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Preface

Nanophotonics as the science to study the interaction between photons and
nanostructures in the dimension smaller than the wavelength of light is both
scientifically and technologically interesting and important. On the basis of our high
activity on nanophotonics research in Osaka University, various projects and programs
are being conducted, such as the Nanophotonics Research Initiative of Graduate
School of Engineering, 21 Century COE Program on “Dynamics of Biological
Systems” of Graduate School of Frontier Biosciences, Kawata Project on “Nonlinear
Nanophotonics” of CREST-JST, Tokunaga Project on “Nanometer Assembling -um
Multiplication” of CREST-JST, and KAKENHI Project on “Molecular Nano
Dynamics” of MEXT. One of their important topics is concerned with Nano
Biophotonics and very interesting research is being developed on the same. Indeed
Nano Biophotonics is an important hot topic in nanophotonics, integrating optics,
photophysics and photochemistry, nanotechnology, and biosciences. In view of this
interdisciplinary nature, an international forum involving physicists, chemists,
spectroscopists, optical scientists, and electronics engineers is necessary and will
contribute for growing this research field.

In July 2006, we had a two-day symposium with distinguished scientists to discuss the
latest progress in this field and the excellent results presented there are summarized
here as a book “Nano Biophotonics: Science and Technology”. This is the 3™ volume
on the Handai Nanophotonics Book Series, following the volumes of “Nanophonics:
Integrating Photochemistry, Optics, and Nano/Bio Materials” and ‘“Nanoplasmonics:
From Fundamentals to Applications”. The contents of this book are prepared by the
invited lecturers, research members of the relevant projects/program, and some of
general participants. The book has 27 chapters which are classified into 4 parts; nano
bio spectroscopy, nano bio dynamics, nano bio processing, and nano bio devises. We
believe this book reconstructs the excellent presentation and enthusiastic atmosphere
of the symposium.

We would like to thank all the contributors, participants, and sponsors for the Handai
Nanophotonics Book Series and the 3™ International Nanophonics Symposium Handai,
and Dr. Prabhat Verma for his sincere support in editing this book.

Hiroshi Masuhara, Satoshi Kawata, and Fumio Tokunaga
at Handai, Suita, Japan
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Chapter 1

Single molecule nano-bioscience:
Fluctuations and adaptive biological molecular machines

Toshio Yanagida'?, Jun Kozuka'?, Takuya Okada"?, Yuichi Taniguchi'?,
Mitsuhiro Iwakil’z, and Yoshiharu Ishii'

'Soft nano-machine Project, CREST, JST

Graduate School of Frontier Biosciences, Osaka University, 1-3 Yamadaoka,
Suita, Osaka 565-0871 Japan

Biomolecules assemble to form molecular machines such as molecular
motors, cell signal processors, DNA transcription processors and protein
synthesizers. The molecular machines react and behave in response to their
surroundings with great flexibility. This flexibility is essential for biological
organisms and biological systems. The underlying mechanism of molecular
machines is not as simple as that expected from an analogy with man-made
machines. Given that molecular machines are only nanometers in size and
have a flexible structure, they are very prone to thermal agitation. In addition,
the input energy level is not much different from average thermal energy level,
kgT. Molecular machines can use this thermal noise with a high efficiency of
energy conversion for their functions. This is sharp contrast to man-made
machines that operate at energies much higher than thermal noise.

In recent years, single molecule detection techniques have attracted great
deal of attention in the field of life science [1,2]. Observing and manipulating
biomolecules allows their dynamic behaviors to be directly revealed as has
been demonstrated for motor proteins. Reactions of biological molecules are
generally stochastic. Therefore in ensemble measurements, dynamic
behaviors of individual molecules are averaged and hidden. In biosystems
such as live cells, biomolecules work in complicated heterogeneous systems,
involving various types of molecules. It is difficult to qualitatively detect
dynamic behaviors of proteins of interest in such systems using ensemble
averaged measurements. The single molecule detection techniques are
expected to overcome these difficulties and have already been successfully
applied to study the dynamic properties of biological molecules such as motor
proteins, enzymes, RNA polymerase and cell signaling proteins. The dynamic
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behavior of biomolecules revealed using single molecule detection techniques
will be a breakthrough for understanding the mechanism of function of
biomolecules.

1. SINGLE MOLECULE IMAGING

The single molecule detection techniques are based on the two key
techniques of single molecule imaging and single molecule manipulation.
Light microscopy is a method that allows us to image biomolecules as they
work in an active manner in biomolecular assemblies and cells. To visualize
single molecules of nanometer size, fluorescent probes must be attached. In
order to visualize faint fluorescence from single molecules, it is critical to
increase S/N ratio by reducing the background. Local illumination is used to
reduce the background noises contributed from fluorescent molecules in
solution. We have developed total internal reflection fluorescence (TIRF)
microscopy, in which only surface between solution and slide glass is
illuminated (Figure 1A)[3]. The TIRF microscopy is advantageous for
observation of behavior of biomolecules; that is, movement of individual
molecules on the glass surface and the changes occurred in molecules
immobilized on the glass surface are allowed to be visualized.

Fluorescence from single molecules is imaged as spots. Fluorescence
signals are accumulation of photons emitted from single fluorescent
molecules. Since photon detection is stochastic, the fluorescence intensity
(total number of photons emitted) fluctuates. After emission of large number
of photons, fluorescent molecules cease to emit photons all of sudden and do
not emit them again (Figure 1B). This photobleaching is explained by
irreversible photochemical reaction of the molecules. The number of photons
that single molecules emit until the photobleaching characterizes the
fluorophores. In the case of TMR or Cy3 which is used for single molecule
measurements, the photobleaching occurs after a molecule emits
approximately 100 thousand to 1 million photons. The sudden drop of the
fluorescence due to the photobleaching is characteristic of single molecules
and this is utilized as a test on whether the fluorescence spots observed come
from single molecules or more. Fluorescent spots from single molecules of
the order of nm in size spread to several hundreds nm due to diffraction of
light (Figure 1C). It would be possible that several molecules exist in a small
area 100 nm x 100 nm and that several molecules form an aggregate. It is
difficult to distinguish overlapped spots in the images. From the observation
of the photobleaching process it is possible to discriminate individual spots
from an overlapped spot. The fluorescence from a single fluorophore drops in
a single step and two molecules in two steps. Together with the fluorescence
intensity, the number of fluorescent
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Fig. 1. Total internal reflection microscopy and single molecule imaging. (A) Evanescent
field is generated near the surface between glass and water when a laser is total internally
reflected. Individual spots arise from single fluorescence molecules attached to protein
myosin. (B) Time trajectory of fluorescence intensity from single molecules. Arrow
indicates photobleaching. The fluorescence intensity drops to a base line all of sudden. (C)
Fluorescence intensity profile of a single spot in one-dimension. The fluorescence intensity
distribute over a range of the wavelength of light. (D) Visualization of movement of single
molecular motors myosin on actin filaments immobilized on the glass surface. The
movement of single myosin molecules can be detected as movement of fluorescence spots.
(E) Visualization of the turnover of the hydrolysis of ATP by detecting the association of
Cy3-ATP and dissociation of Cy3-ADP. The turnover is seen as fluorescence turn-on and
off at the position of myosin immobilized on the glass surface.

A single molecule fluorescence imaging microscope, which was first built
based on an inverted microscope was prism type [3]. Epi- and prism type
TIRF microscopy were switched by moving a mirror. For TIRF microscopy, a
60° dispersion prism was placed on a quartz slide glass with a gap filled with
fluorescence—less pure glycerol. Incident angle was adjusted in order for
incident beam to be totally internally reflected on the interface between the



6 T. Yanagida et al.

slide glass and buffer solution. Objective lens type TIRF microscopy is a
method to generate evanescent field using an objective lens with large
numerical aperture (NA) instead of a prism [4]. Epi- and TIRF fluorescence
microscopy can be switched by shifting the position of the laser between the
edge and center of the objective lens by moving the mirror. The illumination
area does not change while the illumination method changes. The objective
type TIRF microscopy allows us to change sample without changing the
optical system. Also it provides large free space above the specimen where
the prism is placed for a prism type TIRF microscope. It enables us to do
other operations such as laser trap experiments at the same time [5]. Another
advantage is the thickness between slide glass and cover glass. For objective
TIRF microscopy, the illumination and detection is done on the same side,
whereas, for prism type TIRF microscopy, the evanescent field is generated
on the other side of the detection. The thickness of the specimens is limited
for prism type TIRF microscopy. Thick sample space allows us to place bulky
specimen such as cells [6].

2. IMAGING MOVEMENT AND CHEMICAL REACTION OF
MOLECULAR MOTORS

The movement of molecular motors is visualized by tracing the position
of fluorescently labeled protein molecules on the counterparts immobilized on
the glass surface (Figure 1D). The movement of linear motors such as kinesin
and unconventional myosin has been detected using fluorescently labeled or
GFP tagged molecules [7]. The fluorescent spots arisen from single kinesin
molecules move along fluorescent lines of microtubules immobilized on the
surface in the presence of ATP. Kinesin moves processively or for long
distance without dissociation. Unconventional myosin V and VI are also
processive motors along actin filaments but the direction of the movement is
opposite. The movement of both kinesin and unconventional myosin appears
smooth with essentially constant velocity of several um/sec. However, the
movement no longer appears smooth when the spatial resolution is improved
to a few nm. The stepwise movements of kinesin and unconventional myosin
V and VI are clearly observed in the imaging under the condition where the
movement is very slow at low concentration of ATP [§].

In addition to active movement, diffusive movement of molecular
motors has been observed. In contrast to the stepwise movement of
double-headed kinesin, single-headed kinesin such as unconventional KIF1A
exhibits Brownian movement on microtubules in the presence of ATP [9].
Unconventional KIF1A is a naturally single headed motor protein in the
kinesin family. The additional electrostatic interaction with microtubules is
thought to prevent dissociation of kinesin from microtubules during



Single molecule nano-bioscience 7

movement. Similar Brownian movement of single headed kinesin has been
reported using truncated conventional kinesin [10]. In Brownian movement,
the direction of the movement varies randomly and mean square displacement
is in proportion to time, while mean displacement is in proportion to time in
the case of active movement of molecular motors. Another example of
Brownian movement is movement of a DNA-based molecular motor. RNA
polymerase moves along a long DNA molecule in a stepwise manner while
RNA grows according to the sequence of DNA. One step translocation of
RNA polymerase is associated with the addition of one nucleotide to RNA
with the energy released from the breakdown of pyrophosphate from
nucleocide triphosphate. The movement is detected using manipulation
techniques. Brownian movement of RNA polymerase is observed when it
searches for a promotor region on the DNA molecules, where RNA
polymerase starts transcription [11]. A DNA molecule is held taut by being
trapped by a laser through beads at both ends. The movement of a single
molecule of RNA polymerase along the DNA molecule trapped is visualized
using fluorescently labeled RNA polymerase.

Single molecule detection allows us to measure a chain of reactions
without breaking down the whole process and synchronizing the reaction.
Among constituted steps some of steps can be monitored at the single
molecule level. The steps that can be detected include mechanical movement
of molecular motors and association and dissociation of ligands. Molecular
motors are enzymes that hydrolyze ATP molecules to ADP and inorganic
phosphate (Pi). The binding and dissociation of fluorescently labeled ATP to
myosin immobilized on the glass surface can be measured (Figure 1E)[3.,4].
Fluorescent spots appear at the position of the myosin molecules when ATP
binds and disappears when ADP dissociates after hydrolyzed. When the
fluorescent molecules are free in solution, they are outside the illumination
area in most time in the case of TIRF microscopy or they are not observed as
spots even when they are in the evanescent field. The duration time from the
binding to the dissociation is fit to a single exponential decay and the average
duration time gave turnover rime of ATP, which corresponds to the ATP
hydrolysis rate at the limit of high concentration of ATP in the ensemble
measurements.

3. SINGLE MOLECULE SPECTROSCOPY AND DYNAMIC
STRUCTURES OF BIOMOLECULES

The conformational changes of single biomolecules are detected using
fluorescence spectroscopic changes of fluorescent dyes attached.
Fluorescence changes monitor spontaneous transitions between multiple
conformational states corresponding to the multiple minimum states in the
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Fig 2. Spontaneous conformational transition of actin. (A) An actin molecule is labeled
specifically with donor (dark) and acceptor (light) and polymerized with large excess of
unlabeled actin. (B) The time trajectories of the donor (dark) and acceptor (light)
fluorescence changed due to the changes in FRET; that is, the donor fluorescence increased
when the acceptor fluorescence decreased and vice versa. (C) The structure of actin
fluctuates between active state and inactive state. The binding of myosin to actin filaments
shift the actin structure to the active state.

free energy landscape. Spontaneous fluctuation of the myosin structure is
monitored by changes in fluorescence spectrum from the probes attached to
the protein. The intensity and the peak position of the fluorescence of TMR
attached to the most reactive cystein of muscle myosin fluctuates in the time
scale of sec.

Fluorescence resonance energy transfer (FRET) is the technique that
more directly monitors the conformational changes of biomolecules. Changes
in the distance between two different types of fluorescent probes attached at
two specific positions are monitored as changes in the efficiency of FRET
(Figure 2A). Single molecule FRET from doubly labeled actin monomer in
the filament has revealed that actin has multiple conformations and
spontaneously changes the conformation between them with time (Figure
2B)[12]. The data showed that the myosin motility is activated through the
conformational changes of actin. The multiple conformations are grouped into
at least two states, a state in which myosin motility is activated and a state in
which myosin motility is inhibited. In the presence of myosin, actin favorably
takes the conformation in the state, in which the myosin motility is activated.
The myosin motility inhibited state is attained when actin is crosslinked
chemically with glutarardehide. In the crosslinked acrin filaments, the
motility of myosin is inhibited, while the actin-ativated ATPase and the
binding to actin is not affected. Thus actin spontaneously fluctuates between
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the two conformational states that activate and inhibit the myosin motility and
the binding of myosin activates the myosin motility by shifting the population
of the conformational state of actin (Figure 2C). Thus, the observation of the
conformational dynamics provides the mechanism that the myosin motility is
activated through actin dynamics.

Similar conformational fluctuation has been observed for the signaling
protein, Ras, a molecular switch in various signaling networks [13]. The cell
signals triggered by the binding of signal molecules to the cell surface are
transmitted through signal transduction processes to the nuclei inside the cell.
Ras is a key player in signal transduction processes, involving in varieties of
signal transduction processes. Ras can interact with various target proteins,
triggering respective downstream signaling processes. Ras has multiple
conformational states. Among them a low FRET inactivated state is
distinguished from other high FRET activated states. The conformational
transition between them occurred in the timescale of seconds. The binding of
effectors Ras, Raf or RalGDS, preferentially binds to the activated state and
shifts the population of the conformational states from the inactivated state to
the activated states. The transition between conformational states within the
activated states occurred on the time scale of 20 msec and in the presence of
the effectors the transition was not observed, suggesting that Ras stays in one
conformational state. Thus the binding of specific effecters may select a
corresponding conformational state out of the multiple conformational states
preexisting before binding. Thus the multiple conformation of Ras may be
closely related to the fact that this protein can interact with varieties of target
proteins to fulfill corresponding functions [14].

Thus, the single molecule measurements of protein structure has shown
that the activated structures preexist before activation and the mechanism
seems important for biological systems tin which biomolecules self-assemble
and self-control.

4. IMAGING SINGLE MOLECULES IN LIVE CELLS

Cell is a system where various types of biomolecules are assembled,
organized, net-worked to perform functions. Given that the system is so
complicated, it is difficult to describe the behaviors of biomolecules and
understand the mechanism. Many approaches have been attempted. Using cell
biology techniques, various biomolecules involved have been identified and
characterized using structural and biochemical studies. Fluorescence imaging
has been used to study the localization of biomolecules of interest. Single
molecule imaging technique is now applied to cells to monitor key events
occurred in cells at the single molecule level. Several microscopy including
TIRF, confocal and two-photon excitation microscopy can be used to
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visualize single molecules on cell membranes and inside cells. In TIRF
microscopy, cell plasma membranes of living cells placed close to the glass
surface are illuminated by evanescent light generated on the surface of the
glass and molecules on the membranes are monitored.

Cell functions in response to external signals. The binding of signal
molecules to the surface of cells initiates a signaling process transmitted to
cell nuclei. We demonstrated that the binding of single molecules of
fluorescently labeled epidermal growth factor (EGF) to its receptor protein
(EGFR) on the membranes can be observed in real time [6]. The EGFR
molecules respond to the binding of EGF signals by dynamically dimerizing
and clustering on the cell membranes, which was visualized using
fluorescently labeled EGFR at the single molecule level. The dimerizaton of
EGFR induces autophosphorylation on cytoplasmic Tyr residues. The
autophosphorylation was also observed at the single molecule level using
perforated cells. After stimulation with Cy5-EGF, cells were induced with
Cy3-labeled antibody, Cy3-mAb74, that recognizes autophorphorylated
EGFR. Using the same method the binding of fluorescently labeled cAMP to
the cell surface of dictyostelium amoebae during chemotaxix were
investigated [15]. The kinetic analysis of the binding of cAMP showed that
the state of the cAMP receptor protein is not homogeneous but sensitive to the
chemical gradient of cAMP outsides. The state of EGFR in the pseudopod
region is activated to interact with downstream signaling G-proteins and not
activated in the tail region. Thus single molecule imaging on the cell surface
allows us to describe the initial step of the cell signaling processes.

To visualize single molecule inside the cells, confocal fluorescence
microscopy and two-photon excitation fluorescence microscopy have been
used. In a confocal microscope, a pinhole is placed in the front of a detector to
block fluorescence light coming from section other than the conjugated focal
plane. In two-photon microscopy, molecules are excited by simultaneous
absorption of two photons of near-infrared light at wavelength twice as much
as the wavelength of visible light. Images can be obtained using these
microscopies by scanning in 2D or 3D with a Nipkow disk for example.
Instead of scanning whole space, molecules coming in and going out in small
areas where the detector is fixed are detected in fluorescence correlation
spectroscopy (FCS). The optically observed volume generated by confocal or
two photon excitation microscopy is about 1 femto liter. In such small volume
only a few or even single molecules are present. Fluctuation of fluorescence
due to the fluctuation of the number of molecules and due to the changes
inside the molecules can be detected. Using these techniques, the behavior of
proteins and RNA has been measured and new information on the flow of
molecules and signals have been revealed.
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5. Single molecule manipulation and mechanical properties of
biomolecules

The function of biomolecules is performed through the interaction
between them in a specific arrangement. Manipulation techniques of single
biomolecules or assembly of biomolecules have been developed to allow the
biomolecules to interact in appropriate arrangement under microscopy and the
reaction of single molecules to be efficiently measured. Most primitive and
basic way to manipulate biomolecules is to immobilize them to the surface of
a slide glass. To control biomolecules more precisely, large probes such as a
microneedle [16] and beads trapped optically [17] have been used. To attach
biomolecules to glass surface and probes, several methods have been
employed. Non-specific binding to large probes uses charge groups or
hydrophobic areas distributed on the surface of biomolecules. Sometimes this
method may damage biomolecules An avidin-biotin pair, antigen-hapten and
His-tag system have recently been used because of high affinity and
specificity. In any case biomolecules are tiny in the order of nanometer and
fragile. The activities of biomolecules are readily damaged, when they are
directly handled.

Various mechanical properties and function of biomolecules have been
measured using these manipulation techniques. Actin filament is a polymer of
actin molecules arranged in a double-stranded helix and the physical
properties has been measured (Figure 3)[18]. One end of the filament is
attached to a rigid microneedle to pull and the other end is to a flexible
microneedle to measure the displacement of its tip. When actin filaments are
pulled with large force, they are distorted and finally broken. The tensile
strength of actin filaments measured as the maximum displacement of the
microneedle immediately before the actin filament breaks is approximately
100 pN, which is not much greater than the force applied on the filament in a
contracting muscle. Similarly, the force required for unfolding of single
biomolecules has been measured when both ends of the biomolecules are
pulled. The measurements of mechanically-induced unfolding at the single
molecule level was first carried out with a gigantic protein called titin. Titin,
which is responsible for the passive elasticity of the muscle, is composed of a
repeating unit of immunoglobulin (Ig) domain. The mechanically induced
unfolding of titin has been studied using a laser trap and atomic force
microscopy [19-21]. In these measurements one end of the biomolecule is
fixed to the surface and the other end is attached to a bead trapped by a laser
or cantilever.

When two interacting biomolecules are pulled, unbinding force of the
molecules can be measured. Myosin is a molecular motor that moves along
actin filaments. Myosin interacts with actin strongly in the absence of
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Fig. 3. Measurements of tensile force of single actin filament using a microneedle.
Fluorescently labeled actin filaments are attached to stiff and flexible glass microneedle at
both ends. The actin filament is pulled by the stiff microneedle, then the flexible
microneedle is reflected until the filament is broken off.

nucleotides. To study the state of the binding of myosin to actin, an actin
filament is pulled to break, when it interacts with myosin [22]. A bead trapped
by a laser is attached to one end of an actin filament and the actin filament is
brought into contact with myosin molecules immobilized on the glass surface.
The unbinding force of myosin from actin filaments or the force required to
break the binding is 7 pN, much less than the interaction force between actin
molecules in the filament and only a little greater than the force that myosin
generates. According to biochemical studies, in which the binding affinity is
measured as amount of bound myosin on actin filaments on average, the
interaction between myosin and actin is strong in the absence of nucleotides.
The strong and weak interaction defined biochemically does not necessary
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mean mechanical strong and weak, respectively. The single molecule
mechanical approaches thus unveil different aspects of the interaction
between biomolecules and deepen our understanding. The movement of
molecular motors results from the dynamic changes in the interaction coupled
with the ATP hydrolysis reactions. The molecular interaction in various
nucleotide states has been measured using the same strategy with different
molecular motor, kinesin [23]. The data of the load dependent-unbinding are
useful to understand the mechanism of the movement of kinesin.

The stiffness of actin filaments is measured by monitoring the
displacement of the tip of the microneedle, when the other end is moved with
a piezo-actuator attached [18]. When a sinusoidal displacement is applied to
one end of the actin filament, the displacement at the other end is damped and
delayed because of the extensibility of the filament. The phase lag is
measured and related to the stiffness of actin filaments (65 pNnm™). The
value was donsistent with the stiffness obtained from the imaging of single
actin filaments in which dynamic changes of the shape of single actin
filaments have been imaged. The manipulation techniques have been refined
and used for studies on the mechanism of molecular motors. Molecular
motors move along protein tracks. Myosin moves on actin filaments and
kinesin moves along microtubules. To monitor their movement under
microscope, the movement of motors or track is visualized when the other is
immobilized. The manipulation techniques make the motor and track
molecules arranged to interact in a specific alignment and allow the
measurements to be performed efficiently. These mechanical manipulation
techniques are also used to impose forces on molecular motors while they are
working. As they move, the restoring force against the movement increases
thermal fluctuation and increase the spatial resolution, a system is required to
be stiff. The stiffness of the system is determined by the shape of large probes
and linkage between probes and proteins. For example, microneedles are less
stiff than beads but in the case of nanometory with myosin motor attaching
single myosin molecules to a tip of microneedle gives stiffer system than
attaching actin filaments to beads because the linkage is stiffer for
microneedle system.

6. NON-PROCESSIVE MYOSIN, MUSCLE MYOSIN

Muscle myosin (myosin II) is a non-processive motor. Myosin dissociates
from actin filaments every cycle of the ATP hydrolysis. Actin filaments are
manipulated using a microneedle and a laser trap and brought into contact
with myosin molecules fixed on the surface of slide glasses. For laser trap
experiments, both ends of actin filaments are attached to beads held by a laser
trap [25]. Myosin or the head of myosin (S1 of HMM), which contains a
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motor domain, is immobilized sparsely on a glass surface. To avoid the direct
interaction of myosin with the glass surface that possibly interferes the motile
activity, we incorporated a few myosin molecules into filaments by mixing
myosin which contains the motor domain, together with large excess of
myosin rod. The manipulation of single myosin molecules instead of actin
filaments has been challenging. Single myosin S1 molecules are captured by a
scanning probe [26]. It is proved by monitoring the photobleaching behavior
of the fluorescence from the tip of the scanning probe that the molecules
captured are single molecules. Single myosin S1 molecules are then brought
into contact with the bundle of actin filaments on the glass surface. Use of the
actin bundle is advantageous, because for the actin bundle systems, (i) the
target for single myosin S1 molecules to interact is larger, and (ii) the system
is tighter.

Whether actin filaments or myosin molecules are manipulated, the step
movement is recorded with time. The average step size is 5 — 20 nm for

(A) nanomety (B)

probe B actin filament

myosin filament

single mﬁlacule imaging

©) Ml . w
m{l\l iy Wl ok

200 ms

b . !
‘[ A
displacement " U W24 _|s50m

Sms

Fig. 4. Manipulation techniques for nanometory for the movement of muscle
myosin. (A) manipulation of single myosin molecules by a cantilever. (B)
manipulation of actin filament using a laser trap. (C) Non-processive
movement of myosin II. (Top) The displacement of the microneedle attached to
single myosin II head (S1) was measured as a function of time. (bottom) The
rising phase of the displacement is expanded and the 5.5 nm substeps were
measured within single rising steps.



Single molecule nano-bioscience 15

muscle myosin The probes undergo thermal fluctuation, depending on the
binding states of myosin to actin filaments. Myosin and actin (and the probes)
undergo large thermal fluctuation when they are unbound, while the thermal
motion is reduced when myosin is bound tightly to actin. The binding of
myosin and the step movement are coupled; that is, the step movement occurs
when myosin binds to actin and myosin steps back to the original position due
to the restoring force when myosin dissociates from actin.

Large compliance existed in the linkage between the probes and proteins
makes the space and time resolution low. In fact, when actin filaments are
manipulated with laser trap, the fluctuation of the displacement is larger than
when myosin is manipulated with a scanning probe. The root mean square
displacement due to thermal motion (and corresponding stiffness) is 4.5 nm
( < 0.2 pNnm™") for the manipulation of actin filaments with a laser trap
system compared with 2.0 nm (1 pNnm™) for the manipulation of single
myosin molecules with a scanning probe. The linkages between the probes
and the actin filaments are compliant and also actin filaments themselves can
be compliant. The direct attachment of probes to myosin improves the
resolution of the measurements. In fact, the sub-steps within a step caused by
the hydrolysis of a single ATP molecule are resolved using the probe
microscopy (Figure 4C). The step generated by a single ATP molecule
contains several sub-steps of 5.5 nm, coinciding with the interval between
adjacent actin monomers on one strand of the filament. These sub-steps are
not simply coupled to specific processes in the ATP hydrolysis cycle. The
sub-steps rather occur stochastically and some of them (< 10% of the total)
occur in the backward direction. One to five steps are observed in a single
displacement, giving rise to a total displacement of ~5 to 30 nm with average
of 13 nm. These data indicate that the movement of muscle myosin is driven
by thermal Brownian movement and the random movement is biased.

7. MECHANISM OF MOLECULAR MOTORS: PROCESSIVE
KINESIN MOTOR

Muscle myosin readily dissociates. In cells, muscle myosin molecules
form filaments and function in a collective manner. Only small number out of
large number of motors is sufficient to stay motors on the tracks, even though
individual motor molecules are dissociated in most of time. Therefore it is
difficult to track the behavior of single motors when they exist alone. For
single molecule measurements of nonprocessive motors, it is essential to
device to prevent proteins from diffusing away. Single myosin molecules are
usually immobilized on the glass surface and actin filaments are manipulated.
In contrast, processive motors such as kinesin and unconventional myosins
move for long distance without dissociating from corresponding protein
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tracks. In cells these molecular motors carry cargoes and the function is
performed by only a small number of molecules. Processivity is suitable not
only for this function but also for single molecule measurements. Single
molecules of motor proteins are attached to beads and let them interact with
protein tracks immobilized on the glass surface.

A processive motor, kinesin, on a bead trapped by a laser moves in a
stepwise manner along microtubules immobilized on the glass surface (Figure
5A and B)[27]. In the optical trap measurements, the trapping force exerted
on the bead increases as kinesin moves, slowing down the velocity and finally
the movement ceases at stall force where the force generated by kinesin and
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Fig. 5. Forward and backward step movement of kinesin. (A) A kinesin
molecule is attached to a bead trapped by a focused laser as a cargo for
measurements. (B) Time trajectory of displacement and force of kinesin. In the
laser trap measurement, when kinesin moves the trapping force or external
load increases indicated. (C) Forward and backward steps of kinesin are driven
by Brownian movement of a detached head. Random steps are biased by
preferential binding of the detached head to the forward binding site on
mcrotubule, leading directional movement of kinesin. The preferential binding
is entropic rather than enthalpic. In this model we proposed steric effects due to
the asymmetric structure of kinesin and microtubules.
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the trapping force are balanced. Kinesin moves several hundreds nm or 20 —
30 steps before it stops, although it moves several mm at no load. The dwell
time between neighboring steps varies randomly at fixed load, reflecting
stochastic nature of the kinetic reactions. The average dwell time is ATP
concentration dependent and the dependence is explained by the
Michaelis-Menten equation. Therefore it is concluded that the single step
movements are coupled to the hydrolysis of single ATP molecules. Constant
step size is 8 nm corresponding to the interval length of a unit structure of
microtubules. The stall force for kinesin is ~7pN. The work done by single
kinesin with single ATP molecules is ~56 nmpN, which corresponds to
approximately 70% of the energy released from hydrolysis of single ATP
molecules. Although kinesin moves primarily forward, backward steps
coupled to the hydrolysis of single ATP molecules occur occasionally. At the
superloaded condition, where the load is greater than the stall force,
successive backward steps with a regular 8 nm have been reported [28].
Brownian movement is involved in forward and backward steps and the step
is biased preferentially to one direction.

Kinesin moves using two head domains (motor domains including ATP
and microtubule binding sites) connected at the tail domain. The two heads
alternately step on the binding sites arranged regularly in an 8-nm interval on
microtubules (hand-over-hand mechanism) [29,30]. Starting from the state
that one head is attached to a binding site on microtubules and the other is
detached, the detached head diffuses back and forth searching for the next
binding sites in both directions. The detached head attaches to a neighboring
binding site in either forward or backward directions, followed by the
detachment of the other head to complete one cycle of the step movement. If
the detached head attaches to the forward position, this step is a forward step.
If the detached head is attached to the backward position, this step is a
backward step. The preferential attachment of the head is described in the
energy landscape of the forward and backward steps. The statistical analysis
of the step movement showed that the activation free energy (energy barrier)
for the forward step was ~ 6 kzT lower than that for the backward step. The
temperature dependence of the step movement of kinesin showed that the
activation free energy G was break down to enthalpic contribution H and
entropic contribution S, as G = H - TS and the difference in the activation
free energy between the forward and backward movement is mainly entropic
rather than enthalpic [26]. One possible explanation for the entropic
difference is sterically restricted geometry between the kinesin head and the
binding sites on microtubules (Figure 5C). The kinesin head orients in the
opposite direction relative to the orientation of the microtubule when it is
located in the forward or backward positions. In the forward position, the
most favorable orientation of the kinesin head coincides with the orientation
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of the binding site on microtubules. In contrast, the favorable orientation of
the kinesin head is incompatible to the orientation of the binding site on
microtubules in the backward position. Thus the preferential binding to the
forward sites can be explained by geometrical asymmetry of the orientation of
the kinesin head and the kinesin binding site on microtubules.

8. PROCESSIVE MYOSIN MOTOR, MYOSIN V AND VI

Unconventional myosins which have been discovered recently have
properties different from muscle myosin (myosin II). The movement of
myosin V is processive like kinesin [31]. The stepsize of the movement is
very large 36 nm. The large stepsize has been widely believed to occur by the
rotation of a long and stiff neck domain, which is located between the head
and tail domains.

Two-headed myosin VI is also a processive motor with a large
stepsize[32,33]. However, the neck domain of myosin VI is too short to
explain large step, suggesting the diffusion mechanism. Furthermore, it has
been reported that wild-type myosin VI has only one head when it transports
vesicles in cells. Generally, single headed motors must readily dissociate and
diffuse away when it steps. In the case of single-headed kinesin, additional
interaction with microtubules prevents kinesin from dissociating. In the case
of myosin VI, in fact, single headed myosin VI did not move processively
shown by fluorescence imaging. However, when it was attached to 200 nm
polystyrene beads as cargoes, single headed myosin VI moved processively
with a large step of 40 nm [34]. Thus, the cargoes make the movement of
single headed myosin VI processive. This can be explained by slow diffusion
of beads as compared with that of the head. The diffusion constant of the
beads 200 nm is 60-fold lower than the myosin VI head in solution, because
the size of the bead is much lager than the myosin VI head. The head of
myosin VI is attached at its tail to the bead via flexible 30 nm a-helix
connecting the tail and head. When the myosin VI head diffuses rapidly from
one binding site to the next site on an actin filament, the bead diffuse slowly,
preventing the complex of the myosin VI head and the bead from diffusing
away from actin filament. The idea has been supported by experiments
showing that the increase in the viscosity enhances the processivity of myosin
VI through the decrease in the diffusion constant. In the measurements, the
viscosity was decreased by meshwork structure of methylcellulose, which
resembles the environment in cells. Thus diffusion-anchored mechanism
makes a large contribution on long-distance transport of vesicles of
single-headed myosin VL.

In a cycle of the ATP hydrolysis of myosin VI there are two reaction
processes that diffusion is involved in; a process that the bead attached to the
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Fig. 6. Diffusion-anchored processive movement of single headed myosin VI. (A)
Non-processive motion of single headed myosin VI becomes processive when it is attached
to a bead as a cargo. The results can be explained by slow diffusion of beads as compared
with myosin head. Preferential attachment of myosin to actin filament in direction makes
the overall movement directional.

actin filament via myosin VI molecule diffuses and a process that the myosin
head diffuses from one binding site to the next along actin filaments while the
bead almost stays at the same position due to slow diffusion (Figure 6). Given
that although the direction of the movement is opposite to other myosins,
myosin VI moves in one direction, the diffusion must be biased to one
direction. The preferential binding of the myosin head to the forward direction
on the actin filament may cause the bias to directional movement. In the case
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of myosin VI, we suppose that the myosin head senses the strain applied to it
to accelerate the binding of ATP and the release of the products of the ATP
hydrolysis.

9. CONCLUSIONS

The step movement of molecular motors is driven by thermal Brownian
movement for muscle myosin. Recently similar Brownian movement was
observed for myosin V and VI, suggesting that the substep is basic properties
of many types of myosin. Random Brownian movement is preferentially
directed to one direction as a result of interaction with a protein track, leading
to directional movement of molecular motors. As seen in a track protein actin
and a signaling protein Ras, protein molecules spontaneously fluctuate their
structure and the fluctuation is shifted to active state by the interaction with
ligands. The binding of myosin to actin activates its own motility through the
structural changes of actin. The self-activation mechanism is suitable for the
system in which molecules are self-assembled and self-controlled. The
fluctuation may be sensitive to the surrounding environments. Molecular
machines can function in response to environments through the
environment-sensitive fluctuation. This fluctuation can be basis for the
functions of cells. The fluctuation can provides the biosystems unique
properties and makes the system behave in a flexible fashion. The single
molecule detection is the unique tool that scrutinizes important dynamic
information to understand such molecular machines.
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1. INTRODUCTION

Following the human genome project, there has been an increased interest in the
detailed description of the structure and dynamics of biomolecules such as
proteins, DNA and RNA and of the interactions between them. During the last
decade, single molecule fluorescence resonance energy transfer (sm-FRET) has
become an important method in the toolbox for studying those properties [1,2,3].
Unlike ensemble experiments, in which just an average of an observable is
measured, single-molecule experiments directly reveal the distribution of the
observable. This facilitates the ability to focus on part of the total population
(subpopulation), which is otherwise concealed, refining our understanding of the
complexity of biomolecules. Furthermore, since a single molecule can never
really be in equilibrium, tracking of a time-dependent observable, e.g. intra-
molecular distance, allows the direct measurement of molecular motions without
the need of synchronizable non-equilibrium conditions. The first sm-FRET
measurement of freely diffusing biomolecules was carried out in our lab in 1999
[1]. In this first experiment, FRET values of different lengths doubly labeled
(TMR as a donor and CY5 as an acceptor) double-stranded DNA (dsDNA)
molecules were measured.

We have recently introduced a major improvement to the sm-FRET method.
Instead of using one continuous -wave (CW) laser that solely excites the donor,
we instead employed two alternating lasers, one exciting the donor and the other
directly exciting the acceptor, thus monitoring the presence (or absence) of
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photo-active donor and acceptor, respectively. We dubbed this method
Alternating Laser EXcitation (ALEX) spectroscopy. The first ALEX experiment
was performed in 2004, on similar dsDNA molecules [4]. This ALEX
improvement to the sm-FRET methodology has several advantages: (i) the
ability to sort and resolve sub-populations; (ii) the ability to directly measure
dye-labeling efficiency; (iii) the ability to directly measure molecular
interactions and calculations of molecular affinity; (iv) the ability to reveal
undesired photo-physical events, such as dyes bleaching and blinking, and to
facilitate the removal of such events from the sm-FRET histogram. These
advantages will be demonstrated and discussed in this chapter.

sm-FRET and ALEX experiments were made possible due to several
important advances: introduction of bright, photo-stable dyes, and improvements
in labeling and in purification techniques. Examples for improvements in
proteins’ sample preparation in our lab are reported in [5,6].

In terms of data acquisition, a cheaper and broader variety of lasers
equipped with different wavelength and different pulse duration/repetition
allowed for a better match to the dyes and to the specific experimental
requirements. Faster and more sensitive photon detectors, better confocal
microscopy (especially improvements in the objective technology), and
improved optics (such as dichroic mirrors, filters and fibers) resulted in an
increase in the photon collection efficiency. Faster and more powerful
electronics allows for more accurate time-tagging, and faster computers with
large memory allow for partial on-the-fly data analysis and longer data
acquisition.

On the data analysis side, ALEX, together with other established techniques
for burst-search [7] result in more reliable FRET (and other observables)
histograms, an increase in information content and better understanding of the
molecular system at hand that can be reliably extracted from the experiment.

Finally, the growing number of groups working in the field has resulted in
the accumulation and sharing of knowledge. Naturally, this has helped establish
single molecule techniques and led to new biological discoveries using these
methods.

In the following we will review advances in the ALEX methodology: we
will give a theoretical background, describe the burst-search algorithm, explain
the histogram shape and possible experimental artifacts. We will then describe
several biological ALEX studies performed in our laboratory:

1. We will demonstrate the power of ALEX for molecular sorting. One sorting
example will demonstrate the ability to determine dye-labeling efficiencies
of protein (CI2) at two sites (with a donor and an acceptor dyes). The other
example will demonstrate the ability to detect and characterize protein-DNA
interactions.
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2. We will give two examples of structural dynamics studies in the field of
protein folding. The first will demonstrate the use of microsecond ALEX
(usALEX) to determine the energy landscape along the reaction coordinate
of protein folding-unfolding. The second will demonstrate the use of
interleaved nanosecond pulsed lasers, dubbed nanosecond ALEX (nsALEX)
to determine in even more details the energy landscape of the unfolded sub-
population in conditions favoring the native-conformation, based on donor
lifetime analysis.

3. We will demonstrate the use of ALEX to resolve which of three previously
proposed mechanisms is in action during the initiation of transcription by the
enzyme RNA Polymerase (the first step in gene expression).

4. Lastly, we will demonstrate the use of advanced FRET-histogram-shape-
analysis to resolve the two-state energy landscape of a DNA-hairpin.

2. THEORETICAL AND THECHNICAL BACKGROUND

2.1. sm-FRET ALEX

Detailed theoretical background is given elsewhere [4, 8-13]. Here introduce
the basics of Single Molecule Fluorescence Resonance Energy Transfer (sm-
FRET) and of Alternating Laser EXcitation (ALEX).

Ideally, one would like to measure the FRET efficiency (£) of each detected
molecule (or equivalently, burst), and study its distribution within the sampled
population. To do this, one would have to use the standard definition of E:

D~>AFA
D

E = D—>AFA+7DFD (1)
D D

Adopting the notations of Ref. 10, we denote by £ EX the signal (number of

photons) collected by channel E (donor: D or acceptor: A) during excitation of
dye X (donor: D or acceptor: A). where the left upper index indicates the origin
of the signal: D denotes the donor dye, A the acceptor dye, and D—A denotes
acceptor signal originated by FRET. The factor y is the ratio of the donor and
acceptor detection efficiencies () and quantum yields (®):

ndeD
y=—"— 2)
1,2,
Although we will not directly discuss distance measurements in this article, it is
worth recalling the relation between £ and the distance R between donor and

acceptor molecules:
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R 6
A

where R, is the Forster radius, a characteristic of the dye pair.
Extracting the quantities intervening in Eq. (1) from the raw detector data
Flf and FD” (for the calculation of E) could be difficult and lead to unwanted

uncertainties. It therefore has been a common practice to compute instead of the
FRET efficiency £ (Eq. (1)) the so-called proximity ratio PR, defined as:

A
PR=——2__ 4
F;+FDD 4)

The proximity ratio PR reduces to the FRET efficiency £ when there is no
leakage, background and direct excitation of the acceptor, and y = 1. Obviously
this is rarely the case, so PR values cannot be used, in general, to extract real
distances. However, qualitatively, PR follows the trend of £ upon changes in
donor-acceptor distance. In other words, a decrease of PR value can be
interpreted as a decrease in E, or equivalently an increase in distance between
donor and acceptor, and reciprocally. Moreover, in many experimental cases,
even though there is leakage, background and direct excitation of the acceptor,
their contribution is minimal on the calculated histogram. Since we assume in
this chapter such minimal contribution, we will use £ (= PR) to note the FRET
efficiency. When y = 1 the stochiometry ratio (S) is define as:

DFD + D~>AFA
D D

:DFD+DHAFA+AFA )
D D y

which is basically all photon detected during the donor laser excitation periods
divided by all the photons detected. For discussion on y # 1 see [10].

2.2. Experimental Setup

Detailed descriptions of the setups and the data analysis strategies used in
the different experiments described below could be found in the cited references.
Here we will introduce the basic configuration for ALEX analysis of freely
diffusing molecules.

In an ALEX experiment, two modulated/pulsed lasers, preferably exciting at
the donor and acceptor absorption maxima, are coupled into a single mode fiber
(Fig. 1, (FI)). Laser alternation is achieved by several different methods. For
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Fig. 1. Experimental Setup: CW laser are modulated by electro-optic modulators (EOM) or
acousto-optic modulators (AOM). The modulated beams (in usALEX) or the picoseconds
pulsed beams (in nsALEX) are coupled into a fiber (FI). After the fiber, the beams are
coupled into an inverted microscope. High NA objective (OBJ) focuses the beams 20-50 pm
deep (from the water-coverslip glass interface) into buffer solution (BU). The emitted photons
are collected with the same objective, separated from the excitation beam by a dichroic mirror
(DM1), spatially filtered by a pinhole (PH), further separated to donor channel and acceptor
channel by a second dichroic mirror (DM2), and focused onto Avalanche Photon Diodes
(APDI, APD2).

usALEX, two continuous wave lasers (CW) are externally modulated by two
Electoro-Optical-Modulators (EOM) [4,9-11], or an Acousto-Optic Modulator
(AOM) [12], or directly modulated (in the case of solid-state lasers) [15]. For
nsALEX [13], two short pulsed lasers (5-50 ps, typical repetition rate 20-80
MHz (PL)) are synchronized to the same clock frequency and their pulse trains
are interleaved with a fixed delay on the order of 10-50 nanosecond between the
two color pulses.

After the fiber, the beam (or beams) is expanded, collimated, coupled into
an inverted microscope, and focused 20-50 pm deep into a sample solution held
between two 170 pum thick coverslips (CO) and a gasket. Focus is achieved by a
high numerical aperture (NA) water or oil immersion objective (OBJ).

The emitted florescence is collected by the same objective and separated
from the excitation light by a dichroic mirror (DM1) and further, after spatially
filtered by a pinhole (PH) to reject out-of-focus light, split by a second dichroic
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mirror (DM?2) into donor and acceptor channels. Each of the beams is focused
onto an Avalanche Photo Diode (APD) after filtering by a band-pass (donor) or
a long pass (acceptor) filters (F) which matches the donor/acceptor emission
spectra. The APDs signals (TTL pulses for each detected photon) are recorded
and stored as a function of time with ~10 nanoseconds accuracy in the case of
usALEX or with ~hundreds of picoseconds accuracy in the case of nsALEX.
These detection channels could be further split and analyzed by polarization (not
shown), providing additional information regarding the dyes’ rotational freedom
of motion.

2.3. Data analysis

The sample (SA) constitutes a low dilution of doubly-labeled macro-
molecules with two dyes (donor and acceptor). The macromolecules freely
diffuse in the buffered solution (BU) surrounding the confocal spot. As the
molecules stochastically diffuse and traverse the confocal spot (by Brownian
motion), the donor and/or the acceptor (depend on the laser/s wavelength and on
the absorption spectrum) absorb the excitation light and emit photons. In order
to achieve single molecule resolution, a low concentration of labeled molecule
must be maintained (~50-100 pM), resulting in a low occupancy of molecules in
the observation volume (on the order of a few %). Higher concentrations will
lead to too many coincident events, which will skew the measured E values (see
Fig. 3c1) and eventually lose the ‘singleness’ of the measurement. When there is
no labeled molecule in the confocal spot, only a constant background of photons
is detected. The background count rate is usually on the order of 2-8 KHz. When
a labeled molecule traverses the confocal spot, a burst of photons (with an
instantaneous detected rate of up to 100 KHz) is detected. The first task in
analyzing the data is to distinguish between the background and the bursts
(signal).

@am

©
>

g

(>
=)

1
E (FreT)

Fig. 2. Schematic presentation of ALEX 2D histogram: D-only; upper-left corner. A-only
lower-right corner. D-A center (low E on the left and high E on the right).
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Several different algorithms have been used to define a burst. The simplest
is carried out by cutting the flux of photons into fixed time intervals called bins
[1]. Typical bin duration used is on the order of 500-1000 ps. The disadvantage
of such an approach stems from the lack of correlation between the bins and the
stochastic appearance of bursts. This may result in a burst cut into two or more
bins, or a bin predominantly containing background signal.

Contrary to the binning approach, Seide/ and co-workers [7] have introduced
an algorithm that detects the beginning and the end of a burst. In their approach,
photons belonging to a burst of at least L successive photons have at least M
neighboring photons within a time window of length T centered at their own
arrival time. Typical parameters used are: L=50, M=10 and 7=Ims. We dub this
burst search the All-Photons-Burst-Search (APBS) [12].

The shortcoming of this approach is that if, for example, the acceptor is
bleached during the transit time, a decrease in the acceptor photon flux and
increase in the donor photon flux is resulted, biasing the calculated E towards a
lower value, skewing the derived donor-acceptor distance (Fig. 3). In order to
correct for this, we introduced an enhanced burst search algorithm that is based
on ALEX [12]. Here, in addition to the search of the beginning and of the end of
a burst, based on donor and acceptor photons emitted during the donor
excitation periods, we perform a similar search on the acceptor photons emitted
during the acceptor excitation periods. The first and the second burst searches
confirm the photo-activity of the donor and the acceptor dyes, respectively. A
burst is then defined for time periods during which both dyes are confirmed to
be active. We dub this search Dual-Channel-Burst-Search (DCBS).

E (Eq. (4) and S (Eq. (5)) are calculated for each burst and binned in a 2D
histogram. Fig. 2 shows a schematic presentation of such a 2D ALEX histogram
(center) and the collapse of this histogram into FRET (upper) and into
stochiometry (right) axes. The D-only sub-population is presented in the upper
left, the A-only sub-population in the lower center-right and the doubly labeled
sub-population in the center (low E in the left and high E in the right). It is easy
to see that, by using ALEX, one can immediately distinguish between species
containing D-only, A-only and D-A. This allows the detection of labeling
efficiency and of biomolecular interactions (see below).

2.4. Artifacts

We have developed an ab-initio simulation that mimics the sm-FRET ALEX
experiment [12]. The simulation contains many of the experimental features, and
it contributes to the understanding of the correlation between physical/
experimental effects and the results as they appear in the final histogram. Here
we will introduce several examples of simulated sm-FRET ALEX histogram
resulted from undesired effects.
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2.4.1. Bleaching and blinking

Due to a photophysical and/or photochemical reactions (usually while a dye
is in the electronically excited state), a fluorophore might go to a permanent
(bleaching) or a temporary (blinking) dark state, from which it will not emit.

Fig. 3 shows the compilation of simulation in an ALEX histogram of freely
diffusing doubly labeled molecules of E=0.5. The acceptor stochastically
bleaches (3a) or blinks (3b), on average once every 300 cycles of absorptions/
emissions. In bursts in which the acceptor is bleached during the transit time, a
decrease in the number of acceptor photons and an increase in the number of
donor photons is detected. This result in £ shifted towards a lower value and S
shifted towards a higher value. The exact value depends on the timing of the
bleaching relative to the burst duration. Since it is a stochastic process, it can
happen anytime during the diffusion through the confocal spot, leading to a ‘tail’
of events bridging from E£=0.5 and §=0.5 (for example) to D-only-like sub-
population (£=0 and S=1) in the ALEX histogram.

Fig. 3 shows histograms of the same simulated data using the APBS and
DCBS burst filters. The DCBS clearly removes most of the blinking/bleaching
events, leaving the ALEX histogram solely with the D-A photo-active sub-
population.

Bleaching Blinking Mixing
0 0.5 1 0 0.5 1 [} 0.5 1
600 600
a1l
s00 b1 c1
1 0 1 1
y -
APBS s gl 7 ey 0.5
s Al 0.5
0 0 L L I Lldis o
0 500 1000 E 0 5001000 E 0 5001000
0 05 1 [} 05 0 05 1
600
600
a2 b2 600
302 300 300 c2
1 0 1 0 1
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0.5 s 05 05
0 0 o
E 0 500 1000 E 0 5001000 E 0 5001000

Fig. 3. Simulated sm-FRET ALEX histograms results using All-Photon-Burst-Search (APBS)
and Dual-Channel-Burst-Search (DCBS) filters. Donor bleaching (a), donor blinking (b), D-
only, A-only and D-A subpopulation mixing (c). Notice that the DCBS almost completely
removes the unwanted events.
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2.4.2. Mixing

In order to achieve single molecules resolution, the sample concentration
has to bee kept low, such that there is a low probability for two different entities
to be inside the confocal spot at the same time. If two different entities (for
example, D-A molecule and D-only molecule) are in the confocal spot at the
same time, the £ and the S values will be altered. To prevent this, it is re-
commend to work with sample dilution <100 pM. If the concentration is higher
(Fig. 3c, 300 pM), bridges between the D-A subpopulation and the D-only and
the A-only are being formed, alternating the shape and the center of the FRET
and ALEX histograms.

3. RESULTS AND DISCUSSION
3.1. Sorting

3.1.1. Labeling efficiency

Here we show how the ALEX methodology could be used to asses labeling
efficiency. Fig. 4 shows the E-S histogram of the protein Chymotrypsin inhibitor
2 (CI2)-Cys40 labeled with a donor only (Alexa-488) (4a), CI2-Cys1 labeled
with an acceptor only (Alexa-647) (4b) and CI2-Cys1/Cy40 labeled specifically
with donor and acceptor (same dyes, respectively) (4¢). In (4c) most of the
bursts appear around S=0.5, which means that most of the CI2 is properly
labeled with the two different dyes. Very few (less than 5%) of the bursts appear
in the upper right and in the lower left, reflecting the minor presence of D-only
and A-only subpopulations, respectively.

3.1.2. Biomolecular interaction

The independent excitation of two (or more) different dyes facilitates the
possibility of detection and quantification of biomolecular interactions. The D-
only and A-only species represents free interactants, and D-A represents a

0 -
o FRET(E) 1 €I2 (1-40)

Fig. 4. sm-FRET-ALEX histogram of D-only labeled CI2 at position 40 (a), A-only
labeled CI2 (b) at position 1 and doubly labeled CI2 (c).
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complex (Fig. 5a); equilibrium binding and kinetic rate constants can be
measured by simply counting molecules of the three major species. The
interaction could be treated as a macromolecule-ligand interaction with
dissociation constant K, the fraction of bound macromolecules (fractional
occupancy 6) at ligand concentration [L] is 6 =[MLY([ML]+[M D=[LV([L]+K ).

For macromolecule M" and ligand L (Fig. 5a):
0 =[D-A1/([D-A]+[A4-only]) = [ D-onlyl/([ D-only]+ K ; ) (6)

0 is extracted reliably from ALEX histograms. Measuring 0 at several ligand
concentrations [L”] allows calculation of equilibrium dissociation (Kj); 6 can
also be monitored as a function of time to evaluate association/dissociation
kinetics.

3.1.3. Protein-DNA interaction

We studied the sequence-specific interaction of E. coli catabolite activator
protein (CAP) with DNA as a model for protein-nucleic acid interactions [9].
The diffusion time of CAP-DNA (570 us) is comparable to that of free DNA
(540 ps), allowing sorting without detection-probability corrections. Specifically,
we monitored the interaction of D-labeled CAP (as “ligand” CAPP; Fig. 5¢) with
its consensus A-labeled DNA site (as “macromolecule” DNA®™), with or without
allosteric effector cyclic AMP (cAMP). With 0.2 mM cAMP, CAPP-DNA*
complexes were detected as D-A species (6~0.50, Fig. 5c; cf. with DNAA in Fig.
5b). CAPP-DNA" complexes appeared as a wide and heterogeneous E distribu-
tion, with a main peak (65% of all D-A species) at £~0.63, a second peak (25%)
at £~0.37, and a shoulder (10%) at £~0.84. High E values were consistent with
a 60-1000 overall DNA bend towards CAP, while the heterogeneity, apart from
reflecting the two possible D-labeling sites on CAP (Fig. 5e), might reflect
heterogeneity due to slow interconversion (slower than diffusion) between
complexes with different magnitudes of DNA bending. CAPD-DNAA
complexes also showed a wide, slightly asymmetric S distribution (0.50+0.15),
possibly due to the small fraction of CAP with 2 donors (a D,-A species, with S
larger than for D-A species). Without cAMP, few complexes were formed
(6~0.03; Fig. 5d).

To assess equilibrium binding for the CAP-DNA interaction, we titrated 10
pM DNA”* with 0-300 pM active CAP®, identified A-containing species, and
calculated 6 for each [CAPD] (Figs. 5a & 5f. With cAMP, the dependence of 6
to [CAPP] resembles a rectangular hyperbola (Eq. 6 with [D-only]=[CAP"]);
upon fitting, Kd~32+3 pM, in good agreement with filter-binding-based values
(24+2 pM). Without cAMP, CAP binds to DNA >150-fold weaker (Kd >5 nM).
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We also monitored dissociation kinetics of CAP"-DNA” by forming the
complex, diluting it in 50-fold molar excess unlabeled CAP (to sequester DNA®
formed due to dissociation), and observing the kinetics of 8 decrease (Fig. 5g).
The decrease of 6, fitted as a single exponential decay, kg~(1.1£0.2)x107* 57", is
in agreement with gel-based assay values (kq~1.2x107" s'). However, 6 decrease
is clearly bi-exponential, with a fast (kq~[1.2£0.8]x10° s™') and a slow phase
(kgx~[0.7£0.1]x107* s™"). This behavior has not been reported for CAP-DNA, but
it has been reported for other protein-DNA complexes; it reflects equilibrium
between stable and unstable complexes, with stable complexes converting
slowly to the unstable complexes, which dissociate. It is possible that the small
number of time points and partial dissociation of CAP-DNA during
electrophoresis prevented observation of the fast phase by gel-based assays.
ALEX can also monitor association kinetics, by fast mixing of low
concentrations of CAP and DNA, and monitoring of the kinetics of 6 increase.
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Fig. 5. Analysis of protein-DNA interactions using ALEX. (a) Using a labeled macromolecule
(M*; A-only species) and a labeled ligand (L”; D-only species), we can monitor the formation
of macromolecule-ligand complexes (MALD; D-A species) on the E-S histogram by
monitoring fractional occupancy @ at a ligand concentration [L°]. Monitoring 6 extracts
equilibrium constants from histograms constructed at a single or multiple [LP], and kinetic
constants from histograms constructed at multiple time points. (b) ALEX histogram of 50 pM
A-only DNA. (¢) ALEX histogram of 50 pM A-only DNA, 200 pM D-only CAP, and 0.2 mM
cAMP. (d) ALEX histogram of 50 pM A-only DNA and 200 pM D-only CAP (no cAMP). (e)
Model of CAP-DNA complex and labeling scheme. The acceptor (Alexa647, in red) was
placed on DNA, and the donor (TMR) was placed on 2 possible sites on CAP (green arrows);
since labeling efficiency was kept low, most D-A species have a single donor. (f) ALEX-
based titration of DNA with CAP in the presence (filled circles) or absence of cAMP (open
circles). With cAMP, CAP binds DNA with high affinity (K4~32 pM); without cAMP, CAP
binds DNA weakly (Kg&>5 nM). (g) Kinetics of CAP-DNA dissociation, reflecting distinct
rates of dissociation.
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3.2. Single molecule protein folding

3.2.1. Single molecule protein folding by usALEX

In a series of initial experiments, the 64-residue CI2 was labeled site-
specifically with A- and D-florophores at the N-terminus and at an internal
position (residue 40), respectively. usALEX histograms obtained at various
concentrations of denaturant (Guanidine hydrochloride, GuCl) in solution are
shown in Fig. 6a [1,5,6]. At or below 2 M GuCl, a single peak with £ ~ 0.90 is
observed. The high E suggests that the D- and A-fluorophores are in a close
proximity, consistent with folded CI2. At very high denaturant concentrations
(>5 M GuCl), again a single peak is detected. However, the mean-E is
substantially lower (£ ~ 0.40), indicating that the D-A distance increased due to
unfolding of the protein. As intermediate denaturant concentrations are scanned
between these extreme values (2.6 M < [GuCl] < 4.5 M), various ratios of the
folded and unfolded peaks are observed. Further verification of the peak
assignment to folded and unfolded conformers was possible by measurements of
destabilized CI2 variants, which exhibited the same two peaks, but with
different relative ratio (the area of one peak divided to the sum of the area of the
two peaks), pointing to the dependence on denaturant concentration (data not
shown).

The co-existence of the folded and unfolded macro-states at intermediate
denaturant concentrations suggests that interconversion between these two states
occurs on a time scale slower than the diffusion (~500 ps), and illustrates the
existence of a free energy barrier separating the two macro-states (Fig. 6b). The
existence of a barrier has also been inferred from ensemble kinetic studies which
reported folding/unfolding rates on the order of tens of milliseconds to several
tens of seconds, depending on denaturant concentration.

The ability to directly visualize and quantify conformational subpopulations
that are populated during (un)folding at equilibrium is a unique property of
single molecule resolution techniques, and enables one to directly confirm (or
reject) folding models previously inferred from population averaging ensemble
data. For example, as the areas of the peaks are an approximate measure of the
occupation probabilities for the two states, a fractional occupation for the folded
state can be extracted. A plot of this fraction versus denaturant concentration
resulting from single-molecule denaturation experiment is shown in Fig. 6c.
Similar curves, derived from ensemble data and the assumption of a particular
unfolding model (2-state, 3-state etc.), are routinely used to quantify protein
stability and map the mechanism of unfolding.

The single molecule denaturation curve (red square) obtained for CI2 is
indistinguishable (within error) from the corresponding ensemble-FRET
denaturation curve (blue circles), showing that sm-FRET faithfully reproduces
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the equilibrium properties of CI2 and providing direct and model-independent
evidence for a simple two-state equilibrium unfolding mechanism of CI2.

Additional information about the folding mechanism can be obtained by
inspection of the mean transfer efficiencies of the various folding
subpopulations. While E values for the folded subpopulation of CI2 does not
change significantly (4E < 0.05) as a function of denaturant, a small, but
significant shift in the £ value of the unfolded subpopulation is manifest when
lowering the denaturant concentration from > 5 M (£ ~ 0.43) to moderately
destabilizing conditions (3.1 M, E ~ 0.49).
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Fig. 6. Mapping of folding free energy landscapes of proteins using usALEX. (a) FRET
histograms of measured FRET efficiencies £ at various GuCl concentrations for D-A labeled
CI2. The solid red curves are the best fits to the data using single or double Gaussian
functions. The black numbers indicate the concentration of denaturant (GuCl, in units of M).
The high E peak (~ 0.9) represents the native subpopulation (N) of CI2 (D-A in close
proximity), while the low E peak (~ 0.4) depicts the denatured subpopulation (D). CI2
remains folded at or below 2 M GuCl, and is completely unfolded at > 5 M GuCl. At
intermediate concentrations, both N and D coexist. (b) Simplified free energy diagram using
the D-A distance as a reaction coordinate. Folded and unfolded subpopulations adopt energy
minima and are separated by a free energy barrier. Adding denaturant stabilizes D relative to
N and leads to a population change of the folded and unfolded molecules. (c) Equilibrium
unfolding denaturation curve (fractional occupancy of N (Fn) versus denaturant concent-
ration) of CI2 constructed from ensemble-FRET data assuming the validity of a two-state
unfolding model (open blue circles) and from sm-FRET data (filled red squares), calculated
from the integrated areas of N and D of the sm-FRET- histograms.
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Using various control measurements to rule out photophysics, it could be
shown that this change in £ value in the unfolded subpopulation must result
from a change in D-A distance — a collapse of the polypeptide chain from a
more expanded coil in the presence of high concentrations of denaturant to a
more compact globule under more aqueous, and biologically relevant buffer
conditions. Even though CI2 shows only moderate chain collapse, the
experimental approach depicted here could be applied to other small single
domain proteins or larger multidomain proteins, and in conjunction with site-
directed mutagenesis, could reveal residues in the polypeptide chain that are
required for chain collapse. The initiation of the folding process from an
expanded random coil could be useful to benchmark the increasing number of
atomic resolution scenarios of folding mechanisms from molecular dynamics
simulations and/or rigorous theory.

3.2.2. Single molecule protein folding by nsALEX

Nanosecond ALEX (nsALEX) is the latest addition to the ALEX-based
single molecule toolbox developed in our laboratory [13]. nsALEX differs from
usALEX in that the CW-excitation source is replaced by two interlaced pulsed
lasers, affording alternating-laser-excitation and the direct measurement of D-
and A-fluorescence lifetimes.

Lifetime measurements not only improve the accuracy of distance
measurements, but also yield important information about fast polymer
dynamics on a timescale down to the fluorescence lifetime (several ns). For a
rigid molecule, say a double-stranded DNA or a folded protein labeled with a
unique D-A FRET pair, FRET between the D and A shortens the D-lifetime [13]
relative to the D-only labeled reference (Fig. 7). On the other hand, for a
fluctuating molecule (say a polypeptide chain under denaturing conditions) one
expects multiple donor lifetimes that will give rise to non-exponential D-lifetime
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Fig. 7: nsALEX as a tool to investigate structural heterogeneities and fluctuations in
biopolymers. For each of the subpopulatin (fold and unfold, (a)), donor lifetime is measured
(b) and distance distribution (P(R)) is calculated. In the folded protein, a rigid molecule, the
D-A distance remains constant yielded in single exponential decay of the donor lifetime,
while in the unfolded protein, a flexible polymer, the D-A distance constantly change, yielded
in multi-exponential decay.
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decay curves. An unambiguous analysis of non-exponential lifetime decay
curves in ensemble measurements is difficult due to the presence of multiple
species (e.g. folded and unfolded conformers of a protein in the folding
transition region), and/or contaminating D-only species resulting from A-
bleaching or incomplete labeling.

NsALEX greatly facilitates such measurements as it allows the
fluorescence-aided separation of subpopulations according to labeling
stoichiometry and intra (or inter) dye distance in a 2D ALEX histogram.

This allows a detailed FRET-based analysis of distance distributions for a
given protein for a particular subpopulation (say the unfolded subpopulation)
even under conditions where this subpopulation coexists with the folded
subpopulation. Since it is difficult to perform fluorescence-decay analysis on the
small number of photons detected from a single molecule, such an analysis is
typically performed for all photons from a subpopulation.

In a first study of its kind, we investigated the extent of structural
heterogeneity in two small single domain proteins — the 64-residue CI2 and the
86-residue AcylCoA binding protein (ACBP), as a function of denaturant. The
results show that under strongly denaturing conditions, both proteins can be
modeled sufficiently accurate accurately by a random coil Gaussian chain.
Lowering the denaturant concentration led to a progressive increase in the extent
of D-A distance fluctuations, which are beyond the range accessible to a flexible
Gaussian chain, pointing towards long-range tertiary interactions that are
becoming increasingly favorable under mildly denaturing solvent conditions.

3.3. Initiation of transcription by RNA polymerase

Below we demonstrate how pusALEX was used to solve a long-standing
puzzle with regard to the initiation of transcription by the enzyme RNA
polemerase (RNAP) [14].

In the first steps of transcription initiation, RNAP binds to promoter DNA
and unwinds ~14 bp surrounding the transcription start site to yield a
catalytically competent RNAP-promoter open complex (RP,) [see reference
cited in 14]. In subsequent steps of transcription initiation, RNAP enters into
initial synthesis of RNA as an RNAP-promoter initial transcribing complex
(RPy.), typically engaging in abortive cycles of synthesis and release of short
RNA products, and, upon synthesis of an RNA product of ~9-11 nt, breaks its
interactions with promoter DNA, breaks or weakens its interactions with
initiation factors, leaves the promoter, and enters into processive synthesis of
RNA as an RNAP-DNA elongation complex (RD,).

The mechanism by which the RNAP active center translocates relative to
DNA in initial transcription has remained controversial. DNA-footprinting
results indicate that, surprisingly, the upstream boundary of the promoter DNA
segment protected by RNAP is unchanged in RP;. vs. in RP,. To reconcile the
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apparent absence of change in the upstream boundary of the promoter DNA
segment protected by RNAP in RP;. with the documented ability of RP;. to
synthesize RNA products up to ~8 nt in length, three models have been
proposed (Fig. 8).

The first model, termed "transient excursions," invokes transient cycles of
forward and reverse translocation of RNA. According to this model, in each
cycle of abortive initiation, RNAP translocates forward as a unit, translocating 1
bp per phosphodiester bond formed; upon release of the abortive RNA, RNAP
reverse translocates as a unit, regenerating the initial state. According to this
model, the cycles of forward and reverse translocation are so short in duration
and so infrequent in occurrence that, although they occur, they are not detected
by a time-averaged, population-averaged method such as DNA footprinting.

The second model, termed "inchworming," invokes a flexible element in
RNAP. Here, in each cycle of abortive initiation, a module of RNAP containing
the active center detaches from the remainder of RNAP and translocates
downstream, translocating 1 bp per phosphodiester bond formed; upon release
of the abortive RNA, this module of RNAP retracts, regenerating the initial
state.

The third model, termed "scrunching," invokes a flexible element in DNA.
Here, in each cycle of abortive initiation, RNAP pulls downstream DNA into

Transient Forward and Reverse Translocation (“Transient Excursions')
(NTP), (PPI)

Abortive RNA
Flexible Element in RNA (“Inchworming”)
(NTP), (PPI)

Abortive RNA
Flexible Element in DNA (“Scrunching”)

(NTP), ( l’l’l )

........ -35 -10
Abortive RNA

+1

Fig. 8: Three models have been proposed for RNAP-active-center translocation during initial
transcription: “Transient Excursions”, “Inchworming”, and “Scrunching”. White circles:
RNAP active center; red dashed lines: RNA; black rectangles: promoter -10 and -35 elements.
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itself, pulling in 1 bp per phosphodiester bond formed and accommodating the
accumulated DNA as single-stranded bulges within the unwound region; upon
release of the abortive RNA, RNAP extrudes the accumulated DNA,
regenerating the initial state.

We have directly tested the predictions of the three models by monitoring
whether distance between RNAP and DNA change upon adding NTP (transition
from RP, to RP;.). All models predict that there should be a decrease in the
distance between RNAP leading edge relative to downstream DNA. Such a
change upon adding NTP was recorded (data not shown), thus validating the
experimental strategy. The transient excursions model predicts that there should
be an increase in the distance between RNAP trailing edge and upstream DNA
upon adding NTP. Such a change was not detected (data not shown), indicating
that the first model is wrong. The inchworming model predicts that the distance
between RNAP leading edge and upstream DNA should change. No such
change was recorded (data not shown), indicating that the second model is also
wrong. The scrunching model predicts that the DNA should condense, such that
the distance between positions +15 and -15 on DNA will decrease upon adding
NTP. As clearly shown in the FRET histogram (Fig. 9), such a shift towards
higher E value is observed (notice that the non-shifted lower £ peak is due to
freely diffusing, unbound, doubly-labeled double-stranded DNA).
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Fig. 9. “Scrunching” is the mechanism behind abortive initiation. (a) Crystal structure of
RNAP-DNA complex with all the dyes’ labeling position marked. Purple lines indicate donor-
acceptor distances that decreased upon adding NTPs and blue lines indicate unchanged
distances. (b) The FRET histogram clearly shows a shift towards higher E value (shorter
distance) upon adding NTPs. The lower E peak (~E£=0.13) is due to access free DNA. (¢) and
(d) show schematics before and after NTPs addition respectively.
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Fig. 10. ALEX histogram of DNA hairpin fitted with a two-state model. Experimental FRET
histogram (gray bins) compared with the fit (black line). The best fit parameters are stated in
the text.

3.4. DNA-Hairpin Structure and Dynamics

Except for the discussion on nsALEX, we have ignored so far the dynamic
information content in the FRET histograms and considered them to represent
static distributions of E values (and hence static distribution of distances). Here
we introduce a FRET histogram of a two-state DNA-hairpin (having two
configurations, of “open” and “close”, with E; and E; respectively, see inset of
Fig. 10). This hairpin has open/close rates comparable to the typical transit time
through the observation volume. When the molecule changes its conformation
while traversing the confocal spot (e.g. from E; to E»), the recorded E value will
reflect a superposition of £; and E, values. It is possible, in principle, to extract
some of the thermodynamic and kinetic properties of the investigated system by
analyzing the shape of the FRET histogram. We have developed a mathematical
description and simulation of the FRET histogram for any given arbitrary energy
landscape. Part of this mathematical development and the computer-based
algorithm for the fitting was presented in a recent work [12]. Here we will only
mention that the final FRET histogram shape is a combination of shot-noise,
calculated based on empirical burst size distribution, and of the distribution of
time periods the molecule spend in each of the possible states along it path on its
energy landscape.

Fig. 10 shows a schematic of a DNA hairpin molecule (and the donor and
acceptor labeling positions) studied by ALEX. The single strand part of the
molecule contains a stem and a loop. One side of the stem contains the sequence
5’-AACCCA-3’ and the other contains the complementary sequence 3’-
TTGGGT-5". These sequences and the loop cause the hairpin to transiently and
stochastically close and open up. The FRET between the donor and acceptor
therefore samples the two distances representing the two states. If the opening
and closing rates are very slow compared to the transit time, one expects a
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double-peaked FRET histogram (with the peaks centered at E, and E,). If,

however, the rates are very fast compared to the transit time, one expects a
single, broad peak (centered in between E, and E,). Using the model, the

histogram shown in Fig. 10 was analyzed and fitted, yielding E, (close)=0.81 ,
E, (open)=0.36 and closing and opening rates of kcjyse = 1425 s and kopen = 835
s respectively.

4. SUMMERY

In this chapter, we showed that ALEX affords unparalleled insights into
biomolecular structure and dynamics that are difficult to obtain with population-
averaging ensemble techniques. They not only allow the visualization and
enumeration of conformational subpopulations associated with biochemical
reactions, but also enable the extraction of angstrom-resolution intra and/or
intermolecular distances or distance distributions within and in between
macromolecules with a time resolution down to nanoseconds. The past five
years have shown that ALEX-based methodologies can accurately reproduce the
ensemble thermodynamics of simple model systems. The next step will be the
extension of these techniques to more complex systems and eventually to
molecular machines inside the living cell.
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1. INTRODUCTION

It is often said that “Spectra are letters from the molecule”. Molecules send us
various kinds of messages about themselves in the form of spectra. In particular,
vibrational spectra such as Raman and infrared spectra embody many
characteristic features that are specific to a molecule. By analyzing vibrational
spectra, we can identify chemical species and elucidate in details their structure
and dynamics. Thus, vibrational spectra are often called “molecular
fingerprints”. In the mid-infrared “fingerprint” region, we observe many
vibrational bands that are attributable to skeletal modes characteristic to a
molecule. Since biological materials are made up of molecules, vibrational
spectroscopy should be useful in life sciences as much as it is in material
sciences. Owing to its noninvasive and nondestructive nature, Raman
spectroscopy is more suitable for biological applications than infrared. Thanks
to recent technical developments, we can now investigate a living cell in vivo
under a microscope. Thus, some number of Raman microspectroscopic studies
have already been reported on living cells [1-11], though it was very difficult to
confirm that the cells were really living. We recently found a strong Raman
band in mitochondria of a living fission yeast cell, which sharply reflects the
metabolic activity of mitochondria [8,9]. We call it the “Raman spectroscopic
signature of life”. By monitoring this signature, we can indeed confirm that the
cell is living. In this chapter, we review our recent studies on the structure,
transformation, and bioactivity of single living yeast cells by linear and
non-linear microspectroscopy. We have successfully visualized not only the
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distributions of molecular species but also the cell activity of the growing and
dying yeast cells.

2. IN VIVO REAL-TIME PURSUIT OF THE CELL ACTIVITY OF
SINGLE LIVING FISSION YEAST CELLS BY TIME- AND
SPACE-RESOLVED RAMAN MICROSPECTROSCOPY

2.1. Experimental

We used a confocal Raman microspectrometer (Nanofinder, Tokyo
Instrument Inc.). The 632.8 nm line of a He-Ne laser (Melles Griot
05-LHP-991) was used with a power of 1-4 mW at the sample. The spatial
resolutions were 250 nm and 1.7 um for the lateral and the axial directions,
respectively. Each stage of the mitosis was confirmed by a yeast cell
(Schizosaccharomyces pombe), whose nucleus was labeled by green fluorescent
protein (GFP).

2.2. Space-resolved Raman spectra

Figure 1 shows the space-resolved Raman spectra of a single living fission
yeast cell in the G1/S phase. These spectra were obtained under a low nutrition
condition, so that the cell cycle was slowed down to allow a long exposure time
of 300 s. Figs. 1(a), (b), and (d) correspond to the spectra for nucleus,
mitochondria, and septum, respectively. The positions from where Raman
spectra are measured are indicated by letters a, b, and d in the inset. Using a cell
whose mitochondria are tagged by GFP, we have confirmed that the spectrum in
Fig. 1(b) comes from mitochondria. The spectra from nuclei are dominated by
known protein Raman bands. In particular, the bands in Fig. 1(a) shows the
amide I mode of the main chain (1655-1660 cm™), the C-H bend of the aliphatic
chain (1450 and 1340 cm™), the amide III mode of the main chain (1250-1300
cm™), and the breathing mode of the phenylalanine residue in proteins (1003
cm™). It is well known that the frequencies of the amide I and III bands are
sensitive markers of the secondary structure of the protein main chain. In the
present study, the amide I band is observed in the range of 1654-1659 cm™,
which indicates the domination of a-helix structures [12]. Concerning the
secondary structure, we need to investigate further in detail because this band is
broad and thus we cannot neglect the contribution from other secondary
structures. New insight into the secondary structure of proteins in a living cell is
highly important in connection with the presence of natively unfolded proteins
[12,13], which has been discussed intensively in the past few years. In addition
to the protein bands, weak bands are observed at 781 and 1576 cm™, which can
be assigned to nucleic acids. According to the result of a component analysis of
isolated nuclei, the DNA/RNA/protein chemical composition ratio in a S. pombe
nucleus is 1/9.4/115 [14]. This ratio means that proteins are about 10 times more
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Fig. 1 Spatial-resolved Raman spectra of a single living fission yeast cell in the G1/S phase;
(a) nucleus, (b) mitochondria, (c) phosphachidylcholine (model compound of lipid bilayer)
and (d) septum.

abundant in the isolated nucleus than nucleic acids. This result is consistent with
the result of the in-vivo Raman spectra observed in the present study. The
intensity ratio of the band at 853 cm™ to that at 825 cm™ is known to be an
indicator of the H-bonding strength of the phenolic hydroxyl group [15].

The Raman spectrum from mitochondria (Fig.1(b)) is similar to that of
phosphatidylcholine (Fig. 1 (c)) except for an intense band at 1602 cm™'. Apart
from this 1602 cm™ band, all prominent bands in Fig. 1(b) are ascribed to the
known phospholipid vibrational modes with reference to the assignments of the
spectrum of phosphatidylcholine [16,17]. The skeletal C-C stretch modes in the
region of 1000-1150 cm™ are known to be sensitive to the conformation of the
hydrocarbon chains [18]. The bands at 1062 and 1122 cm™ are assigned to the
out-of-phase and in-phase modes of the all-trans chain. On the other hand, the
band at 1082 cm™ is attributed to the gauche conformation. The ratio of the
intensity of the gauche band to that of the trans band is larger in the Raman
spectrum from mitochondria (Fig. 1(b)) than in that from phosphatidylcholine
(Fig. 1 (c)). This finding indicates that the hydrocarbon chains of the
mitochondrial membrane are conformationally less ordered than that in pure
phosphatidylcholine.
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The Raman spectrum from septum is shown in Fig. 1(d). The bands are
mostly assigned to polysaccharides. We found the change of the Raman
spectrum of the septum in the course of the cell division process. Based on the
normal-mode analysis of disaccharides [19,20], it is considered that this change
reflects the gradual polymerization of the saccharide molecules.

2.3. Time- and space-resolved Raman spectra

As the cell division proceeds, the Raman spectrum is expected to change
drastically, reflecting the changes in molecular composition of the organelles.
Figure 2 shows the time- and space-resolved Raman spectra of a yeast cell
dispersed in YE broth. We start the Raman measurement from the early M phase
(a), in which a dividing nucleus is observed at the center of the cell. At 9 min (b),
the two nuclei are put apart symmetrically toward the perimeter of the cell. At 1
h, 13 min (G1/S phase), the nuclei are completely separated and located at the
two ends of the cell. In the following G1/S stage, a septum starts to form from
the plasma membrane, as shown in (d). Finally, the septum becomes mature at 5
h, 54 min (e). In the course of the mitosis process, the Raman spectrum change
significantly. The Raman bands at 0 min (a) are assigned to the proteins in the
nucleus. The spectrum at 9 min is a superposition of those of the mitochondrion
and cytoplasm. It means that the mitochondria started to be generated at the
central part of the cell. At 1 h, 13 min (c¢), the phospholipid bands due to
mitochondria are observed dominantly in the Raman spectrum. It should also be
noticed that the intense band is found at the Raman shift of 1602 cm™. The
intensity of this band relative to that of the 1654 cm™ band is clearly higher than
those observed in the space-resolved experiment in Fig. 1. This result is
intriguing with regard to the relevance of the 1602 cm™ band to the metabolic
activity of mitochondria. The time- and space-resolved Raman spectra were
obtained from the yeast cells dispersed in YE broth, while those for the
space-resolved Raman spectra (Fig. 1) were measured under a low nutrition
condition. It means that the band intensity at 1602 cm™ depends on the nutrient
condition. The stronger band at 1602 cm™ in Fig. 2(c) is indicative of higher
metabolic activities in a yeast cell in YE broth.

2.4. Discovery of the “Raman spectroscopic signature of life”

In order to investigate in further details the relationship between the band
intensity at 1602 cm” and the metabolic activity of a mitochondrion, the
following experiment has been carried out. We added a KCN aqueous solution
to the yeast cell sample, in order to look at the effect of a respiration inhibitor on
the intensity of the 1602 cm™ band. The time- and space-resolved Raman spectra
of a KCN-treated yeast cell are shown in Fig. 3. The temporal resolution is 100
sec. Five minutes before the addition of KCN, the Raman spectrum shows a
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Fig. 2 Time- and space-resolved Raman spectra of the central part of a living yeast cell. The
laser beam spot is denoted with a white broken circle.

strong band at 1602 cm™ and the well known phospholipid bands at 1655, 1446,
and 1300 cm™. Three minutes after the addition of KCN (b), the intensity of the
band at 1602 cm™ decreases considerably, while the other phospholipid bands
remain unchanged. As time goes on, the 1602 cm™ band becomes weaker ((c)
and (d)), and finally disappears at 36 min (e). Concomitantly, the phospholipid
bands gradually change from well-resolved peaks to diffuse broad bands. The
protein band at 1003 cm™” does not change, and no additional peaks appear
throughout the time course of the experiment. We consider that the addition of
KCN affects a mitochondrion of a living yeast cell in the following two steps.
First, the cellular respiration is inhibited by the action of CN’, and the metabolic
activity of the mitochondrion is lowered. This process has been monitored by
the drastic decrease in the intensity of the 1602 cm™ band. Second, the
double-membrane structure of the mitochondrion is degraded by the lowered
metabolic activities, and it is eventually destroyed. This process has been probed
by the changes in the phospholipid bands. It is highly likely that the 1602 cm™
band probes the primary dying process of the KCN-treated yeast cell through the
metabolic activity of a mitochondrion. Therefore, we call this band the “Raman
spectroscopic signature of life”.
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Fig. 3 Time- and space-resolved Raman spectra of a KCN-treated yeast cell.

3. IN VIVO TIME-RESOLVED RAMAN IMAGING OF A
SPONTANEOUS DEATH PROCESS OF A SINGLE BUDDING YEAST
CELL

3.1. Vacuole and dancing body in a budding yeast cell

Vacuole is one of the biggest organelles in a yeast cell. The function of
vacuole includes amino acid storage and detoxification. Under a starvation
condition, proteins are degraded in the vacuole. This process is known as
autophagy. In a budding yeast (S. cerevisiae) vacuole, a particle called dancing
body occasionally appears and moves actively for a while. Although a previous
fluorescence study suggested that the main molecular component of the dancing
body was polyphosphates [21], it was not clear. One of the difficulties for
studying dancing body is that we cannot separate it from the vacuole. We have
investigated the molecular component of a dancing body by time- and
space-resolved Raman spectroscopy (data not shown), and have proved that the
dancing body consists of crystal-like polyphosphate [10].

3.2. Spontaneous death process following the appearance of a dancing body

Figure 4 shows the time-resolved Raman images (a) and the optical
microscope images (b) in a time span of about 20 hours of a single living S.
cerevisiae. From the microscope images in Fig. 4(b), it is seen that a dancing
body forms in a vacuole between 5 h, 50 min and 6 h. Then, the vacuole
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disappears between 8 h, 41 min and 9 h, 31 min. Finally, the cell becomes totally
destructed between 9 h, 31 min and 19 h, 37 min. It is obvious that these
changes in the microscope images reflect a spontaneous cell death process of an
S. cerevisiae cell. We have confirmed that this spontancous death process
observed in Fig. 4 also occurs for cells without laser irradiation. In fact, we have
examined 642 cells to find that once a dancing body is formed in a vacuole, the
cell eventually dies without any exception. In Fig. 4(b), we trace these changes
at the molecular level by the Raman images at 1602 cm™, 1440 cm™, 1160 cm™
and 1002 cm™. The 1602 cm™ band, the Raman spectroscopic signature of life,
reflects the metabolic activity of mitochondria. Therefore, the Raman image at
1602 cm™ shows the distribution of active mitochondria in a cell. The band at
1445 cm™ is due to the C-H bending modes of phospholipids. This band gives an
image of phospholipid distribution, which corresponds to the location of
mitochondria that contain high concentration of phospholipids. The
polyphosphate band at 1160 cm™ provides an image of phosphate distribution
including the location of a dancing body. The band at 1002 cm™ is assigned to
the breathing mode of phenylalanine and shows the protein distribution in a cell.
At 0 min, the cell has active mitochondria as shown by the1602 cm™ image. The
phospholipids (1440 cm™) and proteins (1002 cm™) are located only outside of a
vacuole but some amount of polyphosphates do exist inside the vacuole as well
as outside. At 6 h, when a dancing body becomes suddenly visible, the metabolic

(a) (b)

1602cm? | 1440 cm! | 1160 em”' | 1002 cm-!
Time
0:00

5:50
6:00
8:41
9:31

19:37

.
-

Figure 4. (a) Time-resolved Raman images and (b) corresponding optical microscope images
of a dying S. cerevisiae cell.
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activity in mitochondria is markedly lowered as seen from the 1602 cm™ image,
though the mitochondrial distribution (1440 cm™) does not change appreciably.
The 1160 cm” band gives an image covering a large part of the vacuole,
indicating that a dancing body is trapped by the laser field and that it moves with
the scanning laser spot within the vacuole. There is no change in the protein
distribution. At 8 h, 41 min, the dancing body stops moving and stays at the
lower part of the vacuole. At this stage, the metabolic activity of mitochondria is
completely lost, while the mitochondrial and protein distributions do not change
much. The 1160 cm™ band image corresponds to the remaining of the dancing
body which does not move any more. At 9 h, 31 min, the vacuole is lost, while
the black remaining of the dancing body still exists at the center of the cell. The
Raman images show that the molecular distributions at this stage are highly
randomized. It indicates the loss of structures in the cell. At 19h, 37min, the
molecular distributions become totally random, showing that the cell is not alive
any more. Thus, a spontaneous cell death process is visualized by in vivo
time-resolved Raman imaging at the molecular level.

4. NON-LINEAR RAMAN MICROSPECTROSCOPY AND IMAGING
OF SINGLE LIVING CELLS

4.1. Ultrabroadband multiplex coherent anti-Stokes Raman scattering
(CARS) process

As shown above, spontaneous Raman microspectroscopy is powerful for
elucidating intra-cellular structure in vivo with three-dimensional sectioning
capability. However, it may not be suitable to trace a detailed dynamical
behavior inside of the cell, because of its relatively low efficiency. Spontaneous
Raman process often requires several minutes to obtain one spectrum. This low
efficiency originates from the small scattering cross section of the spontaneous
Raman process. An alternative approach to obtain vibrational images with high
speed is coherent Raman microspectroscopy. Among them, coherent anti-Stokes
Raman scattering (CARS) microscopy has been widely exploited [5,22-27]. In
particular, multiplex CARS microspectroscopy is promising because of its
capability to obtain vibrational spectra efficiently [24,28-31]. Figure 5 shows an
energy diagram for the multiplex CARS process. The multiplex CARS process
requires two laser sources, namely, a narrow band pump laser (®;) and a
broadband Stokes laser (w,;). The multiple vibrational coherences are created
because of the wide spectral range of the frequency difference, ®;-w,. If we can
prepare ultrashort laser pulses, an impulsive Raman excitation and a subsequent
narrow-band probe can also generate a multiplex CARS spectrum [32,33]. One
of the most prominent features of multiplex CARS microspectroscopy lies in the
fact that it can easily distinguish the concentration change of a particular
molecule from the structural change through the spectral analysis [11]. It should
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Fig. 5. Energy diagram for multiplex CARS process.

be emphasized that a single-wavenumber CARS detection, which is widely
adopted in CARS microscopy, cannot discriminate these two phenomena.
Although there were several restrictions on the spectral coverage of multiplex
CARS microspectroscopy mainly due to the bandwidth of the laser emission
[24,28-31], the spectral coverage has been significantly broadened using the
supercontinuum light source generated from a photonic crystal fiber [11,34-36]
or a tapered fiber[37]. Recently, the spectral coverage of the multiplex CARS
microspectroscopy has been extended to be more than 2800 cm™'[33], which is
ranging from 360 nm to 3210 cm™.

4.2. Experimental setup for ultrabroadband multiplex CARS
microspectroscopy

Figure 6 shows a schematic of the multiplex CARS microspectrometer. An
unamplified mode-locked Ti:sapphire laser (Coherent, Vitesse-800) provides
wavelength fixed radiation at 800 nm, which is used as the pump laser. Typical
duration, pulse energy, and repetition rate are 100 fs, 12 nJ, and 80 MHz,
respectively. A portion of the output from the oscillator is used as a seed for
generating a supercontinuum in the PCF (Crystal Fibre, NL-PM-750). The input
pulse energy for the supercontinuum generation is less than 2.3 nJ. As shown in
Fig. 6, the fundamental of the Ti:sapphire laser and the supercontinuum are used
for the pump (®,) and Stokes (w,) lasers, respectively. In order to obtain Raman
spectrum with high frequency resolution, the pump laser pulses are spectrally
filtered using a narrow band-pass filter. The bandwidth was measured to be
about 20 cm™'. Because the pump laser is in the near infra-red (NIR) region, the
Stokes laser must also be in the NIR. The visible component in the
supercontinuum is thus blocked by a long-wavelength pass filter. Thanks to the
NIR excitation, we can expect several advantages such as low photodamage,
suppression of the nonresonant background signal, and a deep penetration depth
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Fig. 6. Experimental setup for multiplex CARS microspectroscopy ; BS: beam splitter; NBF:
narrow band-pass filter; LF: long-wavelength pass filter; NF: Notch filter; SF:
short-wavelength pass filter.

for opaque samples. Two laser pulses are superimposed collinearly using an
800-nm Notch filter, and then tightly focused onto the sample with a 40x 0.9
NA microscope objective. Under the tight focusing condition, the
phase-matching conditions are relaxed due to the large angular dispersion and
the small interaction volume [38,39]. The relaxation of the phase-matching
condition is important especially for CARS spectroscopy, because a wide range
of vibrational resonances can be accomplished simultaneously using the
ultrabroadband Stokes laser. A 40x, 0.6-NA microscope objective is used to
collect the forward-propagating CARS signal. Finally, the CARS signal is
guided to a polychromator (Acton, SpectraPro-300i), and is detected by a CCD
camera (Roper Scientific, Spec-10:400BR/XTE). The multiplex CARS images
are measured by a point-by-point acquisition of the CARS spectrum. The sample
is moved using piezo-driven xyz translators (MadCity, Nano-LP-100). We used
fission yeast S. pombe as a sample [7-9]. The nuclei of yeast cells were labeled
by GFP.

4.3. CARS imaging of single living cells

Figure 7(a) shows a typical spectral profile of the CARS signal of a living
yeast cell. As clearly shown, a strong signal is observed at the Raman shift of
2840 cm™. This band originates from C-H stretch vibrational mode, which
shows a slightly dispersive lineshape due to an interference with a nonresonant
background. On the basis of our previous spontanecous Raman [7-9] and CARS
[11] studies, the signal at the Raman shift of 2840 cm™ is found particularly
strong in mitochondria, because mitochondrion is an organelle containing a
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Fig. 7. Typical spectral profile of the CARS signal from a living yeast cell; (b) CARS image
of living yeast cells at the Raman shift of C-H stretching vibrational mode. The short bar
measures 2 pm.

high concentration of phospholipids. Figure 7(b) shows the vibrationally
resonant CARS image at C-H stretching mode using a differentiation method
[11]. The CARS spectrum of a yeast cell in Fig. 1(a) are obtained at (x, y)=(5.65
pm, -3.05 um), which are indicated as a black cross in Fig. 1(b). In Figure 1(b)
yeast cells at various cell-cycle stages are clearly imaged. Especially, a septum
is visualized in the yeast cell around the center of Figure 1(b). The septum is
composed of carbohydrates such as polysaccharide, which is also rich in C-H
bonds.

Thanks to the three-dimensional sectioning capability, CARS microscopy
enables us to obtain not only a lateral but also an axial slice of a living yeast cell.
Figure 8 (a) shows a lateral CARS image of a yeast cell. Figure 8(b) corresponds

(b)

Fig. 8. Lateral(a) and axial(b) CARS images of a yeast cell at C-H stretching vibrational
mode. The short bars correspond to 1 pm.



54 H. Kano et al.

to the vertical slice of the yeast cell at the position of y=0. The CARS signal is
weaker at the top part rather than the bottom part. It is due to the imperfect
focusing of the two laser beams because of the spatially heterogeneous
refractive index inside of the cell.

4.4. Multi-nonlinear optical image of single living cells

The supercontinuum light source can also be used as an excitation light
source for the two-photon excitation fluorescence (TPEF) [40-42]. Owing to the
broadband spectral profile of the supercontinuum, the two-photon allowed
electronic state can be excited efficiently in comparison with conventional TPEF
microscopy using a Ti:sapphire oscillator. Figure 9(a) shows the CARS and the
TPEF spectra obtained in a 100 ms exposure time. The nuclei of the yeast cells
in the present study are labeled by GFP. A broad but distinguishable peak is
observed around 506 nm. Taking into account of the spectral profile of this
signal, it is assigned to the TPEF signal due to GFP. Figures 9 (b) and (d) show
CARS and TPEF images. It should be emphasized that both images of multiplex
CARS and TPEF signals are obtained simultaneously in one single measurement.
Since there is no overlap between the CARS and TPEF signals in spectral
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Fig. 9. (a) Spectral profile of the CARS and TPEF signals of a living yeast cell; (b) CARS
lateral images of living yeast cells for C-H stretching mode; (c) TPEF lateral images of the
same system at 506 nm. The red and green spectra in (a) are obtained at the white and the
black crosses in (b) and (c), respectively.
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domain, it can be easily differentiated using a spectrometer. Although dual
imaging of the CARS and the TPEF signals have been reported using two
synchronized Ti:sapphire oscillators [43], full spectral information is obtained
for the first time in the present study.

As a result, we can obtain Raman spectrum and Raman image with high
speed using ultrabroadband multiplex CARS microspectroscopy. At the moment,
the exposure time is 30 ms, which is about 1/30 in comparison with that of the
spontaneous Raman microscopy.

5. CONCLUSIONS

Owing to its inherent molecular specificity, Raman spectroscopy provides rich
information on molecular composition, structure and dynamics in a living cell in
vivo. In addition, the Raman spectroscopic signature of life enables us to
visualize metabolically active mitochondria in a yeast cell, which cannot be
obtained by any other biochemical methods. In the near future, we will be able
to discuss the life and death at the molecular level quantitatively using time- and
space-resolved linear and non-linear Raman spectroscopy.
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1. INTRODUCTION

When it comes to cellular and molecular imaging, in particular, biomolecular
imaging, Raman spectroscopy always turns out to be advantageous over the
other common techniques, because it is not only nondestructive, but also it does
not need any staining of molecules, which guarantees preservation of the
physiological activities of the sample molecules. When combined with
microscopy, Raman spectroscopy takes advantage of the rich information
available from the molecular vibrations, and helps providing a high quality
image. However, there are several practical difficulties in obtaining Raman
images, which limit the results in many ways. One problem is the long time
involved in the imaging process, which is due to the inherent weak signal of
Raman scattering. We have come over this problem by developing a technique
of slit-scanning confocal Raman microscopy. Apart from an improved
acquisition rate, this technique is based on collecting Raman signal from
multiple points of the sample using a line-shaped illumination, which is scanned
over the sample in the direction perpendicular to the illumination line, providing
a two-dimensional x-y-image. At the same time, the sample can also be moved
in the z-direction to construct a 3-D image. This method is particularly suitable
for fast and high quality 3-D cellular imaging. The other important problem is
the spatial resolution, which is limited by the diffraction limits of the probing
light. The diffraction limit for a visible light is of the order of a few hundred
nanometers, which is not small enough to investigate and image nano-sized bio-
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materials and molecular systems. Also, Raman signal becomes tremendously
weak for these extremely small samples due to small scattering volumes, often
preventing us from obtaining any image from these samples. Both these
problems have been overcome by involving the near-field techniques in Raman
microscopy, which increases the spatial resolution far beyond the diffraction
limits as well as enhances Raman signal from thousands to million folds,
making it possible to detect even the weakest and otherwise undetectable signals.
In addition, the image quality, such as the contrast and the resolution, can be
further improved by combining the higher-order scattering effects in Raman
scattering process, such as the coherent anti-Stokes Raman spectroscopy
(CARS). With all these additions/improvements in the traditional Raman
microscopy, we have achieved high quality imaging of several nanomaterials,
including cellular and biomolecular samples.

2. SLIT-SCANNING RAMAN MICROSCOPY FOR CELLULAR
IMAGING

Analytical techniques based on Raman spectroscopy has been utilized for cell
observation, diagnosis and 3-D imaging [1,2]. Since Raman spectroscopy
provides rich information from the direct detection of molecular vibration,
unlike other conventional methods, it does not require staining samples before
observation. This is an advantage in observation of living samples because
fluorescence molecules, which are conventionally used for dyeing the
biomolecules, sometimes interact with biomolecules and degrade their
physiological activity. To apply Raman imaging technique for wide range of
biological applications, we developed a high-speed Raman microscope by using
the slit-scanning technique. High-speed detection of Raman spectra in each
position of a sample allows us to observe biological activities that change with
time under natural conditions. The possible applications of the imaging

Spectrometer

Line illumination

Objective lens

Cooled CCD camera =l

Edge filter _p

Fig.1. An optical setup of a slit-scanning Raman microscope.
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technique are non-labelling cell imaging, diagnosis of diseases, investigation of
drug distribution in cells, and material diagnosis in various fields.

Figure 1 shows the optical setup of the slit-scanning Raman microscope
[3,4]. The line-shaped illumination was produced by a cylindrical lens, and the
Raman spectra and their spatial distribution were detected by a cooled CCD
camera with a spectrometer. The illumination light was scanned for the direction
perpendicular to the illumination line to obtain the x-y distribution of Raman
spectra of the sample. We used a galvanometer for scanning the illumination for
y-direction. The sample was also scanned in z-direction by using a piezoelectric
stage to construct a 3-D image of the sample. Since the slit at the entrance of the
spectrometer does not allow the light from out-of-focus planes to enter the
spectrometer, the slit works like a pinhole in a confocal microscope. This
provides the spatial resolution in three dimensions, which enables us to obtain
optically sliced images of the sample.

Figure 2 shows a volume image of living HeLa cells obtained by the slit-
scanning Raman microscope. The laser intensity used for this observation was
5.8 mW/mm’, and the exposure time was 10 sec/line. A total of 48 lines on the
sample were illuminated to construct the image. Since the image is the spatial
distribution of Raman spectra of the sample, one can observe the Raman
spectrum of the position selected in the image. Since various components of the
HeLa cell have their own fingerprint vibrations in Raman scattering, it is
possible to select one particular Raman vibration, and construct an image for
that particular vibration. The image thus constructed would be the image for the
corresponding component of the HeLa cell, and hence it would show the 3-D
distribution of that particular component. For example, the Adenine ring
vibration at 785 cm™, the PO, symmetric-stretch vibration at 1095cm™, and the
CH, symmetric-stretch vibration at 2835cm™ correspond, respectively, to the
nucleic acid, phosphoric acid, and lipid in HeLa cell. The spectrometer was set
to these vibratioanal frequencies, and corresponding Raman images were
obtained. Fig. 3 (a), (b) and (c) show the Raman images constructed at these
Raman vibrations, which show the distribution of nucleic acid, phosphoric acid
and lipid in the sample, respectively.

Fig.2. A 3-D image of living HeLa cell obtained by the slit-scanning Raman microscope.
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Fig.3. Raman images of HeLa cell constructed by Raman shifts of (a) 785cm™ (Adenine ring
vibration), (b) 10950m'1(P02 symmetric-stretch vibration) and (c) 2835¢cm™ (CH, symmetric-
stretch vibration), showing the distribution of nucleic acid, phosphoric acid and lipid,
respectively, in the sample.

3. TIP-ENHANCED RAMAN SPECTROSCOPY

In order to deal with nano-sized samples, such as the biomolecules and other
biomaterials, there are two important requirements that conventional Raman
imaging fails to provide. One is high spatial resolution of the order of a few
nanometers to a few tens of nanometers. Due to the wave nature of light, the
minimum dimension that a light can image is limited to about half of the
wavelength, which is about a few hundreds of nanometers for the visible light.
The second important requirement is enhancement of scattered light, because
due to the extremely small scattering volume of a nano-sized sample, the
scattering intensity is often undetectably weak. Therefore, it is practically
impossible to image many of biomaterials using conventional Raman
microscopy. However, both these requirements can be fulfilled by combining
the technique of near-field microscopy with Raman spectroscopy, i.e., by using
tip-enhanced Raman spectroscopy (TERS) [5-8]. In our previous work [9,10],
we have shown that the technique of TERS provides a super spatial resolution
far beyond the diffraction limits of the probing light, along with an enhanced
scattering efficiency, and hence it is suitable for the high quality imaging of
biomaterials.

In this technique, a metal-coated nano-sized AFM-tip is brought close to the
sample in the focal area of Raman microscope. When a metal-coated tip having
a nano-sized apex is illuminated with light, it generates local surface plasmon
polaritons (SPPs) in the vicinity of the tip apex. As the SPPs couple with
incident photons resonantly, photons are densely confined in close vicinity of
the nano-tip, which results in highly localized and strongly enhanced evanescent
field near the tip apex. This enhanced field, which is of the same dimension as
the tip apex, acts as a nano-light source for Raman scattering, and strong Raman
scattering is generated from a small volume of the sample which is adsorbed in
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this nano-sized evanescent field. Since Raman signal if selectively enhanced
only from the molecules adsorbed in this evanescent field, TERS provided high
resolution comparable to the size of the tip apex, along with strong enhancement,
which ranges from a few thousand times to a million times. This technique of
TERS was first proposed in 1999 [11] and was later used to analyze and image
several nanomaterials [7-10]. Recently, we have added new dimensions to this
technology by including, for example, nonlinear effects in Raman scattering [10],
or the mechanical (pressure) effects in microscopy [8,12].

A typical schematics of the experimental setup used in TERS experiments
can be found elsewhere [6]. The basic difference in the setup for TERS
compared to that for conventional Raman scattering experiment is the addition
of an AFM-head that controls and positions a metal-coated cantilever tip in the
focal area. Far-field Raman spectra, which are basically the conventional Raman
spectra, are obtained by moving the tip vertically away from the sample, and the
near-filed spectra, which are TERS spectra, are obtained by bringing the tip
close to the sample. The raw near-field signal contains a far-field contribution
coming from the whole focal area, together with a near-field contribution
coming from a small part of the sample within the focal area, which is adsorbed
in the evanescent field. Thus, the true near-field component is obtained by
subtracting a far-field Raman spectrum from the corresponding near-field
Raman spectrum. The enhancement in Raman intensity for a particular Raman
mode can be calculated by taking into account the ratio of the Raman intensities
as well as the ratio of the scattering volumes involved in the two scattering
configurations.

3. TERS ANALYSIS OF DNA-BASED ADENINE MOLECULES

In this section, we will first discuss the normal TERS results from a DNA based
adenine molecule and demonstrate how the metallic tip enhances the weak
Raman signal from a nanometer region, which cannot be detected by a
conventional micro-Raman configuration. Next, we will show the effect of
pressure that a tip can apply on the sample during the TERS experiments. For
these experiments, the samples were prepared by casting adenine molecules
dissolved in ethanol [7] on a glass coverslip. After drying, the samples
crystallized in nanosize. The typical crystal size was laterally 7 nm by 20 nm
wide and 15 nm high.

3.1. TERS from Adenine

Figure 4 shows a TERS spectrum of a single nanocrystal of adenine
molecules. For a comparison, a far-field Raman spectrum of the same sample
without a metallic tip is also shown. Figure 4 also schematically shows the tip
position in the two cases. In TERS spectrum, several characteristic Raman peaks
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of adenine molecules are enhanced and become visible, such as peaks at
736 cm™ and 1330 cm™, while no Raman peak at these positions is observed
when the tip is withdrawn from the near-field region (far-field Raman spectrum).
The experimental condition was exactly the same for both experiments shown in
Fig. 4 except for the tip-sample distance. The strong Raman peaks at 736 cm™
and 1330 cm™ are assigned to ring-breathing mode of a whole molecule and the
ring-breathing mode of a diazole, respectively. Other Raman peaks are also
assigned to the normal modes of adenine molecules [13-15]. The observed
TERS peaks are shifted slightly from those obtained in the far-field. For
example, the ring-breathing mode at 720 cm™ in the far-field Raman spectrum of
the bulk sample is shifted to 736 cm™ in the TERS spectrum, while the ring-
breathing mode of a diazole is not shifted. These phenomena in the spectral
shifts are in good agreement with the SERS spectra of adenine molecules [16],
and ensure that the metallic probe tip works as a surface enhancer for the SERS
effect.

Assuming that the size of the enhanced electric field is 30 nm corresponding
to the tip diameter and the size of the focused light spot is 400 nm, the
enhancement factor for the ring-breathing mode of a whole molecule is
estimated to be about 2700. The enhancement factor for the ring-breathing mode
of a diazole is uncountable because the far-field Raman signal without a metallic
probe tip is too weak to be detected.

3.2. TERS from Tip-Pressurized Adenine Molecules
When the metal-coated tip is in close proximity of a sample, it interacts with
the sample electromagnetically to enhance the scattering signal. If the distance
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Fig. 4. Tip-enhanced near-field Raman (lower spectrum) and far-field Raman (upper
spectrum) spectra of adenine nanocrystals. The peak at 923 cm™ is from the glass substrate,
and shows the same intensity in both TERS and the far-field Raman spectra. A schematic of
the tip position in the two cases is also shown



Raman, CARS and near-field Raman-CARS microscopy for cellular and molecular imaging 63

between the tip and the sample is decreased, they can also interact chemically,
which can enhance the scattered light as well as change the spectral shapes. If
the distance is further decreased, then, in addition to the electromagnetic and
chemical interactions, the tip starts to interact with the sample molecules
mechanically. This happens when the metal molecules of the tip push against the
sample molecules. This effect can be observed if the sample is pressurized,
intentionally or unintentionally, by the tip [17]. Unlike the isotropic hydraulic
pressure usually studied in high-pressure Raman scattering [18-20], the pressure
applied by a tip is unidirectional, and hence it can change the bond lengths
uniaxially, resulting in modifications of the molecular vibrations. The Raman
modes tend to shift and get broadened. This phenomenon has been recently
reported for carbon nanostructures [8,12]. Assuming that the atomic force is
applied only to the contraction of the bond between the silver atom of the tip and
the adjacent nitrogen of the adenine molecule, the bond distance for adenine
sample would be expected to shrink and the vibrational frequencies may then
shift upwards.

In our experiment, we used a cantilever with a spring constant of 0.03 N/m
and a silver-coated tip apex diameter of this cantilever was 5 nm to 10 nm. The
atomic force was kept constant at 0.3 nN by the feedback loop. As deduced from
the unit-cell parameters of single-crystal 9-methyladenine [21], a couple of
adenine molecules exist in a rectangle approximately 0.77 nm long by 0.85 nm
wide. If we assume that the force is equally applied to all the molecules that are
adjacent to the tip apex, the adenine molecules are subjected to a pressure of
about 1 to 5 pN per molecule by the silver atom attached on the surface of the
tip. As the metallic tip approaches the surface of the adenine nanocrystal, the tip
is at first subject to a van der Waals attractive force and after passing through
the equilibrium point, the tip receives a repulsive force. When the bond distance
of the Ag—N linkage is reduced by 10%, the repulsive force of 7 pN per
molecule is derived from a harmonic oscillation of the displacement by 0.025
nm and the energy difference by 1.7 kcal/mol in the case of the Ad—N3. The
repulsive force coincides with the atomic force obtained with our system.

For the further understanding of the effect of tip-applied pressure in TERS,
we theoretically investigated (using the density functional theory calculations)
the transition states of both the Ad—N3 and the Ad—N7 isomers by changing the
bond distance (in the model) between the nitrogen of the adenine molecule and
the silver atom. The bond distances for the calculations were 2.502 (equilibrium),
2.75 (10% elongation), 2.25 (10% contraction), and 2.0A (20% contraction).
The binding energies, the vibrational frequencies of free adenine molecules, and
the two complex isomers of three states were calculated. The partially optimized
geometries exhibit imaginary frequencies, indicating transition states for the
Ad-N3 and the Ad-N7. The ring—breathing mode of the Ad-N3 shows a
significant shift towards a higher frequency as a function of the contracted bond
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distance between the silver atom and the N3 nitrogen of adenine. The frequency
of this mode is shifted upwards by 5 cm™ when the bond distance is reduced by
10%. The frequency is shifted upwards by 17 cm™ when the bond distance is
reduced by 20%. The frequency shift of this band agrees well with those
obtained in TERS experiments. On the other hand, the Ad—N7 shows only small
frequency shifts. This difference in frequency shift suggests that interaction
between an adenine molecule and the silver tip (e.g., the Ad—N3) may be one of
the possible reasons that we see large enhancement effects in TERS.

In addition to the higher-frequency shift, Raman-band broadening is also
observed in TERS. The line broadening as well as the Raman frequency shift
have also been reported in far-field high-pressure Raman scattering studies [18-
20]. The line broadening occurs not only as a result of surface interaction, but
also as a result of pressures caused by the silver tip.

4. TIP ENHANCED NONLINEAR OPTICAL SPECTROSCOPY

4.1. Photon confinement due to nonlinear optical effect

The nonlinear scattering process, such as the coherent anti-Stoke Raman
scattering (CARS), provides better confinement of light field than the linear
scattering due to the nonlinear effects, and provides better contrast due to the
suppression of the luminescence background. Thus, a combination of CARS
with near-field microscopy, i.e., tip-enhanced CARS (TE-CARS), can further
confine the light field to the very apex of the metallic tip, providing better
spatial resolution along with high contrast due to the suppressed background.
This technique has been applied to image adenine molecules [10], and a high
quality image with a spatial resolution of 15 nm was obtained. This technique is
proved to be successful for high quality imaging, particularly, of biomolecules.

Nonlinear optical effects contribute to spatial confinement of photons in a
smaller volume than the size of the diffraction-limited focal spot. The intensity

of the nonlinear effects is proportional to the high-order powers of the excitation
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Fig. 5. (a) Illustration of spatial confinement of the excitation efficiency of high-order
nonlinear effects. (b) Energy diagram of the CARS process.
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light intensity. The spatial distribution of the signal emission (harmonic signal,
two photon excited fluorescence, etc.) becomes narrower than the intensity
distribution of the excitation field. This leads to the reduction of the effective
volume of light-matter interaction beyond the diffraction limit. As illustrated in
Fig. 5(a), higher-order optical effects give much finer spatial response. So far,
many types of microscopies and fabrication methods using nonlinear optical
effects have been reported [22,23]. The tip-enhanced near-field microscopy also

gets benefited from the nonlinear effects. Because of the nonlinear responses,
even a small enhancement of the excitation field could lead to a huge
enhancement of the emitted signal, allowing a reduction of the far-field
background.

4.2. Tip enhanced coherent anti-Stokes Raman scattering

In order to realize tip-enhanced nonlinear molecular-vibration spectroscopy,
CARS spectroscopy is employed, which is one of the most widely used
nonlinear Raman spectroscopies [24]. CARS is a four-wave mixing
spectroscopic method, which includes a pump field (®,), a Stokes field (@,; m, <
®;), and a probe field (®' = ®,), and induces a non-linear polarization at the
frequency of CARS, as shown in Fig. 5(b). When the frequency difference of w;
and ®,, i.e, (0, - ®,), coincides with one of specific molecular vibrational
frequencies of a given sample, the anti-Stokes Raman signal is resonantly
generated. CARS spectroscopy is sensitive to molecular species and molecular
conformation, resulting in a method of molecule identification without staining.
As a CARS spectrum is obtained by scanning the frequency difference between
two lasers, a high-resolution spectrometer is not required. Biological samples
often have strong autofluorescence which overlaps with Stokes-shifted Raman
scattering. Since the frequency of CARS is higher than those of the excitation
lasers, CARS emission is separable from fluorescence. Although CARS
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spectroscopy has the above mentioned advantages, it has not been utilized for
microscopy since the report of CARS microscopy by Duncan et al. in 1982 [25].
Phase matching is required for CARS, and consequently it was thought to be
difficult that high spatial resolution consists with the phase matching condition.

Recently several scientists have reported that tight focusing of the excitation
fields with a high-NA objective lens can achieve CARS microscopy with three-
dimensional imaging capability at a submicron scale [26,27]. The phase
matching condition can be satisfied automatically in the focused fields of
multiple angles [28]. In other words, the phase matching condition is not
necessary to be considered when the CARS polarizations are generated only in a
volume smaller than the propagation wavelength of CARS light [29,30]. In our
previous work, CARS was strongly amplified by isolated gold nanoparticles,
which verified the possibility of the local enhancement of CARS by a metallic
nano-structure [31]. Based on the concept mentioned above, one can observe
CARS signals generated by the enhanced electric field at a metallic tip end of
nanometric scale [32]. We have proposed a combination of the third-order
nonlinear optical effect with the field enhancement effect of a metallic tip, that is,
a technique for vibrational nano-imaging with TE-CARS. The alternative type
of NSOM using an aperture-type probe was previously combined with CARS
spectroscopy by Schaller et al. [26], where they employed a fiber probe for the
signal collection of CARS excited by an external illumination and demonstrated
chemical selective imaging of a biological sample. The use of tip-enhancement
effect is, however, more advantageous with respect to spatial resolution, and is
indispensable for observation of small number of molecules. The backscattered
component of the enhanced scattered light can be efficiently collected with the
high-NA focusing lens. By scanning the sample stage, while keeping the tip at
the focused spot, one can acquire two-dimensional TE-CARS images of a
specific vibratioanal mode with a high spatial resolution that is determined by
the size of the tip end rather than the diffraction limited focused spot.

4.3. Experimental Setup for TE-CARS

Figure 6 shows the experimental system of TE-CARS microscopy [32]. The
system mainly consists of an excitation laser, an inverted microscope, an AFM
using a silver-coated probe, and a monochromator. Two mode-locked
Ti:sapphire lasers (pulse duration: 5 ps, spectral band width: 4 cm™, repetition
rate: 80 MHz) were used for the excitation of CARS. The ®; and ®, beams were
collinearly combined in time and space, and introduced into the microscope with
an oil-immersion objective lens (NA =1.4) focused onto the sample surface. The
repetition rate of the excitation lasers was controlled by an electro-optically
modulated pulse picker. The backscattered CARS emission enhanced by the
metal-coated tip was collected with the objective lens and detected with an
avalanche-photodiode based photon-counting module through an excitation-cut
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Fig. 7. A spontaneous Raman spectrum of DNA base. The two frequencies indicated by the
arrows were selected for the off- and on-resonant TE-CARS imaging experiments

filter and a monochromator. The pulse signal from the APD was counted by a
time-gated photon counter synchronously triggered with the pulse picker, which
effectively reduces the dark counts down to almost 0 counts/sec.

4.4. TE-CARS Imaging of DNA Clusters

The DNA molecules of poly(dA-dT) aggregated into clusters were used as a
model sample for CARS imaging. The poly(dA-dT) solution in water (250
ug/ml) was cast and dried on a glass substrate at the room temperature with the
fixation time of 24 hours. The dimensions of the clusters were typically 20 nm
in height and 100 nm in width. The frequency difference of the two excitation
lasers for CARS imaging was set to 1337 cm™', corresponding to a Raman mode
of adenine (ring-stretching mode of diazole) [17], by tuning the excitation
frequencies ®; and m, to be 12710 cm™ (®;: 786.77 nm) and 11373 cm™ (,:
879.25 nm), respectively. After the imaging in this resonant condition, the
frequency of o, was changed such that the frequency difference corresponded to
none of the Raman-active vibrations. Figure 7 shows a spontaneous Stokes
Raman spectrum of a DNA sample in the fingerprint region. The solid arrows on
the spectrum denote the frequencies adopted for the “on-resonant” and “off-
resonant” conditions in TE-CARS imaging.

Figure 8 shows CARS images of the DNA clusters obtained by our
experimental system. Figures 8(a) and (b) are the TE-CARS image in the on-
resonant condition (@; - ®, = 1337 e¢m™") and the simultaneously acquired
topographic AFM image, respectively. The DNA clusters of about 100 nm
diameter are visualized in Fig. 8(a). The two DNA clusters with separation of
about 160 nm are clearly distinguished by the TE-CARS imaging. This indicates
that the CARS imaging can successfully achieve the super-resolving capability
beyond the diffraction limit of light. In the off-resonant condition (®; - @, =
1278 cm™), CARS signals mostly vanished in Fig. 8(c). Figures 8(a) and (c)
verify that vibrationally resonant CARS is emitted from the DNA molecules at a
specific frequency. However, a slight trace of the clusters could be seen in the
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Fig. 8. CARS images of the DNA clusters. (a) Tip-enhanced CARS image at on-resonant
frequency (1337 cm’l), and (b) the simultaneously obtained topographic image. (¢c) TE-CARS
image at the off-resonant frequency (1278 cm'l). (d) The same image as (c) shown with a
different gray scale. (¢) CARS image of the corresponding area obtained without the silver tip.
The scanned area was 500 nm by 300 nm. The number of photons counted in 100 ms was
recorded for one pixel. The acquisition time for one image was 3 minutes. The average
powers of the ®; and @, beams were 30 uW and 15 pW at the 800 kHz repetition rate.

off-resonant condition in Fig. 8(d), which is the same as Fig. 8(c) but is shown
with a different gray scale. This can be caused by both the frequency-invariant
(non-resonant) component of the nonlinear susceptibility of DNA [24] and the
topographic artifact [33]. Figure 8(e) is a CARS image at the on-resonant
frequency which was obtained after retracting the tip off the sample. The CARS
signal was not detected in the CARS image without the silver tip, which
confirms that the CARS polarization in Fig. 8(a) is effectively induced by the
tip-enhanced field. The background signal seen in Fig. 8(d) is attributed to both
local four-wave-mixing emission of the silver probe due to its nonlinear
susceptibility and to the white light continuum of silver due to electron-hole
recombination [34,35]. These two components compete with the CARS process
and degrade the image contrast and signal-to-noise ratio. Further, they
subsequently limit the smallest number of molecules that can be observed. In
this experiment, however, the TE-CARS signal intensity largely surpasses the
background because the number of molecules in the excited volume is enough to
induce the signal.

In order to assess the capability of the sensitivity of the TE-CARS
microscopy, we prepared a DNA network of poly(dA-dT)-poly(dA-dT) [36].
DNA (poly(dA-dT)-poly(dA-dT)) dissolved in water (250 mg/ml) was mixed
with MgCl2 (0.5 mM) solution, then the DNA solution was cast on a coverslip
and blow-dried after the fixation time of 2 hours. Mg has a role for the linkage
between DNA and oxygen atoms of the glass surface. Figure 9(a) shows a
typical topographic image of the DNA network sample. The DNA network
consists of bundles of DNA double-helix filaments aligned parallel on the glass
substrate. Since the diameter of single DNA double-helix filaments is about 2.5
nm, the height of the bundle structures is ~ 2.5 nm, and the width is from 2.5 nm
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Fig. 9. TE-CARS images of the DNA network. (a) Topographic image of the DNA network.
(b) TE-CARS image at on-resonant frequency (1337 cm™). (c) TE-CARS image at the off-
resonant frequency (1278 em™). (d) Cross sectional line profiles at y = 270 nm (indicated by
the horizontal arrows). The scanned area is 1000 nm by 800 nm. The number of photons
counted in 100 ms was recorded for one pixel. The acquisition time for one image was 12
minutes. The average powers of the ®; and m, beams were 45 uW and 23 pW at the 800 kHz
repetition rate.

(for single filaments) to a few tens of nanometers (for ca. 10 filaments). The TE-
CARS images at the on- and off-resonant frequencies are shown in Figs. 9(b)
and (c). The DNA bundles are observed at the resonant frequency in Fig. 9(b),
while they cannot be visualized at the off-resonant frequency in Fig. 9(c). This
indicates that the observed contrast is dominated by the vibrationally resonant
CARS signals. Figure 9(d) shows one-dimensional line profiles at y = 270 nm
(corresponding to the position marked by horizontal arrows in the figure), which
were acquired with a step of ~ 5 nm. The line profile of far-field CARS acquired
without the silver tip is also added for comparison. Only the TE-CARS in the
on-resonant condition has peaks at the positions of x ~ 370 nm and x ~ 700 nm
where adenine molecules exist in the DNA double helix, while the other line
profiles do not sense the existence of the molecules. The full width at half
maxima of the peak at x ~ 700 nm is 15 nm, which confirms that with the
existing TE-CARS setup, we are able to obtain a special resolution down to 15
nm. This extremely high resolution is attributed to the combination of the near-
field effects of TERS and the non-linearities of CARS. The intensity
enhancement factor for each electric field is estimated to be about 100-fold. It
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should be noted that this enhancement factor of the field intensity already
includes the nonlinear effects of CARS. The estimated value of the enhancement
factor (~100) is quite realistic and reasonable, as compared to previous
numerical results [37,38], although this estimation is very much subject to the
changes in each parameter with high-order dependency. If this value of field
enhancement is used for the estimation of the enhancement factor for TERS
intensity, it would be about 10000 times (second power of the intensity
enhancement).

We also estimated the size of the locally excited volume of the DNA
structure to be about 1 zeptoliter. The smallest detectable volume of DNA under
the current experimental condition is estimated to be 1/4 zeptoliter, which is
derived from the signal-to-noise ratio of 15:1 in Fig. 9(d) and the quadratic
dependence of the CARS intensity on interaction volume. This indicates that our
TE-CARS microscope is capable of sensing a vibrational-spectroscopic signal
from an enormously small subzeptoliter volume.
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Chapter 5

Enhanced photothermal spectroscopy for observing
chemical reactions in biological cells
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Department of Molecular and Material Sciences, Faculty of Engineering
Sciences, Kyushu University, Kasugakoen 6-1, Kasuga-shi, Fukuoka 816-8580,
JAPAN

1. SENSITIVE DETECTION OF NONFLUORESCENT BIOMOLECULES

1.1. Introduction

One of the ultimate goals of analytical biochemistry is to detect certain target
molecules in a living cell and observe molecular behaviour in-situ. In the 1990s,
it was demonstrated that target molecules flowing in a dilute liquid solution can
be counted one by one [1-4]. Recently, techniques based on the single molecule
detection of biological compounds have started to provide a variety of new and
essential information on the way life works [5-6]. However, target molecules
for single molecule detection are limited to exceptionally highly fluorescent
compounds, even for molecule detection in a simple solution.

The majority of biologically important chemicals, such as amino acids,
nucleotides, proteins, and hormones are natively nonfluorescent. As for
nonfluorescent single molecule detection, electrochemical methods can detect
single molecules in a liquid solution [7], and surface-enhanced Raman scattering
may be applied if the adsorbed molecule on a silver nanoparticle is the target [§].
However, these methods have quite limited fields of applications. The
development of a method for nonfluorescent single molecule detection in and
around a living cell should be a great target for molecular biology.
Photothermal spectroscopy-based techniques have great potential for the
sensitive detection of nonfluorescent molecules.

1.2. Limit of detection in photothermal methods

Photothermal measurements are among the most sensitive methods for
detecting chemical compounds, especially, non-luminescent substances, in both
gas and condensed phases [9]. Photothermal methods (thermal lens spectroscopy,
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photoacoustic spectroscopy, photothermal deflection spectroscopy, and others)
are based on heat generation in a light-illuminated medium via optical
absorption and subsequent nonradiative relaxation. The signal magnitude is
directly related to the amount of generated heat and the increases in temperature.
Better sensitivity can be achieved by stronger excitation, which causes a larger
rate of heat-generation, and by allowing heat to accumulate for a longer period,
which causes a larger increase in temperature. Thus, generally, the signal of
photothermal measurements for a dilute solution linearly increases with the
excitation light intensity. However, optical saturation of absorption easily
occurs under a focused laser beam. The absorption saturation settles the upper
limit of the photo-induced heat-generation rate per single target molecule and,
thus, limits the detection sensitivity. For photothermal methods, it is generally
recognized that some technical improvements are required to count certain target
molecules, especially nonfluorescent molecules, even in a simple liquid solution.

1.3. Thermal lens observation of biological specimens

The thermal lens method, one of the photothermal methods, is suitable for
observing substances in biological cells because it is based on the optical
excitation and detection of photothermal effects and is easy to combine with an
optical microscope. Using microscopic thermal lens methods, amino acid
stained with a yellow dye of trinitrobenzensulfonate sodium salt in a single
biological cell was determined [10]. The special distributions were observed of
gold nanoparticles-labelled antibodies in cells [11] and an acid dye-stained
surfactant in the cross-section of a human hair [12].

In the majority of biologically important chemicals, such as amino acids,
nucleotides, proteins, and hormones, photo-absorption is limited to the
ultraviolet wavelength, which presents a significant disadvantage to the
application of the thermal lens method to in situ observations of molecules in
and around biological cells. There is no high-performance ultraviolet laser light
source, although a laser light source would strongly influence the entire
performance of the thermal lens measurements. It was only in recent work that
an ultraviolet laser light source of the fourth harmonics of pulsed Nd: YAG laser
at 266 nm was used for quantitative analysis by thermal lens detection [13].

Regarding the sensitivity of thermal lens detection, a small volume of heat
accumulation has a good effect because the spatial gradient of the refractive
index, which is coupled to the temperature gradient by the thermooptic-coupling
constant, is important. Crossed-beam and collinear configurations have been
applied to probe molecules in small volumes. The detection limit of target
molecules in a liquid solution at room temperature has been improved to the
level of 100 molecules in 200 fL [14] and 1.3 fL [15], 0.5 molecules in 3 fL [16],
and 0.34 molecules in 6 fL [17] of the probe volume. However, molecules in a
liquid move around so fast that these values of the molecule numbers are
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typically time-averaged over 4 s, while a single molecule can pass through the
probe volume in several milliseconds. As for the one-by-one detection of
nonfluorescent substances in a liquid, the counting of single colloidal silver
particles with a diameter of 10 nm has been demonstrated by thermal lens
measurements under a microscope [18]. The sensitivity of the thermal lens
measurement is still insufficient for the detection of a single molecule.

1.4. Enhanced photothermal spectroscopy for biological cells

There are two points to be made regarding technical improvements in
photothermal methods for the observation of biological cells. They involve, first,
ultraviolet laser excitation and, secondly, improvement of the sensitivity beyond
the limitation imposed by absorption saturation. A sensitivity improvement can
be achieved with a signal enhancement by multi-colour excitation, as described
in Section 2. An ultraviolet tunable coherent light source is obtained from the
quasi-continuous wave emission of a femtosecond mode-locked Ti: sapphire
laser as second, third, and fourth harmonics. Their combination is attractive to
realize enhanced photothermal spectroscopy for the observation of chemical
reactions in biological cells. Below are the descriptions of our trials involving
enhanced photothermal spectroscopy.

2. PHOTOTHERMAL SIGNAL ENHANCEMENT

2.1. Saturation of photo-absorption and a photothermal signal

Absorption saturation occurs when populations of a compound are balanced
between the ground state and an excited state, coupled together under a strong
resonant light illumination. At that time, absorbance 4 is dependent on the light
intensity /. In a simple two-level model, 4(7)=4,/(1+1/1,,) where A, is the

normal absorbance under a week light illumination condition and I, (= Av/207)
is a measure of the light intensity when the absorption saturation becomes
significant. A v is the photon energy, o is the absorption cross-section at the
resonant wavelength, and 7 is the mean lifetime of the excited state.

The photothermal signal intensity Q is proportional to the amount of heat
generated by photoexcitation and relaxation; as a result, Q is proportional to
1 (1 -10™ ) When 4 is small, as in the case of a low-concentration liquid solution,
Q o« I4. Generally, the signal Q increases by increasing /, which makes highly
sensitive detection possible.  However, the sensitivity improvement by
increasing / alone presents an inevitable limitation because the absorption
saturation limits /4 to the maximum value, 7/, 4,. In a real molecular system,

sat

sat
the situation is not simple, and the energy levels are complex. However, the
absorption saturation does limit the photothermal signal intensity.
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Fig. 1. Principle of photothermal signal enhancement. Transient absorption and successive
relaxation are used.

2.2. Enhancement of the photothermal signal

To obtain a large photothermal signal beyond the absorption saturation limit,
it is possible to implement chemical modifications and the enzyme-induced
amplification of photo-absorbing chromophores; however, it is simpler to
increase the number of photons absorbed per single target molecule. The use of
transient absorption (optical absorption by molecules in photoexcited states)
appears to be the best method. The scheme of the signal enhancement is shown
in Fig. 1.

Heat generation via transient absorption has been observed and applied to
investigate the dynamics of molecules in a dilute solution, in which sequential
pulsed excitation was used in combination with photothermal detection [19-22].
Fortunately, a high efficiency of photon energy conversion into heat is expected
for the transient absorption of visible light, because the highly photoexcited
molecules in liquid generally relax with a small yield of photon emission,
extremely rapidly to vibrationally and electronically lower excited states unless
the photon energy is high enough to cause the molecules to ionize or dissociate
into fragments.

Thermal lens signal enhancement using transient absorption has been
demonstrated by two-colour sequential double-pulsed excitation [23] and by
two-colour continuous-wave excitation [24] of solute molecules in liquid
solutions. The signal intensity under certain conditions was one or two orders of
magnitude larger than that expected from the ground-state absorption.

2.3. Experiment on thermal lens signal enhancement

The experimental setup used for the demonstration [24] is shown in Fig. 2.
A continuous-wave diode laser emitting intensity-modulated violet light at 409
nm was used as a pump beam. A second harmonics of a Nd: YAG laser at 532
nm was used as the second pump beam. The thermal lens formed in a liquid
solution flowing in a capillary cell was monitored with another diode laser
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Fig. 2. Schematic illustration of the experimental setup for thermal lensing signal
enhancement by two-colour continuous wave-laser excitation. DMI1, dichroic mirror
reflecting the 409 nm beam and transmitting the 532 nm and 670 nm beams; DM2, dichroic
mirror reflecting the 532 nm beam and transmitting the 670 nm beam; LDI, laser diode
emitting an intensity-modulated pump beam; LD2, laser diode emitting a continuous wave
linearly polarized probe beam; PBS, polarizing beam splitter; PD, photodiode; and QWP,
quarter-wave plate. A set of PBS and QWP was used for the reduction of the back scattering
of the probe beam from the capillary cell and the optics.

emitting red light at 670 nm. The three-colour beam was focused by a
microscopic objective lens (magnification, 40; numerical aperture, 0.65;
working distance 0.5 mm) to the rectangular capillary cell with an optical path
length of 0.1 mm and a width of 1 mm. A two-phase lock-in amplifier was used
to measure the signal amplitude synchronized with the modulation of the pump
beam at 409 nm. In this setup, no substantial signal was observed when the
pump beam was turned off even under the second-pump beam illumination.

The samples used were iso-propanol solutions of naphthacene or 9,10-
diphenylanthracene. =~ These compounds have absorption at 409 nm, no
significant absorption at 532 nm, and transient absorption at 532 nm.

Figure 3 illustrates the pump beam-power dependence of the thermal lens
signal intensity under illumination of the second-pump beam with different
powers. A linear increase of the signal intensity with the pump beam power
increase was seen at each second-pump power. The larger the second-pump
power from 0 to 3.6 W was, the larger the signal intensity obtained under a
certain pump beam power condition was, which was noteworthy. The thermal
lens signal was enhanced by the second-pump beam irradiation. It was
experimentally confirmed that different chemical compounds have different
degree of enhancement, a phenomenon that is thought to depend on a transient
absorption cross-section.

2.4. Estimation of the transient absorption wavelength
In applying the enhanced thermal lens measurement to the analysis of a
biological sample, it is important to know the absorption wavelength of the
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Fig. 3. Pump beam-power dependence of the modulation amplitude of thermal lensing signal
under illumination of the continuous wave second-pump beam with different powers indicated
(log-log plot). The sample was a 3.2 x 10° M solution of naphthacene in iso-propanol with
4.6 x 10™ absorbance at 409 nm (optical path, 0.1 mm). The modulation frequency was 6.0
kHz.

target compound. It is easy to measure an absorption spectrum; a theoretical
calculation on the basis of quantum chemistry can yield a good estimation at
present. Unfortunately, the measurement of a transient absorption spectrum is
not easy, especially when the ground-state absorption is in the ultraviolet region
and the lifetime of an excited state is smaller than several nanoseconds. There
are few reports on the transient absorption spectra of amino acids in a
picosecond time regime. The theoretical calculation of a transient absorption
spectrum is still unreliable. This seriously limits the application of enhanced
thermal lens measurements.

Our research group has tried to determine whether or not biological
compounds have transient absorption at a visible wavelength by using density
function calculation [25]. Figure 4 contains the absorption spectra of serine and
tryptophane. A fluorescence spectrum with a peak at 320 nm is shown for
tryptophane. Serine is not fluorescent. The measured absorption spectra (curves)
correspond well with the calculated results (bars). There are many energy levels
for each molecule above the lowest excited state, and it is not unusual that a
couple of states have an energy difference corresponding to the photon energy of
visible light. Considering that the selection rule does not dominate the optical
transition for a large molecule with low symmetry, it is not unreasonable to
expect these molecules to have transient absorption at visible and near-infrared
wavelengths.
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Fig. 4. Absorption spectra of serine (left) and tryptophane (right). The fluorescence spectrum
having a peak at 320 nm is shown for tryptophane. The curves are the measured results for
aqueous solutions. The bars are calculated with the density function method B3LYP with a
base set of 6-31+G(d). For tryptophane, a solvent effect is taken into account [25].

3. ULTRAVIOLET-EXCITATION MICROSCOPIC THERMAL LENS
MEASUREMENTS

3.1. Ultraviolet laser source and microscopic thermal lens measurements

As shown in Fig. 4, amino acids have optical absorption only in the
ultraviolet wavelength. Biological compounds frequently have no substantial
absorption at visible wavelengths. In analyzing a biological compound by
photothermal measurements, an ultraviolet laser light source is important.

At the ultraviolet wavelength, a pulsed laser source with a repetition rate
lower than 10 kHz is relatively easily available, whereas a continuous wave
laser has greater limitations. Some pulsed lasers have wavelength tunability
even at the ultraviolet region. However, the use of pulsed light is unsuitable for
microscopic thermal lens detection because the pulsed laser easily damages the
sample as well as the quartz glass holdings when high intensity light is applied
to obtain a large thermal lens signal.

For practical reasons, it is important to use a small probe volume in order to
achieve a high spatial resolution and minimize any background signal from
surrounding materials and trace contaminants. A wide range of chemical and
biological applications of microscopic thermal lens measurements with visible
laser excitation have been demonstrated using a thermal-lens microscope [11-13,
26-29], in which microchip technology is sometimes combined with the thermal
lens detection [27-29].

Excitation by continuous-wave lasers is strongly desirable for microscopic
thermal lens detection. As for ultraviolet continuous-wave lasers, the second
harmonics of an Argon ion laser at 244 and 257 nm and the forth harmonics of a
Nd: YAG laser at 266 nm are available, although they have no wavelength
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Fig. 5. Experimental setup for ultraviolet-laser excitation microscopic photothermal lens
imaging. The thermal lens signal is obtained from the AC output of the photodiode, while the
transmitted light intensity is monitored with the DC output.

tunability. The quasi-continuous wave of the third and fourth harmonics of a
mode-locked Ti: sapphire laser seems to have the best performance.

3.2. Ultraviolet excitation microscopic thermal lens imaging

An ultraviolet-laser excitation microscopic photothermal lens imaging
system has been designed and constructed for observing chemical compounds in
biological cells [30].

A schematic illustration of the experimental setup is shown in Fig. 5. The
third harmonics of a Ti: sapphire laser was used as the excitation light source. A
thermal lens was generated in a sample on a slide glass by the third harmonics
(260nm, <ImW). The thermal lens signal was probed with the fundamental
emission (780nm, <3mW) of the Ti: sapphire laser. Both excitation and probe
laser beams were focused with a reflection-objective lens (magnification x20,
numerical aperture 0.38). The excitation beam was intensity-modulated at 1.1
kHz with an acousto-optic modulator. The probe beam passed through the
sample. The light intensity at the probe beam center was monitored with a
photodiode connected to an optical fibre. A coloured glass filter set between the
sample and the optical fibre made the excitation beam block. The thermal lens
signal monitored with a lock-in amplifier was obtained from the AC output. The
DC output of the photodiode was used to monitor the transmitted light intensity.
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Fig. 6. Extinction spectrum of bulk yeast fungus cells.

The sample was set on an XYZ-mechanical stage that was compute-
controlled using a laboratory-made software. Typically, a 20 pm x 20 um area
was observed with 0.5 um of a scanning step. Three images, namely, those of
the thermal lens amplitude and phase and transmitted probe beam intensity were
simultaneously obtained.

The sample used was yeast fungus cells on a quartz plate under a quartz
cover slip (0.7 mm thick). Commonly used slide glasses and cover slips
generate a strong thermal lens signal, while the quartz glasses generate no
substantial background signal.

3.3. Extinction spectrum of yeast fungus cells

The ultraviolet-visible absorption (extinction) spectrum of the yeast fungi in
water showed optical absorption at a wavelength below 305 nm and a scattering
peak at 600 nm (Fig. 6). ). It is expected that the excitation light at 260 nm is
absorbed and scattered by the yeast cells while the probe beam at 780 nm is
simply scattered.

3.4. Photothermal images of cells

Photothermal images of the yeast cells were obtained using the quarts
glasses for sample support. Figure 7 shows a photothermal in-phase image (a)
and a photothermal out-of-phase image (b) of the yeast cells. The photothermal

amplitude @ and phase P are calculated as Q=4S,°+S,° and

P =arctan(S,, /S, ), where S;p and Spp are the in-phase and out-of-phase signal

intensities, respectively. Figure 8 shows a photothermal amplitude image (a)
and a phase image (b) of the yeast cells along with a transmitted light intensity
image (c) measured simultaneously for the 784 nm probe beam. For easy
viewing, a birds’ eye view plot of Fig. 8 (a) is given in Fig. 9.
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(a) In-phase image (b) Qut-of-phase image

Fig. 7. Photothermal images of yeast fungus cells: (a), in-phase image; (b), out-of-phase
image. The signal maxima and minima are 3.2 and —0.66 (arb. units) in (a) and 0.36 and —
0.80 (arb. units) in (b), respectively. Excitation beam, 261 nm; probe beam, 784 nm; area
size, 20 pm x 20 pm.

(a) Amplitude image (b) Phase image {¢) Transmitted light image

Fig. 8. Photothermal amplitude image (a), phase image (b), and transmitted light image (c) of
yeast fungus cells. Excitation beam, 261 nm; probe beam, 784 nm; area size, 20 pum x 20 pum.

Fig. 9. Photothermal amplitude images of yeast fungus cells: a birds’ eye view of Fig. 8 (a).
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Features with the size of several micrometers are seen in these images,
corresponding to the size of spherical yeast cells with diameters of
approximately Sum. Similar features have not been observed in samples that do
not contain yeast cells. In a comparison of the images in Figs. 8(a) and 8(c), a
tendency is observed that a position with a larger scattering at 784nm has a
larger photothermal signal generated at 261 nm. This result is consistent with
the extinction spectrum in Fig. 6 if the photo-absorption of yeast cells is
monitored as a photothermal signal. The photothermal amplitude image is
concluded to show the spatial distribution of yeast cells, although the position of
each cell was not confirmed by conventional optical microscope observation in
the present measurements.

The phase of the thermal lens signal measured under a microscopic focusing
condition could depend on a variety of factors: refractive index inhomogeneity
in the sample, causing a light path change and resulting in light intensity
changes at the photo-detector; the dichroic property of the sample, causing a
small change in the overlap of two beams; and the thickness between two quartz
glasses, affecting the transmittance of the probe beam. However, in principle
the phase shift reflects how photo-induced heat accumulates around the focal
point of the pump beam so that it depends on local thermal properties such as
heat capacity and thermal conductivity. It is considered that the image in Fig.
8(b) shows the distribution of the thermal properties. When compared with
those in the position without cells (right-hand side), the small phase values
around the positions of the yeast cells (left-hand side) are considered to indicate
efficient heat accumulation around the yeast cells.

3.5. Limit of detection for a thermal lens probed with a quasi-continuous
wave

The limit of detection has been reported [31] for thermal lens measurements
using a quasi-continuous wave probe laser, in which a similar system to the
microscopic thermal lens imaging described in Section 3.2. was used, except for
the use of the second harmonics of a mode-locked femtosecond Ti: sapphire
laser (repetition rate, 76 MHz) as the pump beam. The sample of an aqueous
solution of auramine-O in a flow cell with an optical path length of 1 mm
(detection volume, 100 pL) was excited with the 400 nm pump beam (10 mW),
and the thermal lens was monitored with the 800nm fundamental emission (3
mW) of the laser. The modulation frequency was 1 kHz. The limit of detection
(20) was 3 x 107 M as the concentration, 30 amol as the amount in the detection
volume, and 3 x 10™ as the absorbance. These values are comparable to the
limit of detection of thermal lens measurements for aqueous solutions. It was
concluded that a quasi-continuous wave probe of a thermal lens has similar
performance to a continuous wave probe.
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3.6. Light-induced damage to biological cells

It is generally believed that ultraviolet light irradiation easily damages
biological cells, causing them to stop activity. Pump-beam intensity should be
as week as possible, especially, in the ultraviolet excitation thermal lens imaging
of biological cells. However, a larger signal-to-noise ratio under larger pump
beam intensity makes rapid imaging possible. As a result, a quantitative
evaluation of light irradiation damage is important to optimize the experimental
conditions.

A trial has been started to evaluate ultraviolet irradiation damage to yeast
cells [32]. Yeast cells spread over an agarose culture medium were irradiated
with the third harmonics of a nanosecond pulsed Nd: YAG laser at 355 nm.
Colony formation after 2 days of cultivation in a 30 °C incubator was checked.
It was found that the percentages of perishing yeast cells were linearly
dependent on the irradiation time of the ultraviolet laser and that, at a fluence of
46 mJ/cm® per pulse, half of yeast cells survived after 6x10° pulses. Although it
would appear experimentally that the yeast cells were able to withstand
ultraviolet light irradiation at 355 nm, the wavelength dependence should be
evaluated in the future.

3.7. Crossed-beam excitation and signal enhancement

In the thermal lens detection, the collinear configuration of the pump and
probe beams sometimes presents a problem in the selection of a focusing lens
because all optical glasses have a dichroic property, which results in chromatic
aberration. A reflection objective lens without chromatic aberration has a low
damage threshold to a laser. Transmittance of the focusing optics gives rise to
another problem in the ultraviolet wavelength region. These problems become
serious in enhanced photothermal measurements using three laser beams of
different colours.

A crossed beam configuration of the pump and probe beams seems to be
suitable for enhanced photothermal measurements because the degree of
freedom in the optical setup is large. A crossed beam setup for thermal lens
signal enhancement has been developed and tested [33]. A similar experimental
setup to that shown in Fig. 2 was used, but the pump beam at 409 nm was not
collinear with the second-pump and probe beams. It was focused on the
capillary cell perpendicularly to the probe beam. A 20-fold enhancement has
been demonstrated with the crossed beam configuration.

3.8. Combination to a micro-HPLC

Ultraviolet excitation thermal lens measurements have been applied to a
separation analysis with a micro-HPLC, in which the crossed beam excitation
configuration was used and signal enhancement was studied [34]. The drain of a
micro-HPLC system (micro21, Jasco) equipped with a CrestpakC18 column
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Fig. 10. Chromatograms of zolpidem and its metabolites, M-I and M-II, detected by thermal
lens measurements; (a) without, and (b) with enhancement induced by a second-pump beam.
The peaks at, 15, 16, and 22 min are attributed to M-I, M-I, and zorpidem, respectively.
Pump wavelength, 266 nm; second-pump wavelength, 532 nm; probe wavelength, 672 nm.

(150 mm x 0.5 mm) was connected to the capillary detector of the crossed beam
thermal lens system. Zolpidem, a sleep inducing drug, and its metabolites (M-I
and M-II) were well-separated and detected at a pump wavelength of 266 nm
and a probe wavelength of 672 nm, as shown in Fig. 10. The signal
enhancement at the second-pump beam intensity of 2 W at 532 nm was only
approximately 2 times for these compounds, as shown in Fig. 10(b). The small
enhancement seemed to be due to the small cross-sections of the transient
absorption at 532 nm for these compounds. Different degrees of signal
enhancement for these compounds supported the supposition.

For the chromatographic separation, a gradient elution was used with two
eluents: (eluent A) 10 mM ammonium acetate with pH 6.8 and (eluent B)
acetonitrile. The program of the gradient elution was with 15% eluent B for 0-1
min; from 18% to 80% linear gradient of eluent B for 1-20 min; 80% eluent B
for 20-30 min. Generally, thermal lens detection is unfit for gradient elution
because a different refractive index of each elute causes a different optical path
of the probe beam, resulting in a large background signal. It is notable that the
background signal is small in Fig. 10. A good mixing of the eluents is achieved
with the micro-HPLC. It is demonstrated that a combination of the micro-HPLC
with the thermal lens detection is suitable for separation analysis.

4. MICROSCOPIC THERMAL LENS MEASUREMENTS WITH A
MODE-LOCKED LASER

4.1. Additional features to a conventional thermal lens measurement
Microscopic thermal lens measurements, those obtained with a mode-locked
laser, and those obtained with their combination have or may have additional
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Fig. 11. One-dimensional scanning image of Ag aggregate vapor-deposited on a glass: a) a
model of the sample; b) transmitted light intensity; c) thermal lens signal intensity measured
with a modulation frequency of 2.93 kHz.

features to those of conventional thermal lens measurements. Some of these
features, spatial and temporal resolutions and nonlinear optical excitation, are
reviewed and discussed in this section to indicate the potential expansions of
enhanced photothermal spectroscopy.

4.2. Spatial resolution

The spatial resolution of a thermal lens microscope has been reported [10,
12]. The spatial resolution is considered to be dominated by the overlap
between the pump and probe beams, where thermal diffusion has some influence.
The resolution in the depth direction appears to have the typical characteristics
of thermal lens measurements [10], in which the position of the heat source in a
sample with respect to the focal point of the probe beam dominates the polarity
of the signal [9]. The signal of the cells can be discriminated from those from
ultraviolet-absorbing glasses because of the depth resolution, although there
have been no precise investigations.

For the resolution in a lateral direction, a structure that was smaller than the
sizes of pump and probe beams was observed to be resolved [12], as shown in
Fig. 11. Although such structures are sometimes observed in microscopic
thermal lens measurements, the cause is not understood. It is possible that these
structures are artifacts, but the reason for the contrast is still unknown.
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Fig. 12. Time dependent evolution of a variety of lensing effects. The axis of the ordinates
indicates a measure of the absolute intensity of the lensing effects. A commonly used name
for each lensing effect is given in the figure. The lenses of the optical Kerr effect (OKE) and
population have an anisotropic character, and those of the temperature, thermal (mass density),
and concentration have an isotropic character.

4.3. Temporal resolution

The use of two beams form a mode-locked femtosecond laser makes it
possible to carry out a femtosecond time-resolved measurement with the pump-
and-probe method [35, 36]. With a similar experimental setup to thermal lens
measurements, except for an optical delay line controlling the timing between
the pump and probe pulses, several of kinds of photo-induced lens (lensing
effects) are observed.

The main cause of thermal lens formation is mass density variation around
the photo-induced heat source generated via thermal expansion. However, a
refractive index is a function of not only mass density but also the temperature
of the solution and the concentration, population, and orientation of molecules.
In a time-resolved measurement of the lensing effect, photo-induced refractive
index changes have been observed to develop and diminish with time,
depending on the causes of the refractive index change. A variety of lensing
effects have been observed and named, as qualitatively shown in Fig. 12.

An experimental result of femtosecond time-resolved lensing measurements
is shown in Fig. 13 [36]. These are ultrafast lensing responses of rhodamine B
(1x10™* M) in methanol after some mathematical operations. The electronic and
nuclear responses are calculated as 3/4 (S, + 2S,) and 2/5 (S, - 3S5,), respectively,
where S, and 2, are the lensing signal intensities observed with polarizations of
pump and probe beams being parallel and perpendicular, respectively [37]. The
responses of pure methanol caused by the optical Kerr effect are subtracted
before the calculation.

The measurement was carried out with a pump beam at 390 nm having
power of less than 0.24 nJ/pulse and a diameter of less than 10 um. The lens
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Fig. 13. Ultrafast lensing responses of thodamine B in methanol: left, electronic response (t =
115 £s); right, nuclear response (t = 138 fs). The nuclear response of pure methanol has 208
fs of a rise time T.

transiently formed in the rhodamine B solution with a thickness of 1 mm was
monitored with a probe beam at 780 nm having power of less than 0.38 nJ/pulse,
a diameter of less than 10 um, and a pulse width of 68 fs. It was confirmed that
the intensity of the lens was linearly proportional to the pump beam power. A
quartz plano-convex lens with a focal length of 50 mm was used as the focusing
lens of the pump and probe beams in the collinear configuration. The temporal
resolution and sensitivity of detection depend on the focusing lens. The result of
investigation on the dependence is summarized in Table 1, along with the
sensitivity of the measurement of a thermal lens signal [36]. The table shows
importance of the focusing lens selection serving the purpose of measurements.

Table 1

Time resolution and detection sensitivity under focusing conditions

Correlation Sensitivity for  Sensitivity for

Focusing optics width (£s) l(l;tor%‘ff::;;g ;fllgrr(nla(l)lzl;:rrrl;N :
Quartz plano-convex (f=50mm) 173 1.58 1.98

Quartz plano-convex (f=15mm) 187 2.55 2.08

Concave mirror (R = 100mm) 366 0.67 1.79
Reflection objectives (x20, NA0.38) 185 — —

Reflection objectives (x40, NA0.50) 180 0.17 0.0

The correlation width was evaluated with a BBO crystal by sum-frequency generation. The
correlation width of 173 fs corresponds to 113 fs of the real width. The sensitivity was
evaluated with a 0.1 mM methanol solution of rhodamine B (optical path length, 1mm,;
polarization, parallel). The signal intensity was normalized with the pump light intensity
(mW).
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Fig. 14. Two-photon photoionization spectrum of anthracene in cycrohexane (10° M)
observed with the second harmonics of Ti: sapphire laser (repetition, 76 MHz; average power,
<10 mW; modulation frequency of the pump beam, 4 Hz; focal length, 50 mm; applied
electric field, 5 kV/ecm). The curve shows the absorption spectrum of the sample. Insert:
photoionization cell used.

4.4. Nonlinear optical excitation

With a femtosecond mode-locked laser, it is easy to observe nonlinear
optical phenomena, such as two-photon absorption. Two-photon excitation of
fluorescence has been used in combination with an optical confocal microscope
because it has two great advantages: the excitation of violet-light absorbing
fluorophors by near-infrared light, in which optical damage to the biological
specimens is avoidable; and achievement of a better spatial resolution than that
with one-photon excitation.

Two-photon photoionization has also been observed with the second-
harmonics of a Ti: sapphire laser [38]. Photoionization spectroscopy is one of
the most sensitive detection methods of nonfluorescent chemical species in a
liquid solution. As shown in Fig. 14, the second harmonic light of a
femtosecond Ti-sapphire laser with an energy <1 nJ/pulse is sufficient to realize
resonant two-photon ionization, for which two-photon photoionization is
identified by the quadratic power-dependence of the signal intensity.

When microscopic photoionization detection is carried out, an ac-
conductivity measurement with a couple of microelectrodes would be used.
Another possibility is the use of transient absorption by solvated electrons and
radical cations. It has been reported that hydrated electrons have photo-
absorption with a molar absorption coefficient of 1.8 x 10* M'em™ at around
700 nm [39]. It is estimated that solvated electrons generated at the laser focus
increase the absorbance of a detectable magnitude [40]. The same optical setup
as that for multi-colour excitation microscopic photothermal detection can be
used for photoionization measurements.
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5. SUMMARY

Some trials for enhanced photothermal spectroscopy for observing chemical
compounds in biological cells are described. Ultraviolet excitation and
photothermal signal enhancement appear to be key factors for in-situ and highly
sensitive detection of non-labelled biological chemicals in and around the cells.
Unfortunately, experimental setups and procedures presented here are far from
established.

Photothermal signal enhancement by two-colour excitation is one of the
ways to increase the apparent rate of photo-induced heat generation per target
molecule under a certain excitation power condition for ground-state absorption.
Roughly, the absorption cross-section of molecules monotonically increases up
to several decades of eV [41], and, generally, solute molecules in a highly
excited state have a small luminescent quantum yield. In addition, most of the
excess energy of the molecules is released to the surrounding solvent molecules
as heat. It will be possible to enhance the photothermal signal amplitude further
by multi-colour excitation under a microscopic space; for this purpose,
information on the transient absorption and dynamics of photoexcited molecules
is strongly required.

At present, the most suitable laser system as a tunable laser light source at
the ultraviolet wavelength region for microscopic measurements continues to be
the higher harmonics of a mode-locked Ti: sapphire laser. However, the
relatively high cost of the photons is less attractive in analytical applications.
Use of a conventional light source for microscopic photothermal measurements
could be retried for the analytical applications. Otherwise, time-resolved
measurements or multi-photon excitation combined with photothermal
techniques could be utilized for further analysis.
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Chapter 6

Probing conformational dynamics in biopolymers by
contact-induced fluorescence quenching

S. Doose, H. Neuweiler, and M. Sauer

Applied Laser Physics and Laser Spectroscopy, University of Bielefeld,
Universititsstr. 25, 33615 Bielefeld, Germany

1. INTRODUCTION

The understanding and control of the functionality of biomolecular processes at
the molecular level constitutes a key issue of the 21% century. Functionality
describes the capability of molecules to perform specific tasks in complex
systems to regulate, control, and optimize reaction efficiency and is primarily
defined by structure. However, functionality is not only determined by the static
structure of a macromolecule but likewise by its intrinsic dynamics. As the most
important biomolecules represent biopolymers (e.g. proteins are heteropolymers
made of the 20 naturally-occurring amino acids and nucleic acids are
heteropolymers made of the four nucleic acids), conformational dynamics are
essential for structure formation (the folding of proteins, RNA, and DNA) on
one hand, and might provide functionality by itself on the other hand.

Conformational dynamics occur on a broad range of time scales ranging
from nanoseconds (end-to-end contacts of unstructured polypeptides) to several
minutes (prolyl-isomerization of peptide-bonds). As characteristic times for
dynamic processes scale roughly with the size of the structure and the moving
subunits involved, monitoring conformational changes in small biomolecules
requires fast experimental techniques. Fluorescence spectroscopy has been
helpful in accessing the fastest biomolecular processes, such as the folding of
small proteins, or polymer dynamics of unstructured peptides, RNA, and DNA.
The power of fluorescence spectroscopy and microscopy is due to its exquisite
selectivity, sensitivity, and multiple observables, that are accessible through
fluorescence [1].

Conformational dynamics can be probed advantageously with fluorescence
spectroscopy by monitoring quenching interactions that influence the emission
rate of an excited fluorophore. Two mechanisms of fluorescence quenching have



94 S. Doose et al.

widely been employed: Forster resonance energy transfer (FRET), a non-
radiative energy transfer process based on dipole-dipole coupling between two
fluorophores [2], and photoinduced electron transfer (PET). Whereas FRET is
sensitive to the distance between fluorophore (donor) and quencher (acceptor) in
the range of 2 to 10 nm, PET is a short-range interaction and occurs efficiently
only upon van der Waals contact between fluorophore and quencher.

Either quenching interaction has been measured successfully for single
molecules and has been used to characterize a multitude of molecular processes
[3-9]. Among them are various interactions including protein-protein, protein-
DNA, and DNA-DNA interactions, as well as protein folding. In general, single-
molecule fluorescence techniques allow resolving distributions and processes in
time, unskewed by ensemble averaging and without the need for ensemble
synchronization [1, 10-13]. In the last two decades emerging single-molecule
fluorescence spectroscopic tools have been developed and adapted to analyze
individual molecules under various conditions. Nowadays, single-molecule
sensitive optical techniques are well established and help to increase our
understanding of complex problems in different disciplines ranging from
material science to cell biology [11, 13] In this book chapter, the use of selective
fluorescence quenching processes of organic dyes by the amino acid tryptophan
and the DNA base guanosine via PET for monitoring function and dynamics of
polypeptides and nucleic acids will be presented. First, we will briefly explain
the fundamentals of PET and describe experimental techniques used to study
such processes with high temporal and spatial resolution. We then demonstrate
that the introduced technique is ideally suited to study polymer chain dynamics
of polypeptides and nucleic acids as well as protein folding dynamics under
equilibrium conditions. Finally, we highlight the design of PET-based molecular
probes for diagnostic applications.

2. SELECTIVE FLUORESCENCE QUENCHING OF ORGANIC
FLUOROPHORES BY PHOTOINDUCED ELECTRON TRANSFER
REACTIONS

2.1. Principles of Photoinduced Electron Transfer (PET) between Organic
Fluorophores and Biomolecules

Electron transfer (ET) is a fundamental process in a variety of biochemical
processes, with one of the most prominent examples being photosynthesis. ET
between two molecules is described as a tunneling process through-space upon
orbital overlap of electron donor and acceptor. A through-bond mechanism in
which orbitals of intervening molecules contribute to the tunneling process has
also been identified and described in terms of superexchange coupling [14, 15].
Furthermore, electrons might be transferred through-bond by a diffusive
hopping mechanism.
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In general, ET reactions are controlled by the free energy of the reaction, the
reorganization energy, the electronic interaction geometry, and the distance
between donor and acceptor. As electronic properties of a molecule change upon
population of electronically excited states through absorption of a photon, ET
might only become efficient after photoexcitation of a molecule. Photoinduced
electron transfer (PET) is one of the fundamental mechanisms that lead to
efficient fluorescence quenching of electronically excited fluorophores. Whether
PET is energetically feasible can be estimated by the Rehm-Weller equation:

AGCS :on _Ered _EO,O +EC0u1 H (1)

where E,, and E,., are the first one-electron oxidation potential of the donor and
the first one-electron reduction potential of the acceptor in the solvent under
consideration. E,,/,.q; are experimentally accessible from saturated calomel
electrode measurements (SCE). Ey is the transition energy from the molecules
ground state to the lowest excited singlet state, and E¢,,, is the Coulomb energy
term between donor and acceptor radicals. A fluorophore in the excited state can
either be reduced by an electron donating quencher D or oxidized by an electron
accepting quencher A (Fig. 1). The formed radical ions relax electronically by
charge recombination to complete the energetic cycle. Experimental

4

E

Oxidation Reduction

Fig. 1. Scheme of photoinduced electron transfer (PET). An excited fluorophore is oxidized
by transferring an electron to a nearby molecule. After charge recombination the fluorophore
has relaxed to the ground state and fluorescence is quenched. Alternatively, the fluorophore
can be reduced before charge recombination completes non-radiative relaxation of the
fluorophore.
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investigations have confirmed the strong distance dependence as predicted by
theory for both through-space and through-bond ET [14, 15]. Here, the transfer
rate constant kzr follows an exponential distance dependence with characteristic
length scales on the order of few Angstroms [14]. Characteristic time scales
were estimated in pump-probe experiments and found to be in the femto- to
picosecond range [16].

The strong distance dependence together with very fast reaction time
qualifies PET as mechanism to probe proximity of interacting moieties and
proximity changes on small length and short time scales. A variety of
fluorophore-quencher pairs have been identified for which PET is an exergonic
process and can thus result in complete suppression of fluorescence upon
bimolecular contact. Two natural compounds of biopolymers were found that
can serve as efficient electron donors when in contact with rhodamine or
oxazine fluorophores: the amino acid tryptophan (Trp) and the nucleotide
guanosine (G). Other components of biopolymers with aromatic groups, e.g.
tyrosine or adenosine, were identified, that can also quench fluorophores but
with considerably reduced efficiency [17-19]. In addition, non-natural strongly
quenching compounds exist, such as the nucleotide 7-deazaguanosine, that can
readily be incorporated into biopolymers. The efficiency of PET quenching
depends on the reduction and oxidation potentials as well as on the transition
energy from the ground to the first excited state (Eq. 1). The value of Ec,, in
moderately polar environment is sufficiently small that it can be neglected.
Experimental values for the selection of fluorophores and quenching moieties
are given in [17, 18].

As PET is extremely efficient at distances of a few Angstrom with transfer
rates above 10'* s, the excited state will nearly always be depopulated via the
non-radiative PET pathway as long as the fluorescence lifetime is on the order
of 107 s™ and the intermolecular distance of fluorophore and quencher is close
to or at van der Waals contact. Contact can be provided through a transient
collisional encounter during the time the fluorophore is electronically excited.
The resulting non-radiative relaxation is termed collisional quenching [20].

It was also shown that organic compounds with planar aromatic moieties,
such as the fluorophores Trp, or guanosine, can form stacked complexes in
aqueous solutions upon collisional encounter. A combination of the various
molecular forces results in an attractive total force that can stabilize planar
aromatic ring systems in a face-to-face configuration. If the complexed
molecules fulfill all electronic requirements for exergonic PET, fluorescence can
be quenched entirely as long as the complex is stable. To distinguish this
mechanism from collisional quenching it is generally termed static quenching
[20].

It is well known that photon absorption and fluorescence emission spectra
depend on the local environment of the fluorophore. For instance, dependent on
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the fluorophore structure the absorption as well as the emission spectra is shifted
with increasing hydrophobicity of the solvent. In addition excitonic interactions
can entirely change spectral characteristics and result, e.g., in an additional
absorption band on the blue edge of the spectrum. This is, for example, the case
for homo dimer formation [11]. Complex formation in solution, however, is
mostly due to intermolecular forces mediated by solvent properties, and to first
approximation independent of the photophysical state. Alterations of the spectral
characteristics are thus a likely indicator of but no prerequisite for complex
formation. A computational example of bimolecular complex formation between
fluorophores (Rhodamine 6G and the oxazine derivative MR121) and Trp was
given by Vaiana et al. [21]. Molecular Dynamics (MD) simulations in explicit
water were used to show formation of hydrophobic complexes and estimate a
binding energy of 20-30 kJ/mol.

Bimolecular complex formation of various rhodamine and oxazine
fluorophores with Trp or G was further characterized by monitoring quenching
interactions using standard fluorescence spectroscopy [22, 23]. Complex
formation efficiency as well as binding energy were estimated in agreement with
the computational results. For the oxazine derivative MR121, which is very
similar in structure and photophysical properties to the fluorophore ATTO655,
complexes with Trp or G (used as guanosine monophosphate to increase water
solubility) are formed at about 30% of all collisional encounters. Once formed a
binding energy of 30 kJ/mol stabilizes complexes for 10-100 ns in aqueous
solution before dissociation occurs [22].

2.2. Experimental Techniques to Study PET-Reactions

The molecular interplay between fluorophores and quenching moieties
results in a number of experimentally accessible observables. Among them are
fluorescence intensity, spectrum, lifetime, and characteristic fluctuations of
either one. Using the broad range of experimental techniques in fluorescence
spectroscopy gives access to these observables under various conditions. Steady-
state fluorescence measurements in combination with UV/Vis absorption
measurements report on variations of the fluorescence emission intensity and an
apparent quantum yield. The fluorescence quantum yield (QY) of an individual
molecule is defined as the ratio of total number of emitted photons and total
number of absorbed photons. In a molecular ensemble, and under the
assumption that the absorption characteristics do not change significantly, the
reduced intensity resembles a reduced QY. However, in case of formation of
non-fluorescent complexes, the measured apparent QY reflects the two
subpopulations of quenched and unquenched fluorophores. Only through
fluorescence lifetime measurements, using e.g. time-correlated single photon
counting (TCSPC), can collisional quenching be measured independently of the
formation of non-fluorescent complexes. As long as quenched complexes are
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stable for a time period longer than the fluorescence lifetime, they are invisible
in TCSPC measurements. Collisional quenching on the other hand reduces the
fluorescence lifetime and is thus directly observable. A convenient way for
quantitative analysis of both mechanisms is displaying and fitting the data in a
Stern-Volmer plot [20]:

%=(1+kdro[Trp])<1+KS[TrpD, Lo o (14 k2, [Trp)), @)
T

where [ (ly) and 7 (7y) are fluorescence intensity and lifetime in presence
(absence) of quenching molecules, respectively, [Q] is the quencher
concentration, k; is the dynamic quenching constant, and K; is the static
quenching constant.

Fluctuations of fluorescence emission can be analyzed via the
autocorrelation function of the detected signal. Fluorescence correlation
spectroscopy (FCS) was introduced by Magde, Elson, and Webb [24], and
combined with confocal microscopy by Rigler et al. [25]. Meanwhile, FCS
evolved to an independent fluorescence microscopy technique successfully
applied in various disciplines [26]. FCS in combination with confocal
fluorescence microscopy allows studying fluorescence fluctuations of
fluorophores that diffuse freely through an observation volume. When
investigating molecules that occupy a two-state system in thermodynamic
equilibrium (e.g. complexed and solvent-separated molecules), with state A
(fluorescent) and state B (non-fluorescent), populated according to an
association rate constant k; and a dissociation rate constant k.,

b

k+
Ak(:>B 3)

fluctuations in the fluorescence signal /(r) can be analyzed via the
autocorrelation function:

1(0)I(t+7))

{
G(r)= 4

where < > denotes temporal averaging. Eq. (4) can be solved for the above
described two-state model in combination with molecular diffusion yielding:

11
G(r)=———F(1+K -7 ), 5
TR ®

where N is the number of detected molecules in the observation volume, 7, is

the diffusion time, K, , =k, /k_is the equilibrium constant, and 7, = (k, +k_ )is
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the exponential time constant [27]. Calculating the cross-correlation function of
the signal split on two detectors, eliminates dead time and afterpulsing effects of
avalanche photodiodes (APDs) and thus decreases the time resolution to a few
nanoseconds. FCS hence yields access to kinetic rate constants in
thermodynamic equilibrium of highly dilute solutions.

The high sensitivity of fluorescence measurements that can be achieved
using a confocal microscope with single-photon sensitive APDs as detectors,
can also be used to detect fluorescence bursts of individual molecules, and has
thus become instrumental in single-molecule spectroscopy [1, 10-13]. In a
confocal microscope the observation volume is limited to a few femtoliter,
efficiently suppressing background by spatial filtering with a pinhole. With the
brightest fluorophores and the most efficient quenching molecules bimolecular
interactions that result in PET quenching have been detected on the single-
molecule level.

3. MONITORING POLYMER DYNAMICS USING PET-PROBES

Since fluorescence quenching via PET is efficient only when fluorophore
and quencher are at van der Waals contact, labeled protein/nucleotide conjugates
can be designed such that conformational changes will be accompanied by
intramolecular contact formation and dissociation of the attached fluorophore
and the quenching moiety within the biopolymer. Changes in fluorescence
intensity will thus signal conformational changes in a digital fashion with a high
signal-to-noise ratio. We studied intrachain contact formation rates between site-
specifically labeled fluorophore and intrinsic Trp or guanosine residues of
polypeptides and nucleic acids. Biopolymers were labeled with the oxazine
derivative MR121 at the N-terminus (in peptides) or 5’-end (ssDNA). A Trp or
guanosine was incorporated into the sequence at the polymer’s opposite end as
efficient quencher (Fig. 2). Monitoring PET by FCS allows the determination of
end-to-end contact formation rates, the investigation of biopolymer
characteristics, and comparison with polymer theory.

3.1. Conformational Dynamics of Unstructured Polypeptide Chains

To wunderstand the mechanisms that guide proteins through their
conformational free energy landscape to the folded state it is crucial to elucidate
structure and dynamics within the denatured state of proteins. Therefore,
monitoring conformational transitions within unfolded polypeptides represents a
topic of ongoing research in modern molecular biology.

Conformational dynamics within the originally unfolded state of proteins is
of particular interest since the unfolded state represents the starting point for the
protein folding process. Kinetics of end-to-end contact formation serve as
valuable parameter to monitor dynamic properties of polypeptide chains. Effects
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Fig. 2. Functional principle for measuring biopolymer chain dynamics using fluorescence
quenching. Fluorophore and quenching moiety are incorporated at the terminal ends of the
polymer. In the "open", extended configuration the fluorophore is fluorescent. Upon end-to-
end contact formation of the chain (i.e. the "closed" configuration) fluorophore and quencher
form a complex and the fluorescence is quenched, signaling the conformational transition.
The rate constants k. and k. for the corresponding conformational changes can be measured
by FCS experiments.

of chain composition (polypeptide sequence) and chain length on end-to-end
contact formation rates can be evaluated and deliver detailed insights into
properties of polypeptides like chain stiffness or the propensities to collapse or
form structures. In addition, solvent effects like ionic strength or viscosity on
intrachain dynamics can be investigated.

Experimental observation of intrachain diffusion of specific sites within a
polypeptide chain requires spectroscopic probes that report van der Waals
contact formation with nanosecond time resolution. Currently, only a few

s - ™3
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Fig. 3. Autocorrelation functions normalized to the number of molecules in the detection
focus recorded from fluorescently modified poly-(GS)-peptides of various chain lengths at
20° C in phosphate buffer, pH 7.0. Dotted data represent autocorrelation functions recorded
from MR121-(GS)s-Trp, dashed data from MR121-(GS);s-Trp. FCS curves are characterized
by fluorescence fluctuations on the ms time scale caused by diffusion of peptides in and out of
the detection volume, and fluorescence fluctuations on the ns time scale caused by end-to-end
contact formation. Autocorrelation functions can be well described by an analytical model
containing a single translational diffusion and a single exponential relaxation term (black
curves).
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techniques are available to monitor intrachain contact formation, namely triplet-
triplet energy transfer (TTET) [28-30], triplet quenching [31, 32], and
fluorescence quenching of long-lifetime fluorescence probes [33, 34]. We
introduced the use of PET-probes in combination with FCS on a confocal
fluorescence microscope setup to study intrachain diffusion of flexible peptide
chains [9, 35]. Here, selective fluorescence quenching of MR121 by Trp
residues present in polypeptide chains signals intrachain contact formation.

To study the dynamics of unfolded protein chains polypeptides consisting of
repetitive units of glycine (G) and serine (S) residues represent a valuable model
system [29, 30]. We modified poly-(GS)-peptides with MR121 and Trp at the N-
and C-terminal ends, respectively, to directly monitor end-to-end contact
formation by FCS. Fig. 3 shows FCS data recorded from a 10 and 30 residue
long polypeptide. Data are well described by a single diffusion term on the
milliseond time scale and a single exponential relaxation term on the
nanosecond time scale reporting on intrachain contact formation. Single
exponential relaxations observed indicate fast interconversion between different
random coil conformations within the "open" state ensemble, i.e. random
population of the unfolded state configurational space [36]. End-to-end contact
formation rates can be revealed from FCS data following the proposed model
(Eq. 3). The dependence of contact formation rates on chain length follows
Gaussian chain theory [37, 38] for polypeptides of chain lengths N > 10 as
demonstrated by the linear scaling behavior in a double-logarithmic plot of rate
constant versus number of peptide bonds N (Fig. 4). The breakdown of the linear
scaling law at chain lengths N < 10 can be explained by chain stiffness
influencing dynamics over short chain segments.

Monitoring dynamics of intrachain diffusion using FCS opens the possibility
to study dynamics of polypeptides even in complex biological samples applying
a variety of experimental conditions (solvent viscosity or macromolecular
content). Thus, such studies can shed new light on the earliest events in protein
folding.

3.2. Conformational Dynamics of Single-Stranded DNA

Another important example for flexible, biological relevant polymers are
single stranded nucleic acids. Oligonucleotides based on the nucleobase thymine
exibit no propensity for structure formation and serve a suitable model system to
study dynamics of unfolded nucleic acids. We investigated end-to-end contacts
in short polythymidine oligonucleotides with MR121, attached at the 5’-end, and
dG at the 3’-end: MR121-(dT)N-dG. With N ranging from 4 to 10 bases, we
found that complex formation and thus end-to-end contact kinetics can be
described by a two-state model resulting in exponential relaxation decays similar
to the behavior of polypeptides. We confirmed that ssDNA built of thymidine
residues is a highly flexible biopolymer exhibiting slightly slower conforma-
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Fig. 4. Rate constants for end-to-end contact formation in flexible, unstructured biopolymers
as a function of length: poly-(glycine-serine) (closed squares) and polythymine (open circles).
Molecular structures are shown with fluorophore (MR121), quencher, and polymer units.

tional dynamics than were observed for polypeptides. We found end-to-end
contact formation rate constants between 0.6 x 10°s™ and 3 x 10° s depending
on the number of nucleotides. The length scaling is in the range of theoretical
predictions for a Gaussian chain following a power law dependence N with an
exponent of b = ~2. These results are in good agreement with a less direct
experimental estimation from closing rates in DNA hairpins [18], where a loop-
length dependence of b = (2.0+0.2) was found.

Our data also agree with results by Nau and coworkers [39], who used
collisional quenching of the fluorescence of fluorazophores (2,3-
diazabicyclo[2.2.2]-oct-2-ene (DBO)) by a dG base to investigate end-to-end
contact kinetics in tri- or penta-nucleotides.

Flexibility of single-stranded DNA has been extensively discussed in the
context of hairpin structures. The thermodynamics of hairpin formation
processes have been studied for more than 30 years by many biophysical
researchers. Kinetic studies have been added, revealing opening and closing
times in the range of a few tens of microseconds, slower than characteristic end-
to-end contact formations kinetics [40-43]. The current understanding of hairpin
folding is in agreement with a nucleation-zipping model, by which the opening
rate depends on the unzipping energy of the hairpin, while the closing rate relies
on the collision of the two stalks of the stem, followed by nucleation and the
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propagation of base pairing [41]. Making use of PET quenching and FCS we
could show that introduction of a single base pair at the ends of a loop reduces
rate constants by one to two orders of magnitude [23]. The data implies that
interactions between stem and loop nucleotides (in our experiment between a dC
residue at the 5’ end, a dG residue at the 3° end, and dT residues in the loop)
rather than loop dynamics constitute the rate limiting step of DNA hairpin
folding.

4. MONITORING PROTEIN FOLDING USING PET-PROBES

4.1. The Mini-Protein Trp-Cage

The early formation of sub-structures or folding intermediates in unfolded
polypeptide chains represents a crucial kinetic event on the pathway of protein
folding. It has been demonstrated that o-helices and [-hairpins, secondary
structural elements of proteins, fold ultra-fast on time scales of hundreds of
nanoseconds and microseconds, respectively [44]. These studies have raised the
question of the speed-limit of protein folding [45]. One of the smallest and
fastest folding proteins known to date represents the designed mini-protein Trp-
cage. The 20-residue peptide has been generated by truncation and mutation of
the originally only poorly folded 39-residue peptide exendin-4 from Gila
monster saliva. A single Trp residue present in the sequence of Trp-cage is
buried in the hydrophobic core of the fold, well shielded from solvent exposure
(Fig. 5). Folding of Trp-cage has been characterized by NMR, circular
dichroism, and fluorescence experiments and has been proposed to follow a
highly cooperative two-state transition with a characteristic folding time of 4 pus
[46, 47].

We used fluorescence quenching by PET between site-specifically labeled
MR121 and the single Trp residue of Trp-cage to study folding dynamics of the
mini-protein [48]. In the folded state MR121 is shielded from fluorescence
quenching interactions with Trp that is "caged" in the hydrophobic core,
whereas in the denatured state W6 is solvent-exposed and accessible to MR121,
giving rise to fluorescence quenching interactions.

Therefore, folding and unfolding transitions result in "on" and "off"
switching of the fluorescence of the attached fluorophore. FCS curves recorded
from labeled Trp-cage exhibit marked, temperature dependent relaxation
kinetics on microsecond time scales reporting on folding kinetics (Fig. 5). From
the relaxation time and the corresponding amplitudes folding and unfolding rates
measured under equilibrium conditions can be determined. Besides folding
kinetics, insights into polypeptide chain dynamics in the denatured state of the
mini-protein can be revealed. The absence of nanosecond relaxation kinetics in
FCS data measured at temperatures beyond the thermal mid-transition point
demonstrates considerably restricted conformational flexibility of the
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Fig. 5. Folding dynamics of Trp-Cage monitored by fluorescence quenching in combination
with FCS. (A) Engineered solution structure of fluorescently modified Trp-cage. The
fluorophore MR121, attached to a single lysine residue, is well shielded from quenching
interactions with a single Trp residue buried in the hydrophobic core of the fold. (B)
Temperature dependent autocorrelation functions recorded from labelled Trp-cage at various
temperatures (data are normalized to the number of molecules in the detection focus). Solid
curve: T =5° C; dotted curve: T =25° C; dashed curve: T =45°C.

polypeptide in the denatured state. Experimental data are in agreement with
current molecular dynamics simulations of Trp-cage predicting collapse of the
unfolded mini-protein to a folding intermediate with preformed folding topology
[49].

To summarize, our data demonstrate that folding dynamics of Trp-cage
follows a hierarchical folding mechanism. Besides the observation of folding
kinetics we revealed conformational flexibility in the denatured state of Trp-
cage under various experimental conditions. Early formation of a collapsed
molten globule like intermediate enhances folding efficiency of Trp-cage under
physiological conditions. Strongly denaturing conditions (GdmCl) as well as
introduction of a helix-breaking point-mutation lead to complete melting of the
intermediate [68]. Thus, our study contrasts previous reports proposing simple
two-state folding and demonstrates that reduction of protein size and
simplification of folding topology does not consequently lead to simplification
of the folding mechanism. It rather underscores the importance of preformed
structure in the denatured state for efficient folding of even the smallest globular
structure.

Furthermore, our results demonstrate for the first time that FCS in
combination with selective fluorescence quenching of fluorophores by Trp can
be used advantageously for the monitoring of sub-millisecond folding dynamics
at the nanometer scale with nanosecond time resolution. Unlike conventional
methods, FCS can be used to study ultrafast folding kinetics under equilibrium
conditions and in highly dilute solutions, i.e. at the single-molecule level. We
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anticipate our technique to be generally applicable in combination with protein
engineering and site-specific fluorescence modification.

5. DESIGN AND DIAGNOSTIC APPLICATIONS OF PET-PROBES

The development and investigation of molecular systems and methodologies
that enable the monitoring of specific recognition and molecular binding events
is crucial for new refined molecular tools in medical diagnostics. In the ideal
case, the molecular system should signal selective recognition or binding events
via a change in a characteristic property, e.g., fluorescence or luminescence
intensity, that can be conveniently transmitted into an electronic signal by the
appropriate detector. In addition, the use of fluorescence characteristics for
sensing is advantageous since single photons can be easily converted into
electrical signals with a high efficiency of up to 80% using, for example,
avalanche photodiodes as detectors. Another advantage of fluorescence
microscopy relies on the fact that many structural factors of fluorescent dyes and
their intra- and intermolecular interactions which finally control their
fluorescence efficiency are well understood. In general, PET or FRET reactions
can be used to transfer discrete and stoichiometric recognition events into an
altered fluorescence signal of a fluorophore. Molecular systems in which the
excited state of a fluorophore is controlled by the redox properties of a receptor
module covalently attached to the fluorophore form an important class of
chemosensory materials [50]. In these sensors a spacer holds the fluorophore
and a receptor close to, but separate from each other. The redox properties of the
receptor module are altered upon ligand binding and dissociation. Since PET
reactions are controlled by the relation between the free energy of the reaction,
the reorganization energy, and the distance between the donor and acceptor,
careful selection of the optical, ligand-binding, and redox properties of the
components allow the optimization of the signaling parameters of the PET
sensor. Hence, reversible ligand-induced “off-on” and “on-off” fluorescence
sensors and switches are both designable [51, 52]. The extraordinary sensitivity
of fluorescence-based method is especially important for the application of
“smart” fluorescent probes, used for the detection of minute amounts of target
structures from biological samples. In the last few years we developed PET-
sensors that use conformationally induced alterations in PET efficiency upon
binding for the specific detection of DNA or RNA sequences, antibodies, and
proteases as well as nucleases at the single-molecule level [53-57]. These PET-
sensors take advantage of the specific quenching properties of naturally
occurring DNA nucleotides (dG) and amino acids (Trp) to probe the presence of
target molecules. With careful design of these conformationally flexible sensors
efficient single-molecule sensitive PET sensors can be produced. If quenching
interactions between the fluorophore and dG or Trp residue are deteriorated
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Fig. 6. Scheme of the functional principle of smart probes. The fluorophore is attached to the
5’-end of the oligonucleotide and quenched by dG residues in the complementary stem. Upon
hybridization to the target sequence (complementary to the loop sequence) or exo- or
endonucleolytic digestion the fluorescence is restored.

upon specific binding to the target, for example, due to binding of a
complementary DNA sequence or antibody, or due to cleavage by an
endonuclease or protease enzyme, fluorescence of the sensor is restored.

5.1. Detection of Specific Target DNA Sequences Using Smart Probes

With careful design of these conformationally flexible probes and the use of
appropriate fluorophores (e.g. MR121) a new class of DNA-hairpins — so-called
“smart probes”- can be synthesized [54]. Smart probes are single-stranded
nucleic acids that adopt a stem-loop structure and are ideally suited for highly
sensitive homogeneous and heterogeneous DNA binding or cleavage assays (Fig.
6). The loop consists of a probe sequence that is complementary to a portion of
the target sequence, whereas the stem is formed by annealing of two
complementary strands which are unrelated to the target sequence. In contrast to
molecular beacons [58-60] where an additional quencher has to be attached to
the oligonucleotide, in smart probes intrinsic guanosine residues terminating the
3’-end of the hairpin are responsible for strong fluorescence quenching of the
dye labeled to the 3’end. If quenching interactions between the fluorophore and
the guanosine residue are deteriorated, for example, due to binding of a
complementary DNA sequence, or due to cleavage by an endo- or exonuclease
enzyme, fluorescence of the DNA-hairpin is restored (Fig. 6). DNA-hairpins
labeled with a single oxazine dye at the 5’-end increase fluorescence upon
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hybridization up to 20-fold [17], which provides the basis for a cost-effective,
and highly sensitive DNA/RNA detection method. The design of efficient PET-
based DNA-hairpins has been achieved by a careful study of different factors
that influence the photoinduced intramolecular electron transfer efficiency.
Among these are the selection of suitable fluorophores, the influence of the
guanosine position in the complementary stem, the attachment of additional
overhanging single-stranded nucleotides in the complementary stem and the
exchange of guanosine by more potent electron donors, such as 7-
deazaguanosine [17]. Recently [61], we demonstrated that immobilized smart
probes can be used to efficiently detect the presence of single target DNA or
RNA molecules, even in the sub-picomolar concentration range within
reasonable time (Fig. 7).

This has been achieved by immobilization of smart probes on coated cover
slips while maintaining their native conformation. Therefore, the method is
ideally suitable for the search for specific sequences using extremely low
concentrations of target sequence. It is anticipated that optimization of reaction
conditions (salt, temperature, etc.) and variations of the fluorophore as well as
the use of modified nucleotides will lead to even higher sensitivities.
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Fig. 7. Functional principle of a 3’-biotinylated DNA hairpin immobilized on a solid surface.
The oxazine derivative MR121 (Agps= 661, Aen=0673 nm) is attached to the cytosine containing
5’-end. To immobilize smart probes onto a cover slide, the surface first binds bovine serum
albumin (BSA) by physical adsorption (5 mg/ml, 10% of the BSA carries a biotin label). After
an incubation time of 4 h and a washing step, streptavidin (1 mg/ml) is allowed to bind in PBS
for 5 min. Finally, smart probes (10'10 M) are added to bind to the immobilized streptavidin.
Single-molecule fluorescence scanning confocal images (20 x 20 pm) of smart probes
immobilized on glass cover slips in PBS, pH 7.4 (50 nm/pixel, 3 ms integration time) are
shown on the left (in the absence of target sequence) and right side (in the presence of 107'* M
target sequence). For excitation a pulsed diode laser (635 nm, 80 MHz, ~ 2 kW/cm?) was
used. Scanning was performed from top left to bottom down using modulated excitation.
Upon hybridization to the target sequence (complementary to the loop sequence), the
fluorescence is restored due to a conformational reorganization that forces the stem apart.
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Fig. 8. Increase in fluorescence intensity with time upon addition of a 100-fold excess
(denoted by the arrow) of the 240 bp PCR product of M. xenopi to a 10® M solution of
species-specific smart probe labeled with the oxazine derivative MR121 at 50 °C using a
conventional fluorescence spectrometer (Aexe = 635 nm, Aen, = 680 nm). Measurement was
performed in 10 mM Tris-HCI (pH 7.5) containing 300 mM NaCl and 1 mM EDTA.

Very recently [57], we demonstrated that smart probes can be used
successfully for the sensitive and specific identification of mycobacterial strains.
Both, theoretical considerations and experimental results showed that besides
thermodynamic considerations also the multitude of possible secondary
structures of DNA hairpins and their dynamics has to be taken into account for
their efficient design. Comparison of dot plots generated by mfold [62] and
experimentally determined fluorescence quantum yields suggests that suitable
smart probes should exhibit no or only few base pairing interactions within the
loop. In addition, the data imply that the formation of multiple alternative
helices within the stem of the DNA hairpin maximizes fluorescence quenching.
Theoretical results predict that the free energy of hairpin secondary structures
should be in the range of -1.5 — -2.5 kcal/mol at 50 °C to ensure sufficient
stability but likewise to enable eased hybridization to the target.

Based on these findings two smart probes SPxenopi4 and SPtuberculosis
were optimzed for the specific identification of different mycobacteria (M.
xenopi and M. tuberculosis). Experiments with PCR amplicons of various
lengths demonstrate that the 240 bp amplicon of M. xenopi shows the best
results with respect to increase in fluorescence intensity under the selected
experimental conditions (Fig. 8). Consideration of all theoretical and
experimental results allowed us to develop a reliable method for detection of M.
tuberculosis and M. xenopi with a detection sensitivity of =~ 2*¥10® M in
homogenous solution. Experiments with amplicons of different mycobacterial
strains demonstrate species-specific discrimination of M. tuberculosis and M.
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xenopi against 15 of the most frequently isolated mycobacterial species in a
single assay [57].

5.2. Development of PET-based Assays for the Specific Detection of
Antibodies and Proteases

The extraordinary sensitivity of the PET-based quenching method can be
used as well for the detection of antibodies using specific peptide epitopes.
Recently [55, 63], we designed and synthesized peptide epitopes based on
selective fluorescence quenching of an attached fluorophore by a single
tryptophan residues to detect the presence of p53-autoantibodies, universal and
highly specific tumor markers in cancer diagnosis [64]. P53 autoantibodies are
among the most encouraging universal tumor markers in cancer diagnosis. They
are found in sera of a significant number of cancer patients with different cancer
types and have the potential of early-stage diagnosis for certain tumors.
Common heterogeneous diagnostic tools for antibody detection, like ELISA, are
time consuming and suffer from unspecificity. Hence, the development of fast
and simple homogeneous formats is favored in biomedical sciences.

The amino acid sequences for synthesis of peptide-based fluorescent probes
for antibody detection were selected based on the studies of Lubin et al. who
mapped out immunodominant epitopes of human p53 for various cancer patients
[65]. Lubin’s study showed that the immune response of cancer patients is
directed against a small subset of linear peptide epitopes localized mainly in the
amino-terminal region (the transactivation domain) of the polypeptide chain of
p53 protein. There are two immunodominant antigenic sites in the amino-
terminal region of p53 (residues 11 to 35 and 41 to 59), independent of the type
of cancer. Almost all of the tested p53-autoantibody positive cancer patients
produce antibodies directed against one of these two peptide epitopes [66-69].
Hence, these peptides are promising systems on which to base the development
of an immunoassay. The amino acid sequences of human p53 fragments used in
our study are amino acid 15 to 29, SQETFSDLWKLLPEN (one-letter amino
acid code), and amino acid 41 to 55, DDLMLSPDDIEQWEFT. The presence of a
single Trp (W) residue in both epitopes is crucial for assay development. Due to
the unique quenching mechanism that requires contact formation between
fluorophore and tryptophan residue both fluorescently labeled peptide-epitopes
can be used as PET biosensors to detect single p53-autoantibodies. Upon
specific binding to a pS3-autoantibody the peptides chain adapts to the shape of
the antibody cleft. Consequently, contact formation between tryptophan and
MRI121 is prevented (Fig. 9). The resulting increase in fluorescence intensity
can be used to signal binding events. In combination with the single-molecule
sensitivity the new assay allows for direct monitoring of p53 antibodies present
in blood serum samples of cancer patients with picomolar detection sensitivity
[55].
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Fig. 9. Principle of operation of PET-biosensors for the specific detection of p53-
autoantibodies. Driven by the conformational flexibility the peptide epitope adopts
conformations where the fluorophore is efficiently quenched by Trp (W) upon contact
formation. The quenched conformation coexists in equilibrium with an open, less quenched
conformation. Upon specific binding to the antibody binding site, the peptide adopts a new
conformation and charge transfer interactions between tryptophan and the dye are diminished.
As the consequence, the fluorescence intensity increases (right side).

Our data demonstrate that the design of peptide-based molecular probes
derived from the two immunodominant antigenic sites of human p53, which
cover about 90% of the humoral immune response, provides a new diagnostic
kit for the highly sensitive detection of human p53 autoantibodies. The
development of smart PET-sensors for antibody detection, using short synthetic
peptide epitopes and the principle of fluorescence quenching of selected dyes by
the amino acid tryptophan opens new avenues for the detection of binding
events by fluorescence intensity measurements in homogeneous solution and
may thus be considered for general applications.

Alternatively, the selective quenching mechanism in tryptophan-containing
peptides might be used advantageously for the detection of proteases. The
interest in fast and sensitive assays for proteolytic enzymes, i.e. enzymes that
specifically cleave peptide bonds, has increased considerably in the last few
years. In particular, there are two medically important facts which accelerated
the development of proteolytic assays. First, more and more diseases can be
implicated with proteases. Because of the involvement of proteases in tumor
progression and metastasis, e.g. matrix metalloproteinases, urokinase
plasminogen activator (uPA), and cathepsins, such as cathepsin B, and cathepsin
D, proteolytic assays play a central role in cancer diagnosis and follow-up of
malignant diseases [70-75]. Second, viral infections such as HIV could be
diagnosed directly by detection and monitoring of their own, specific proteases.
This underscores the need for new highly sensitive and fast assays for the
specific detection of proteolytic enzymes.

To date, different fluorescence-based assays have been developed to proof
the presence of a specific protease in a sample using labeled enzyme substrates.
Commonly, enzyme substrates, e.g. a specific peptide sequence, are doubly
labeled with a donor and an acceptor fluorophore in a way that ensures efficient
FRET [76, 77]. Upon cleavage of the peptide substrate by a protease the spatial
contact between the donor and acceptor fluorophore gets lost. This enables the
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direct monitoring of protease activity by measuring the increase in donor
fluorescence intensity. Alternatively, a peptide substrate might be doubly
labeled with the same fluorophore. In aqueous solution hydrophobic interactions
of the fluorophores might drive the peptide into a conformation in which the
fluorophores can form non- or only weakly fluorescent dimers [78].
Nevertheless, chemical modifications on peptide substrates reduce the affinity of
the resulting probe to the target molecule and hence the detection sensitivity of
the assay. Thus, a minimum of chemical modification is favorable for the design
of high-affinity molecular probes for proteases.

We implemented our developed method using quenched peptide probes
based on PET reactions between fluorophores and the amino acid tryptophan for
ultra-sensitive and specific detection of proteolytic enzymes in homogeneous
solution [56]. The reported new approach to assay proteolytic enzymes using
quenched peptide probes based on photoinduced electron transfer between
fluorophores and tryptophan residues upon contact formation offers several
advantages. First, the synthesis of large quantities of quenched peptide probes is
uncomplicated and inexpensive compared to the use of doubly labeled peptide
probes. Second, modification of the peptide substrate is reduced to the minimum,
i.e. a single reporter fluorophore, which potentially enables more accurate
monitoring of enzyme activity. By monitoring the time-dependent fluorescence
intensity, the presented technique permits real-time analysis of proteolysis.
Third, our new protease assay enables fast, specific, and highly sensitive
detection of proteolytic enzymes with a broad dynamic range (more than 6
orders of magnitude) and detection limits below the picomolar range [56]. These
results raise our hopes that singly labeled quenched peptide probes can be used
advantageously for the development of new fast and highly-sensitive
fluorescence assays for cancer diagnosis and follow-up of malignant diseases
through the detection of specific proteases.

6. CONCLUSION AND OUTLOOK

Contact-induced, selective fluorescence quenching of extrinsic fluorophores by
Trp and G, elementary monomeric units of proteins and nucleic acids, represents
a complementary tool to FRET-based studies both in the exploration of spatial
and temporal scales, with impact on diagnostic applications. PET-based
fluorescent probes, carefully designed and introduced into polypeptides and
nucleic acids, provides the possibility to sense distinct conformational
transitions of biopolymers and to monitor ligand binding or enzymatic reactions
by translating the underlying molecular events into digital "on/off" fluorescence
switching that can be detected with single-molecule sensitivity. The combination
of the designed reporter systems with fast FCS experiments allows monitoring
of polymer chain dynamics and protein folding events with a temporal
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resolution that keeps up with the fastest state-of-the-art pump/probe experiments.
Advantageously, in FCS experiments conformational dynamics are measured
under equilibrium conditions without external thermodynamic perturbation and
at highly dilute sample concentrations where intermolecular interactions vanish.
The capability of single-molecule experiments in the far-red spectral range to
study biomolecular recognition and enzymatic activity in complex biological
media like human blood serum opens up the possibility to develop diagnostic
tools for in-vivo applications and near-patient testing in the near future.
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1. INTRODUCTION

In the last several years, Second Harmonic Generation (SHG) has emerged as a
powerful nonlinear optical contrast mechanism for biological imaging
applications. SHG 1is a coherent process where two lower energy photons are
up-converted to exactly twice the incident frequency (or half the wavelength).
Like the more widespread two-photon excited fluorescence (TPEF) modality,
SHG is also a nonlinear optical process. However, the underlying physical
natures differ substantially, and here we present a comparison of the respective
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Fig.1. Jablonski diagram comparing the photophysics of two-photon excited fluorescence
(left) and Second Harmonic Generation (right).
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photophysics. The processes of two-photon excited fluorescence (left) and
second harmonic generation (right) are shown in the Jablonsky diagram in Figl.
Consider the case of a hypothetical dye with a one-photon absorption maximum
at 450 nm. Excitation can also occur via two-photon absorption at 900 nm,
where the chromophore is simultaneously excited from the ground state, Sy,
through a virtual state to the first excited state S;. The resulting emission
spectrum will be the same for both excitation modes since relaxation is
independent of the excitation pathway. SHG, by contrast, does not arise from an
absorptive process. Instead, an intense laser field induces a non-linear, second
order, polarization in the assembly of molecules, resulting in the production of a
coherent wave at exactly twice the incident frequency (or half the wavelength,
here 450 nm.).

SHG has several advantageous features that make it an ideal approach for
imaging tissues in situ. A particularly strong attribute of the SHG method lies in
the property, that in tissues, the contrast is produced purely from endogenous
species. This coupled with the physical basis that the SHG signals arise from an
induced polarization rather from absorption leads to substantially reduced
photobleaching and phototoxicity relative to fluorescence methods (including
multiphoton). Additionally, because the excitation typically uses the same near
infrared wavelengths (800-1000 nm) produced by titanium -sapphire lasers that
are also used for TPEF, this method is well-suited for studying intact tissue
samples since excellent depths of penetration can be obtained. For example, we
have acquired optical sections into 550 microns of mouse muscle tissue with
high contrast throughout the entire axial profile [1]. Furthermore, detailed
information about the organization of protein matrices at the molecular level can
be extracted from SHG imaging data. This is because the SHG signals have
well-defined polarizations with respect to the laser polarization and specimen
orientation which can respectively be used to determine the absolute orientation
of the protein molecules in the array, as well as the degree of organization of
proteins in tissues.

These attributes have recently been exploited to examine a wide range of
structural proteins arrays in situ [1-12]. The plurality of the recent reports has
focused on visualizing collagen fibers in natural tissues including skin, tendon,
blood vessels, and cornea.[3, 5, 13-16]. Other work has examined the fibrillar
structure of self-assembled or reconstituted collagen structures [4, 17]. Some of
these efforts have focused on elucidating the physical principles that give rise to
SHG in tissues as well as taking steps to use this contrast mechanism in the
application of diagnosing disease states or other pathological conditions.

Here we provide an exhaustive characterization of the contrast formation in
collagen and acto-myosin structural arrays. We here define SHG producing
proteins as “harmonophores” to explicitly distinguish them from fluorescent
dyes or fluorescent proteins (e.g. green fluorescent protein, (GFP)). Specifically
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we determine the underlying biochemical and the supramolecular structural
aspects that give rise to SHG contrast in collagen and actomyosin based tissues.

2. EXPERIMENTAL METHODS

A schematic of our combined SHG/TPEF microscope is shown in Fig. 2. The
lasers consists of a solid state Nd:YAG laser (5-10 watts) pumped tunable (700
and 1000 nm) titanium sapphire (ti:sap) oscillator. Since SHG is not a resonant
process, the choice of laser fundamental wavelength is not as critical as that of
fluorescence excitation. Ti:sap lasers have divergences of 1 mrad and we
compensate for the divergence with a 1 meter focal length lens in the coupling
space to achieve the proper spot size and thus maximize the peak power at the
specimen. Both a half wave (A/2) and quarter wave plate (A/4) are used to
precisely control the polarization of the laser at the focal plane of the
microscope. These are necessary in order to compensate for the ellipticity
introduced by the scanning mirrors and other non -45 degree reflections. This
level of control is important to perform accurate polarization methods that allow
the determination of the structural properties of the protein array.

SHG is a coherent process and consequently the majority of the signal wave
co-propagates with the laser. We typically use a long working distance 40X 0.8
N.A. (3 mm) water immersion lens and a 0.9 N.A. condenser for excitation and
signal collection, respectively. The use of a higher NA condenser yields more

modelocked tisapphire

TPEF

nir vis

o A=)
Filters PMT
0B NA

0.9NA [ Sample

i

Polarizer pir yis

e i1l
450 nm

Filters PMT
Forward

SHG
spectrometer

Fig 2. Schematic Diagram of the modified SHG/TPEF microscope.
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efficient collection for highly scattering tissue specimens. Since unlike the epi-
geometry that can be used for backscattered SHG, the transmission path does
not contain an infinity space, an additional lens or telescope is required to re-
collimate the SHG signal and provide a loose focus on the detector. Two
additional elements are added to the transmission path. A Glan —Laser polarizer
with high extinction is used for analysis of the SHG signal polarization that can
be used to provide a measure of the organization of the protein array [1].
Second, a fiber-optic based spectrometer is inserted in to the collection path with
a kinematic mount to verify the SHG wavelengths.

An important consideration in SHG microscopy is the efficient isolation of
the desired wavelength from the fundamental laser. This is because the latter is
least six orders of magnitude more intense than the desired second harmonic
signal. The SHG signal is first reflected with a reflector centered around the
signal (~20 nm bandwidth) which provides ~100 fold discrimination from the
laser as well as autofluorescence. The SHG is further isolated from the laser and
any remaining fluorescence by BG-39 color glass filters and a bandpass filter
(~10 nm bandwidth) respectively. While absolute values of % for structural
proteins are not known, SHG signal levels are typically smaller than those of
TPEF. Thus we use single photon counting electronics to maximize detection
efficiency. This approach provides higher sensitivity and reduced noise over the
analogue detection and integration that is used in commercial microscopes.

3. RESULTS AND DISCUSSION

3.1. Collagen Based tissues

Type I collagen is the most prevalent protein in the human body, being the
primary component in such diverse tissues as skin, bone, tendon, and cornea.
These tissues are all birefringent, and consist of highly-ordered structures and
provide high levels of contrast in SHG imaging microscopy. The first report of
SHG imaging of tissue was by Freund in 1986, [18] where they examined the
polarity in type I collagen fibers from rat tail tendon (RTT). Several recent
efforts have revisited the RTT at higher resolution and in greater depth, [9, 14,
15] as well as investigated the applicability of using SHG to visualize other
collagen based tissues [3, 5, 16]. Here we provide demonstrative examples of
our current work in this area.

Figure 3 shows representative SHG images of the bone, skin, and tendon. In
all three cases, the regularity of the fibrillar structure of the collagen is observed.
In particular, the collagen in rat tail tendon is one of nature’s most regularly
structured arrays. SHG imaging if skin allows for selective investigation of the
dermis, other layers are devoid of collagen. It should be noted that elastin, the
other major component of the dermis, does not produce SHG contrast. This is
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Skin Tendon

Fig. 3. Representative SHG images of collagen-based tissues ex vivo.

likely because it is comprised of a-helices, B-sheets and random coils, and as
such has an essentially isotropic structure. Bone is highly turbid consisting
largely of collagen and minerals. Thus the same level of penetration is not
expected to be achievable as that in less highly scattering tissues such as tendon
or muscle, where the mean penetration depths are ~100 microns. However, this
shows that high contrast SHG images can still be obtained in the forward
collection geometry. While these do not possess the striking regularity of tendon,
the collagen fibers are clearly identifiable.

A fundamental question regards the molecular or supramolecular source of
the SHG contrast in these tissues. Since SHG is an electric dipole process, a
given molecular arrangement of SHG-emitting dipoles will yield a characteristic
profile of response to varying laser polarization. For this reason, the angular
dependence of the SHG intensity can be fitted to estimate the orientation of
source harmonophores within the molecular assembly. The second order
susceptibility, y?, consists of 27 matrix elements. Theoretical considerations of
the structure of protein filaments allow us to simplify the general case of SHG
by assuming that identical harmonophores exist in collagen fibrils exist within
cylindrically symmetric arrangements (C, symmetry). Assuming Kleinman
symmetry by using non-resonant laser excitation further simplifies the scenario.
These two considerations then reduce the number of active matrix elements
from 27 to 3 independent and one degenerate term and can be used to determine
the angle between the symmetry axis and the dipole moment. To achieve this,
we start with the general description of the second order polarization P? as
given by:

P =qaz(ze E)’ +bz(EeE)+cE(ze E) (1)

where a,b, and ¢ are coefficients expressed in terms of the 4 non-vanishing
elements of X(Z), z 1s the unit vector, and E is the electric field vector. The values
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Fig. 4. Angular dependence of the SHG intensity used to fit to Eq. 1.

of these variables can be deduced by fitting the experimental SHG emission
intensity as a function of laser polarization angle. The data for rat tail tendon
along with the fit to Eq. 1 are shown in Fig. 4. This fits yields the angle, 0,
which we interpret as the angle of maximum hyperpolarizability of the
harmonophore relative to the long axis of the model cylinder. We obtain an
angle 6 = 50.7° for tendon collagen fibrils which coincides well with 6 = 45.3°,
the known pitch of the polypeptide chain in the collagen helix [19]. It should be
noted that while this match with ultrastructural data is not perfect, the SHG
method can be performed in situ, and may be a powerful approach for the
analysis of diseased tissues.

An additional aspect of SHG imaging is the capability of probing the
orientation of fibrils and fibers in tissues. Specifically, the SHG vector nature
can be exploited to provide data on the spatial organization, i.e. long range order,
of the helices from the size range of 500 nm and larger by using polarization
anisotropy measurements of the SHG signal. For processes arising from an
electric dipole process (e.g. absorption, and SHG), the angular distribution of
excitation is given by the second Legendre polynomial (a cos® function). The
anisotropy parameter, 3, describing the molecular orientation, is derived from
this function, and when using linearly polarized light is given by:

I -1
ﬂ par perp ( 2)

Ipar + 21}7&”‘[)

where 1, and L, are the intensities of the signals whose polarizations are
parallel and perpendicular to the polarization of the incident laser. This
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Parallel Perpendicular

Fig. 5. SHG Polarization anisotropy of ex vivo mouse tendon where the left and right images
correspond to the Glan polarizer oriented parallel and perpendicularly, respectively, to the
laser polarization.

parameter can vary between —0.5,and 1. The special case of 0 represents the
isotropic situation where I, and I,,.,,, are equal and would physically correspond
to having complete randomization or disruption of the helices. The value of 1
would correspond to complete ordering relative to the incident laser, i.e. having
well-aligned, well structured fibrils/fibers.. As a demonstrative example Fig. 5
shows the resulting images for mouse tendon where the analyzer was parallel
(left) and perpendicular (right) to the laser polarization. By integrating the entire
field of view, we obtain an anisotropy of 0.3. It should be noted that integration
of smaller regions would likely result in a measurement of higher anisotropy.

3.2. Biochemical and structural characterization of the SHG harmonophore

We are also using SHG imaging to examine the muscle sarcomere structure
in an effort to understand the morphological changes that happens to muscle
tissue during aging as well as in diseases including muscular dystrophy. Because
of the crucial importance of understanding the molecular source of sarcomeric
SHG for any interpretation of experimental or medical imaging data, we present
a thorough characterization of SHG from isolated myofibrils.  These
preparations have allowed us to perform biochemical and pharmacological
manipulations of the sarcomeric filaments and myosin motor domains while
imaging, and enabled high-resolution analysis of the polarization anisotropy of
SHG within individual sarcomeres.

We first turn our attention to a biochemical characterization of the SHG
source in acto-myosin complexes. Whereas the component protein that give rise
to SHG in collagen fibrils clearly is collagen, the muscle sarcomere has a more
complex structure comprising three distinct forms of major filaments and
dozens of proteins [20]. Specifically, thick myosin filaments, thin actin
filaments, titin filaments, or the combination of these, could comprise the SHG
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harmonophore. Furthermore, either the myosin head and/or tail domains could
give rise to the SHG signal.

First we directly investigate the role of myosin in SHG image formation.
Treatment of myofibrils with low-ionic strength pyrophosphate solution is
known to cause specific disruption of myosin filaments, but does not destroy
actin or titin filaments [21, 22]. Here fluorescent actin labeled extracted
myofibrils were attached to a polylysine-coated coverslip, and myosin was
extracted with the pyrophosphate solution. The SHG and TPEF images before
and after treatment are shown in Fig. 6A (left and center panels are SHG and
TPEF respectively) prior to extraction and the right panel is the combined image
following extraction. As in C. elegans, and in analogy to polarization
microscopy, the SHG image of each sarcomere consisted of a bright double-
band. We observed that the extraction essentially eliminated the SHG contrast
from the isolated myofibrils but did not change the periodicity of phalloidin-
stained F-actin within myofibrils, indicating that both actin and titin filaments
remain intact. This result unambiguously demonstrates that myosin is necessary
to produce SHG in myofibrils.

Our previous results using GFP-labeled myosin in C. elegans body wall
muscle indicated that SHG is emitted from the region surrounding the
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Fig 6. A) Extraction of myosin completely abolishes the SHG signal but does not change the
periodicity of the phalloidin actin fluorescence. B) Comparison of the SHG sarcomere
patterns (top panel) and the a-actinin labelled actin thin filaments, showing no overlap. This
figure shows that the SHG arises from the myosin thick filaments.
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sarcomeric M-line [1].Here we extend these findings to myofibrils by explicitly
examining the spatial localization of the actin thin filaments with respect to the
observed SHG signal. To this end we combined SHG with 2PEF microscopy to
simultaneous visualize the spatial overlap of the SHG with either a-actinin or
actin (Fig. 6B), where the top and bottom panels are SHG and TPE fluorescence,
respectively) allowed us to precisely determine the localization of SHG within
the sarcomere. We never observed colocalization of SHG and a-actinin
indicating that the broad dark band between SHG-bright zones contains the Z-
line and thin filaments.

Having uniquely identified the myosin thick filaments as the harmonophore
in acto-myosin complexes, we lastly need to determine from whence the SHG
arises within the myosin molecule. Specifically, the thick filaments contain both
static rod domains and dynamic motor heads and we need to measure their
respective contributions to the SHG contrast. Because there is no significant
long-distance cooperativity between the movement of myosin heads during the
contractile cycle [23], any SHG emitted from head domains should be abolished
or reduced during muscle contraction. Thus we induced contraction in a
myofibril (shown in Fig. 7A, left panel ) and using a rapid line-scan acquisition
mode (right panel) we found that SHG intensity does not change significantly
during induced myofibril contraction.We concluded from this collection of
experiments that myosin heads do not contribute detectably to emission of SHG
from sarcomeres.
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Fig. 7. A) Myofibrils were induced to contract and no change in SHG intensity was observed
during rapid-line scan imaging. B) Polarization analysis as described in 3.1 indicates the SHG
emanates from the coiled-coil tail domain. Together, these results suggest that the head
domain does not produce significant SHG contrast.
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To further verify this finding, we employ the analogous polarization analysis
used in 3.1 to determine the angle between the dipole moment and the symmetry
axis. The resulting fit (shown in Fig. 7B) for isolated myofibrils at 900 nm
excitation gave 6 = 61.2° Importantly, this value closely approximates the angle
of the polypeptide chain in an a-helix relative to the helix axis, measured as
68.6° by X-ray diffraction [19]. Thus we regard the calculated angle for myosin
as a viable estimate of the arrangement of excitable dipoles with myofibrils.
Since 0 = 61.2° matches the pitch of the peptide coil of the myosin rod domain,
we concluded that sarcomeric SHG arises predominantly in the coiled rod
portion of thick filaments. This assertion is in agreement with the contractile
data in Fig 7A.

3.3. Optical Clearing to improve SHG image contrast

In addition to this characterization of the contrast mechanism, efforts must
be taken in optimize the SHG efficiency in order to realize clinical potential. A
limiting aspect of SHG imaging lies in the directionality of the emission. In the
limit of a non-scattering sample with uniformly aligned molecules (or more
precisely dipole moments), essentially all the SHG is forward directed [24]. This
is due to the coherence of the emission. For thicker, turbid, highly scattering
specimens, the SHG signal experiences multiple scattering events, and as
consequence, a fraction of the SHG is backscattered. This mode of SHG
imaging is more convenient to implement than that of the forward emitted wave
as it requires only minimal modification of an existing multiphoton fluorescence
microscope. Furthermore, this configuration allows imaging of the top layers
intact skin or whole animals that cannot be performed in a transmitted geometry.
On the other hand, the resulting coherence and polarization anisotropy of the
backwards directed component to date has not been thoroughly investigated. It is
likely that much of the structural information encoded in the SHG signal in the
forward direction will be lost in the backward signal due to the multiple
scattering events. It would be advantageous to exploit the purely coherent
forward directed signal which retains the anisotropy and simultaneously achieve
significant penetration into highly scattering tissues, including muscle.

Our approach to achieve this goal is to combine SHG imaging with the
optical clearing effect. In this process, a hyper-osmotic reagent of high refractive
index (e.g. glycerol) is added to the tissue to increase its transparency. There is
increasing interest in this idea where recent studies have examined the clearing
potential of hyper-osmotic agents (glycerol, PEG and DMSO) in such diverse
tissues as skin [25-27]; blood [28]; dura mater [29], and gastric tissue [30]. It
was demonstrated in these examples that the depth of light penetration increased
to 3 fold. Here we present data on optical clearing with glycerol of ex vivo
mouse muscle, using 3-D SHG imaging on intact tissue, and show that



Second harmonic generation imaging microscopy of fibrillar structures 125

transparency is substantially increased (~2.5 fold). We characterize the
mechanism for clearing in acto-myosin and further demonstrate the non-invasive
nature of the process.

In 1949, Szent-Gyorgyi [31] introduced the use of glycerol to extract
muscle and this method has become a typical approach for studying muscle
biology. The method is used both to isolate fibers for storage, as well as to
perform physiological measurements. Here we adapt this approach to determine
if increased imaging depth can be obtained. We first examine the effect with
50% glycerol, as the biochemistry of this treatment has been the most
characterized [32]. Fig. 8 A shows x-z projections for the control and 24 hour
timepoints, where Fig. 8B shows the intensity of the SHG as a function of depth
into the tissue at time points up to 24 hours. The muscle fibers are easily
distinguished in this representation and the improvement in transparency is
readily observed with increasing time following treatment. No further clearing
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Fig. 8. Optical clearing of ex vivo muscle tissue by SHG imaging. A) X-Z projections for
uncleared and cleared tissue. B) Timecourse of the process showing the SHG intensity
throughout the axial extent of the tissue at intervals up to 24 hours
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was observed at time points longer than 2 hours. By contrast, the control
experiment of imaging muscle tissue in Tissue-Tek O.C.T. compound over 24
hours showed no optical clearing (data not shown).

Having established the power of the method, we turn our attention to
determination of the mechanism of the clearing process in acto-myosin based
tissue. We can analyze the SHG intensity at a given imaging depth by
consideration losses due to scattering and absorption. The intensity, I(z), as a
function of depth, z, is expected to scale as:

1(z)=1(0)e “eI'* (3)

where 1(0) is the intensity at the top of the stack and p.g is the effective
attenuation coefficient and is the reciprocal of the mean penetration depth [33].
This quantity is related to the reduced scattering and absorption coefficients, p,
and y,’, respectively by:

Heff = [Bua(ug + /us')]l/z (4)

For SHG imaging, the total absorption and scattering coefficients are the sum of
the terms corresponding to the fundamental (900 nm) and SHG wavelengths
(450 nm).
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Fig 9. A) Histogram of imaging depths (1/e point) as a function of glycerol concentration. B)
X-Z projections of the SHG imaging profile of fixed tissue for the control and 50% glycerol
treated cases. Scale bar=20 microns. These data indicate that the clearing mechanism arises
from a reduction of the secondary inner filter effect with essentially no contribution from
refractive index matching.



Second harmonic generation imaging microscopy of fibrillar structures 127

We performed independent experiments to investigate the relative
contributions of refractive index matching and reduced scattering as well as a
decrease in the absorption by decreasing the effective intracellular OD. The
results of fits to Eq. 3 for several trials of the control, 25%, 50%, and 75%
glycerol treated muscle are shown in the bar graph in Fig 9A. We observe that
the glycerol treatments all improved the mean SHG imaging depths (1/e point)
from 85 ~ 210 microns, nearly a 2.5 fold improvement over the uncleared tissue.
The similarity in imaging depth for all three glycerol concentrations provides
insight into the clearing mechanism. In collagen based tissues, the presumed
mechanism of optical clearing has been attributed to refractive index matching.
[27] However, for the case of muscle, we obtained the same imaging depths of
~200 microns for all the glycerol concentrations. The higher concentrations of
glycerol must result in higher intracellular refractive indices, but the degree of
clearing was the same. While we have not found a published refractive index of
muscle at 900 nm, the refractive index of muscle at 632 nm has been reported to
be ~1.38 [34] and is comparable to the 50% glycerol case. However, given the
similarity of imaging depths at all concentration we conclude that index
matching only plays a small role in the optical clearing of muscle.

We must then turn to a reduction of the inner filter mechanism of the
clearing in muscle with glycerol. It was shown by Huxely that this treatment
permeabilizes cellular membranes, and thus extracts a fraction of the
cytoplasmic proteins. This mechanism could significantly decrease light
absorption and scattering within a tissue and provide much greater penetration
into highly scattering tissue. This is reasonable since the SHG wavelength is 450
nm and its absorption by cytochromes and heme proteins is expected to be
significant. To investigate if this is indeed the major mechanism responsible for
the optical clearing n muscle, we treated muscle tissue with a mixture of 4%
paraformaldehyde and 0.5% gluteraldehyde to crosslink the membrane proteins
and prevent or minimize protein leaching out of the cells. Three dimensional
stacks of 50% glycerol treated muscle were then acquired over a 24 hour time
course as before, The resulting x-z projections for the gluteraldehyde fixed and
unfixed tissue are shown in Fig 9B where the left and right panels correspond to
the 0 and 4 hour time points respectively. Little clearing occurs in the fixed
tissue, as only a slight increase (~10%) in SHG intensity is observed in the
middle of the stack. This lack of clearing upon fixation allows us to assign the
reduction of the inner filter effect as the predominant mechanism for the
increased imaging depth, with refractive index playing essentially no role.

We must also consider whether the clearing process has any detrimental
effects on the muscle tissue. Here we present quantitative analyses that that the
structure of the tissue remains unchanged following clearing. In our first
treatment, we examine the sarcomere lengths before and after glycerol
application. Sarcomeres have well defined characteristic lengths for contracted
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Fig. 10. A) FFT filtered image of the sarcomeres for 10 minutes and 2 hour timepoints,
showing excellent overlap of the spatial frequencies. B) Dependence of the SHG intensity as a
function of the laser polarization. These two data indicate that the clearing process does not
alter the fiber structure or supramolecular structure of the acto myosin complexes.

and extended muscle and it is important in terms of any functional imaging that
these lengths do not change during the clearing process. The highly regular
periodicity sarcomeres make them amenable to analysis via a Fast Fourier
Transformation (FFT). Fig. 10 shows the inverse FFT of the sarcomere pattern
before and after clearing, and we see that same spatial fequency is recovered for
these timepoints. This results shows that optical clearing with glycerol not only
provides increased imaging depth but does so with little perturbation of the
tissue structure.

We must also consider the possibility of alterations occurring on the
molecular level due to the glycerol treatment. To determine this, we use the
polarization analysis shown for collagen and myosin above, where in this case
we compared the angular polarization profiles of the SHG signal before and
after optical clearing. As shown in Fig. 10B we found essentially identical
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angular dependences and conclude that there is no significant change in this
structure of the acto-myosin complexes following the clearing process. In sum,
optical clearing is a non-invasive means to achieve significantly enhanced
imaging depth of acto-myosin complexes.

4. SUMMARY

Here we have performed an exhaustive characterization of the SHG in acto-
myosin complexes and collagen based tissues. For the case of muscle, through
biochemical and polarization analysis we have uniquely determined that the
harmonophore is the myosin thick filament. Moreover, the SHG arises from the
coiled-coil tail domain of the myosin, rather than from the dynamic head.
Similarly, we have identified the collagen helical structure as the underlying
chromophore in these tissues. We have also shown that optical clearing provides
significant increase in imaging depth in muscle tissue, with no adverse effects to
the underlying tissue structure. The work here then opens the door to use SHG
imaging of muscle as a tool to probe muscle based pathologies, such as aging
and muscular dystrophy.
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Imaging of enzyme catalysis by wide field microscopy
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ABSTRACT

In this contribution individual lipase enzymes (PLA1) are investigated in their
natural environment, more specific, when released on phospholipid bilayers.
After staining the lipid layer, the enzymatic activity could be monitored by the
appearance of dark features in the layers by means of wide field microscopy,
assuming that the features correspond to reaction products go directly into
solution. In this way, real time imaging of the activity is possible. The analysis
of the desorbed surface area in the phospholipids bilayer appearing after enzyme
injection is then used to estimate the catalytic activity of the enzyme. Variations
in speed as a function of time and concentration are observed. Our results show
that the enzymatic activity on a natural substrate can be monitored and analysed
by the use of wide field microscopy. This approach represents a major step
forward in single enzyme studies compared with previous fluorescence-based
studies of enzymes where non-natural fluorogenic substrates were used. We also
improve the time resolution as compared to AFM measurements on bilayers
probing the same enzymatic process.

1. INTRODUCTION
Since the metabolic activity of the cell is mainly based on enzymatic action, the

study of enzymes and their properties is a field that attracts a lot of attention.
Almost all enzymes studied are proteins, generally ranging between 10 and 500
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kDa in molecular weight [1, 2]. Phospholipases form a large family of enzymes
that play a key role in signalling cascades [3]. They catalyse the splitting of
phospholipids in the presence of water and are grouped on the basis of the
specific chemical bond they split. The phospholipases include phospholipase Al
(PLAT), phospholipase A2 (PLA2), phospholipase C and phospholipase D.
Phosphatide acylhydrolases (phospholipase A), catalyzes the hydrolysis of one
of the acyl groups of phosphoglycerides or glycerophosphatidates.
Phospholipase A2 (PLA2) hydrolyzes the acyl group attached to the 2-position
and is an extensively studied membrane enzyme [4-7]. In contrast, little
information is available on the catalytic activity of PLA1 that hydrolyzes the
acyl group at the sn-1 position.

To investigate the enzymatic activity of a phospholipase in its natural
environment, we released the enzyme (PLA1) on phospholipid layers. These
layers were prepared by the spin coating method [8]. It has been shown that in
this way fluid supported 1-palmitoyl-2-oleoyl-sn-glycero-3 phosphocholine
(POPC) bilayers are generated. By mixing the fluorescent dye 1,1’-ioctadecyl-
3,3,3’,3’-tetramethylindodicarbocyanine perchlorate (DiD) in a ratio of less then
1:100 with POPC, the phospholipid layers become fluorescent. Upon hydrolysis,
the dye is released in solution. The quantum yield of fluorescence of the dye is
much lower in solution than when sitting in the bilayer. This drop in quantum
yield together with diffusion of the dye should lead to the formation of dark
patches when the enzyme is active.

This desorption of the phospholipids layers upon hydrolysis was monitored
by wide field fluorescence microscopy. In this way, the risk of perturbation of
the ordering of the layers by the contact of the tip in AFM measurements as
previously demonstrated [9, 10] is avoided and a better time resolution is

Fig. 1. Left: Typical image of POPC layers before addition of the enzyme. Dark spots show
the bare mica (defect regions) while the bright regions correspond to the stained bilayer. The
image size is 55 x 55 pm? Right: schematic representation of the hydrolysis of the
phospholipid POPC by PLAI
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achieved (ms for wide field imaging versus seconds in AFM measurements).
Jensen et al. visualized the hydrolysis of fluid bilayers by PLA2 based on a
similar scheme by means of fluorescence microscopy [11].

Figure 1 shows a typical wide field image of POPC layers that were stained
with Dil before injection of the enzyme. The phospholipid film (bright regions)
can be easily discriminated from the mica substrate (dark islands), the difference
in height can be demonstrated by AFM (data not shown). The typical size of the
images is 50 pm x 50 pm.

2. EXPERIMENTAL SECTION

2.1. Sample preparation

A 10 mM POPC solution in CHCl; (obtained from Avanti Polar Lipids and
used without further purification) that was labelled with 0.5% of 1,1'-didodecyl-
3,3,3",3'-tetramethylindocarbocyanine perchlorate (DilC12 from Molecular
Probes) is spin coated at a speed of 3000 rpm during 40 seconds on freshly
cleaved sheet of mica with a thickness of approximately 70 to 100 um. The
mica samples are then dried under vacuum for a few hours. Just before
measuring, the sample is hydrated by putting the mica sheets in a liquid cell
holder and adding 10 mM Hepes buffer (Aldrich) that contains 150 mM sodium
chloride (Sigma-Aldrich), 30 uM CaCl2 (Aldrich) and 10 uM EDTA (Sigma).
The pH of this buffer solution was adjusted to 8 by adding sodium hydroxide.
The sample was kept at 80°C for 3 hours and in case the liquid cell can only
contain a small amount of buffer, the buffer solution is refreshed every 30
minutes. Top layers are removed by ‘washing’ them off gently with fresh buffer
solution. PLA1 (variant of Thermomyces (Humicola) lanuginosa lipase) was
developed, expressed and purified by Novozymes (Novo Nordisk) and details on
the procedure will be published elsewhere.

2.2. Wide Field Set-up

A continuous wave laser diode laser (Uniphase, 532 nm) was used as an
excitation source. Typical powers used for the fluorescence imaging are in the
range of 0.2 to 0.5 mW in front of the microscope. The laser light was guided
into an inverted microscope (IX 71 Olympus). The beam reflected by a dichroic
mirror and focused at the back aperture of an objective lens (Olympus 60X air
objective UplanApo, 0.9 NA). The same objective lens is used to register the
required image, after expanding it 3.3 times by a camera lens, on a back
illuminated EM-CCD camera (Cascade 512B, Roper Scientific Inc.), giving
images with a size in the range of 50 by 50 um?. When images of larger areas
are needed, this magnification lens is removed. The exposure time of the
camera is mentioned in the figure caption of the different images.
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2.3. Image analyses

Image analysis was performed by the program ImagelJ and a routine written
in Matlab™. The procedure is based on the subtraction of the images whereby
the step size can be varied. In this way, areas that are hydrolyzed will appear as
distinct regions and the number of pixels can be calculated from these areas.
This number can then be converted to the number of square micrometers
hydrolyzed between frames or to the number of phospholipids.

3. RESULTS AND DISCUSSION

As mentioned before, PLA1 hydrolyzes the sn-1 fatty acids from phospholipids
and produces 2-acyl-lysophospholipids and a fatty acid chain. The overall
reaction is shown in Fig.1. After preparing the dye-stained phospholipid layers,
the samples are monitored at 5 minutes intervals during 30 minutes to ensure
that no new features appear in the images (equilibrated system) prior to adding
the enzymes. After addition of the enzyme, the hydrolysis of the bilayers can be
seen by the appearance of dark features in the lipid layer. The growth of these
features is followed as a function of time. Hydrolysis of the layers nearly
always starts from existing defect regions. This observation is confirmed by
measuring larger areas (135 x 135 um?, images not shown). Only in very few
cases, the hydrolysis starts from regions where no —by wide field imaging
detectable- defects are present. Small non-resolvable defects (smaller then the
diffraction limit) are in that case most likely the anchoring point for the
enzyme(s) to attack the layers.

Figure 2 represents three time laps series for three given concentrations of
enzyme, 3.7 107 M, 1.9 107 M and 4.0 10° M, respectively. The snapshots
show that for given single enzyme concentration, the black, hydrolyzed regions
have a different morphological appearance. For the highest concentration of
enzyme, a kind of “wave-front” like behaviour can be observed: the desorption
proceeds over a larger area without really showing distinct shapes in the moving
wave-front (Fig. 2A). The area that is desorbed in a certain period, expressed in
number of pixels or um? can be used as a measure for the desorption speed. For
the intermediate enzyme concentration, the morphology of the hydrolyzed
patches resembles what we call ‘tubes’ or ‘channels’ (Fig. 2B). The small tubes
or channels have a typical width of around 1 pm. The average hydrolysis speed
is reduced as compared to the higher concentration. For the lowest concentration
an even lower hydrolysis speed is recorded. Now only the edges of an observed
black area are “attacked”, a phenomenon we describe as “edge-nibbling” (Fig.
20).

Note that starting from the highest concentration and for long recoding
times, the morphologic features can evolve from wave front like to tube like. An
example of such an image sequence is given in Fig. 3. The enzyme
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Fig. 2 Time resolved fluorescence imaging of POPC layers labelled with Dil at progressive
stages of hydrolysis with diferent concentrations of PLA1. The layers were obtained by
spincoating a phospholipid solution on mica. (A) Wave-front-like appearance; PLAI1 3.7 x
10"M; (B) Tube-like appearance; PLA1 1.9 x 107M; (C) Nibbling of the edges; PLA1 4.0 x
10°M. White scale 10pm. Exposure time: 500ms. Excitation wavelength: 532nm

concentration used in the movies shown in Fig. 2 is between 4.0 10° M and 3.7
107 M. In this range of concentrations, several to hundreds of enzymes are
active in the region that is imaged: in a volume of 1 pm?, between 600 (1.10°
M) and 0.6 (1.10”M) enzymes are present. The time lag between two images in
these figures is indicated for each sequence. Comparison of image sequences,
taking into account the different time lags, already shows that the hydrolysis
speed is different for the different enzyme concentrations used. Analysis of
these images is performed by calculating the area that has been hydrolysed
during the acquisition time of an image (500 ms for all images shown). From
this calculated area, the number of hydrolysed phospholipids can be calculated,

taken into account that the average surface area of a single POPC molecule is
65A°.
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b b
o i

Figure 3. Time resolved fluorescence imaging of POPC layers labelled with Dil at progressive
stages of hydrolysis by PLA1 (5.37 x 10®M). The layers were obtained by spincoating a
phospholipid solution on mica. The images reveal a changing in the morphological
appearance: passing from wave-front like to tube like appearance. White scale 10um.
Exposure lt;me: 500ms. Excitation wavelength: 532nm. The solution used contained also BSA
1.63 x 107 °M.

A plot of the number of hydrolysed phospholipids in 500 ms as a function
of time for the experiments showed in Fig. 3 is presented in Fig. 4. This figure
shows that the channels do not grow at a constant speed and even more, in some
periods they don’t grow at all. At least in the ‘tube-like’ regime, the hydrolysis
of phospholipids seems to fluctuate with time.

How can the different morphological features, the slowdown of hydrolysis
speed as well as the fluctuations in hydrolysis speed within one regime be
explained?

The morphological features are most probably resulting from a combination
of heterogeneity in the packing of the bilayer as well as from different amounts
of enzymes that are locally adsorbed. Furthermore, the mechanical stability of
the bilayer and its thermodynamical equilibrium will also play an important role



Imaging of enzyme catalysis by wide field microscopy 139

5.0E+07 ; ‘ ‘ ‘ 6.0E+08
=~ 45E+07 p— P
% . =]
! | 5.0E+08 &
= 40E+07 | —t S
< [d -
@ 35E+07 | 8
.g cm— I 4.0E+08 <
S o 30E+07 ’ 5

.0E+07 |
32 f g
N - S
5 >
S E 256407 é L 3.0E+08 ©
5 °
> z

£ 2.0E+07 |
5 6
e I 2.0E+08 5
1] 1.5E+07 - o
E g
2 1.0E+07 - c
- 1.0E+08 g
5.0E+06 1 2

0.0E+00 ‘ ‘ ‘ ‘ 0.0E+00
0.5 50.5 100.5 150.5 200.5
time (s)

Fig.4. Black: Plot of the number of hydrolyzed phospholipids in each frame of 500 ms as a
function of time for tube eating; Blue: the total number of phospholipids hydrolyzed.

In future, we will study the influence of the different parameters by changing the
bilayer composition as well as by extensive modelling.

There are several possibilities to explain the time-dependent hydrolysis
speed. It has been shown previously for single enzymes that they can show
periods of activity followed by inactive periods, due to conformational
fluctuations [12,13]. Since we are not dealing with individual enzymes here, a
similar hypotesis is unlikely since such explanation would involve a concerted
conformational change of several enzymes. Another possibility is that due to the
formation of palmitic acid, local pH can change. This might have an influence
on the enzyme activity and/or the release of the product(s). The latter possibility
would correspond to product inhibition of the enzymatic activity.

In order to confirm the hypothesis of product inhibition (fatty acids [14] as
well as lysophosholipids [15] are known to act as an inhibitor for other
enzymes), measurements were performed in the presence of a fatty acid-binding
agent. Bovine serum albumin (BSA) was used as fatty acid up-taking product.
Different concentrations of BSA were applied on the phospholipids layers in
order to determine the maximum concentration that can be used without
destroying them by auto-hydrolysis due to the albumin. We found that the
maximum BSA concentration that can be applied without destroying the bilayers
is 2.5 10"®M. The experiments described below were always carried out below
this upper concentration in BSA. Images taken after the addition of BSA (one
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albumin molecule can bind multiple palmitic acid molecules) shows that the
different morphological phenomena still can be seen. However, when the
hydrolysis speed for a given enzyme concentration is compared in absence with
the one in presence of BSA, an increase in the hydrolysis speed can be observed.
The average hydrolysis speed remains constant over a longer time window.
Nevertheless, the concentrations of BSA that can be applied (below the
conditions where auto-hydrolysis of the layers occurs), are still too low to take
up all the palmitic acid that is formed. This explains the observation that even
with BSA, the reaction still slows down after a while.

4. CONCLUSIONS

Wide-field fluorescence microscopy was used in this study to follow enzyme
activity on phospholipids bilayers. Three major kinds of morphological features
could be observed as a result of enzyme induced degradation of the bilayers. In
the first stage of the enzymatic hydrolysis or at high enzyme concentration, a
‘wave-front’-like disappearance of the layer can be observed. As a function of
time, or at lower concentrations, this behaviour changes in the formation of
tubes. Sometimes they grow, but also periods of inactivity can be observed
when one tube is studied as a function of time. After that or at low enzyme
concentrations, only the edges of the layers are nibbled off. Both effects
(concentration effect as well as time dependence) are probably resulting from a
complex interplay between mechanical stability of the layer, time dependent
enzyme absorption and product inhibition of the enzymatic reaction. The kind
of inhibition (reversible/irreversible) is not yet unambiguously determined. In
order to reduce this inhibition, BSA was added and an increase in catalytic
activity is observed compared to the same concentrations of enzyme without the
use of a product up-taking agent. The concentrations of enzyme used are too
high to be able to see single enzymes at work. On average there are between 60
and 0.6 enzymes per pm? present, without taking into account that due to their
affinity for the bilayer, the local concentration on the phospholipid layers is
probably much higher. In order to go to a single molecule level, in future dye-
labelled enzymes will be used in combination with stained layers to be able to
track the enzyme on its catalytic journey.
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Chapter 9

Interferometric detection and tracking of nanoparticles

V. Jacobsen, E. Klotzsch and V. Sandoghdar
Laboratory for Physical Chemistry, ETH Zurich, 8093 Zurich, Switzerland
1. INTRODUCTION

Observing and analyzing movement in biological systems is a key issue in
understanding biological functions. For example, the study of the dynamics of
motor proteins has helped to understand “molecular machines” and mechanical
force generation in biology [1], whereas the observation of viral movement on
membranes provides information about how viruses bind to the membrane and
eventually enter the cell [2],[3]. An accurate knowledge about the transport of
micro and nanoparticles is also of utmost importance for medical applications
such as drug delivery.

Particle tracking experiments attract increasing interest from physically
oriented scientists as the requirements to observe dynamic biological
phenomena challenge the limits of measurement techniques. One crucial aspect
for employing single particle tracking is the use of labels that are small enough
not to alter the dynamic properties of the labelled object. Single molecules are
the ideal label because of their negligible size and the modern fluorescence
microscopy techniques available for their visualization [1],[2],[4]. However,
single fluorescent molecules fare badly on several other accounts. First,
fluorescence molecules generally photobleach and strongly limit the observation
time. Second, after each excitation of the molecule one has to wait typically for
few nanoseconds until a photon is emitted before it can be excited again. This
leads to the saturation of the signal and thus a limited emitted power. As a result,
a typical integration time of about 1 ms is required to accumulate sufficient
statistics for accurate localization of the molecule [6]. Applications where both
sub-ms temporal and sub-100 nm spatial resolution are needed become
unreachable.

An alternative labeling approach uses semiconductor quantum dots which
fluoresce strongly but photobleach much more slowly than dye molecules [7],
[13]. However, quantum dots suffer from a severe fluorescence blinking which
renders them dark for a substantial fraction of the observation time. Furthermore,
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like single molecules they also suffer from saturation. Finally, although naked
semiconductor dots are about 3-5 nm in size, their effective size is considerably
larger, up to around 20 nm, when they have been made biocompatible (see Fig.
1). While quantum dots have become popular for conventional fluorescence
microscopy, single dot experiments have not provided a notable advantage over
dye molecules.

To remedy the shortcomings of fluorescent labels, gold nanoparticles have
been proposed. As early as 1986, biophysicists have reported the detection of
moving particles down to 10 nm and non-moving particles down to 5nm in
diameter with video microscopy [14]. The principle of detection relies on light
scattering instead of fluorescence. Consequently, gold nanoparticles neither
photobleach nor blink. Moreover, gold nanoparticles are biocompatible and can
be synthesized such that they contain a hydrophilic surface functionality, e.g. a

old nanoparticles:
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Fig. 1. Overview of the diameters of semiconductor quantum dot labels with various
biocompatible coatings as compared to gold nanoparticles. Note that the diameter of the
solubilized particle in water (twice the hydrodynamic radius) is the relevant size parameter for
the label rather than the diameter of the dry particle, e.g. measured by electron microscop [12].
Both for the quantum dots and gold particles the specified size refers to the biocompatible but
non-specific label.
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carboxylic group. Furthermore, because the scattering signal does not saturate,
one can obtain a large signal in a short interval of time, allowing fast tracking
experiments. Although gold nanoparticle labels are rather large compared with
single fluorescent molecules, their sizes are compatible with quantum dots (see
Fig. 1). Specific binding to the target of interest will generally require additional
chemistry which adds to the volume of the label.

Recently, Kusumi and co-workers have used gold nanoparticle labels to
observe hop-diffusion in cell membranes by video microscopy [5], [15] with a
time resolution of 25 ps. Although these researchers could show that in their
case a 40 nm particle did not destroy the functionality of the system under
observation, one is generally interested in developing methods for both fast and
sensitive detection of smaller gold nanoparaticles to minimize their impact on
the biological system.

2. DETECTION OF GOLD NANOPARTICLES

The optical properties of gold nanoparticles and their plasmon resonances in the
visible and near-infrared spectrum of light have been subject of many excellent
review articles and textbooks; see e.g. Ref. [17],[18] or Ref. [19] for a review on
biological applications and Ref. [20] for gold nanoparticle synthesis. In this
article we omit a general survey on gold nanoparticle optics and directly address
the more recent advances in the detection of very small nanoparticles.

2.1. The unfortunate particle size-dependence of the scattering efficiency

While the detection of single fluorescent molecules has become routine in
the laboratory over the last decade [21], detecting single nonfluorescent
nanoparticles and clusters has remained a challenge [22]-[30]. The reason is that
fluorescence emission can be easily separated from background light by spectral
filtering whereas distinguishing elastically scattered light from the background
is a nontrivial task. Several groups have employed dark-field [22] or total-
internal reflection microscopy [23] to achieve this goal. However, these methods
suffer from the fact that the scattered intensity of very small particles is
proportional to the square of their static polarizability [33], which in turn
depends strongly on the particle diameter. For a spherical particle with a
diameter d that is much smaller than the wavelength of light 4, the polarizability
can be written in the electrostatic approximation as [33]

3
_ﬂd gp_gm

a(d)="—"———" (1)

2 ¢,+2¢,

where ¢, and &, denote the dielectric constants of the particle and the
surrounding medium respectively. Thus the scattering cross section of the
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particle depends on the sixth power of the particle diameter. This means that the
signal from a 5 nm particle is weaker by nearly 50000 as compared to a particle
of 30 nm in diameter. This strong drop of signal is the reason that the signal
from particles smaller than about 30 nm drops below the background noise even
in methods such as dark-field microscopy. Some recent efforts have gotten
around this problem by detecting gold nanoparticles via their absorption signal,
which scales as the particle volume. This @’ dependence causes the signal to
drop below a given detection limit for smaller particles less quickly [24, 25, 28].
In what follows, we describe an alternative method that is based on the
measurement of the electric field of the scattered light, which also scales as d’
[26, 27].

2.2. Interferometric amplification of the scattered field

The scattered field |E,| is proportional to the polarizability a and thus scales
as d”. Since conventional photodetectors are sensitive to the intensity, one has to
beat the electric field of interest with a reference field E, to access the quantity
E; in an intensity measurement. It turns out that this can be easily achieved in
various detection geometries if one exploits the background or reflected light.
Figure 2 shows a few possibilities. The most convenient reference is the beam
reflected by the sample, depicted in Fig. 2a. In this configuration, the reference
and the signal are self-aligned. The detector signal will have three components
consisting of the intensity of the reflected light, intensity of the scattered light
and a cross term caused by the interference between the two fields. In principle,
even the scattered light can serve as a reference in the dark-field and TIR

a) b) Cmanon

I T )

| /: \ ::\ )
illumination 1 s o !

| ff— illumination

detector detector
detector

Fig. 2. Different methods employed for the detection of elastic scattering of nanoparticles. a)
epi illumination: reflected and scattered light are collected in backward direction through the
same objective used for the illumination. b) dark-field microscopy: reflected light is blocked
by an aperture such that the detector sees scattered light only, ¢) TIR microscopy: incident
light is totally internally reflected at the base plane of a prism such that only the scattered light
can reach the detector. Solid arrows denote incident or reflected fields, curved arrows show
the scattering by the particle and the dashed arrows indicate the background scattering or
back-reflection from the substrate.
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illuminations as sketched in Figs. 2b) and c), respectively. However, these
options are not very effective because the reference is neither collected nor
overlapped with the signal very efficiently.

We now discuss the optical arrangement drawn in Fig. 2a) in more detail.
Let E; denote the electric field of an incident laser beam focused onto the sample
by the microscope objective. The incident light is partially reflected at the
interface between the glass substrate and the cover medium (e.g. water or
immersion oil), giving rise to the field E, =rE, exp(—iz/2) at the detector. Here,

the real number 7 is the effective field reflectivity for the focused beam. The
field does not experience a phase shift upon reflection from a medium of lower
refractive index. However, a Gouy phase [34] of -n/2 has been accumulated by
the reflected Gaussian beam with respect to £;. The scattered field at the detector
can be written as E, =sE, = |s|exp(i(p) E,, where s is proportional to the particle

polarizability given in eq. (1) and ¢ accounts for the phase change upon
scattering. For a spherical particle with a diameter that is small compared to the
wavelength of light, the scattered field propagates as a spherical wave that is
collimated by the microscope objective. The two fields £, and E; interfere so
that the intensity seen by the detector is given by [26]

Idet = |Er +E§

= |E,~|2 (rz +|s|2 —2r|s|sin (0) (2)

The last term is the desired interference cross term. We note that the numerical
aperture of the illumination has to be restricted to a value which avoids total
internal reflection at the sample surface (e.g. NA < 1.3 for the case of a glass-
water interface) for this simple discussion to be applicable. In a more general
case, the reflection of a tightly focused beam can have a more complicated
character [35], leading to a nontrivial overlap with the scattered signal.

Figure 3 displays some examples of the experimental data. For a weakly
reflecting interface between glass and an immersion oil which almost matches
the index of refraction and relatively large particles of 60 nm in size (see Fig.
3a)) the pure scattering term |E|° dominates the signal and one observes the
particles as bright spots. On the contrary, the particles appear dark (Fig. 3b) if
they are smaller than a certain value because the pure scattering becomes
smaller than the interference cross term. For an interface with a stronger
reflectivity, the transition from bright to dark occurs for larger particles. Thus
we see in Fig. 3c) that 60 nm particles appear dark at the water-glass interface.
Note that particles down to 5 nm in diameter are observed at both the almost
matched interface (Fig. 3b)) and the glass-water interface (Fig. 3d)). While the
index-matched configuration provides an optically uniform environment
desirable for single particle spectroscopy [26], [31], the latter case is important
for biological application discussed later in this chapter.
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We now quantify the signal obtained from the particles by defining a
normalized intensity oy as:

_ I signal - I background
Oy = I (3)
background

where /g, denotes the total intensity on the detector and Jpucigrouna Signifies the
same signal in the absence of a gold nanoparticle. As shown in Fig. 3f), 5 nm
particles placed at the water-glass interface give on~-3x107. Fig. 3¢) and f) plot
a histogram and a line profile obtained from 5 nm particles at the glass-water
interface. The width of the observed distribution of the normalized intensity

04
e) d=5nm f) =
in water :} 0
2 %
z 10 5
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0.00 0.01 0.02 1 2 3
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Fig. 3. Confocal images of gold nanoparticles of a) 60 and b) Snm diameter at the oil-glass
interface recorded using a white light continuum illumination [26]; confocal images of gold
partices of ¢) 60 and d) 5Snm in diameter at the water-glass interface [27] measured using
green (A=532nm) illumination; e) histogram of the normalized intensity observed for 5 nm
particles at the water-glass interface, f) cross-section as indicated in d).
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corresponds to the size distribution specified by the manufacturer and thus
underlines that we are detecting single particles [27].

2.3. A high axial resolution

The lateral resolution of our interferometric detection method is limited by
the diffraction limit in the usual manner. However, it turns out that the axial
resolution of this technique can be far superior to that of a confocal microscope.
This makes our method of particular interest for three-dimensional tracking of a
nanoparticle. To demonstrate the performance of this method in the axial
direction, we have spin-coated gold nanoparticles of 30 nm in diameter on a
cover glass slip and then coated them with a SiOy layer of various thicknesses
using plasma-enhanced chemical vapor deposition (PECVD). We determined
the thickness by ellipsometry on silicon reference substrates which were
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Fig. 4. a) Sketch of the experimental arrangement for a vertically displaced particle; b) 3x3um
confocal images of 30nm gold nanoparticles in this configuration. On the interface (A, without
SiOy-layer) the particles appear dark. Particles located 82nm below the interface (B, with 97nm
SiOy) appear bright due to the inversed phase of the interference cross term. c¢) normalized
intensity oy of 30nm single gold nanoparticles separated from the reflecting SiOx-water
interface as a function of the thickness of the SiOy layer, Az. The error bars denote the standard
deviation determined for more than 40 particles. The data points corresponding to the images
in b) are labeled.
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deposited simultaneously. Next, the samples were covered by water (see Fig. 4a)
and the particles in different samples were imaged, while keeping the interface
rather than the particle in the focus of the objective. In each case oy was
determined.

As the distance Az of the particles to the reflecting surface is increased the
particles appear periodically dark and bright. Figure 4b) displays an image of
particles that are at the interface (left: A) and an example of particles which are
82 nm below the interface (right: B). Figure 4c) shows the normalized intensity
on measured for particles covered by SiOy layers of various thicknesses. The
contrast is modulated because the distance between the interface and the
particles introduces a path difference of 2Az between the scattered field and the
reflected field of twice that distance. We note that the SiO, layer matches the
refractive index of the cover glass closely so that the reflection from the
interface between glass and SiO, can be neglected. We therefore rewrite the
interference cross term /., from eq. (2) as

1, = —2r|s|sin(¢+47m—mz)+arctan [&B (4)
A z

0

Here we have also taken into account the Gouy phase [34] that is accumulated
by the incident beam between its encounter with the particle and its return to the
particle position. Because the Gouy phase is mostly accumulated within a
Rayleigh range of z,=nzw]/2 [34], its contribution leads to an aperiodic

evolution of the phase as a function of Az. Equation (4) has been employed for
the fit shown in Fig. 4c) using a beam waist of wy=120 nm and a height Az that
equals the thickness of the SiOy layer reduced by the radius of the particles to
take into account that they are actually deposited on top of the glass surface.

The data in Fig. 4c show that a complete contrast reversal takes place within
75 nm. This provides a fantastic opportunity for tackling the difficult task of
particle tracking along the optical axis with a localization accuracy well below
50 nm. We remark that the vertical position information is obtained in a similar
fashion as compared to fluorescence interference contrast (FLIC) microscopy
[38] where a sample is stained with a fluorescence dye and positioned on a
transparent silica chessboard of wvarious thickness on a reflecting silicon
substrate.

2.4. Ultrafast Detection

In tracking experiments, it is often desirable to study the motion of a particle
with as high of a time resolution as possible to ensure that one does not overlook
processes and interactions that take place at very short time scales. In cell
membranes for example, a moderate time resolution under a millisecond has
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enabled the unambiguous observation of “hop-diffusion” where membrane
molecules follow Brownian motion in certain compartments but change
compartments on a slower time scale [5]. The experimental difficulty is that
increasing the time resolution results in the reduction of the detected signal per
unit time. One might imagine, this can be overcome by increasing the excitation
intensity. In case of single fluorescent molecules, however, this is limited by
saturation. In case of gold nanoparticles, on the other hand, the scattered power
remains proportional to the incident intensity. The only restriction that has to be
kept in mind is a potential heating of the local environment of the particle due to
its absorption.

Gold nanoparticles have been indeed used for fast tracking. In standard
video microscopy 40 nm particles have been detected with a time resolution of
25 us to visualize hop-diffusion in cell membranes [5], [15]. We have shown
that our detection scheme allows the detection of even smaller particles on a
time scale as short as 1 us [27] (see Fig. 5). To mimic the fast motion of a
nanoparticle in our first demonstration experiments, a focused laser beam was
scanned across the particle at a speed of 0.2 pm/us, using a galvo-driven mirror.
The curves in Fig. 5a) and b) show the traces of a single 30 and 20 nm particle,
respectively, obtained using a laser power of about 2 mW. The particles are
clearly observed within a passage time of about 2 ps. As shown in Fig. 5d), even
a 10 nm gold particle could be easily detected after increasing the illumination
power to about 30 mW. We point out that the optical powers used in these
preliminary experiments have been rather high because of the laser noise. Shot-
noise limited experiments would require far lower intensities.
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Fig. 5. Normalized intensity detected at the glass-water interface while scanning the beam
laterally across the sample area selected by an enlarged pinhole. a) and b) Detection of
particles 30 and 20nm, in diameter under illumination power of 2mW. ¢) and d) Detection of
particles 20 and 10nm, in diameter under illumination power of 30mW. Reproduced from
Ref. [27].
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2.5. Other detection schemes

The working principle of the particle detection presented above — the
amplification of a weak scattered field by a reference field — is not restricted to
the confocal arrangement. The idea can be applied as long as the scattering and
the reference signals are coherent. Figure 6 summarizes a few possible detection
schemes. As shown in Fig. 6b), one can also detect the particle in transmission
where the scattered field from the particle interferes with the transmitted field,
and the signal is measured as a change in extinction. The reflectivity of a sample
surface depends on the refractive index contrast and is usually a few percent or
less. Consequently, the transmitted field will be much stronger than the reflected
one. Although the amplification of the scattering will be stronger in this case,
the transmitted (background) intensity and therefore its noise is much higher so
that the extinction signal is more easily lost in the noise as compared to the
situation depicted in Fig. 6a). Arbouet et. al. [28] have measured single gold
nanoparticles down to a size of 5nm in transmission, but indeed they needed a
spatial modulation of the particle and lock-in amplification to obtain a
sufficiently large signal (see also the next section).

a) O b) l illumination
1
I I
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' illumination
interference interference
detection detection
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@ }

interference |n1erference
detection detection

Fig. 6. Various examples of experimental arrangements for interferometric scattering
detection: a) reflectivity measurement as discussed above, b) extinction measurement in
transmission as applied in [28], and c) dark-field scattering detection or d) TIR scattering
detection both interfered with an external reference field. Straight arrows denote incident or
reflected fields, curved arrows scattered fields.
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An important configuration for applications is wide-field imaging because it
allows the simultaneous observation of a large area. We have previously
demonstrated that our interferometric method is also possible in this imaging
mode [27]. However, we found that inhomogeneities in the illumination field
can give rise to systematic background features which complicate the detection
of small nanoparticles. This can be remedied by employing a dark-field or total
internal reflection illumination and using an external beam for obtaining
interference, as indicated in Figs. 6¢) and d).

An external beam can be also used in the standard configuration of Fig. 6a)
[29]. An external reference offers more freedom to tailor the relative phase,
amplitude and polarization of the reference and the signal. However, the use of
an external reference has the important disadvantage that one loses the intrinsic
alignment between the two optical fields, requiring a very stable mechanical
setup.

2.6. The signal-to-noise ratio

We now address the issue of the signal-to-noise ratio (SNR) for the
interferometric detection. The second and the third terms in eq. (2) constitute the
signal whereby for very small particles the cross term dominates. Thus, the
strength of the signal is simply proportional to the field of the reference beam.
The noise can have several sources. In what follows we ignore the detector noise
since various high quality detectors are available today. The most prominent
noise in the measurements discussed above is the instrumental noise on the laser
intensity, which is typically in the 0.1-2% range for commercial devices. The
instrumental noise of the laser beam can be partly tackled in two different ways.
First, active stabilization of the beam intensity using acousto-optical or electro-
optical modulators can help to reduce the noise. Second, one can use an
additional low-noise detector to monitor and record the laser intensity
simultaneously as the measurement. The output of this detector should correlate
with the beam that is incident on the sample so that it could be used for
normalizing the signal and thus eliminating the noise. In practice, however, it
remains extremely difficult to achieve noise levels beyond 107,

In the ideal case that the instrumental noise has been eliminated, the shot
noise, i.e. the intrinsic statistical fluctuations of the number of photons in a beam,
becomes relevant. In this case, the noise of the reference beam is proportional to

\/Z o r, while the signal scales as 2r|s|sin(p (see eq. (2)) [26] so that oy

becomes independent of the strength of the reference beam. Furthermore,
because the shot noise scales as the square root of the intensity, its contribution
becomes increasingly negligible at higher powers. The fractional ratio of the
shot noise to the power of a green laser beam of 100 pW, equivalent to about
10" photons per second, is about 10”. Considering that oy for a 5 nm particle is
of the order of 107, and that oy scales as d°, we should be able to detect single
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gold particles that are smaller than 0.5 nm in diameter with a shot-noise limited
source.

In addition to the laser noise, one has to worry about any background
“signal” seen by the detector. Here we assume that trivial sources of background
such as stray light not originating from the sample are absent. However, as
mentioned in the context of Figs. 2b) and d), scattering from objects other than
the particle of interest also produce a signal on the detector which cannot be
easily separated from the signal of the gold nanoparticle (see also section 3.2). In
a wide-field detection mode this background results in a speckle-like signal on
the detector.

3. DETECTION OF DIELECTRIC OBJECTS

3.1. Label-free detection of microtubules

The interferometric detection method is very sensitive to even weakly
scattering object. A look at Fig. 3d) reveals that the detection picks up roughness
and refractive inhomogenities of the cover glass [27]. Indeed, the detection
mechanism is not limited to gold nanoparticle but can also be used for imaging
other objects. Figure 7b) displays slowly moving microtubules on a kinesin
surface (see Ref. [36] for the preparation method). Microtubules are asymmetric
polymeric structures assembled from thousands of tubulin proteins into hollow
tubes with a diameter of 24 nm stretched over a length of several micrometers
(see Fig. 7a). It turns out that the dimensions and the index contrast between
organic material and water is large enough to induce a change in normalized
intensity of about 2%. Such biological nanostructures are conventionally
detected using fluorescence labeling. It is clearly of a great advantage to be able
to image them directly [37].

3.2. Distinguishing gold nanoparticles from other scattering objects
The sensitivity of the interferometric signal to very small dielectric objects

Fig. 7. a) Sketch of a microtubule as an asymmetric assembly of tubulin proteins, b)
subsequent confocal scans of microtubules moving on a kinesin surface prepared as
described in [36]. The microtubules cause a normalized intensity of ox=0.02.
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opens great opportunities for label-free detection and tracking of biological
nanosystems. However, it also complicates the identification of specific labels
such as gold nanoparticles in a crowded environment. To address this issue, we
have taken advantage of the plasmon resonance of the gold nanoparticles [27].
As shown in Fig. 8a), the scattering cross section is several times larger on the
resonance than at a wavelength that is detuned by a few tens of nanometers.
Dielectric objects, on the contrary, usually do not show such a strong
dependence of the scattering efficiency with the wavelength. Figure 8b) and c)
present confocal scans of a microtubule labeled with four gold nanoparticles on
kinesin-coated glass (see Ref. [27] for details) which were simultaneously
obtained at two illumination wavelengths of A=532 nm and 488 nm, respectively.
Upon subtraction of their corresponding quantities oy and plotting the result in
Fig. 8d), the signal from the microtubule has been eliminated while the signal
from the gold particles persists on a very low background.

4. TRACKING OF GOLD NANOPARTICLES

Above we have seen that we can detect gold nanoparticles and even dielectric
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Fig. 8. a) Calculated scattering spectrum of a 20nm gold particle in the dipole approximation.
The two wavelengths A used to obtain the images shown in b), c¢), and d) are indicated; b)
confocal scan of a microtubule labeled with gold nanoparticles of 40nm diameter (see text for
details) imaged at A=532nm; c¢) simultaneously acquired scan at A=488nm. Both images show
the normalized intensity oy in the same color scale -0.125...0.025; d) difference on(532nm)-
on(488nm) plotted in the same color scale. Reproduced from Ref. [27].
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nano-objects very sensitively. Now we discuss the possibility of tracking a
single nano-object. One could imagine a wide-field configuration or a fast
confocal scanning system to follow the motion of a nanoparticle. However,
these options are usually fairly slow [39]. To exploit the intrinsic speed of our
method, we have set out to track a single particle by locking the laser focus to its
position. The information about the deflection of the laser beam will directly
provide the coordinates of the particle under study. In order to achieve this, the
pinhole and the detector can be replaced by a quadrant diode (Hamamatsu
S6058) in the focus of the imaging lens as sketched in Fig. 9a). Taking into
account the finite separation of the quadrants of 10 pum, we use a large
magnification of almost 200 to image the sample focus on a sufficiently large
area of the detector. Figure 9b) and c) show the sum of the signals on all
quadrants and the difference between the sums of the two upper and the two
lower quadrants respectively, as the particles are scanned through a fixed laser
focus. It is clear that the difference signal changes its sign if the particle moves
from above to below the centre of the focal area. An analogous signal is
obtained from the difference of the two left and right quadrants.

Having shown that the information about the direction of the motion of the
particle is recorded on the segmented photodiode, we can use closed loop
electronics to track the nanoparticle. The difference signal of each direction is
fed into an analog feedback amplifier (PID, Stanford Research SIM960), and the
output voltage of the PID controls one dimension of a two-dimensional beam
scanning unit. The beam scanner consists either of two galvanometric mirrors
(Cambridge Technology) or acousto-optical deflectors (AOD, A.A. Opto-
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Fig. 9. a) Sketch of the quadrant detection scheme, see text for details; b) sum signal of all
four quadrants observed for 30 nm particles at the water-glass interface and scanned through
the focus; c¢) simultaneously acquired difference of the top and bottom quadrants.
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Fig. 10. Tracked trajectory of a 30 nm gold nanoparticle that is moved by a periodic sample
displacement.

electronic). The acousto-optical deflection unit is limited to a maximum
deflection efficiency of 50%, but it provides a high positioning speed with
random access times on the order of a few ps. Figure 10 shows a proof of
principle demonstration of the tracking loop. The sample containing 30 nm gold
particles on glass and immersed in water is sinusoidally moved by a piezo stage.
The tracking loop has been clearly successful in recording the trajectory of the
nanoparticle. By using better detectors, we should be able to detect smaller
particles and at higher speeds.

5. CONCLUSION

Gold nanoparticles down to a size of 5 nm can be detected and tracked at an
interface. Due to their biocompatibility and indefinite photostability, these
particles are very promising for application as optical label in biological studies.
The detection mechanism is based on the amplification of the weakly scattered
light of the object through interference with a reference beam. Improvements in
the laser source and detectors will allow the detection of even smaller objects. In
fact, we have shown that this method can also be used to detect and image
nonfluorescent nanostructures such as microtubules. The optical measurements
presented here have the potential to serve as a very powerful tool for studying
dynamic nanosystems, especially when both high time resolution and long
measurement times are required.
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1. INTRODUCTION

Surface-enhanced resonance Raman scattering (SERRS) has been expected to be
a highly-sensitive tool for structural analysis of molecules that are adsorbed on a
metal surface. Indeed, SERRS enables us to identify molecular vibrations even
under the single-molecule level [1-10]. It is widely accepted that both
electromagnetic (EM) and chemical mechanisms contribute to SERRS [1-20].
There is no doubt that EM fields that are coupled with plasmon mainly
contribute to large enhancement of Raman scattering, because recent
calculations of EM fields at inter-particle junctions and at sharp edges of noble
metal nanoaggregates well predict enhancement of Raman scattering by a factor
of 10° to 10" [3-10]. We have already identified that optimum polarization,
spectral maxima, and Q factors of plasmon resonance are all essentials of large
enhancement of Raman scattering [16-19]. However, only EM mechanism
cannot provide reasons why all kinds of molecules adsorbed on inter-particle
junctions and sharp edges do not always generate SERRS activities. For
example, we do not observed an enhanced Raman signal of water even from Ag
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nanoaggregates in an aqueous solution. Such questions strongly motivate us to
consider that chemical interaction between molecules and Ag surfaces
contributes to a large enhancement of Raman scattering [4,5,7,11-15,22,23].
Thus, it is important to investigate chemical interaction between SERRS-active
molecules and metal surfaces to explore a SERRS-chemical mechanism.

Several spectroscopic studies on SERRS-active molecules which have
non-hydrogen-terminated N atoms showed that the N atoms interact with Ag
surface atoms and form Ag-N chemical bonds; however, the Ag-N stretching
mode is difficult to be observed in SERRS spectra because of its low frequency
of Raman shift (~250 or ~350 cm™) and weak intensity [13]. From SERRS
spectroscopy of H,TPP molecules adsorbed on Ag substrates, Itoh et al.
identified that an Ag-N chemical bond in a pyrrole-ring enhances a SERRS band
of a C4-N stretching mode [20,21]. Thus, we expected to observe chemical
interaction between SERRS-active molecules and Ag surfaces through the
observation of a C,-N stretching mode instead of an Ag-N stretching mode.
Conventional ensemble spectroscopy of SERRS cannot directly reveal
individual chemical interactions, thereby providing averaged information on
many molecules interacting and not interacting with Ag surface atoms. Thus, it
is potentially important to attempt single-molecule SERRS spectroscopy to
investigate chemical interactions between H,TPP molecules and Ag surfaces.

In the current study, we applied time-resolved SERRS spectroscopy to
single Ag nanoaggregates that are adsorbed by H,TPP molecules under the
single-molecule level to reveal chemical interaction between H,TPP molecules
and Ag surfaces. We investigated temporal fluctuations of SERRS spectra and
their background-light emission spectra. Background-light emission is not found
in association with normal Raman scattering and has been pointed out as
important characteristics of SERRS [4,7,11-15,19]. We found that both SERRS
and background-light emission were temporally stable when a C,-N stretching
mode clearly appeared in SERRS spectra, suggesting that stable Ag-N chemical
bonds suppress temporal fluctuations of both SERRS and background-light
emission. The suppression of the temporal fluctuations by Ag-N chemical bonds
implies that chemical contribution to SERRS is stabilization of adsorbed H,TPP
molecules on SERRS-active sites by formation of Ag-N bonds. Additionally, we
attributed background-light emission to luminescence from complexes of H,TPP
molecules and surface Ag atoms in terms of several lines of evidence: formation
of Ag-N bonds, simultaneous fluctuation of SERRS intensity with
background-light emission intensity, background-light emission maxima blue
shifted from the normal H,TPP fluorescence maxima, and previous work on
electronic structures of H,TPP molecules on Ag surfaces [24-26].
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2. EXPERIMENTAL

Metal-free 5, 10, 15, 20-tetraphenylporphine (H,TPP) (ALDRICH, 99+ %,
Tokyo) was used as purchased. An extinction spectrum of the Ag colloidal
solution that we used showed a single maximum at 410 nm (figure not shown),
thus showing that the amount of aggregated colloidal particles was negligible in
the initial solution. SERRS-active Ag particles were prepared by mixing a
H,TPP aqueous solution (1.8x107 M), a NaCl aqueous solution (10 mM), and
an Ag colloidal solution (1.0x10"° M). An aliquot of the mixture was
spin-coated on a glass plate after a 30-min incubation at room temperature
(17 °C). The Ag particles on the glass plate were sandwiched with a thin film of
a aquerious NaCl solution (4.0 M) to stabilize SERRS activity [5,13].The
appearance of SERRS-active Ag particles was found to be clumps of several Ag
nanoparticles by SEM measurements, as reported by other groups (data not
shown) [2,3,4,7,9,10,19].

The spectroscopic setup is similar to the reported one [16-19].Briefly,
SERRS-excitation light beam from an Ar’ laser (457 nm) was focused on a
sample glass surface using an objective lens (5X, N.A. 0.15). The incident
angle of the light beam was 70° against the sample plain. Excitation intensity
was 40 mW/cm”. SERRS and background-light emission from the identical Ag
nanoaggregates were collected with an objective lens (60 X, N.A. 0.15), and led
to a polychromator (Pro-275, Acton, Tokyo), which was equipped with a
thermoelectric cooling charge-coupled device (DV434-FI, Andor, Tokyo). Two
different gratings (150 and 1200 grooves/mm) were used for detection of
SERRS (spectral resolution: 3 cm™) and SERRS plus background-light emission
(spectral resolution: 12 e¢m™), respectively. White light from a 50-W halogen
lamp was introduced to the common focusing area using a dark-field condenser
to identify single Ag particles as isolated plasmon resonance Rayleigh scattering
spots.

3. RESULTS

3.1. Dark-field and SERRS Optical Image of Ag Nanoaggregates

Figure 1A shows Rayleigh scattering spots from Ag particles the color of
which varied from one spot to another. Figure 1B shows inelastic scattering
spots that correspond to SERRS-active Ag particles. Many papers confirm that
SERRS-active Ag particles are aggregates of several Ag nanoparticles
[2,3,7,9,10,17,19];thus, we call SERRS-active Ag particles SERRS-active Ag
nanoaggregates in the current paper. From the comparison between Figures 1A
and 1B, we identify SERRS-active Ag nanoaggregates in Figure 1A. All
SERRS-active Ag nanoaggregates in Figure 1B showed temporal intermittence
known as “blinking”, as will be discussed later with reference to Figure 3. The
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Fig 1. (A) Plasmon resonance Rayleigh scattering image of Ag nanoaggregates, (B) a
corresponding SERRS image of Ag nanoaggregates, (C) a representative TEM image of Ag
nanoaggregates, and (D) a molecular structure of metal-free H2TPP.

“blinking” of SERRS is attributed to either thermal translational and rotational
motion of an adsorbed molecule on a SERRS-active site [1-4,6-9], or fluctuation
of energy levels of a complex formed between a metal atom and an adsorbed
molecule due to a change in the local work function at a SERRS-active site [5].
The left panel of Figure 1C shows a representative TEM image of Ag
nanoaggregates in the current work. The right panel of Figure 1C shows an
enlarged TEM image of an Ag nanoaggregate in which a junction of two Ag
nanoparticles was clearly observed. Figure 1D shows a structure of a H,TPP
molecule, which is an aromatic macrocycle with four pyrrole rings connected by
unsaturated (methine) carbon atoms. The symbols of o, o’, B, and B’ in H,TPP
molecule identify the position of carbon atoms.

3.2. Temporal Fluctuation of SERRS Spectra
Figure 2A shows a resonance Raman spectrum from H,TPP powder on a
glass surface. Figure 2B-D shows time-averaged (85 s) SERRS spectra from
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three independent Ag nanoaggregates that were adsorbed by H,TPP. The
positions of SERRS bands, except for the following key band, are the same as
those of the resonance Raman bands in Figure 2A within an error of 3 cm™.
This error is within the resolution of the current spectroscopic system.
Thus, SERRS-active H,TPP molecules were not decomposed or carbonized by
enhanced laser fields. Figure 2B-D shows that a key Raman band was observed
at 1357 cm’, which was not observed in the resonance Raman spectrum in
Figure 2A. This 1357 cm™ band is attributed to a C,-N stretching mode
[20,21].Note that the symbol C,, is defined as a carbon atom which is bonded to
a non-hydrogenated N atom in a pyrrole ring, as shown in Figure 1D.

Figure 3A—C shows time-resolved SERRS spectra from three independent
Ag nanoaggregates. Note that each SERRS spectrum in Figure 2B-D is
reproduced by the summation of the time-resolved spectra in Figure 3A-C,
respectively. The SERRS spectra in Figure 3A do not show a striking change
with time. On the other hand, the SERRS spectra in Figure 3B and C show
changes with time, as highlighted by red dotted circles. Figure 3B shows that
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Fig 2. (A) Resonance Raman spectrum of H2TPP and (B) — (D) SERRS spectra of H2TPP
molecules adsorbed on three different single Ag nanoaggregates.
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Raman bands at 1602 and 1281 cm™ appeared and disappeared from 15-20 to
30-35 and 30-35 to 45-50 s, respectively. The Raman bands at 1602 and 1281
cm’ are attributed to a phenyl breathing mode and a Co-Cp stretching mode,
respectively [20,21,27].Figure 3C shows that SERRS spectra prominently
changed in frequency and intensity. The intensity of a phenyl breathing mode at
1602 cm™ increased from 10-15 to 15-20 s, and then an unknown band at 1643
em™ appeared from 20-25 to 25-30 s. This unknown band may be v, which is
one of the skeletal modes with the highest Raman shift [27-29].Two bands at
1600 and 1643 cm’ simultaneously disappeared at 30-35 s. Then, the SERRS
spectrum at 35-40 s returned to the initial one at 0-5 s. Next, Raman bands at
1268 and 1384 cm™ simultaneously appeared from 45-50 s. Furthermore, their
side bands at 1295 and 1398 cm™ also simultaneously appeared at 50—55 s.

3.3. Temporal Fluctuation of Background-Light Emission
We observed intermittent property of background-light emission, which is
also known as “blinking” in SERRS measurements [1-9,19]. To compare
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Fig 3. (A) — (C) Time-resolved SERRS spectra of H2TPP molecules adsorbed on three
different single Ag nanoaggregates corresponding to those in Figure 2(B) — (D). Five seconds
integration time per spectrum.
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blinking of SERRS and background-light emission, we simultaneously observed
SERRS and background-light emission spectra by expanding a spectral window
from 50 to 250 nm. Figure 4A shows fluorescence spectra of H,TPP.
Fluorescence maxima at 650 and 720 nm are attributed to mirror-image
transitions of Q-bands [30]. Figure 4B-F shows SERRS background-light
emission spectra from five different Ag nanoaggregates. The highly-structured
bands observed around 460 - 500 nm are attributed to SERRS bands [20,21].
The background-light emission spectra can be divided into five bands, as shown
in the vertical dotted lines at 690 + 10, 620 + 10, 590 + 10, 560 + 10, and 530 +
10 nm. These emission maxima are different from the fluorescence maxima at
650 and 720 nm.

Figure 5SA-C shows time-resolved background-light plus SERRS spectra of
three different Ag nanoaggregates. Figure 5A shows that background-light
emission and SERRS did not fluctuate largely with time. On the other hand,
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Fig 4. (A) Fluorescence spectrum of H2TPP and (B) — (F) variations in background-light
emission spectra of H2TPP molecules adsorbed on single Ag nanoaggregates. The
highly-structured bands around 460 - 500 nm are SERRS bands [20,21].
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Figure 5B and C shows that background-light emission and SERRS fluctuated
with time. Figure 5B shows that background-light emission was a combination
of two maxima at 590 and 610 nm indicated by two dotted lines from 0-5 to
15-20 s. The emission maximum at 590 nm increased, decreased and
disappeared from 0-5 to 30-35 s. The emission maximum at 610 nm increased
and decreased from 0-5 to 30-35 s and kept its intensity from 35-40 to 80-85 s.
During this temporal change, SERRS intensities and spectra also fluctuated.
Figure 5C shows a background-light emission maximum at 560 nm shifted to
540 nm from 5-10 to 20-25 s, as indicated by the arrow 1. Then, the emission
maximum decreased and additionally shifted to 520 nm from 50-55 to 60-65 s,
as indicated by the arrow 2. During this time evolution of background-light
emission, SERRS intensities and spectral shapes also fluctuated with time.
Figure 5D, E, and F shows trajectories of the intensity of the background-light
emission maxima at 600, 600, and 550 nm (solid line with closed circles),
respectively, and of the common SERRS maximum at 490 nm (dashed line with
open circles) in Figure 5A, B, and C, respectively.

4. DISCUSSION

4.1. SERRS Detection under the Single-Molecule Level

From the comparison between Figure 1A and Figure 1B, we found that the
color of Rayleigh scattering of SERRS-active Ag nanoaggregates is not blue,
but always red or yellow. Indeed, the color of red or yellow is an indication of
aggregated Ag nanoparticles. The involvement of aggregated Ag nanoparticles
as SERRS-active Ag particles is consistent with the previous work that revealed
that an aggregate of Ag nanoparticles can be SERRS active [2,3,7,9,10,17,19].
From the previous work [2,3,7,9,10,19], H,TPP molecules located at the
junction of nanoparticles are likely SERRS-active. The “blinking” of SERRS is
attributed to either thermal diffusion of an adsorbed molecule on a
SERRS-active site [1-4,6-9] or fluctuation of energy levels of a complex formed
between a metal atom and an adsorbed molecule due to a change in the local
work function at a SERRS-active site [5]. Thus, the appearance of blinking in
the current SERRS measurements strongly suggests that the number of adsorbed
molecules per one SERRS-active site in a nanoaggregate is closed to the single
molecule-level even though the initial concentration of H,TPP (1.8x107 M) was
much higher than the concentration of an Ag colloid solution (1.0x10™° M).

4.2. Suppressed fluctuation of SERRS and background-light emission by
Ag-N bonding

We found a key to understanding the interaction between Ag atoms and
H,TPP molecules in SERRS spectra at 1357cm™. This wavenumber is attributed
to a C,-N stretching mode by comparing SERRS spectra in Figure 2B, C, and
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Fig 5. (A) — (C) Time-resolved background-light emission spectra of H2TPP molecules (5 s
integration time) adsorbed on single Ag nanoparticle aggregates and (D) — (F) trajectories of
the intensity of the background-light emission maxima at 600, 600, 550 nm (solid line with
closed circles), respectively, and of the common SERRS maximum at 490 nm (dashed line
with open circles) in A, B, and C, respectively. Intensities of the trajectories are normalized to
their maximum intensity.

D with a resonance Raman spectrum of H,TPP in Fig. 2A. Kobayashi et al.
reported that resonance Raman spectra of complex of two Ag atoms and one
H,TPP molecule shows a strong band of a C,-N stretching mode [20,21],
whereas a resonance Raman spectrum of H,TPP does not show a C,-N
stretching mode. Thus, formation of an Ag-N bond is evidenced by the
appearance of a C,-N stretching mode in the SERRS spectra in Figure 2B, C and
D. Furthermore, formation of Ag-N bonds between adsorbed molecules with
non-hydrogenated N atoms and Ag surface atoms is favored by reduction of the
work function of Ag surfaces, as revealed by ultraviolet photoemission
spectroscopy (UPS) [31]. Thus, our identification of the Ag-N bonds between
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H,TPP molecules and Ag surfaces in SERRS spectra is consistent with the
previous experimental observations.

Recently, Jarzecki and Spiro applied a method of density functional theory
(DFT)/configuration interactions with single-excitation (CIS) to analyze
resonance Raman spectra of metal-free porphines [28]. Changes in the current
SERRS spectra are quite similar to a change in their calculated spectra which is
caused by electronic excitation splitting (Figure 3 in Ref. 28). The electronic
excitation splitting is caused by two kinds of N atoms in a pyrrole-ring, one is
hydrogenated and the other is non-hydrogenated, as shown in Figure 1D. The
two kinds of nitrogen atoms in a pyrrole-ring split the excitation into two kinds
of polarization [28]. In particular, a temporal change in the observed spectra in
Figure 3B and C, which are highlighted by dotted circles, are in agreement with
the transition from one polarized resonance Raman spectrum to the other
polarized one of H,TPP [28]. Considering that the current measurement is
implemented at the single-molecule level per one SERRS-active site, the
temporal change in SERRS bands in Figure 3B and C may provide evidence for
rotation of a H,TPP molecule against a SERRS-excitation electromagnetic field
localized on a SERRS-active site.

The SERRS spectrum in Figure 2B, which was averaged over stable
time-resolved spectra in Figure 3A, clearly shows a C,-N stretching mode at
1357 cm’', whereas the SERRS spectra in Figure 2C and D, which were
averaged over unstable time-resolved spectra in Figure 3B and C, respectively,
do not clearly show the C,-N stretching mode. Thus, the clearly observed C,-N
stretching mode in Figure 2B supports the idea that a H,TPP molecule forms a
stable Ag-N bond with a surface Ag atom. On the other hand, an unclear C,-N
stretching mode in Figure 2C and D supports the idea that a H,TPP molecule
forms an unstable Ag-N bond with a surface Ag atom. From the two types of
appearance of a C,-N stretching mode, we consider that the origin of temporal
fluctuation of SERRS spectra is due to fluctuation of an Ag-N bond between a
surface Ag atom and a H,TPP molecule. We consider one possible origin of
stale and unstable Ag-N bond is temporal fluctuation of local work function of
an Ag surface, which changes barrier height of electron tunneling from a
chemisorbed molecule to an Ag surface or an Ag surface to a molecule [5].

We identified in the previous paragraph a C,-N stretching mode which is an
indication of an Ag-N bond between a H,TPP molecule and a surface Ag atom
when SERRS spectra is temporally stable. Figure 5D shows that
background-light emission was well synchronized with SERRS when the
emission and SERRS was temporally stable. Figures 5E and F show that
background-light emission is out of synchronization with SERRS when both the
emission and SERRS are temporally unstable. The out-of-synchronization,
together with the synchronization, suggests that the Ag-N bond determines not
only the temporal fluctuation of SERRS but also of background-light emission.
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4.3. Possible mechanism of SERRS and background-light emission in the
current H,TPP/Ag nanoaggregate system

We discuss in this section a possible mechanism of SERRS and
background-light emission. Figure 4A-F shows blue shifts of background-light
emission maxima from fluorescence maxima. These blue shifts suggest that
background-light emission is not fluorescence of monomer of H,TPP molecules.
Background-light emission of SERRS has been considered to be luminescence
or electronic Raman scattering from complexes of chemisorbed molecules and
surface metal atoms [4,7,11,12,19,22]. We observed lack of
excitation-wavelength dependence of background-light emission maxima for
H,TPP/Ag nanoaggregate system (data not shown). The lack of
excitation-wavelength dependence supports the idea that background-light
emission is not Raman scattering but luminescence. Blue shifts of luminescence
maxima from monomer fluorescence maxima suggest that H,TPP molecules
form H-aggregates on Ag surfaces [32]. Furthermore, we identified in the
previous section that SERRS-active H,TPP molecules form Ag/N bonds with
surface Ag atoms. From the lack of excitation-wavelength dependence and
formation of Ag-N bonds, we attribute the background-light emission to
luminescence of H,TPP/Ag complexes. From the point of the origin of
luminescence, we assume that the observed five background-light emission
maxima in Figure 4B-F are luminescence from several conformations of
H,TPP/Ag complexes, because surface conformations of chemisorbed molecules
on metal surfaces strongly change electronic orbital of the molecules [5,11,15].
However, there is still difficulty in identifying the origin of luminescence
because the out-of-synchronization between SERRS and background-light
emission suggests a possibility that SERRS is occasionally detected without
background-light emission, and vice versa. We consider that SERRS without
background-light emission is Raman signals of H,TPP molecules, not forming
complexes with Ag atoms, enhanced by EM field at SERRS-active sites, and
that background-light emission without SERRS is luminescence from Ag-atom
clusters [33,34], which enhanced by a strong EM field at SERRS-active sites.

We have difficulty in identifying electronic structures of H,TPP/Ag
complexes because no general rules are available to identify the structures.
Furthermore, formation of orbital mixing between molecules and metal surfaces
depends strongly on the combination of molecules and metals [11,15]. Ishii ez al.
investigated electronic structures of H,TPP molecules on several kinds of metal
surfaces by UPS [24-26]. They showed that decreases in vacuum level energy of
H,TPP/Mg, H,TPP/Ag, and H,TPP/Au system are 0.3, 0.6, and 1.0 eV,
respectively, and noted that these variations in the reduction of vacuum level
indicate existence of an electronic state at an interface between H,TPP
molecules and a metal surface [24-26]. They also commented that decreases in
vacuum level energy indicate charge transfer (CT) from H,TPP molecules to
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metal surfaces through the interface electronic state [25]. Lombaridi et al.
developed SERRS mechanisms including the CT from adsorbed molecules to
metal surfaces (Figure 1C in Ref. 14). According to the CT-SERRS mechanisms
[14] and a comprehensive dipole-dipole interaction theory [23], one possible
quantum mechanical picture of SERRS and background-light emission of
H,TPP/Ag nanoaggregate system is summarized in the following manner. The
incident light that is enhanced by a plasmon dipole excites an electron in one of
HOMO states of a molecule to an interface electronic state between a molecule
and a Ag nanoaggregate, and then the excited electron is scattered back to the
initial HOMO state. The coupling between the transition-up dipole, which is
induced by excitation from a HOMO state to an interface state, and a plasmon
dipole enhances the scattering process. This enhanced scattering is an origin of
SERRS.” On the other hand, a portion of the population of an excited electron
in the interface electronic state can radiatively decay to the initial HOMO state.
The coupling between the transition-down dipole, which is induced by radiative
decay from the excited interface electronic state to the initial HOMO state and
plasmon dipole enhances the radiative decay process. This enhanced radiative
process is an origin of background-light emission.

5. CONCLUSIONS

We investigated, under the single Ag nanoaggregate and the single-molecule
level, both temporal changes in SERRS and background-light emission spectra
of H,TPP. When SERRS spectra were temporally stable, a C,-N stretching
mode was clearly observed in SERRS spectra. On the other hand, when SERRS
spectra were temporally unstable, this mode was not clearly observed.
Furthermore, when SERRS spectra were temporally stable, the intensity of
background-light emission was synchronized with the intensity of SERRS. On
the other hand, when SERRS spectra were temporally unstable, the intensity of
background-light emission was also temporally unstable and was not
synchronized with the intensity of SERRS. A C,-N stretching mode is enhanced
when H,TPP molecules form Ag-N bonds with surface Ag atoms [20,21]. Thus,
we attributed the spectral fluctuation of SERRS and background-light emission
to fluctuation of Ag-N bonds, the control of which plays an important role in
suppression of spectral fluctuation. Furthermore, we attributed background-light
emission to luminescence of complexes between H,TPP H-aggregates and
surface Ag atoms, considering possible Ag-N bonds, synchronized SERRS
intensity with background-light emission intensity, and blue shifted
background-light emission maxima from normal H,TPP fluorescence maxima,
and published work of electronic structure of H,TPP molecules on Ag surfaces
[24-26].
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Chapter 11

General importance of anomalous diffusion in biological
inhomogeneous systems

Kiminori Ushida and Akiko Masuda

Eco-Soft Materials Research Unit, Riken, 2-1 Hirosawa, Wako, Saitama,
351-0198 JAPAN

1. INTRODUCTION

From the viewpoint of material science, all biological systems from primitive to
higher ones are complex compositions of various inhomogeneous substances,
for example, polymers, gels, membranes, solutions, and other so-called soft
materials. Life is the total activity of the construction, one aspect of which is
expressed as material transports within this inhomogeneous space followed by
some chemical reactions, including molecular association induced by weak
intermolecular interactions. Transporting substance involves gases such as
oxygen and carbon dioxide, liquids such as bloods, nourishing matters,
hormones, and various signaling molecules which exist both inside and outside
of cells. Activity of life, or “live or dead” in other straightforward words, can be
distinguished by the conditions of material transports among various organisms
in many practical cases. Moreover, organisms with diseases may causes some
troubles or difficulties in material transports and therefore their observation can
be used as diagnosis of various biological systems. Different from other
superficial observations checking the structure or morphology of the biological
organs, this new approach through material transports is more closely related to
the real life activities.

Material transports in media are quantitatively characterized by diffusion
coefficients. Diffusion coefficients can be measured by wvarious methods
including several spectroscopic methods, such as fluorescence correlation
spectroscopy  (FCS) [1-4]. However, diffusion coefficients within
inhomogeneous space are not constant showing complex behavior called
“Anomalous diffusion (AD)”[5]. AD is defined as the transport phenomenon
where the mean-square displacement (MSD) of diffusing particle is not in
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proportion to the time progression. Normal diffusion (ND) coefficient cannot be
defined any more in such cases.

In this chapter, we discuss the importance of AD in biological systems
realizing various bio-activity in life.

2. GENERAL DESCRIPTION OF ANOMALOUS DIFFUSION

2.1. General review about the description of normal diffusion

Diffusion coefficient, which is widely accepted in many fields of science
and technology, was first found in Fick’s second law [6, 7]. Fick had no
microscopic imagination based on molecules but seemed to have derived this
concept from thermal conduction theory. Diffusion coefficient namely started as
the coefficient in diffusion equation which provides phenomenological
explanations about material transports.

Now a day, however, widely accepted definition of diffusion coefficient by
physical scientists is given by the relationship with the MSD of diffusing
particles which is a statistical quantity obtainable by some experimental
techniques [1,8]. This is originally predicted by Albert Einstein for the diffusion
induced by Brownian motion [8]. As shown in Fig.1, MSD is often given by a
function of time ¢ as <r(f)*> In normal diffusion (ND), MSD increases in
proportion to ¢ and diffusion coefficient D is defined as

< r(t)? >=2dDt (1)

where d is the dimension of diffusion, or in other words, the freedom of
diffusion. For 3-dimentional isotropic (Euclid) diffusion (1) becomes

<r(t)* >=6Dt (2)

¢t must be sufficiently long to reach a stationery stage where we can rule out the
effect of the initial inhomogeneity and local fluctuations but this criteria is
fulfilled in normal experimental observation such as in spectroscopy or in
diffraction methods.

Diffusion equation describing ND is generally successful in the explanation
of the diffusions in ordinal but ideal liquids where the proportional relationship
between MSD and ¢ is valid over surprisingly wide time region, from
picoseconds to, probably days or years. This success implies the fact that any
material transports in normal liquids are induced and driven by microscopic
Brownian motions of molecular scale, i.e. the spatial scale is smaller than 0.01
nm and the time scale is smaller then picoseconds. Einstein expressed this
concept providing very simple equation called Einstein’s equation as
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Fig. 1. The definition of diffusion coefficient derived from the time dependent function of
mean square displacement (MSD), <r(t)2>. See eq. (1).

pkT
- (3)
at temperature 7 using a parameter S, where m and k stand for the mass of
diffusing particle and Boltzmann factor, respectively [8]. Microscopic Brownian
motion can be introduced to the diffusion equation by adding some stochastic
terms such as random forces. One well-known stochastic differential equation of
this kind is Langevin equation [9, 10] where the nature of Brownian motion
appears in the time-correlation function of a stochastic random force F(¢) as

D:

_F@
_I’I’l

¥+ fr (4)

in a style of the equation of motion. The nature of F(¢) can be analyzed using its
auto-correlation function as

R(r)=<F({)F(t+7) > (5)

When the F(¢) is a pure random force (Brownian motion in homogeneous media),
R(?) takes a form expressing “white noise” with a delta function as

R(r) = R,5(7) (6)

In the diffusion process in homogenous media, the time integrals of F(¢) are
supposed to show a Gauss distribution and the process belongs to Wiener
process. However, this is not a unique solution for general diffusing transports
and others are conceivable such as Levy-Flight motion [11, 12]. As far as we
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treat homogenous systems classically as ND, we have almost no opportunity to
encounter non-Wiener process and no necessity to use these extensions.
However it can be revealed in the treatment of AD occurring in inhomogeneous
space as simply discussed in the later sections of this article.

2.2. Extention of diffusion coefficient applicable to inhomogeneous systems

The majority of substances existing in this actual world, especially in the
biological community, belong to inhomogeneous systems. The diffusion
processes in such real substances are affected not only by spatial structures of
diffusing spaces but also by some potential forces all of which have some
typical scales, from nanometers to meters. One example of spatial structure is
the meshwork structure in gels, glasses, or polymer solutions [1, 13-16]. One
example of potential forces is the electrostatic interactions in colloidal solutions
[17]. As the result, the physical properties concerning material transports
(including D) may have some correlations to (or dependence on) the spatial
scale [1]. Similarly, the structure of diffusing space also changes gradually along
the progress of the time by some fluctuations and the above-mentioned physical
properties may also have some correlations to the time scale. Accordingly, the
static property in eq. (2) is changed to depend on the time and space scales in
inhomogeneous systems as

<r(t)’ >=6D(t)t (7)
or
<r(t)? >=6D(L)t (8)

where L is a typical length of diffusion traveling (we refer “diffusion length”)
and one can choose the square root of MSD for this parameter as

L=+<r@)?’> (9)

It should be noted that eq. (2) can be used as the inter-conversion equation
between ¢ and L as

L=46D(t)t or L=+/6D(L)t (10)

regarding D(f) and D(L) as simple proportional factors for 7 [18, 19]. In the later
sections of this article, we borrow this inter-conversion in the analyses of our
observation of D since any experimental results have there typical ¢ or L in their
sampling as far as some spectroscopic or diffraction methods are employed. We
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Fig. 2. An example of the lineshape of MSD for anomalous diffusion (AD). <r(f)*>> becomes
a variable function of ¢. (Compare with Fig.1)

call this kind of experiment as “single point measurement of D” and mark the
observed results of D as D, to distinguish them. Even for inhomogeneous
diffusions, we allow to use the following equation to obtain rough but
sufficiently correct estimation for both ¢ and L in treating a “single”
experimental result.

L=,6D,.t (11)

In recent years, the term of “Anomalous diffusion” is widely used, the
definition of which is the diffusion process where MSD is not in proportion to ¢
as indicated in Fig.2. When plotted against linear ¢, MSD of normal diffusion is
a straight line started from the origin (Fig. 1). For AD, however, the lineshape of
observable (but actual observation is not easy) MSD is generally a free function
of ¢ as shown in Fig. 2. There is one question how we can define the time
dependent diffusion coefficient D(¢) from the curve in Fig. 2. Another question
is what is the relationship between D(¢) and experimentally obtained Dyps.

3. RELATIONSHIP OF THE OBSERVED DIFFUSION COEFFICIENT
(Doss) WITH THE SAMPLING FUNCTIONS OF EACH
EXPERIMENTAL METHOD

In AD, the measurement of diffusion coefficients (we refer this as diffusiometry
in this chapter) cannot be straightforwardly connected with the real MSD
function. Observation of D is performed under the experimental regulation in the
scales of the time and space. If we choose one molecule, the value of D is
approximately constant, however, the time scale can be changed by orders
depending on the experimental scales which covers, for example, 10° — 10 m.
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Since most of the experimental techniques have their own setups with a typical
spatial scale, one experiment never covers this full time scale of MSD plot in
Fig.2.

Another problem is the statistical sampling always accompanied by
diffusiometry. When the real displacement (ri(1)?) of each single particle (i) can
be monitored, the definition of MSD is expressed as

<r@)° >= limy; 20 (12)

N—w

For diffusion of the particles smaller than the optical resolution limit such as
ordinary molecules, we have no way to observe the real displacement (7).
Instead of this, we choose an event which reflects the particle displacement and
measure the period (sometimes statistical) in which the event undergoes. This is
one-way derivation and we can never reproduce r;(¢) from MSD.

Here we examine several examples of diffusiometry with spectroscopic
techniques.

In FCS [1-4], the event in the view is decrease or increase of the molecules
caught in the confocal volume (CV). The fluctuation (i.e. its correlation time) of
the fluorescence intensity reflects the period of the stay for single molecule in
the CV. In this case, the spatial condition (the size and shape of CV) is defined
at first, the event (molecular motion intersecting the CV border) is defined next,
and then, a time-dependent behavior (autocorrelation function) is monitored as
the experimental result. A fitting function is used for the autocorrelation
function to obtain the mean stay period (zz) inside CV. Typical size of CV in
FCS is hundreds nm in horizontal diameter and typical 7z is longer than us.

For PFG-NMR method [18,19], as another example, the spatial resolution
realized by magnetic field gradient is defined first, the escape of molecule from
the area is used as the event, and a time-dependent behavior (signal decay versus
the duration of two pulses) is obtained. Typical size of field gradient resolution
is « m and typical decay constant is longer than ms.

FRAP (fluorescence recovery after photobleaching) has also connect the
spatial information observed by microscopes with a time-dependent behavior
(fluorescence recovery) induced by the diffusion of dye molecules. When a laser
scanning microscope is used, the typical size of diffusing space is larger than
«m and time scale is longer than ms.

All these experimental methods were developed and designed only for ND.
When ND is expected for the system to be investigated, the effect of the shape
of sampling function on the result is negligible since the true D value is only one
at any ¢ or L range. In most cases in ND, simple averaged values are used to
obtain D.
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Fig. 3. A schematic diagram describing the effect of the experimental regulation of
diffusiometry. The time sampling function is indirectly controlled by the shape and the
size of diffusing space.

In Fig.3 we schematically indicate this situation. All these methods have
their own space where the particles diffuse and time-dependent signals from the
particles are recorded and accumulated. After appropriate analysis, D iS
determined. Each method has its own size of diffusing space and L takes typical
values depending on this size. Then this typical L is connected with typical ¢ by

the value of D,,s. Therefore the typical value of ¢ is indirectly regulated by the
size of the diffusing space. In the same way, the shape and the size of the
diffusing space indirectly controls the statistical distribution of the data in the
time region through the space sampling function. This distribution, which is
precisely unknown, can be regarded as the time sampling function for MSD.
Obtained values of D,ps are the reflection of this time sampling function and
sometimes deviate from the value of D(¢).

In AD, where the lineshape of MSD is not linear as shown in Fig.2, there is
no guarantee that we can reproduce the true lineshape of D(f) in connecting
number of data points of D,s obtained by various diffusiometries. Nevertheless,
we dared to have done this approach in the series of our previous works [2-4,
18,19] which seems rather informative and useful in spite of its lack of precise
background.

4. DIFFERENTIATION OF MSD AND ANOMALOUS DIFFUSION
COEFFICIENT

In the last section we aware that the sampling method in the experiment is
essential to discuss the relationship between D, and D(?). In this section, we
provide another remark on the differentiation of MSD in AD. Differentiation can
be regarded as a limit (A7—>0) style of the sampling function in the time region.
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For ND, eq.(2) is permanently correct and

d<r(t) >
dt

6D

is obtained. For AD, however,

d<rt)’ >

- =6D0)+6D'(1)

is obtained from eq. (7) and

d<r@t) >

o =6D()

(13)

(14)

(15)

is incorrect because the second term in eq. (14) is neglected. In Fig 4, we show
the difference between d<r(f)*>/dt and 6D(f) on the MSD curve. In real
diffusiometry, for which the sampling function is ambiguous, both cases are

possible that obtained Dy is close to d<r(£)*>/dt or 6D(¢).

5. EXAMPLES OF DIFFUSIOMETRY FOR INHOMOGENEOUS

SYSTEM WITH ANOMALOUS DIFFUSION

In resent years, we performed diffusiometry on aqueous solutions of hyaluronic
acid (HA) using several kinds of spectroscopic methods.[2-4, 18, 19] We
collected the several numbers of data on single measurement (D,,s) and aligned

7'

<r:>

Slope=6D(f)

Fig. 4. The 6D(¢) in the MSD curve of AD is the slope of linear line connecting the origin

and <r(t)2> data points. The d<r(t)2>/dt is not equal to 6D(¢). (See eq . (14))
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them against the diffusion distance L or the diffusion time ¢. We could obtain a
smooth line in each systems as shown in Fig. 5 and suppose that the resultant
lines indicate rough profiles of D(¢) or D(L).

The details of experiments were already presented in elsewhere. We used
three kinds of diffusiometries for cytchrome c: Photochemical bimolecular
reaction (PCBR), SVC-FCS, and PFG-NMR. A smaller molecule Alexa 488
showed a nice AD curve in SVC-FCS results. The value of ¢ was determined as
follows: (1) For PCBR, the time constant of the exponential decay of the excited
state (fluorescence lifetime) was used. (2) For SVC-FCS, the average stay
period in CV (zz) was used. (3) For PFG-NMR, the duration between two field

PFG-NMR

107 10° 10° 10’
diffusion time /s

Fig. 5. A) The distance dependence of diffusion coefficient (DDDC) and B) the time
dependence of diffusion coefficient (TDDC) plots for Dobs obtained in the aqueous
solution of hyaluronan (HA). Diffusing molecules are Alexa 488 and cytchrome c. Use
diffusiometries are PCBR (photochemical biomolecular reaction), SVC-FCS (sampling
volume controlled fluorescence correlation spectroscopy), and PFG-NMR (pulsed field
gradient nuclear magnetic resonance). (Reproduced from Ref. 4)
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gradient pulses were used. We obtained corresponding L value for each data
point by eq. (11). Both the distance dependence of diffusion coefficient (DDDC)
plot and the time dependence of diffusion coefficient (TDDC) plot are shown in
Fig. 5. These data points are D,,s which involve small deviation from true D(L)
or D(f) because of the varieties of the sampling functions for each D, point.

Since the HA solutions are believed to form meshwork structures, it is
reasonable that the profile of D(L) becomes a step function as shown in Fig.6.
For HA solutions used in our experiment, the typical mesh size (¢) was 5 - 30nm
which was one order larger than the ordinary gel solutions. In the short distance
limit (Plateau I: L —0), the line was flat and D, was constant and close to the
value in water (buffer solution) without HA. In the long distance limit (Plateau
II: L>>u ), the line was flat again because the mesh size was sufficiently small
to be regarded as homogenous media in this large scale of L. The interactions
between the diffusing molecules and the HA mesh act as if friction in the
continuous media. Different from plateau I, the position of plateau II depends on
the mesh size, i.e. the concentration of HA. The HA concentration (Cya)
dependence of D,y in plateau II exhibits an exponential curve as

Dobs = DO eXp(_é:CHAO-S) (16)

as suggested by Ogston et al [2-4, 21] for general gel solutions.

Between these two plateaus a step was found around which the value of D
dramatically changes. SVC-FCS method, which we developed recently, is a
powerful technique to resolve the lineshape of curvature around the step. The
position of the step in the spatial scale was 1-2 order larger than u and also
depends on the size of diffusing particles. The step shifts to lower ¢ and L for
larger molecules and realizes the size selection of the molecule like molecular
sieving.

The mechanism of decrease in Dy, is explained as gradual decrease of the
volume of reachable space within diffusing period along which the molecules
are occasionally inhibited from their free motions encountering the polymer
chains. The term “Ant in the labyrinth” [13, 22, 23] is used to describe this
situation. Since the area where the value of D, changes is restricted in very
narrow region of TDDC or DDDC plots, we call this region “local anomalous
diffusion area” [4] as shown in Fig. 6. Appearance of local AD area is an
importance character of gel-like fluid containing meshwork space.

Since meshwork structures are generally found in almost all biological
systems, anomalous diffusion, especially the local anomalous diffusion, should
be essential to regulate the biological activity through the material transports. In
next section we discuss a typical example of extracellular matrix.
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Fig. 6. A typical TDDC curve observed for inhomogeneous solutions containing mesh
structure.

6. GENERAL IMPORTANCE OF ANOMALOUS DIFFUSION IN
MATERIAL TRANSPORTS IN EXTRACELLULAR MATRICES (ECM)

Extracellular matrix (ECM) [24, 25] is the generalized name of variety of organs
in animals other than cells. About a half volume of animal body is constructed
by ECM. ECM is generated from cells, surrounds cells, interacts with cells, and
is occasionally decomposed by cells. Sometimes cell itself migrates through the
ECM space as seen in tumor cell migration.

Until recently, the role of ECM had been thought to be limited to ones of
less importance in bio-activity such as constructing the body, holding moisture,
etc.. However, recent studies reveal the significance of ECMs which
communicate with cells continuously in their life activities. One example is the
role of cell adhesion molecules (CAMs). The most famous CAM, cadherins act
as connectors in cell-cell adhesion [26]. There are another group of CAMs
which interact with ECMs such as integrins [27] (interacting with collagens) and
CD44 [28] (interacting with HA). They act as the anchors of the cell contacting
with ECM. Cells select cell-cell adhesion or cell-ECM adhesion in their activity
and CAMs and ECMs are believed to play crucial roles in development and
tumor migrations.

In Fig. 7, a cartoon of typical ECM (assuming ECM in cartilage) is indicated.
The ECM is composed of largely of collagen fibrils which forms a stiff mesh
structure. Rather small amount of glycoproteins, HA, and proteoglycans exist to
fill up the large space between collagens. These glycomaterials form soft
meshwork of hydrated gels and also hinder the materials that diffuse in ECM.
Our previous results indicate that even a small amount (0.1 wt%) of HA affects
the diffusion modes significantly. Therefore, material transports in ECM should
be AD including local AD.
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Fig. 7. A cartoon showing the structure of a typical ECM (assuming ECM in cartilage)
composed of collagen (CG), hyaluronan (HA), link protein (LP), chondroitin sulfate
(CS), keratan sulphate (KS). The LP+CS/KS are called aggrecan.

Now we scope on the cell surface activity in contact with ECM simply
comparing two situations with and without ECM as shown in Fig. 8. The cell in
the lower position secrets some materials including signaling molecules from P
and Q. In free diffusion without ECM, materials secreted from P disperse into
open space. Very small number of molecules can reach A, B and C and the
majority will be lost in outer space. However, in the existence of ECM, the
materials from P are not lost but held in ECM forming a gradient of
concentration. The probability to reach B and C is still low but the selectivity to
be conveyed to A is improved. In the same way, the material secreted from Q is
easily accepted by the adjacent cell in the existence of ECM. The ECM seems to
control the yield of chemical reactions by AD especially for the cell-cell
communications.

This strategy to improve the yield of chemical reactions is adequately
designed. The rate of bimolecular reaction between R and S is naively expressed
as

v=4z(D, + Dg)[R][S] 17)
If S is an acceptor fixed on the cell surface, (17) is simplified to be

v=47D4[R]S, (18)

where S is a constant. To increase the magnitude of v, we have two possibilities
to increase [R] or to increase Dg. In biological system, however, the first
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A) Normal B) Anomalous
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Fig. 8. Two cartoons comparing the cell with and without ECM. Some materials are
secreted from P and Q to be accepted at A, B or C. A) Normal diffusion without ECM. B)
Anomalous diffusion with ECM.

strategy to increase [R] is inadequate because the excess R is generated and the
whole biological system needs to find a way to clean up the existing R which
large amount of R and in sweeping up the excess R. Instead of this, the second
strategy to increase (or control) Dy is the most rational one in sustaining the life
activity.

7. CONCLUSIONS

In this chapter, we described the theoretical background for describing AD, the
experimental techniques to resolve AD in spectroscopy together with their
results, and one example of ECM showing important roles of AD. Needless to
say, AD also occurs in intracellular material transports as observed by FCS and
molecular migrations in membranes. Although we have no space to discuss all
of them, the general importance of AD in total activity of biological system is
apparent.
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1. INTRODUCTION

Molecular vibrations are known as the “finger print” of a molecule because they
sensitively reflect geometry and circumstance of a molecule. If we can map a
specific IR absorption band with sub-micron spatial resolution, we will be able
to visualize the reaction dynamics in a non-uniform environment such as a cell.
However, the IR absorption is weak in comparison to visible/UV absorption,
thus a highly sensitive detection method is necessary. More seriously, the
diffraction limit [1] prevents improvement of the spatial resolution of IR
absorption to greater than a micron, because the wavelength of IR light is
several micrometers. Therefore both high sensitivity and super-resolution
beyond the diffraction limit are indispensable to achieve the nano-scale mapping
of the IR absorption. In addition, the time-resolution of the IR light must be
picosecond to facilitate the measurement of dynamics.

In this chapter, we introduce a new far-field infrared super-resolution
microscopy proposed by combining laser fluorescence microscope and two-
color picosecond time-resolved transient fluorescence detected infrared
spectroscopy. We also report a principle inspection experiment of infrared
super-resolution microscopy by using a sample of rhodamine 6G in chloroform-
d; solution.
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1.1. Picosecond time-resolved IR spectroscopy by transient fluorescence
detection

Figure 1 shows the principle of the picosecond time-resolved IR
spectroscopy by transient fluorescence detection, which was developed about 30
years ago by Kaiser and Laubereau [2-3]. We will call this technique transient
fluorescence detected IR (TFD-IR) spectroscopy, because various IR-visible/UV
double-resonance spectroscopies have been developed, and the name “IR-
visible/UV double resonance method” is confusing [4]. Briefly, tunable IR light
is introduced together with visible/UV light of which the wavelength is fixed to
slightly longer than the visible/UV absorption band. If the frequency of the IR
light is not resonant to the vibrational level, no fluorescence will appear because
the wavelength of visible/UV light does not match the absorption band. When
the IR frequency is resonant to the vibrational level, the vibrationally excited
molecule generated by the IR absorption can absorb the visible/UV light, and
gives the fluorescence. Thus we can detect the vibrational transition as this
transient fluorescence. TFD-IR spectroscopy has high sensitivity because it is
zero-background, and the IR absorption can be detected by the electronic
transition, which has a large absorption cross-section. Moreover, we can also
observe the population dynamics of vibrational cooling by adjusting the time
delay between the IR and visible light.

1.2. Application to infrared super-resolution microscopy

IR super-resolution microscopy is achieved by applying picosecond time-
resolved TFD-IR spectroscopy to a fluorescence microscope. A sample is
irradiated with IR and visible/UV light. At a focal point, IR or visible light is
focused by their respective diffraction limits. The transient fluorescence due to
IR excitation appears only in the spatial region where both IR and visible/UV
are overlapped. This overlapped region can be smaller than the diffraction limit
of IR or visible/UV light (see figure 2). Thus we can obtain the IR absorption

S e TR
3

A

So So

IR

Fig. 1. Excitation scheme of transient fluorescence detected IR (TFD-IR) spectroscopy.
The IR light excites a molecule to a vibrationally excited level. The visible light further
excites to the electronically excited S, state, where the transient fluorescence is emitted.
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spectrum of a region smaller than the diffraction limit. More realistically, IR and
visible light is co-linearly irradiated to a sample. Also in this case, the super-
resolution is achieved in the IR light. When the same objective lens is used, the
diffraction limit is proportional to wavelength. The IR wavelength is much
longer than the visible wavelength. Visible light can be focused much smaller
than IR light. Transient fluorescence appears only in the overlapping region of
IR and visible light, and the size of the overlapping region is completely the
same as the diffraction limit of visible light. This means that IR information is
observed with visible spatial resolution, i.e., the IR is super-resolved.

Furthermore, picosecond TFD-IR spectroscopy gives time-evolution of
vibrationally excited molecules. Therefore, the measurement of picosecond
dynamics is possible with IR super-resolution in this microscopy.

2. EXPERIMENTAL

2.1. Picosecond laser system

In IR super-resolution microscopy, we monitor the transient fluorescence
pumped from a vibrationally excited level. In a vibrationally excited level,
vibrational relaxation occurs in the picosecond timescale. Therefore, it is
necessary for us to use a picosecond laser system. The laser setup for IR
microscopy is essentially the same as that for the transient fluorescence detected
IR spectroscopy [4-5]. Seed pulses from a cw mode-locked Ti:sapphire laser
(Spectra Physics, Tsunami) were introduced into a regenerative Ti:sapphire
amplifier (Quanta Ray, TSA-10). The amplified output pulse was composed of
2-3 ps pulses with energies of 6 mJ at 800 nm. 20% of the output pulse was used
to pump a traveling-wave optical parametric amplifier system (Light conversion,
TOPAS 400) after frequency doubling in BBO, to provide tuneable visible light.
The remaining 80 % of the output pulse was split into two beams, and one was

visible light
lens \ .-/-\ Overlap
samb |d/

S
L4

Fig. 2. The principle of IR super-resolution microscopy. If the visible light is collected onto
a part of some focused IR light on a sample, the transient fluorescence due to IR excitation
takes place in the area where the two lights overlap.
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introduced into another OPA system (Light conversion, TOPAS 800). The
second harmonic of the idler wave from the OPA and the remaining output pulse
were differentially mixed in a KTA crystal to generate tuneable IR light.

2.2. Fluorescence detection system

Both the IR and visible light (=3 ps, ~15 cm™) generated by the picosecond
laser system were introduced into a home-made laser fluorescence microscope
[6-7]. Both beams were adjusted on a co-linear pass by a beam-combiner and
focused into a sample by an objective reflection lens (Sigma, OBLR-20, NA =
0.38). Here, the sample used was rhodamine 6G dissolved in chloroform-d; to
give a concentration of 5 x 10™ mol dm™. This sample was held in a quartz cell.
The transient fluorescence from the focal point was corrected by the same
objective lens and was projected onto a CCD camera (Princeton Instruments Inc.,
PI-MAX-512). The delay time between IR and visible lights was varied by an
optical delay system (Sigma, LTS-400X).

2.3. Sample

Rhodamine 6G, a typical dye for fluorescence probes, has a S;-S, absorption
around the 500-550 nm region, with the maximum at 530 nm (see figure 3). The
visible light was fixed to 621 nm, which is longer than the S-S, absorption. The
IR light was scanned in the region of CH and NH stretching vibrations of
rhodamine 6G (2700 nm - 3700 nm). Under these conditions, the total energy of
visible plus IR reaches somewhere around the absorption maximum at 530 nm.
On the other hand, the fluorescence region of rhodamine 6G is from 550 to 590
nm, with the maximum at 565 nm shown in figure 3. Therefore, the transient
fluorescence was monitored through the 555-575 nm band-pass filter. The
visible light at 621 nm was cut off by a notch filter.

absorption

450 500 550 600 650
WAVELENGTH / nm

Fig. 3. Absorption and fluorescence spectra of rhodamine 6G
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3. RESULTS AND DISCUSSION

3.1. Transient fluorescence image with an IR super-resolution

Figure 4 shows the transient fluorescence images of Rhodamine 6G in
chloroform-d; solution (concentration, 5 x 10® mol dm™) observed by
introducing (a) only infrared (IR wavelength, 3400 nm; diameter, 2.5 mm¢), (b)
only visible (visible wavelength, 621 nm; diameter, 7 mm¢), and (c) both
infrared and visible lights. No fluorescence appears in (a) only infrared and (b)
only visible light. The transient fluorescence is clearly observed by introducing
both infrared and visible lights (c). Moreover, the fluorescence images disappear
again when the visible light is introduced earlier than the IR light or the IR
wavelength is changed from 3400 nm to 2750 nm. 2750 nm is not in the range
of IR absorptions of rhodamine 6G [8]. It is clear that transient fluorescence
image is the IR-visible double resonance signal that appears via the vibrationally
excited level.

As can be seen in the figure 4(c), the observed diameter of the transient
fluorescence image was 6.8 um. Since the theoretical diffraction limit for the IR
light (3400 nm, 2.5 mm¢, f=10 mm) is 16.6 um FWHM in this measurement,
this result clearly proves that the proposed technique breaks the diffraction limit.
The spatial resolution of this infrared microscope can be improved by at least 2
times.

3.2. Picosecond time-resolved measurement

Another important function of this method is time-resolved IR imaging.
Originally TFD-IR spectroscopy was used to investigate vibrational relaxation
processes [2-4]. Thus in this spectroscopy, we can observe the population

(a) only IR (b) only visible (c) IR + visible
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Fig. 4. Transient fluorescence images of rhodamine 6G in a chloroform-d; solution
(concentration, 5 x 10™ mol dm™) observed by introducing (a) only infrared (IR wavelength,
3400 nm; diameter, 2.5 mm¢), (b) only visible (visible wavelength, 621 nm; diameter, 7
mmd), (c) both infrared and visible light into a quartz cell.
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Fig. 5. Picosecond time-resolved transient fluorescence images at several delay times when
the IR (diameter, 2.5 mm¢) and visible (diameter, 7 mm¢) lights are fixed to 3400 nm and
621 nm, respectively.

dynamics by the time-evolution of transient fluorescence images when we adjust
the delay time between IR and visible light. Figure 5 shows picosecond time-
resolved transient fluorescence images when the IR and visible lights are fixed
to the 3400 nm and 621 nm, respectively. At the -3 ps delay time when the
visible irradiates before IR, the signal is not observed at all. At 0 ps when the
visible and IR irradiate at the same time, a transient fluorescence image clearly
appears. The transient fluorescence increases in intensity up to 3 ps and decays
with delay time. The observed time-evolution of the fluorescence image

represents the population decay from the vibrational level prepared by the IR
laser together with the spatial mapping of the hot molecules at a specific time.
This time-resolved imaging will be a good tool for space and time-resolved
spectroscopy, which is necessary for the study of non-uniform systems such as
catalysts, or biological systems like a cell.

4. CONCLUSION

We have performed far-field infrared super-resolution microscopy by combining
a laser fluorescence microscope with picosecond time-resolved TFD-IR
spectroscopy. In this chapter, we indicated that the spatial resolution of the
infrared microscope improved to more than 2 times the diffraction limit of IR
light. It will not be so difficult for the spatial resolution to improve to less than 1
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um by building a con-focal optical system in the near future. Furthermore, this
new infrared super-resolution microscopy is capitalizing on TFD-IR
spectroscopy's ability to study vibrational relaxation processes. Therefore, by
using this infrared super-resolution microscopy, we will be able to carry out
space- and time-resolved vibrational micro-spectroscopy in the infrared super-
resolution region. Considering that IR absorption is regarded as the “finger
print” of a molecule, the new infrared super-resolution microscopy will become
an extremely important tool in not only microscopy but also spectroscopy.

In the near future, the spatial resolution of the infrared microscope will be
improved to a sub-micron scale. Tunable picosecond IR light will also be
generated in the mid-IR region up to 10 wm. The spatial resolution of our
infrared microscope is determined by the diffraction limit of visible light.
Therefore, the IR super-resolution will be kept in the 10 pm region. Probing in
the 10 um region will also mean that we will avoid the strong IR absorptions of
water, which have been known to confound our results. By using this infrared
super-resolution microscope, we will be able to visualize the structure and
reaction dynamics of molecules in non-uniform environments such as cells.
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1. INTRODUCTION

Since the pioneering work of Ashkin in 1986 [1], laser trapping (optical
tweezers) has been used as a powerful microscopic manipulation tool in various
small systems. In these years the target of this method has been downsized from
micrometer-scaled objects to nanometer-sized systems, such as patterning of
individual nanoparticles onto substrates in solution using photochemical/
photothermal reactions [2-5], formation of polymer microparticles with
characteristic internal structure by assembling polymer chains with the photon
force [6,7], force measurement of individual motor proteins in molecular
cell-biology [8.,9], and so on. A focused near infrared (NIR) laser beam creates
optical force potential providing only one stable trapping point. The feature
enables us to manipulate small objects three-dimensionally without any
mechanical contact. This is indeed one of the biggest advantages of the laser
trapping as a nano-manipulation method in solution. For stable trapping of small
objects, intense NIR laser light is focused into a spot close to the diffraction
limit by a high numerical aperture (NA) objective. This tight focusing can
induce local heating near the spot although the system has very small absorption
of the trapping light. The local heating can affect the trapping stability of the
laser manipulation method. Hence, a current interest about the topic is
experimental determination of particle size range where the laser trapping is
applicable in solution at room temperature for further application of the
manipulation technique to quantum dots and molecules. It motivated us to
investigate molecular motion in optical force potential well using fluorescence
correlation spectroscopy (FCS) that allows us to determine the number of
molecules in the confocal volume and their diffusion coefficient.



198 S. Ito et al.

2. EXPERIMENTAL

2.1. FCS system combined with laser trapping

A schematic illustration of our experimental setup for the FCS measurement
at the optical trapping point is shown in Figure 1. As an excitation light source
for the fluorescence correlation measurement, a CW blue (wavelength: 488 nm)
light from an Ar" laser (LGK7872M, LASOS lasertechnik GmbH) was coupled
to a single mode optical fiber (Newport, F-SA-C) to isolate the laser device from
the optical bench. This excitation laser light transmitting through the optical
fiber was re-collimated with a pair of lenses, and then was focused by a

Sample 1064 nm
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Fig. 1. Experimental setup for monitoring the translational motion of molecules under the
radiation pressure of the focused NIR laser beam by fluorescence correlation spectroscopy.
The NIR beam from a Nd:YVO, laser (1064 nm) was expanded by lenses of =100 mm and
=300 mm, then was focused by a high NA objective (NA = 1.35, x100) close to its diffraction
limit. The power of the NIR laser beam was adjusted to desired value using a half-wave plate
and a polarizing beam splitter. The 488 nm laser beam from an Ar" laser was focused in a
similar manner without magnification; two lenses in the optical path were the same in focal
length. The focusing points of these two laser beams were three dimensionally controlled by
the pairs of lenses. Fluorescence from the confocal volume in sample solution was detected by
an avalanche photo-diode; the sampling area was typically 350 nm in diameter in the focal

plane.
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microscope objective lens (UPlanApo 100X Oil Iris3, NA: 1.35, Olympus). For
realizing a confocal optical configuration, a pinhole with diameter of 25 mm
was set at the backward image plane of a microscope (IX70, Olympus). The
emitted photons from dye molecules inside the confocal area were detected with
an avalanche photodiode (SPCM-AQR-14, Perkin Elmer) connected with a
counting board (M9003, Hamamatsu photonics K.K.). Scattered light from the
sampling volume was blocked by an edge (long-pass) filter (Semrock,
LP01-488RU) for the 488 nm light and an IR absorbing filter (Sigma Koki,
HAF-50S-30H) for the 1064 nm light. Autocorrelation function of the
fluorescent light was obtained using FCS software (U9451, Hamamatsu
photonics K.K.). The CW NIR laser beam of 1064 nm from a Nd:YVO, laser
(J20-BF-106W, Spectra-Physics) was focused by the microscope objective in a
similar manner with the blue light. The Laser power of the NIR light in solution
through the objective was estimated by a reported method by Masuhara et al. in
1991 [10].

2.2. Samples

Rhodamine-123 (abbreviated as Rh123, Acros Organics) was dissolved in
water (Wako) and ethanol (Kshida) as samples for investigation of the diffusion
behavior of a small fluorescent molecule. Single stranded DNA molecules
consisting of 40 bases were also examined for elucidation of the effect of
molecular weight. Fluorescein was tagged to the 5’ end of the DNA chain as a
fluorescent probe. The fluorescein tagged DNAs were dissolved in the TE buffer
(mixture of aqueous solutions of HCI and of ethylene-diamine-tetraacetic acid).
These sample solutions were injected into a glass-bottom culture dish (MatTek)
for measurement. Through all measurements, both focusing points of the blue
laser light and the NIR light were located 30 mm above from the bottom of the
culture dishes.

3. DATA ANALYSIS OF FLUORESCENCE CORRELATION SIGNALS

3.1. Analytical model expressing the fluorescence correlation function

Fluorescence correlation spectroscopy provides the information on the
diffusive motion of molecules, translational diffusion coefficient, on the basis of
the fluctuation of fluorescence intensity in the time region originating from the
variation of molecular number in the confocal volume. Taking into consideration
of the actual experimental condition, autocorrelation function, G(t), of this
fluorescence fluctuation is analytically derived as the following equation
[11,12].
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where N is the average number of molecules in the confocal volume, V., with
cylindrical shape, p is the fraction of the contribution of triplet state, #7 is triplet
lifetime, and w is structure parameter defined by w = w./w,,. Here, w. and w,, are
respectively the axial and radial radii of the cylindrical confocal volume (V,, =
2pwzwxy2). tp is called diffusion time related with translational diffusion
coefficient, D, by eq(2). Diffusion time is defined as an average time in which a
fluorescent molecule goes across the sampling volume.
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3.2. Analysis of fluorescence correlation signals using the analytical model
Figure 2 shows fluorescence autocorrelation curves of Rh123 in ethanol at
294.4 K. The solid line in the trace is the curve analyzed by the nonlinear least
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Fig. 2. Typical fluorescence autocorrelation function curve of the Rh123 in ethanol without

the NIR laser irradiation. The fitting curve based on eq. (1) (solid line) well reproduce the
experimental result. Its residual is also shown in the top of the figure.
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square method with eq. (1), determining the parameters, N, ¢p, w, t7, and p. The
residual is also plotted together at the top of the fluorescence autocorrelation
curve. The experimental result was well reproduced by the calculated curve
based on eq. (1). Also for other solutions of the samples, it was confirmed that
the analysis based on eq. (1) well reproduced the experimental results.

Next, we confirmed the validity of the data analysis using eq. (1) for the
fluorescence correlation function under tight focusing of the NIR light. Figure 3
shows a fluorescence correlation signal for the Rh123 solution of ethanol under
the irradiation of the NIR laser at 240 mW. The curve calculated by using eq. (1)
and the residual are plotted together with the experimental result. The
correlation function curve under the irradiation of the NIR laser beam is also
well reproduced by eq. (1), as was shown in Figure 2 without incident NIR laser
light. For other solutions of the dye molecules, it was confirmed that the analysis
based on eq. (1) well reproduced the experimental results. The results, thus,
clearly support the analysis using eq. (1) is available for the fluorescence
correlation signals obtained under the irradiation of the NIR laser beam.
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Fig. 3. Typical fluorescence autocorrelation function curve of the Rh123 in ethanol under
irradiation of the NIR laser light at 240 mW. The curve calculated by eq. (1) (solid line) well
reproduces the experimental result even in the presence of the NIR beam. The residual is
shown together in the top of the trace.
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4. EFFECT OF NEAR INFRARED LASER IRRADIATION ON
TRANSLATIONAL MOTION OF MOLECULES IN SOLUTION

4.1. Estimation of optical force potential depth for nanometer sized particles

When we consider interaction between a nanoparticle and NIR light, the
nanoparticle can be regarded as a point dipole (Rayleigh approximation) and the
photon force potential, U, is given by the following equation [1, 13].

E —&
U="ngm® 20 "n 3)
c £, +2¢,

where / is the intensity of the NIR light, a is the radius of the particle, e, is the
dielectric constant of the particle, e, is the dielectric constant of medium, n,, is
the refractive index of medium, ¢ is the speed of light. As easily understood
from eq. (3), optical force that a particle experiences is dependent on its size and
the intensity of the incident laser light. This simple model based on Rayleigh
approximation predicts that the optical force potential depth for ~ a 10 nm
particle under the incident beam of several hundreds of mW was equal to the
averaged energy of thermal motion at room temperature (~ 4.0 x 107" J). In
other words, particle size of ~ 10 nm in diameter is at least necessary for
effective optical trapping.

4.2. Effect of optical force potential on the translational diffusion of small
dye molecules

From the radius of the Rhodamine molecule < Inm estimated from the
fluorescence correlation curves and the relation between the optical force
potential depth and the volume of the particle, the optical force potential the
molecule experiences is estimated to be < 10~ k7, indicating that the change in
diffusion time under the NIR laser irradiation can be attributed to the
acceleration of the molecular motion by temperature elevation. Figure 4 shows
changes in diffusion time as a function of the incident NIR power for Rh123 in
water (Figure 4(a)) and Rh123 in ethanol (Figure 4 (b)). In both cases, the
decrease in diffusion time with an increase in the incident laser power is
ascribed to local heating at the focusing point of the NIR beam due to the
absorption of the incident light by the solvents.

4.3. Effect of optical force potential on the translational diffusion of DNA
The fluorescein-tagged single stranded DNAs consisting of 40 bases
exhibited larger diffusion time than that of the small dye molecules as shown in
Figure 6(a). Comparing the diffusion time of the DNA with that of the Rh123
indicates that the hydrodynamic radius of the DNA in the solution was ~ four
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Fig. 4. Calculation of optical trapping potential depths for gold nanoparticle (solid line) and
polystyrene nanoparticle (dotted line) as a function of particle radius based on eq. (3).

times larger than Rh123. From the simple estimation based on the
Stokes-Einstein relation, D = k7/6mna, the hydrodynamic diameter of the DNA
was estimated ~ 5 nm. This size is about half of the critical particles size for
optical trapping estimated in the section 4.1. It is expected that the relatively
larger molecules experience the optical for potential that is not deep enough for
their stable trapping but might affect their translational diffusion behaviors. As
in the case of Rh123 shown in Figure 5, the diffusion time of the DNA
decreased with an increase in the NIR laser power as shown in Figure 6. The
decrease in the diffusion time of the DNA is ascribed to the local heating at the
focusing point of the NIR beam due to the absorption of the incident light by the
solvents as discussed in the previous section. Whereas the number of the DNA
in the sampling volume increased with increasing the NIR laser power as shown
in Figure 6b. This result suggests the competition between optical trapping and
local heating in this size range (~ few nm hydrodynamic diameter estimated
from the FCS measurement). This result also suggests a possible application of
the optical trapping to controlling local concentration of molecules in nm-sized
region. We are now continuing the elucidation of this interesting phenomenon
and the development of a method that enables us to exert optical force to
molecules more effectively.
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Fig. 5. Changes in diffusion times of fluorescent molecules as a function of the incident NIR
laser power; (a), Rh123 in water and (b), Rh123 in ethanol.
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Fig.6. Incident laser power dependences of diffusion time (a) and the average number of
molecules (b) for the DNA consisting of 40 bases.

5. SUMMARY

We have applied FCS to elucidating the diffusion behavior of molecules in
solution under the optical force potential of the focused NIR laser beam. For the
small dye molecules < 1 nm hydrodynamic radius, irradiation of the NIR laser
beam induced temperature elevation at the focusing point with negligible optical
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trapping effect. For larger DNA molecules consisting of 40 bases with ~ 5 nm
hydrodynamic diameter, radiation pressure induced increase in the average
number of the molecules inside the optical force potential, which suggested the
control of molecular concentration by the radiation pressure even in the size
range of few nm.
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Chapter 14

Nanoscale fluid motion via molecular pores and polymer
actuators
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1. ABSTRACT

To develop “lab-on-a-chip” devices, it would be useful to develop microscopic
pumping systems as well as ways of separating reactants. We have been
developing methods to study a protein based molecular filter based on connexin
proteins found in cells. The connexins form gap-junctions with a molecular
weight cut-off of ~1kDa. To probe the porosity of a native gap-junction system
we have combined two-photon excited flash photolysis and confocal microscopy
to study diffusion through gap-junctions. To move sub-picolitre solution
volumes, we have been examining volume changes within conducting polymers
with atomic force microscopy (AFM).

Rat lenses (a cell system with extensive gap-junction mediated cell-cell
permeability) were loaded with CMNB-caged fluorescein and positioned on the
stage of a confocal microscope. By focusing the light from a Ti:Sapphire laser
into a selected fiber cell a point source of free fluorescein was created. The
movement of released fluorescein within and between fiber cells was monitored
using an Argon ion laser. Parameter fits to experimental data gave estimates for
both intracellular and intercellular diffusion coefficients. From this analysis, the
gap junctions in eye lens fiber cells permit exchange of low molecular weight
compounds between cells at about 0.4% of the rate of free diffusion.

Out-of-plane volume changes of microscopic polypyrrole strips were
monitored with a Nanoscope Il AFM. The actuator polymerization was carried
out on gold strip electrodes patterned onto a glass slide. After polymerisation,
alternate strips were oxidized and reduced to measure swelling and shrinkage as
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voltage was changed (+/- 1V). With suitable electrolytes, 20% (or more) volume
change occurred. Since the volume change is reversible by reversing the
electrical polarity, there is net movement of electrolyte into the conducting
polymer matrix. The resulting movement could be used to propel solute and
provide a pumping action. Additionally, the swelling of the polymer could be
used as a valve to direct different solute streams to a reaction chamber.

2. INTRODUCTION

To develop “lab-on-a-chip” devices a number of basic technologies for reactant
metering, reactant handling and ways of analyzing fluid motion need to be
developed at scales that are suitable for future nano-scale fabrication. Our work
at Auckland has focused on two areas: (1) using o