in gen er at ing a vec tor map of the sus cep ti bil ity gra di ent. The SGM avoids the
use of ded i cated pos i tive con trast pulse sequences and does not require a pri ori
knowl edge about the local SPIO nanoparticle’s con cen tra tion. Com par i son of the
gra di ent compensation–based approach “white marker technique” [165–166] and
an off-res o nance based approach inver sion recov ery ON-res o nance water sup press
(IRON) tech nique [164] with the SGM method was per formed in a SPIO-labeled
flank tumor model in rats. The SGM, white marker, and IRON pos i tive con trast
images were acquired when the labeled tumors were between 5–20 mm in diam e ter
to eval u ate their sen si tiv ity to the dilu tion of the SPIO nanoparticles as the tumor
cells pro lif er ated [167]. For small and medium-sized tumors, quantitation of the
num ber of pos i tive pix els (NPP) detected within the tumor for the SGM was sig nif i -
cantly larger for the other two tech niques. For large tumors, SGM resulted in sim i lar 
NPP as the white marker tech nique, whereas the IRON method failed to gen er ate
pos i tive con trast images. These results indi cate that post-pro cess ing approaches can
be use ful in detect ing a local ized focus of mag net i cally labeled cells in vivo. How -
ever, when the num ber of SPIO labeled cells was low in a region of inter est or if
labeled cells were dif fusely spread through out the tis sue, all three tech niques were
unre li able in displaying positive contrast enhancement. 

Quan ti fy ing the num ber of labeled stem cells in tar get tis sues is of great impor -
tance to opti mize dose and tim ing of cel lu lar ther apy. T2 spin echo imag ing has been 
used to quan tify the amount of iron within tis sue. By deter min ing the T2 relax ation
times at 0.5 Tesla and 1.5 Tesla using a mul ti ple spin echo tech nique, Bulte et al.
[169] dem on strated a lin ear rela tion ship between the T2 relax ation rates and iron
con tent obtained from mar mo sets with hemosiderosis an iron stor age dis ease. How -
ever, T2 is sen si tive to both con cen tra tion and dis tri bu tion of SPIO nanoparticles,
which greatly com pli cates its use for quan ti fy ing iron-oxide con cen tra tion. To
achieve high sen si tiv ity for the detec tion of intracellular SPIO nanoparticles, the T2* 
relax ation rate of the tis sue should be mea sured [170, 171]. Multigradient echo
pulse sequence can be used to deter mine the T2* relax ation times of the mag net i -
cally labeled cells in phan toms and tis sues, and that can be used to approx i mate the
num ber of labeled cells within a voxel [172]. Unfor tu nately, T2* relax ation rate is
influ enced not only by SPIO nanoparticles in labeled cells, but also by mac ro scopic
sus cep ti bil i ties due to dif fer ing tis sues types. Sev eral other meth ods have been pro -
posed to cor rect for the mac ro scopic mag netic sus cep ti bil ity [173–177]. It is also
pos si ble that the use of ultrashort echo time pulse sequences sam ples the water pro -
tons mag ne ti za tion at <100 micro sec onds prior to the dephasing of the water pro ton 
spins due to the pres ence of directly implanted SPIO labeled cells in tis sues, and this
should allow for the abil ity to pro duce more accu rate T2* maps for quan ti fy ing the
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num ber of iron-con tain ing cells in tis sues. The devel op ment of new MRI scan ner
hard ware and pulse sequences, along with anal y sis and seg men ta tion soft ware, may 
improve the sen si tiv ity and delin eate var i ous iron-con tain ing pathol o gies from
mag net i cally labeled cells in tissues.

11.6 Animal Studies That Have Utilized CMRI

Since the start of cell label ing with SPIO, there is great inter est in and enthu si asm to
use the labeled cells to track the migra tion and hom ing in dif fer ent dis ease con di -
tions in ani mal mod els using clin i cally rel e vant or high mag netic field MR scan ners.
Inves ti ga tors have labeled var i ous types of cells in order to track the admin is tered
cells by MRI for the pur poses of diag nos ing the dis ease con di tions or for mon i tor ing 
ther a peu tic effects. In this sec tion we will dis cuss var i ous reports on track ing labeled 
cells in dif fer ent dis ease mod els. 

11.6.1 Stem Cell Tracking

Cell label ing with iron oxide and cel lu lar MRI tech niques has enabled inves ti ga tors
to fol low implanted cells in vivo and to mon i tor their effects in exper i men tal ani mal
mod els. Neu ral stem cells or neu ral pro gen i tor cells have been labeled with var i ous
SPIO nanoparticles and the fate of labeled, implanted cells was tracked in nor mal
brains of neo na tal or adult ani mals [142, 145], in stroke [178], in trau matic brains,
or in spi nal cord inju ries [179, 180]. Inves ti ga tors have shown the migra tion of
mag net i cally labeled oligodendrocyte pro gen i tor cells (CG-4) away from the sites of 
implan ta tion in the spi nal cord in myelin-defi cient rats by MRI, and the areas cov -
ered by the migra tory CG-4 cells were cor re lated with the myelination of pathol ogy
in the spi nal cord [84]. In the sub se quent study, these inves ti ga tors also showed the
util ity of mag netic label ing in a long-term followup of implanted neu ral pro gen i tor
cell derived oligodendroglial pro gen i tor cells in rat mod els using clin i cal strength
MRI sys tem [64]. Inves ti ga tors have also used cel lu lar MRI to fol low the implanted
stem cells (both locally and sys tem i cally admin is trated) in stroke, trau matic brain
injury, and spi nal cord injury mod els. In a recent paper, Guzman et al. labeled NSCs 
with ferumoxides to mon i tor the migra tion and site-spe cific dif fer en ti a tion of these
implanted cells in neo na tal and adult rodent brains and in a brain injury mod els
with CMRI imag ing [142]. The authors con cluded than imple men ta tion of
noninvasive stem cell track ing might help to improve the design of future clin i cal
NSC trans plan ta tion trends. Labeled NSCs, MSCs, or other stem cells have also
been used in var i ous brain or spi nal cord injury models to track the migration and
homing of these labeled cells by cellular MRI [179–183]. 

11.6.2 Intracranial Tumor Studies

Glioma is a cen tral ner vous sys tem neo plasm that typ i cally exhib its hyper-
vascularity, espe cially in grade III and IV tumors, with marked het er o ge ne ity in
histological mark ers and vas cu lar den sity. Malig nant gliomas are among the most
dev as tat ing tumors, with the sur vival of only one to three years after diag no sis. Sur -
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gery and radi a tion ther apy (fol lowed by adjuvant che mo ther apy) very often fail due
to uncer tainty in delin eat ing the tumor mar gins [184]. More over, due to the
infiltrative nature of glioblastoma multiforme (GBM), it is impos si ble to remove
100 per cent of tumor mass dur ing sur gery, and the left over tumor cells might be
more aggres sive and resis tant to future ther a pies. There fore, as pointed out by
Hentschel and Sawaya, suc cess ful ther a peu tic approaches would depend on devel -
op ing high-qual ity imag ing modal i ties [185]. Chopp et al. have shown that mag net i -
cally labeled MSC can iden tify the sites of angiogenesis at the mar gin of the tumor
and nor mal brain tis sues [186]. The same group has used NSC in a rodent brain
tumor model and tracked the implanted cells by MRI using mag netic label ing tech -
niques. Mag net i cally labeled exog e nous monocyte/macrophages have also been
tracked migrat ing into an implanted rat glioma model [187]. We also observed
(unpub lished data) the migra tion of mag net i cally labeled den dritic cells to the sites
of U-251 implanted glioma in rats (Figure 11.2), which was detected by 3-Tesla
clinical MRI sys tems.

11.6.3 Tumor Angiogenesis

Angiogenesis is essen tial for tumor growth and the devel op ment of metas ta sis [188]. 
Migra tion and pro lif er a tion of endo the lial cells orig i nat ing from local cap il lar ies is
thought to be the pri mary mech a nism for angiogenesis in the adults in the pres ence
of pro-angiogenic stim uli. There are reports sug gest ing that bone mar row–derived
EPCs also con trib ute to the endo the lial lin ing of adult neovasculature in both phys i -
o logical and patho logical angiogenesis [189, 190]. The incor po ra tion of EPCs from
the cir cu la tion into newly formed ves sels is termed vasculogenesis. It has been
shown that genet i cally mod i fied EPCs can selec tively deliver a cytotoxic gene to
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Fig ure 11.2 Rep re sen ta tive case of mag net i cally labeled den dritic cell track ing in an implanted
brain tumor in a rat model by a clin i cal 3T MRI sys tem. Tumors were cre ated in nude rats by
implant ing U251 glioma cell line. (a) MRI obtained using FIESTA sequence 14 days after implan ta -
tion of tumor cells but before admin is tra tion of mag net i cally labeled den dritic cells shows the mar -
gin of the tumor (arrows). Note the small low sig nal inten sity foci in the cen ter of the tumor due
to bleed ing dur ing implan ta tion of tumor cells. (b) MRI obtained from the same ani mal three days
after intra ve nous admin is tra tion of mag net i cally labeled den dritic cells shows mul ti ple low sig nal
inten sity foci around the tumor (black arrows). Note the growth of the tumor beyond the accu mu -
lated den dritic cells (tumor mar gin, white arrow). (c) DAB-enhanced Prus sian blue stain ing shows
iron pos i tive cells at the mar gin of the tumor (arrow).



tumor-induced neovasculature [191, 192]. To deter mine if MRI could be used to
mon i tor the vasculogenesis asso ci ated with tumor growth, Ander son et al. intra ve -
nously infused 5x105 ferumoxides –poly-l-lysine FE-PLL–labeled bone mar -
row–derived HSC (Sca1+) into mice with implanted RT2 rat glioma in the brain
[125]. Ani mals were implanted with tumors and ferumoxides –poly-l-lysine
(FE-PLL)–labeled Sca1+ cells infused on day three post implan ta tion or mice were
sublethally irra di ated and labeled cells were infused fol lowed by implan ta tion of
tumor in the brains of SCID mice. MRI was per formed at 7 Tesla and, 5 to 12 days
after labeled Sca1+ cells were given intra ve nously to mice. T2*-weighted MRI in
mice receiv ing labeled cells dem on strated hypointense regions within the tumor that 
evolved over time. In addi tion, a hypointense ring at the periph ery of the tumor was
observed by days 10–13 post infu sions of labeled Sca1+ cells. Histological exam i na -
tion revealed Prus sian blue (PB) pos i tive cells around the tumor rim in mice that
received labeled Sca1+ cells. These PB pos i tive cells were CD31 and von Willebrand
fac tor (vWF) pos i tive, indi cat ing that the infused labeled Sca1+ cells detected in the
tumor have dif fer en ti ated into endo the lial cells and became part of neovasculature.
These results dem on strate that MRI can detect the incor po ra tion of mag net i cally
labeled bone mar row–derived EPCs into tumor vasculature as part of ongo ing
angiogenesis and neovascularization. This was the first report to dem on strate
high-res o lu tion noninvasive MRI of EPC’s incorporation into tumor
neovasculature. Fig ure 11.3 shows the uti li za tion of human endo the lial pro gen i tor
cells as MRI probe to identify the margin of implanted human glioma (U-251
tumor) based on active angiogenesis.

In 2006, Arbab et al. [123] per formed a study in which FE-Pro labeled human
HSCs (i.e., CD34 CD 133 cells) were admin is tered to nude mice with rap idly grow -
ing RT2 glioma in their flanks. Ani mals received 3 × 106 FE-Pro labeled or
unlabeled CD 34 CD 133 cells syn chro nously when a tumor was implanted or when 
a tumor reached 2 mm in size. In vivo MR at 7 Tesla dem on strated lin ear
hypointense regions within the flank tumors that had grown to = 1 cm (i.e., = day
seven post implan ta tion) in ani mals receiv ing the intra ve nous injec tion of FE-Pro
labeled cells, as com pared to ani mals that received unlabeled cells. This lin ear feath -
er ing-type pat tern observed in mice that received labeled cells was eas ily dif fer en ti -
ated as small and well-defined dark fea tures, com pared to the changes in sig nal
inten sity in large tumors of either labeled or unlabeled mice, some of which devel -
oped amor phous dark areas in the tumor images indic a tive of necro sis in tumors
(=1.5 cm).  MRI detected the pres ence of FE-Pro labeled CD 34 CD 133 cells in the
flank tumors as early as three days post infu sion of cells. Histological exam i na tion
revealed pos i tive human endo the lial mark ers (e.g., CD 31, KDR1, vWF, and
CD106) indi cat ing endo the lial trans for ma tion of the admin is tered FE-Pro labeled
or unlabeled cells and incor po ra tion into the tumor neovasculature. Cor re spond ing
con sec u tive sec tions revealed PB pos i tive cells in the same region as cells with pos i -
tive mark ers for human endo the lial cells. A few PB cells at the periph ery of the
tumor were pos i tive for human macrophage marker (hCD68 pos i tive cells), indi cat -
ing that some of the admin is tered FE-Pro labeled CD 34 CD 133 cells dif fer en ti ated
toward the macrophage lin eage. These results dem on strate that HSC could be
labeled with FE-Pro in a clin i cal good man u fac tur ing prac tice (cGMP) facil ity and
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used to detect by MRI the incor po ra tion of mag net i cally labeled bone mar -
row–derived HSCs into tumor vasculature as part of ongo ing angiogenesis.

11.6.4 Stroke and Trauma Models

There have been sev eral stud ies dem on strat ing in rodent stroke mod els the abil ity to
mon i tor the migra tion of labeled stem cells fol low ing implan ta tion in the
contralateral hemi sphere to the cere bral pathol ogy or intra ve nous infu sion
[193–199]. Hoehn et al. [200] were the first to dem on strate the transcallosal migra -
tion of 3 × 104 intracerebrally implanted sinerem (USPIO) fugene (transfection
agent)–labeled embry onic stem cells over a period of eight days by MRI in a rat
stroke model. The embry onic stem cells were also tagged with green flu o res cent pro -
tein and the authors were able to cor re late immunohistochemial results to
hypointense voxels in the subventricular zone and sur round ing the infracted hemi -
sphere. Zhang et al. [178] observed on T2*W MRI that mag net i cally labeled neu ral
stem cells injected into a cis tern were able to enter into the cere bral paren chyma into
an area of cere bral ischemia at a rate of 65 µm/hr. In a followup study, Jiang et al.

268 Magnetic Nanoparticles–Assisted Cellular MR Imaging and Their Biomedical Applications

Fig ure 11.3 Rep re sen ta tive cases of mag net i cally labeled endo the lial pro gen i tor cells’ (EPCs)
track ing in an implanted brain tumor in a rat model by 7 Tesla MR sys tem. Tumors were cre ated in 
nude rats by implant ing U251 glioma cell line. Dou ble-labeled (iron plus dye DiI) EPCs were
admin is tered on day seven after tumor implan ta tion, and MRI was obtained on day 14 (seven days 
after intra ve nous admin is tra tion of mag net i cally labeled EPCs). Pan els A to C: T2*-weighted MRI
image shows low sig nal inten sity areas sur round ing the tumor, indi cat ing accu mu la tion of mag -
net i cally labeled cells (A), which are con firmed by Prus sian blue stain ing in the cor re spond ing
histological sec tion (10x, B) and (40x, C). Note the blue cells within the box in the B and in C
pan els. Pan els D to F: T2*W images show hypointense voxels around and in the tumor exten sion
in the cor pus cal lo sum (white arrows in D and E). DAB-enhanced Prus sian blue stain ing shows iron 
pos i tive cells (E and F). Pan els G to I: The sec tion stained for endo the lial lin ing (G, FITC-labeled
tomato lectin) shows exten sive for ma tion of new ves sels within the tumor, and the cor re spond ing
area (shown in the con sec u tive sec tion) also shows DiI pos i tive cells (H, red cells), which are also
pos i tive for endo the lial cell marker CD31 (I, green cells). Nuclei of the cells are stained with DAPI
(blue). (See Color Plate 22.)



[194] labeled subventricular zone neu ral stem cells with SPIO nanoparticles in a rat
stroke model and tracked the cells into area of cere bral infarc tion by MRI. Based on
dynamic con trast enhanced cere bral per fu sion stud ies, the authors were able to
dem on strate an increase in angiogenesis in the area of cere bral infarc tion as a result
of infu sion of NSCs. These results indi cate that mag netic label ing of stem cells does
not inter fere with the abil ity to assess cere bral phys i ol ogy in a stroke model.
Jendelova et al. [198] intra ve nously injected rat MSCs colabeled with ferumoxides
and bromodeoxyuridine (BrdU) fol low ing the infu sion of Ben gal rose and light to
induce pho to chem i cal lesions. In vivo MRI was used to track the fate of the cells
with PB stain ing and trans mis sion elec tron micros copy con firmed the pres ence of
iron-oxide nanoparticles inside the cells. One week after infu sion of the mag net i -
cally labeled MSCs, hypointense voxels were detected on T2*-weighted MRI at the
lesion site and pop u lated the bor der zone of the dam aged cor ti cal paren chyma.
Labeled cells were iden ti fied on his tol ogy at one month post injec tion of rat MSCs.
The results of these stud ies indi cate the poten tial of cel lu lar MRI to track labeled
stem cells to areas of cere bral ischemia and stroke inde pend ent of route of admin is -
tra tion. Fig ure 11.4 shows the migra tion of NSCs in a rat stroke model.

Mag netic label ing of endo the lial precusor cells is pos si ble dur ing the cell sep a ra -
tion pro cess using immunomagnetic beads. The immunomagnetic beads are clin i cal
grade mate rial sim i lar to the MPIOs used for pos i tive or neg a tive selec tion of cells.
Jendelova et al. [199] selected CD34 HSCs and found that these cells inef fi ciently
endocytosed the beads. After direct implan ta tion of the CD 34 into a contralateral
hemi sphere to a pho to chem i cally injured rat cor tex, the migra tion of these cells by
MRI into the subventricular zone and around the cor ti cal lesion by PB stain was
shown. The same group dem on strated the migra tion of ferumoxide-labeled human
MSCs in a spi nal cord injury model [201]. How ever, since the model is asso ci ated
with hem or rhage, it was dif fi cult for these inves ti ga tors to clearly dem on strate dif -
fer ences between endog e nous iron (i.e., hemo sid erin) and SPIO labeled cells by
T2*W MRI. Dunning et al. [202] eval u ated the migra tion pat terns of SPIO-labeled
schwann cells or olfac tory ensheathing cells (OEC), fol low ing a demylenation
injury model in the rat spi nal cord. These authors noted in ani mals that received
unlabeled OECs that there were PB pos i tive cells pres ent in area of lesion sim i lar to
ani mals that received mag net i cally labeled cells. MRI at the cen ter of the lesions
from the three groups of rats were sim i lar dem on strat ing hypointense regions on
T2*W images; how ever, it was pos si ble to track the migra tion of the labeled cells
fur ther in the spi nal cord in ani mals that received mag net i cally labeled schwann
cells and OECs. These results under score one of the lim i ta tions in track ing SPIO
labeled cells and the inabil ity to dis tin guish areas of endog e nous iron due to hem or -
rhage or hemosiderin from infused or implanted cells.

11.6.5 Myocardial Infarction and Vascular Models

There have been sev eral excel lent reviews on the mon i tor ing by MRI of mag net i -
cally labeled stem cells in exper i men tal ani mals for the treat ment of myo car dial
ischemia and infarc tion with the goal of improv ing car diac func tion, angiogenesis
and per fu sion, and lim it ing or decreas ing the size of dam age [203–206]. The reader
is encour aged to seek out many of these reviews. One of the first stud ies to mon i tor
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Fig ure 11.4 Dynamic migra tion of iron labeled trans planted subventricular zone (SVZ) neu ral
stem cells in ischemic brain in a rep re sen ta tive ischemic rat. MRI sig nals (dark areas) were not
detected before trans plan ta tion of labeled SVZ cells (A, N to C, N). In con trast, the same rat exhib -
ited MRI sig nals at the fourth ven tri cle on the day of injec tion of fer ro mag netic par ti cle–labeled
cells into the cis tern (A, 0d, arrow). MRI sig nals moved for ward along the fourth ven tri cle and
reached the ipsilateral striatum nearby the ipsilateral lat eral ven tri cle two to three days after trans -
plan ta tion (C, 3d, arrow). MRI sig nal in the ipsilateral striatum increased dur ing three to seven
days after trans plan ta tion (C, 7d). MRI sig nals were not detected in the contralateral hemi sphere
at any time point after trans plan ta tion (C, 0d to 7d). Pan els A to C rep re sent dif fer ent lev els of
coro nal sec tions from the pos te rior to ante rior brain (A, bregma −13.3 mm; B, bregma −11.8 mm;
and C, bregma −1.3 mm). N rep re sents one day before trans plan ta tion and 0d to 7d indi cate days 
after trans plan ta tion from a rep re sen ta tive rat. To iden tify fer ro mag netic par ti cle–labeled cells on
sagittal or coro nal sec tions, Prus sian blue stain ing was per formed. Panel D is a sche matic rep re sen -
ta tion of a sagittal sec tion from the ipsilateral hemi sphere at lat eral 1.40 mm. Pan els E to G are
microphotography of Prus sian blue–stained sec tions from the same rat in which MRI images were
pre sented. Panel E is from the boxed area in panel D. The arrow in panel E indi cates trans planted
cells around the ischemic bound ary. Higher mag ni fi ca tion revealed that these cells had round mor -
phol ogy (F and insert). A box and an arrow head in panel E show trans planted cells at a dis tance
from the ischemic bound ary, and these cells exhib ited bipo lar mor phol ogy (G), indi cat ing that
these cells migrate. (Cour tesy of Dr. Zheng Gang Zhang of Neu rol ogy, Henry Ford Hos pi tal, used
with the per mis sion of Annals of Neu rol ogy.) For details, please see [178].



migra tion of MPIO-labeled MSC in a myo car dial infarc tion model was per formed
at the National Heart Lung and Blood Insti tute at the National Insti tutes of Health.
MPIO-labeled swine MSCs were implanted through an intra-arte rial cath e ter
placed in the heart and injected directly into and around the myo car dial infarc tion
using MRI guid ance [119, 120]. T2*-weighted MRI [207] was used to mon i tor the
migra tion of cells in a myocardium that was cor re lated with his tol ogy. These stud -
ies illus trated the need in test ing and eval u at ing the dif fer ent routes of admin is tra -
tion of labeled cells and the impor tance of deter min ing via bil ity fol low ing pas sage
through an arte rial cath e ter. Sim i lar results have been observed in MI mod els in
which stem cells improved car diac func tion and decreased infarction size (Fig ure
11.5) [208]. Recently, Kraitchman et al. [209] infused MSCs labeled with indium111

oxine and ferumoxides and reported focal and dif fuse uptake of MSC in the
infarcted myocardium by sin gle pho ton emis sion tomog ra phy (SPECT/CT) at seven
days post injec tion of cells. How ever, ferumoxide-labeled MSCs that were detected
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Fig ure 11.5 Rep re sen ta tive hypointense lesions in FSE (A), FGRE (B), and DE-MRI (C) of MR-MSC
injec tion sites (arrows) within 24 hr of injec tion. MR-MSCs were injected in the infarct (MI,
hyperintense region in C). Long-axis MRIs show ing hypointense lesions (arrows) caused by
MR-MSCs acquired within 24 hr (D) and one week (E) of injec tion, with inset at right dem on strat -
ing expan sion of lesion over one week. Nee dle tract (arrow) of MR-MSCs is dem on strated in the
histological sec tion at one week after injec tion with Prus sian blue stain ing (F) as cells with blue iron 
inclu sions (arrow head) that are excluded from nucleus (G). Iron inclu sion from DAB-enhanced
Prus sian blue stain ing (H) matches colabeling with DiI (I) and DAPI flu o res cent dyes (J) on adja cent 
histological sec tions at ×20 mag ni fi ca tion at 24 hr after MSC injec tion in another ani mal, indi cat -
ing Feridex is still con tained within orig i nal MSCs. LV indi cates left ven tri cle; RV, right ven tri cle.
(See Color Plate 23.) (Used with per mis sion of Cir cu la tion.)



by PB stain ing around the rim of the infarc tion were not observed on MRI at 1.5
Tesla using gra di ent echo pulse sequence with a short echo time. The authors con -
cluded that MRI has lower sen si tiv ity to detect dual-labeled MSC in com par i son to
radionuclide approaches. This study dem on strated the need to develop novel MRI
tech niques to detect the pres ence of dis trib uted mag net i cally labeled cells within
target tissues. 

There are a num ber of stud ies sug gest ing that cir cu lat ing macrophages will
endocytosis mag netic nanoparticles that are intra ve nously given [139]. Wu et al.
infused MPIOs in a rat model of car diac rejec tion [121] and visu al ized that “sin gle”
labeled macrophage in the rejected heart. These authors did not dem on strate
whether the MPIOs were taken up by cir cu lat ing monocytes or pos si bly in regional
lymph nodes or by macrophages res i dent with rejected organ. It should be pos si ble
by obtain ing tis sue or blood sam ples or MRI to fig ure out where the MPIO par ti cles
were endocytosed by macrophages in this model. In vivo tag ging of macrophages
with SPIO nanoparticles may also be use ful for char ac ter iz ing organ rejec tion [73].
Focal hypointense voxels were detected on ex vivo MRI that could be dif fer en ti ated
from the infil tra tion of USPIO into extravascular spaces in the rejected heart. These
results sug gested the pos si bil ity of mon i tor ing organ trans plan ta tion rejec tion using
mag netic nanoparticles and noninvasive imaging techniques.

 MRI has also been able to detect the migra tion of intra ve nously injected
ferumoxide-labeled bone mar row stem cells into areas of sites of injured arter ies
[210] or traf fick ing to areas of atherosclerotic plaques [211]. Labeled cells could be
detected in thick ened adventitia injured arter ies by MRI on T2*W images, Imag ing
results were cor re lated to his tol ogy sug gest ing the use of cel lu lar MRI in assessing
vas cu lar damage.

11.6.6 Models of Multiple Sclerosis

Mul ti ple Scle ro sis (MS) is an inflam ma tory and demyelinating dis ease of the cen tral
ner vous sys tem that affects approx i mately 350,000 young adults in North Amer ica.
The the o ries behind the devel op ment of MS lesions are based pri mar ily upon stud ies 
per formed in an exper i men tal aller gic encephalomyelitis (EAE) model in the [212]
mouse and more recently the mar mo set [213]. The adop tive trans fer (AT) of sen si -
tized T-cells into SJL WCE results in a relaps ing-remit ting (RR) EAE dis ease course
that is sim i lar RRMS patients. Traf fick ing of T-cells across the blood-brain bar rier is 
con sid ered an essen tial com po nent in the devel op ment of the inflam ma tory pro cess
in the CNS in the EAE mouse model and in MS. In 2004, Ander son et al. [124]
labeled encephalitogenic T-cells with FE-PLL and adop tively trans ferred 2 × 107

labeled or unlabeled cells into mice to induce EAE. Labeled T-cells con tain ing an
aver age of 1–3 picograms of iron per cell were PB pos i tive on his tol ogy. In vivo MR
micros copy was per formed on days 8–15 post-AT EAE accord ing to clin i cal score.
FE-PLL labeled T-cells were via ble and dem on strated strong proliferative recall
response to myelin. Flow cytometric anal y sis of unlabeled and FE-PLL–labeled cells
showed sim i lar num bers of CD4 T-cells in each pop u la tion express ing sim i lar T-cell
phe no types. In vivo MR micros copy dem on strated FE-PLL–labeled T-cells within
EAE lesions as either focal hypointense areas within the white mat ter or areas of dif -
fuse hypointensities sug gest ing an infiltrative pro cess. MR micros copy cor re lated

272 Magnetic Nanoparticles–Assisted Cellular MR Imaging and Their Biomedical Applications



well with his tol ogy, and PB pos i tive cells were detected in spi nal cord of mice [124].
This was the first dem on stra tion of the migra tion of sen si tized T-cells into an EAE
lesion into the spi nal cord of a mouse on in vivo MR micros copy. Mag netic cell
label ing stud ies in MS and other dis eases could be used to mon i tor spe cific cel lu lar
phe no types (CD 4 or CD 8 T-cells, tumor infil trat ing lym pho cytes, or den dritic
cells) or phar ma co log i cally or genet i cally engi neered cells by MRI, advanc ing the
under stand ing and poten tial of direct ing cell ther apy to spe cific sites of dis ease. 

Stem cell ther apy is being explored as a poten tial new treat ment for
demyelinating dis eases. Pluchino, et al. dem on strated the hom ing of synergenic
adult neu ral stem cells into lesions and saw improve ment in the dis ease course fol -
low ing intra ve nous injec tion into an EAE mouse model [214]. Recent stud ies have
shown the poten tial of either MSCs or NSCs in atten u at ing or mod u lat ing the
immune response of EAE [215–217]. Intra ve nous admin is tra tion of sin gle or mul ti -
ple doses of MSCs prior to or at the start of the first neu ro log i cal event were shown
to be effec tive in caus ing a sig nif i cantly milder EAE course com pared to con trol ani -
mals. How ever, when MSCs were given after the first exac er ba tion, there was no
sig nif i cant alter ation in clin i cal course. Bulte et al. admin is tered ferumoxide-labeled 
neuronal pluripotent stem cells at the peak of the EAE dis ease in rats that were
allowed to recover and sub se quently euthanized one week later [218]. Ex vivo MR
micros copy dem on strated clear migra tion of labeled stem cells into the white mat -
ter, as com pared to con trol ani mals in which min i mal dissemination of cells was
observed. Ben-Hur et al. [219] trans planted ferumoxide-labeled NSC into mice with 
chronic EAE and were able to mon i tor the rate of migra tion of the cells over time.
There was a lin ear cor re la tion between the dis tance of cell migra tion with clin i cal
sever ity of dis ease and the num ber of microglia in the white mat ter tracts, sup port -
ing the notion that inflam ma tory sig nals pro mote trans planted cell migra tion.
These authors could not clearly dem on strate a ben e fi cial effect of the NSCs on a
clin i cal course. Recently, Politi et al. [220] infused SPIO-labeled NSC 17 days after
induc tion of EAE and detected hypointense regions devel op ing in areas of
blood-brain bar rier dis rup tion on MRI. These imag ing find ings were con sis tent
with inflam ma tion in the mouse brain. The hypointense regions con tained PB pos i -
tive neu rons on his tol ogy and dem on strated that most of the infused labeled NSCs
were located in areas of periventricular white mat ter lesions. In addi tion, EAE mice
that received the neu ral stem cells had lower clin i cal scores com pared to con trol ani -
mals, sug gest ing that this type of cel lu lar ther apy may play a role in patients with
multiple sclerosis.

11.7 Translation to the Clinic

11.7.1 Human Studies

There are only two early-phase clin i cal tri als in the lit er a ture using MRI to mon i tor
the migra tion of ferumoxide-labeled cells. de Vries et al. inves ti gated on a phase I
clin i cal trial the biodistribution of mag net i cally labeled den dritic cells [221]. The
den dritic cells were first trans formed from monocytes that were labeled with
ferumoxides for 2 days and intubated in appro pri ately con di tioned media. They
were then trans planted directly into lymph nodes of patients with mel a noma, and
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the tem po ral spa tial migra tion of these cells were seri ally mon i tored by MRI
through lym phatic ves sels into adja cent lymph nodes. This was the first clin i cal trial
to dem on strate the util ity of label ing cells with ferumoxides for mon i tor ing cel lu lar
ther apy. These inves ti ga tors were able to delin eate whether labeled cells were actu -
ally implanted into lymph nodes or sur round ing sub cu ta ne ous fat. In this study, the
authors indi cated that MRI could detect approx i mately 2,000 ferumoxide-labeled
den dritic cells per voxel. Improve ments in MRI tech niques should allow for the
detec tion of fewer numbers of labeled cells within a region of interest.

 Zhu et al. [222] reported a study in a small group of patients who had suf fered
trau matic brain injury with open head trauma. They had cells extracted and were
place in cul tures and labeled with ferumoxides. In this early phase trial, patients
received intracerebral injec tions of ferumoxide-labeled or -unlabeled “neuronal
cells” around the area of injured brain based on T2-weighted images. Serial MRIs
over 21 days dem on strated the migra tion of ferumoxide-labeled NSCs from injec -
tions sites into white and gray mat ter that was not observed in patients receiv ing
unlabeled cells. The authors did not report any neu ro log i cal com pli ca tions as a
result of implant ing cells into patients with brain trauma (Figure 11.6).

11.7.2 Regulatory Issues

The trans la tion of novel superparamagnetic iron oxide nanoparticles from exper i -
men tal stud ies to clin i cal appli ca tions will require a sig nif i cant amount of prep a ra -
tion and per se ver ance by the inves ti ga tor in order to suc cess fully eval u ate the agent
in a phase I clin i cal trial. It is cru cial that inves ti ga tors to estab lish an early dia logue
with the appro pri ate reg u la tory agen cies such as the Food and Drug Admin is tra tion
(FDA) to dis cuss the pre clin i cal exper i men tal stud ies that would be needed to finally
per form clin i cal tri als with the novel mag netic nanoparticles. Unfor tu nately, label -
ing cells with novel SPIO nanoparticles for cel lu lar MRI does not fall under the
guide lines pro vided by the FDA for explor atory inves ti ga tive new drugs (IND), and
there fore prep a ra tion by the inves ti ga tor will be required so that these agents can be
used for label ing cells [223]. The FDA will require cer tif i ca tion and pos si ble refor -
mu la tion of the novel SPIO nanoparticles in a good lab o ra tory prac tice (GLP) facil -
ity in addi tion to the pre clin i cal eval u a tion before fil ing an IND as part of an early
phase clin i cal trial. Research groups plan ning on using novel SPIO nanoparticles to
label cells will need to dem on strate the fol low ing: (1) the novel SPIO nanoparticles
are non toxic to the cells or exper i men tal ani mals (i.e., mice, rats, or larger ani mals);
(2) the agent has a large ther a peu tic win dow (i.e., lethal dose 50 per cent level) for
the prod uct; (3) the agent does not alter cell pro lif er a tion and via bil ity, change dif -
fer en ti a tion capac ity, or result in an increase in reac tive oxy gen spe cies or apoptosis
com pared to con trol unlabeled cells; and (4) there is stan dard iza tion of the com po si -
tion of the con trast agent, along with the abil ity to reproducibly man u fac ture the
agent. In addi tion, in order to use the novel SPIO agent in clin i cal tri als, the inves ti -
ga tor will need to dem on strate the fol low ing: (1) all prod ucts and instru men ta tion
used in mak ing the agent are approved for clin i cal use or an exemp tion from the
FDA will be required to use these prod ucts for clin i cal use in cell label ing; (2) cell
label ing with the novel agent can be per formed using good man u fac tur ing prac tices
in an approved facil ity; (3) the cGMP facil ity should fol low approved stan dard oper -
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at ing pro ce dures for han dling, pro cess ing, and eval u at ing stem cells or other cells
and be able to per form label ing on large scale; (4) the cGMP facil ity would be
required to main tain an audit trail of the cells obtained from the sub ject that will be
used for trans plan ta tion; (5) the labeled cells have sim i lar via bil ity as unlabeled cells 
with out sig nif i cant loss dur ing the label ing pro cess; (6) the phe no type of the cells is
unal tered as result of the labeling with magnetic nanoparticles; and (7) there are no
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Fig ure 11.6 MRI scans from the patient who received neu ral stem cells labeled with iron oxide
nanoparticles (pan els A through F) and the patient who received unlabeled cells (pan els G through 
L). The scan obtained before the implan ta tion of the labeled neu ral stem cells (panel A) did not
show a pro nounced hypointense sig nal around the lesion (aster isk) in the left tem po ral lobe,
whereas cir cu lar areas of hypointense sig nals were vis i ble at the injec tion sites one day after
implan ta tion (panel B). Mag ni fied images are shown in pan els C through F. Four hypointense sig -
nals (black arrows) were observed at injec tion sites around the lesion on day 1 (panel C), day 7
(panel D), day 14 (panel E), and day 21 (panel F). On day 7 (panel D), we observed dark sig nals
(white arrow) pos te rior to the lesion, a find ing that was con sis tent with the pres ence of the labeled 
cells. By day 14 (panel E), the hypointense sig nals at the injec tion sites had faded, and another
dark sig nal (white arrow head) had appeared and spread along the bor der of the dam aged brain
tis sue. By day 21 (panel F), the dark sig nal had thick ened and extended fur ther along the lesion
(white arrow). The scans in Pan els G and H, from the patient who under went implan ta tion of
unlabeled cells, were obtained on days 0 and 1, respec tively, and the mag ni fied views in Pan els I,
J, K, and L were obtained on days 1, 7, 14, and 21, respec tively. A slightly hypointense sig nal is
pres ent around the injec tion sites in pan els I, J, K, and L. In these pan els, the black arrows indi cate
the hypointense sig nal, and the aster isks indi cate the lesion. (Used with the per mis sion of the New
Eng land Jour nal of Med i cine.)



toxins or infectious (viral) agents present in the resulting product that would be
released to the subjects in a clinical trial. 

Pre clin i cal stud ies per formed in exper i men tal dis ease mod els will prob a bly
include the infu sion of mag net i cally labeled and unlabeled cells, along with sham
con trols and assess ment of tox ic ity. Serum chem is tries and com plete blood count
eval u a tions will prob a bly be required. MRI stud ies of the exper i men tal ani mals can
be per formed using either clin i cal scan ners or higher field strength scan ners rou -
tinely used for MRI in rodents. MRI results should be cor re lated to his tol ogy. Of
note, prior to the study it will be impor tant to iden tify and val i date the
immuno-histochemical tech niques that will be used to assess the pres ence of mag -
net i cally labeled cells in tis sues. An approved Intra mu ral Review Board clin i cal pro -
to col will be required for each cell type and poten tial patient pop u la tion that would
receive labeled cells. Devel op ing meth ods of track ing of mag net i cally labeled cells
should involve a multidisciplinary approach and teams of cli ni cians and sci en tists
work ing together on cells in the evaluation of novel cellular therapies. 
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Pro teases activ ity, 59–60
Pro tein recep tors, track ing in liv ing cells,

126–29

Q
QD con ju gates, 115–29

kinesin motor, 128
nucleic acid, 85–88
pro tein, 79–80
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QD con ju gates (con tin ued)
pro tein-dye, 78
size, 128
tra jec to ries, 128
See also Quan tum dots (QDs)

QD-labeled pro tein dif fu sion, 129
Qdots. See Quan tum dots (QDs)
QD-pep tide pro te ase nanosensors, 83
QD-pep tide sub strates, 84
QD photosensitizers, 92, 93
QD-siRNA probes, 86
Quan tum dot emis sions

peaks, 18
quench ing, 93
simul ta neous detec tion, 121
tun ing, 73–74

Quan tum dots (QDs)
absorp tion spec tra, 4
AS, 109
attrib utes as FRET donors, 73–79
bioaccumulation, 150–53
BRET with, 96
in buffer solu tions, 14
cad mium tel lu ride-QDs, 139
capped with molec u lar hydro philic lig ands,

15
CdSe, 5, 9, 16
CdSe/ZnS, 75, 150–51
CdTe, 145, 146
CdTe/MPA, 148
chem is try and phys ics, 2–13
clear ance, 150–53
col loi dal, 1–20
col ors, 116, 118, 125
con ju gat ing, 18–19
core-shell, 13
defined, 1
dendron-boxed, 14
dipole ori en ta tion, 74
donors, 103
endosome-dis rupt ing sur face coat ings, 16
as energy accep tors, 93
flu o res cence, 52
FRET-based biosensing with, 79–91
high tem per a ture syn the sis, 11
hydro philic, 16
hydro pho bic, 89
InAs-based, 63
inha la tion, 134
inner core, 147
inte gra tion in bio tech nol ogy, 1
inter nal iza tion, 150

light emit tance, 1
lumi nes cent, 20, 101–11
near-infra red (NIR), 6, 56, 63
as nucle ation sites, 108
opti cal prop er ties, 3
PEG-coated, 15
pep tide-coated, 50–52
pep tide-functionalized, 45–47
per sis tent reten tion, 152
photostability, 53
phys i cal prop er ties, 116
probes, 45, 118
RGD, 57–59
semi con duc tor, 2–13
as sensitizers, 91–93, 118
solubilization strat e gies, 45–46
streptavidin, 86, 103, 119, 124
sur face-immo bi lized, 119
sur face lig ands, 46
syn the sis, char ac ter iza tion, and cap ping

strat e gies, 4–13
syn thetic routes, 5–13
TOP/TOPO, 17
tox ic ity, 133–54
track ing, 125
ZnS/Si-PEG-shielded, 148

Quan tum drop lets, 4
Quan tum yields (QYs), 6
Quartz crys tal microbalance (QCM) sens ing,

181

R
Reac tive oxy gen spe cies (ROS), 134, 138

on cell organelles, 143
effects on cytotoxicity, 142–47
enhanced gen er a tion, 144
for ma tion, 262
gen er a tion upon expo sure, 142

Recep tor tryosine kin ases (RTKs), 103
Relapse-remit ting (RR) EAE dis ease, 272
Renilla reniformis, 93
Reticulo-endo the lial sys tem (RES), 59
RGD qdots, 57–59

S
Sat u ra tion mag ne tism, 237
Screen-printed elec trodes (SPEs), 178
Sec ond har monic gen er a tion (SHG), 203, 204
Self-assem bly, 105

GNRs, 216
natively unfolded/misfolded pro teins, 106

Semi con duc tor quan tum dots
absorp tion spec tra, 4
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chem is try and phys ics, 2–13
opti cal prop er ties, 3
phys i cal prop er ties, 2–4
radius, 3
sche matic rep re sen ta tion, 2
syn the sis, char ac ter iza tion, and cap ping

strat e gies, 4–13
syn thetic routes, 5–13
Sens ing
AuNP-ampli fied SPR, 180
based on asso ci a tion of metal nanoparticles,

105
based on gold nanoparticles, 161–85
colorimetric, 165–70
com pet i tive, 79–81
elec tri cal, 172–78
elec tro chem i cal, 172–78
enzy matic activ ity, 82–85
flu o res cence, 170–72
ion, 88–91
magnetophoretic, 244
pH, 88–91
QCM, 181
QD-pep tide, 82

SERS, 179
spe cial con fig u ra tions, 93–96
sur face enhanced Raman scat ter ing-based,

179
SERS-based sen sors, 217
Sig nal-to-noise ratio (SNR), 33
Sil ica shells, 46
Sil ver enhance ment, 178
Sin gle cell gel elec tro pho re sis (SCGE), 137
Sin gle-mol e cule spec tros copy (SMS), 47
Sin gle-par ti cle track ing, 52–53
Sin gle pho ton emis sion com puted tomog ra phy

(SPECT), 55, 251
Sin gle QD-based DNA nanosensors, 122
Size exclu sion liq uid chro ma tog ra phy

(SE-HPLC), 50, 51
Small angle X-ray scat ter ing (SAXS), 7, 10
Small-inter fer ing RNA (siRNA), 86
Spec tro pho to met ric assays, 262
SpFRET

applied to DNA hybrid iza tion, 120–23
applied to QD-bioconjugate het er o ge ne ity,

123–24
sig na ture, 120
solu tion-phase, 121
See also Flu o res cence res o nance energy

trans fer (FRET)
Spin-spin (T2) relax ation pro cess, 237, 238

Stem cell track ing, 265
Stern-Volmer rela tions, 171
Stim uli-respon sive poly mers, 109–10
Streptavidin-QDs, 86, 103

dye pairs, 119
in label ing actin fil a ments, 124
prelabeled, 103
See also Quan tum dots (QDs)

Stroke mod els, 268–69
Superparamagnetic agents, 253–55
Superparamagnetic iron oxide (SPIO), 238,

239, 251
cationic nanoparticles, 254
dex tran-coated nanoparticles, 257
hydro dy namic diam e ter, 253
labeled cells, 254
labeled cells, detect ing, 263–65
label ing of cells, 262
nanoparticle effect on MRI, 255
nanoparticle physiochemical char ac ter is tics,

255
size, 253
sur face charge in water, 254

Superparamagnetism, 29
block ing tem per a tures, 236
defined, 29
nanoparticles, 237

Sur face-enhanced flu o res cence (SEF), 205
Sur face enhanced Raman scat ter ing-based 

sens ing (SERS), 179, 205
on Raman vibra tional modes, 205
sen si tiv ity, 205
sen sors, 217

Sur face functionalization
meth ods, 14
strat e gies, 13–19

Sur face plasmon band, 164
Sur face plasmon res o nance (SPR), 164

gold nanoparticle ampli fied sens ing, 180
Mie inter pre ta tion, 164

Sur face state, 29
Sus cep ti bil ity gra di ent map ping (SGM), 264
Syn thetic routes

with air-sta ble Cd-based pre cur sors, 10–11
QDs, 5–13

T
Tel lu rium tox ic ity, 138
Thiol chemisorption, 208
TOP/TOPO lig ands, 13, 45
TOP/TOPO QDs, 17, 48
Total inter nal reflec tion (TIR) micros copy, 52
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Tox ic ity, 133–54
assess ment impor tance, 142
bioaccumulation, 150–53
cad mium, 138
CdSe QDs, 141
cell label ing, 261–63
cel lu lar inter nal iza tion, 135–36
con tam i na tion of envi ron ment, 135
expo sure, 134–35
intracellular QD con cen tra tion, 141
intro duc tion, 133–34
long-term effects, 149
mech a nisms, 138–50
out look, 153–54
per sis tent reten tion and, 152
QD-induced, 133
routes of expo sure, 134–38
tel lu rium, 138

Transfection agent medi ated cell label ing, 260
Tran si tion metal nanoparticles, 30–33

cobalt, 30–32
iron, 32–33
nickel, 32–33

Tran si tion metal oxides, 35
Trans mis sion elec tron micros copy (TEM), 7, 8,

10, 57
Trans verse res o nance (TR), 200
Trauma mod els, 268–69
Triblock copol y mers, 46
Tri ni tro tol u ene (TNT), 80
Trypan Blue, 136
Tumor angiogenesis, 266–68
Two-pho ton con fo cal micros copy, 45
Two-pho ton lumi nes cence micros copy, 210–12

Two-pho ton lumi nes cence (TPL), 203

U
Ultrasmall superparamagnetic iron oxide

(USPIO), 238
cationic nanoparticles, 254
dex tran-coated nanoparticles, 258
hydro dy namic diam e ter, 253
label ing of cells, 262
nanoparticle physiochemical char ac ter is tics,

255
nanoparticles effect on MRI, 255
size, 253
sur face charge in water, 254

V
Vas cu lar mod els, 269–72
Vasculogenesis, 266
Via bil ity assays, 136

W
Water-solubilization strat e gies, 13–18

encap su la tion, 17–18
ligand exchange, 13–17

X
X-ray absorp tion spec tros copy (XAS), 36
X-ray dif frac tion (XRD), 7
X-ray mag netic cir cu lar dichrosim (XMCD),

36

Z
ZnS/Si-PEG-shielded QDs, 148
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Color Plate 1 (a) Representative set of emission spectral windows for several types of QD materials. Core
materials of II–VI, III–V and hybrid “III–VI” are shown. Partially reproduced from [5], with permission from
NPG. (b) A representative example of absorption and normalized emission spectra collected for solutions of
CdSe-ZnS QDs. Partially reproduced from [4], with permission from AAS. Other materials not represented here
include InP and InAs QDs.
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Color Plate 2 (top) Sche matic rep re sen ta tion of a QD capped with mod u lar hydro philic lig ands based on the 
DHLA motif. Each ligand mol e cule has a cen tral tun able length PEG seg ment, an anchor ing dithiol head, and a
ter mi nal func tional group that can be chem i cally mod i fied. Repro duced from [92], with per mis sion from the
Amer i can Chem i cal Soci ety. (bot tom) Sche matic rep re sen ta tion of the strat egy based on encap su la tion of QDs 
with di-block copol y mer shell. The poly mer chain con tains hydro pho bic and hydro philic blocks. The hydro -
pho bic block is expected to strongly inter act with the TOP/TOPO cap while the hydro philic block pro motes
com pat i bil ity with aque ous envi ron ments.
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Color Plate 3 The phytochelatin pep tide-coat ing approach: (a) Sche matic rep re sen ta tion of the sur face
coat ing chem is try of CdSe/ZnS nanocrystals with phytochelatin-related-pep tides. The pep tide C-ter mi nal
adhe sive domain binds to the ZnS shell of CdSe/ZnS nanocrystals after exchange with the trioctylphosphine
oxide (TOPO) surfactant. A polar and neg a tively charged hydro philic linker domain in the pep tide sequence
pro vides aque ous buffer sol u bil ity to the nanocrystals. TMAOH: Tetramethyl ammo nium hydrox ide; Cha:
3-cyclohexylalanine. Adapted from [19] with per mis sion from Amer i can Chem i cal Soci ety. (b) Sche matic rep -
re sen ta tion of the pep tide tool box. The light blue seg ment con tains cysteines and hydro pho bic amino acids
ensur ing bind ing to the nanocrystal (adhe sive domain of Fig ure 3.2(a)) and is com mon to all pep tides. S:
solubilization sequence (hydro philic linker domain of Fig ure 3.2(a)), P: PEG, B: bio tin, R: rec og ni tion
sequence, Q: quencher, D: DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) for
radionuclide and nuclear spin label chelation, X: any unspec i fied pep tide-encoded func tion. Qdots
solubilization is obtained by a mix ture of S and P. Qdots can be tar geted with bio tin (B), a pep tide rec og ni tion
sequences (R), or other chem i cal moi eties. Qdots flu o res cence can be turned on or off by attach ing a quencher 
(Q) via a cleavable pep tide link. In the pres ence of the appro pri ate enzyme, the quencher is sep a rated from the 
qdot, restor ing the photoluminescence and report ing on the enzyme activ ity (as described in Sec tion 3.6). For
simul ta neous PET (or MRI) and flu o res cence imag ing, qdots can be ren dered radio ac tive by chelation of
radionuclides (or nuclear spin labels respec tively) using (D) DOTA (as described in Sec tion 3.5). Adapted from
[5] with per mis sion from Amer i can Asso ci a tion for the Advance ment of Sci ence.



(a) (b) (c)

Color Plate 4 Char ac ter iza tion of pep tide-coated qdots: (a) Effect of qdot size as mea sured by SE-HPLC and
gel elec tro pho re sis. The nomen cla ture of the pep tides refers to the num ber ing in Table 3.1. Green, yel low, and 
red qdots emit ting at 530, 565, and 617 nm, respec tively, and coated with pep tide 5 were sep a rated on a size
exclu sion col umn against a 0.1M PBS mobile phase. The diam e ter of the pep tide-coated qdots was eval u ated
from the elu tion times as 129.4Å (±15 per cent), 150.3Å (±16 per cent), and 164.8Å (±14 per cent), respec -
tively. Inset: 0.5 per cent agarose gel elec tro pho re sis of the same three pep tide-coated qdot sam ples in TBE
buffer pH 8.3. (b) Effect of pep tide charge. Qdots coated with pep tide 5 (dash), pep tide 4 (dot), or pep tides 6
(solid) have sim i lar reten tion times on a SE-HPLC col umn. Inset: the same pep tide-coated qdots migrate at dif -
fer ent posi tions on a 0.5 per cent agarose gel, in good agree ment with the the o ret i cal charge of each pep tide.
−�: posi tion of the load ing wells. →: direc tion of the applied elec tric field. (b) Effect of pep tide charge on pep -
tide-coated qdots. Qdots coated with pep tide 5 (dash), pep tide 4 (dot), or pep tides 6 (solid) have sim i lar
reten tion times on a SE-HPLC col umn (same size) while hav ing dif fer ent charges as accessed by gel elec tro pho -
re sis. Adapted from [19] with per mis sion from Amer i can Chem i cal Soci ety. (c) Hydro dy namic diam e ter of var i -
ous qdot prep a ra tions deducted from FCS anal y sis. Adapted from [46] with per mis sion from Amer i can
Chem i cal Soci ety.
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Color Plate 5 Tar get ing of tumor vasculature with RGD pep tide-con ju gated qdots: (a) In vivo NIR flu o res -
cence imag ing of U87MG tumor-bear ing mice (left shoul der, pointed at with white arrows) injected with 200
pmol of RGD-qdots (left mouse) and con trol qdots (right mouse) six hours after injec tion. (b) Ex vivo flu o res -
cence images of the same tumors, sur gi cally removed from RGD qdots (left) and con trol qdots (right) injected
mice. (c) Flu o res cent micro scope images of frozen tumor slices stained for CD31 (green) to allow visu al iz ing of
the tumor vasculature. Qdot sig nal is shown in red and pointed at with white arrows. Adapted from [63] with
per mis sion from the Amer i can Chem i cal Soci ety.
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Color Plate 6 (a) Sche matic of two-pho ton exci ta tion and FRET with a QD-pro tein-dye con ju gate.
Deconvoluted PL spec tra of QDs and Cy3 as a func tion of an increas ing num ber of MBP-Cy3 per 510-nm QD
using both (b) con ven tional and (c) two-pho ton exci ta tion. The inset in each shows a com par i son between
FRET-induced Cy3 PL and the con tri bu tion due to direct con ven tional or two-pho ton exci ta tion col lected for a
con trol MBP-Cy3 sam ple. Fig ure adapted from [27] and repro duced with per mis sion. © Wiley-VCH Verlag
GmbH & Co. KGaA.
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Color Plate 7 (a) Sche matic of QD-Luc8 BRET assem blies. The bioluminescent energy from Luc8-cat a lyzed
oxi da tion of coelenterazine is trans ferred to the QDs result ing in their emis sion. (b) Absorp tion and emis sion
spec tra of QD655 (ex = 480 nm) and spec trum of the bioluminescent light emit ted in the oxi da tion of
coelenterazine sub strate by Luc8. (c) Mul ti plexed in vivo bioluminescence imag ing of the fol low ing con ju -
gates intra mus cu larly injected at the indi cated sites in a mouse: (I) QD800-Luc8 15 pmol (II) QD705-Luc8 15
pmol (III) mix ture of QD665-Luc8, QD705-Luc8 and QD800-Luc8 (IV) QD665-Luc8 5 pmol. Images (c–f) 
were col lected with the indi cated fil ters. Fig ures provided by J. Rao, Stan ford Uni ver sity, reprinted with per mis -
sion of the NPG [64].
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Color Plate 8 Strat egy to study the bind ing of QD-EGF to the EGF recep tor (EGFR), and the resul tant acti va -
tion and endocytosis of the recep tor into liv ing cells. The image dis plays A431 cells express ing ERB1-EGFP 20
min after addi tion of biotinylated EGF bound to Streptavidin QD-605. For fur ther details, see [20].
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Color Plate 9 Prep a ra tion of liposomes attached to and/or con tain ing QDs: (a) Sur face label ing of lipid par ti -
cles with QD525-EGF and untargeted QD655. (b) Lipid par ti cles with encap su lated QD655 and sur face
labeled with QD525-EGF. QD-655 are either encap su lated or dec o rate the liposome sur face. In a sec ond con -
ju ga tion step, pre formed QD525-EGF com plexes in 1:2 molar ratio tar get the liposomes for spe cific cell deliv -
ery. The images depict the cel lu lar uptake of dual QD-labeled liposomes by live A431 cells, detected as
colocalized dots in endosomal ves i cles after 2h incu ba tion at 37 degrees C accord ing to strat e gies (a) and (b).



Microinjection

Cell

Color Plate 10 QDs act ing as spe cific nucle ation sites for ∝-synuclein (AS) in liv ing cells. Cells were
microinjected with AS in the pres ence or absence of AS-QDs-605 (40:1 pro tein:QD ratio) and observed after
24h of incu ba tion. A mix ture 2 nM AS-QDs-605 and 100 mM of AS-TC labeled with FlAsH was microinjected
into HeLa cells (upper panel, red arrow). QDs were detected, colocalizing to a pro nounced degree with AS
aggre gates. Lower panel, blue arrow, microinjection of 100 mM of AS-TC labeled with FlAsH in the absence of
QDs; lit tle or no aggre ga tion was observed.



Color Plate 11 Sim u lated mul ti plexed anal y sis of anthrax-related genetic tar gets: (a) color pal let for the three 
pairs of tar get-spe cific QD nanoprobes and their result ing colocalized flu o res cent images upon sand wich
hybrid iza tion; (b) four sam ples con tain ing dif fer ent com bi na tions of the three tar gets, rpoB, capC, and pagA.
Checks rep re sent the exis tence of cer tain tar get sequences. Sam ple IV does not con tain any tar get and is used
as a neg a tive con trol. (c) Flu o res cent images I, II, III, and IV cor re late with sam ples I, II, III, and IV, respec tively.
(Bar dimen sion is 1 µm.). Reprinted by per mis sion from the Amer i can Chem i cal Soci ety [9], © 2003.



Color Plate 12 Myo sin V processive runs with heads labeled with dif fer ent color QDs. Green and red open
cir cles are the two dif fer ent QD posi tions deter mined by Gaussian fits. Solid lines are the aver age QD posi tions
between steps, with the onset of steps deter mined by eye. Upper left are aver aged QD images for steps labeled
A–D. The yel low lines con nect QD cen ters empha siz ing alter nat ing rel a tive head posi tions. The green arrow
iden ti fies the substep. Lower right are his to grams of interhead spac ing and step size. Reprinted by per mis sion
from the Bio phys i cal Soci ety [33], © 2005.



(a)

(b)

Color Plate 13 Ret ro grade trans port of EGF-QDs (red) on filipodia. (a) A431 cell express ing recep tor
erbB3-mCitrine (green); max i mum inten sity pro jec tion of four 0.5-µm con fo cal sec tions as a func tion of time.
(b) Mag ni fied image of filipodium indi cated in the last panel of (a), show ing the uni form migra tion of the
EGF-QDs toward the cell body with a veloc ity of ~ 10 nm/s. All scale bars, 5 µm. Reprinted by per mis sion from
Macmillan Pub lish ers Ltd: Nature Bio tech nol ogy [42], © 2004.
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3. Phagocytosis
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6. Active transport
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Color Plate 14 Cel lu lar uptake mech a nisms avail able for the inter nal iza tion of quan tum dots.
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Color Plate 15 Organelle states and func tions under nor mal con di tions and under oxi da tive stress; Top:
sche matic rep re sen ta tion of the cel lu lar com part ments observed. Top row: organelles under nor mal con di -
tions. Bot tom row: changes in organelles exposed to quan tum dots for 24 hours. Col umn 1: nuclei are
deformed and often have con densed chromatin. Col umn 2: mito chon dria are swol len and often local ized in
the perinuclear region. Col umn 3: lysosomes are swol len in Q-dot treated cells. Col umn 4: lipid drop lets are
more abun dant and enlarged in CdTe Q-dot (10 mg mL-1) treated cells than in the untreated con trols. Cells
were stained with Draq5 (0.5 mM, nucleus), MitoTracker deep red (0.5 mM, mito chon dria); LysoTracker DND
99 (0.5 mM, lysosomes) and oil red O (1 mM, lipid drop lets). Repro duced from [83] by per mis sion of the Royal
Soci ety of Chem is try.
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Color Plate 16 Sche matic rep re sen ta tion of the changes induced by QDs at the cel lu lar epigenic and
genomic lev els. QDs release reac tive oxy gen spe cies (ROS)and free cad mium ions extra- and intracellularly,
trig ger ing changes in the epigenome through chromatin con den sa tion and histone hypoacetylation. QDs
induce increased pro tein lev els and acti va tion of the tran scrip tion fac tor p53 result ing in: 1 cytosolic p53
directly acti vat ing Bax by free ing it from its bind ing pro teins and facil i tat ing the mito chon drial accu mu la tion
of Bax; 2. p53 pro teins can mistranslocate to the mito chon dria, lead ing to mem brane permeabilization and
con se quen tial cell death. Pifithrin-á (PFT), a spe cific inhib i tor of p53, can pre vent this mistranslocation, and
thereby can par tially pre vent QD-induced cell death; 3 acti vated (phosphorylated) p53 induces the tran scrip -
tion of proapoptotic genes, includ ing Bax, Puma, and Noxa. Bax pro teins accu mu late and oligomerize at the
mito chon drial mem brane, form ing pores and releas ing cytochrome c, lead ing to cell death. Puma facil i tates
Bax mito chon drial accu mu la tion by occu py ing Bax-bind ing pro teins (i.e., Bcl-xL), free ing cytosolic Ba. Repro -
duced from [97] with per mis sion from Springer Sci ence and Busi ness Media. 



Color Plate 17 (a) Opti cal absorp tion spec tra of GNRs with dif fer ent aspect ratios; (b) color wheel with ref er -
ence to λLR (and λTR) for GNR sam ples a–e.

Color Plate 18 Par tially over lap ping dark-field and flu o res cence images of GNRs incu bated with car diac
fibroblasts [242]. TEM image of GNRs shown in upper-left inset. Reprinted with per mis sion from the Amer i can
Chem i cal Soci ety.



Color Plate 19 (a, b) Folate-con ju gated GNRs (red) tar geted to the mem branes of KB cells, before and after a 
1-min expo sure to a scan ning NIR laser (12 J/cm2). (c) Evi dence for “optoporation” was obtained by using
ethidium bro mide (red) and a flu o res cent dye indi cat ing high lev els of intracellular Ca2+ (green) [279].
Reprinted with per mis sion from Wiley-VCH Pub lish ing.
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Color Plate 20 The main char ac ter is tics of nanoscale mag ne tism. Mag netic spin struc tures of (a) fer ro mag -
ne tism which has a sig nif i cant amount of net mag ne ti za tion (M) after the exter nal mag netic field (B0) has dis -
ap peared and (b) superparamagnetism in which the net mag ne ti za tion (M) becomes zero. (c) Energy dia gram 
of mag netic nanoparticles of dif fer ent par ti cle sizes. In large par ti cle, ani so tropy energy (U1) is higher than
ther mal energy (kT) which results in fer ro mag ne tism (top), and in a small par ti cle, ani so tropy energy (U2)
is lower than kT which results in superparamagnetism (bot tom). (d) Size-depend ent zero-field cool ing
curves indi cat ing changes in the block ing tem per a ture (TB). (e) Size-depend ent coercivity (Hc) curve,
in which mag netic domain struc tures changes from multidomain fer ro mag ne tism to sin gle-domain and
superparamagnetism.
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Color Plate 21 Highly sen si tive in vivo can cer detec tion by uti li za tion of MnMEIO-Herceptin nanoparticles.
(a–c) Color mapped MRI of the tumor-bearing mouse at dif fer ent tem po ral points fol low ing injec tion of
MnMEIO-Herceptin nanoparticles, and (d–f) CLIO-Herceptin nanoparticles. (g) Time-depend ent ∆R2/R2con trol

changes at the tumor site after injec tion of MnMEIO-Herceptin probes (blue square) and CLIO-Herceptin
probes (red cir cle). (Repro duced with per mis sion from [17]. © 2007 Nature Pub lish ing Group.)



Color Plate 22 Rep re sen ta tive cases of mag net i cally labeled endo the lial pro gen i tor cells’ (EPCs) track ing in
an implanted brain tumor in a rat model by 7 Tesla MR sys tem. Tumors were cre ated in nude rats by implant -
ing U251 glioma cell line. Dou ble-labeled (iron plus dye DiI) EPCs were admin is tered on day seven after tumor
implan ta tion, and MRI was obtained on day 14 (seven days after intra ve nous admin is tra tion of mag net i cally
labeled EPCs). Pan els A to C: T2*-weighted MRI image shows low sig nal inten sity areas sur round ing the tumor,
indi cat ing accu mu la tion of mag net i cally labeled cells (A), which are con firmed by Prus sian blue stain ing in the
cor re spond ing histological sec tion (10x, B) and (40x, C). Note the blue cells within the box in the B and in C
pan els. Pan els D to F: T2*W images show hypointense voxels around and in the tumor exten sion in the cor pus
cal lo sum (white arrows in D and E). DAB-enhanced Prus sian blue stain ing shows iron pos i tive cells (E and F).
Pan els G to I: The sec tion stained for endo the lial lin ing (G, FITC-labeled tomato lectin) shows exten sive for ma -
tion of new ves sels within the tumor, and the cor re spond ing area (shown in the con sec u tive sec tion) also
shows DiI pos i tive cells (H, red cells), which are also pos i tive for endo the lial cell marker CD31 (I, green cells).
Nuclei of the cells are stained with DAPI (blue).



Color Plate 23 Rep re sen ta tive hypointense lesions in FSE (A), FGRE (B), and DE-MRI (C) of MR-MSC injec tion
sites (arrows) within 24 hr of injec tion. MR-MSCs were injected in the infarct (MI, hyperintense region in C).
Long-axis MRIs show ing hypointense lesions (arrows) caused by MR-MSCs acquired within 24 hr (D) and one
week (E) of injec tion, with inset at right dem on strat ing expan sion of lesion over one week. Nee dle tract (arrow) 
of MR-MSCs is dem on strated in the histological sec tion at one week after injec tion with Prus sian blue stain ing
(F) as cells with blue iron inclu sions (arrow head) that are excluded from nucleus (G). Iron inclu sion from
DAB-enhanced Prus sian blue stain ing (H) matches colabeling with DiI (I) and DAPI flu o res cent dyes (J) on adja -
cent histological sec tions at ×20 mag ni fi ca tion at 24 hr after MSC injec tion in another ani mal, indi cat ing
Feridex is still con tained within orig i nal MSCs. LV indi cates left ven tri cle; RV, right ven tri cle. (Used with the per -
mis sion of Cir cu la tion.)


