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Abstract

The in situ analysis of small, dispersed particles in liquids is a challenging
problem, the successful solution to which influences diverse applications of
colloidal particles in materials science, synthetic chemistry, and molecular
biology. Optical trapping of small particles with a tightly focused laser beam
can be combined with confocal Raman microscopy to provide molecular
structure information about individual, femtogram-sized particles in liquid
samples. In this review, we consider the basic principles of combining optical
trapping and confocal Raman spectroscopy, then survey the applications that
have been developed through the combination of these techniques and their
use in the analysis of particles dispersed in liquids.
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1. INTRODUCTION

1.1. Raman Spectroscopy for Analysis of Dispersed Particles

A variety of chemical materials are processed and delivered as dispersions of small particles in
liquids. This technology finds widespread use in diverse areas, including aqueous suspensions of
organic compounds, oligomers, and polymers for production of coatings, as well as inks, adhesives,
and synthetic products, which do not require volatile organic solvents (1). Polymer colloids are
employed for drug delivery (2) and as supports for combinatorial synthesis (3); dispersed inorganic
solids are used in modifying the rheology of liquids (4) and in transport of insoluble molecules
(5). Dispersed sols can be aggregated into porous structures that are useful as separation media,
catalysts, or hosts for entrapped molecules for chemical sensing and other applications (6). Dis-
persions of colloidal structures are ubiquitous in molecular biology in the form of cells, bacteria,
virus particles, or vesicles.

Despite the utility and widespread occurrence of colloidal dispersions, probing their struc-
ture, chemistry, and function represents a significant challenge for chemical analysis. Separation
methods (7) and light scattering (8, 9) may be used to characterize particles by their size and
surface-charge density. The shapes and sizes of particles can be determined ex situ by electron
microscopy. Given the chemical complexity of colloidal materials, however, it is evident that size,
shape, and surface charge do not provide sufficient information for us to understand these ma-
terials. Spectroscopic methods are needed to identify the composition and structure of colloidal
particles and to probe their chemistry and reactivity. Unlike well-mixed liquid solutions, dispersed
particles generally do not exchange material upon collision, so their compositions may be inho-
mogeneous and remain so over time. This particle-to-particle inhomogeneity implies that samples
must be characterized at the individual-particle level. Finally, studies of the reactivity of colloids
require an in situ method of analysis that allows observation of reactions of suspended particles in
contact with solution.

Raman scattering spectroscopy (10, 11) provides a nearly ideal tool for investigating the chem-
ical structure of colloidal particle dispersions. Because Raman scattering from water is weak, the
technique is compatible with aqueous solutions typically used for particle dispersions. Excitation
and scattering are typically in the visible or near-infrared region, which makes the technique com-
patible with optical fibers and microscopes, simplifying the development of instrumentation. A
major drawback of Raman spectroscopy, however, is that the scattering cross sections are small—
0~ 2 x 10728 cm?, or more than ten orders smaller than fluorescence-emission cross sections—
which limits the technique’s applicability to high-concentration samples. Conventional Raman
scattering measurements of bulk particle suspensions are challenging, as illustrated in Figure 14,
where the signals can be dominated by interferences from the solution unless very high particle
densities are used. Even with high particle concentrations, no local information about the compo-
sition of particles relative to their surroundings can be obtained. These problems can be overcome
by carrying out the Raman scattering measurement in an epi-illumination, confocal microscope,
as shown in Figure 15, where a small detection volume is defined by the focused excitation laser
beam and by imaging the collected scattering through a matched aperture (12). This detection
volume is generally diffraction limited and small (~1 fl) and can be filled with a single particle in
dilute dispersions. The resulting measurement provides local composition information about the
particle, changes in which may be related to chemical reactions or exchange of bound molecules
with the surrounding solution. The final challenge for observing individual particles in suspension
is maintaining the particle within the small confocal detection volume. Brownian motion of small
particles in low viscosity solvents is rapid, such that a 0.5-pum particle in water can diffuse out of a
confocal detection volume in ~1 s.
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Figure 1

Raman spectroscopy of dispersed particle samples. () Conventional Raman spectroscopy of a dilute particle
suspension. High-concentration dispersions are needed; otherwise, the observed scattering is dominated by
the solution between the particles. () Confocal Raman microscopy of an individual particle. The detection
volume is dominated by the particle, independent of the concentration of the dispersion. Raman scattering is
collected by the same objective used to focus the laser beam in the sample.

1.2. Optical-Trapping Raman Microscopy

The problem of confining small particles within a small detection volume in confocal microscopy
is readily solved by optical trapping, where interaction between tightly focused laser radiation
and particles that have a refractive index greater than their surroundings leads to confinement of
the particle to the laser focus (13-16). Optical traps, often referred to as laser tweezers, utilize a
tightly focused laser that produces a large gradient in the electromagnetic (EM) field. Trapping
occurs when the force and energy gradients on the particle that are present near the center of
focus overcome gravitational forces and thermal energy to hold a sample near the focus of the
optical trap. Since its discovery in 1970 (13), applications of optical trapping for manipulation of
inorganic, organic, and biological particles have blossomed (17-23).

The first experiments combining optical trapping with Raman scattering measurements were
applied to levitation and trapping of aerosol particles, both solid (glass, quartz) (24) and liquid
droplets (25, 26), in the gas phase. These aerosols are generally several micrometers in diameter
and have been studied to characterize their contents (26, 27), to observe evaporation characteristics
(28), to monitor photopolymerization reactions (29, 30), and to obtain temperature measurements
of trapped droplets over time (31, 32). Morphology-dependent optical resonances have been
observed to occur in trapped liquid aerosol droplets due their well-defined, spherical shape (33).
This shape leads to formation of standing waves that can modulate the intensity of peaks in
the Raman spectrum and can provide size information about the particle (34). For an overview
of optical levitation and trapping of aerosol particles combined with Raman spectroscopy, see
References 34 and 35 and literature cited therein; aerosols in the gas phase are not covered in this
review.

The focus of this article is the application of optical-trapping confocal Raman microscopy
to particulate samples in liquids. The acquisition of a Raman spectrum of an optically trapped
particle provides information through frequencies of vibration and their scattering intensities that
can reveal molecular structure for femtogram amounts of material. The combination of optical
trapping and Raman spectroscopy has proven to be powerful for the study of small, dilute dispersed
particles whose Raman spectra are otherwise difficult to obtain due to their low concentrations in
the sample. We present the basic principles of combining optical trapping and confocal Raman
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spectroscopy, then survey the applications that have been developed through the combination of
these techniques to analyze particles dispersed in liquid solutions.

2. EXPERIMENTAL METHODS

2.1. Optical Trapping of Particles in Liquids

The forces and energies involved in optical trapping are classified according to the size of the
particle compared to the wavelength of light. For transparent particles whose size is greater than
the wavelength of the trapping radiation light (dpuricle 3> Awapping), @ ray-optics picture can be used
to understand the forces of trapping brought about by changes in momentum of scattered and
refracted radiation. For smaller particles in the Rayleigh regime (dparicte < Atrapping), Which have
a refractive index greater than the surrounding medium, the larger polarizability of the particle
produces greater induced dipoles than the solvent and attracts the particle into the focused beam.
Several thorough discussions of the theory of trapping for both regimes are available (14-16,
36-38). In this section, we briefly review the principles of single-beam optical traps and discuss
examples as a point of reference for force and energy gradients involved in trapping of typical
samples.

Optical trapping of particles larger than the wavelength of the trapping radiation is based on
transfer of momentum from the incident radiation to the particle and may be described via a
ray-optics model (13, 14). Although photons have no rest mass, they do carry momentum equal
to hv/c (where b is Planck’s constant, v is the photon’s frequency, and ¢ is the speed of light), and
reflection or scattering of radiation by a particle transfers momentum to the particle. Reflection of
a P = 10 mW beam can transfer a force of 2P/c ~ 70 pN, which is 20 times greater than required
to overcome the force of gravity on a 10-pm-diameter polystyrene sphere in water. Thus, only a
fraction of the force available from momentum transfer of a modest-power laser beam is needed to
levitate and trap large colloidal particles. Figure 2 illustrates a spherical particle, whose refractive
index is greater than its surroundings, trapped just above the focus of a laser beam. Radiation
reflected or scattered downward transfers upward momentum to the particle, in the original

Microscope objective

Figure 2

A ray-optics picture of the optical trapping of a spherical particle above the focus of a laser beam. Scattering
and reflection of the laser beam back toward the source transfer momentum to the particle in the upward
direction. Refraction of the diverging beam by the particle increases the light's momentum in the upward
direction, transferring momentum downward on the particle. The forces depend on the position of the
particle relative to the focus; these forces balance (black arrows) and lead to stable trapping.
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direction of light propagation. If this were the only force, the particle would be ejected from
the trap. However, due to the higher refractive index of the particle, the diverging laser beam
is focused by the particle, which increases the light's momentum in the upward direction and
transfers a downward force on the particle. There is a similar refraction effect when the particle is
displaced laterally from the center of the focus (14), which directs light toward the direction of the
displacement and transfers momentum to the particle to return it to the focus. The gradient forces
in both the axial and the transverse directions are sensitive to the location of the particle relative
to the laser focus, so the particle settles into a position at which the forces of gravity, scattering,
and refraction are balanced.

The ray-optics model gives an intuitive picture of optical trapping of larger particles and is
capable of providing quantitative predictions of trapping efficiencies for larger (>10-pm) particles
(15) with accuracy degraded by approximately twofold for particles as small as the wavelength
of the trapping radiation (36). However, for smaller particles trapped with tightly focused laser
beams derived from high-numerical-aperture (NA) objectives, the assumptions of the ray-optics
model break down, and an EM model (39) of the internal and external EM fields provides a much
more accurate prediction of momentum transfer and the resulting trapping efficiencies (36).

For particles much smaller than the wavelength of the trapping radiation (dparticle < Atrapping) I
the Rayleigh scattering regime, the forces of optical trapping become a balance of (#) scattering by
the particle, Fycarer = (#Pscareer)/c, where the scattered power is predicted by the incident laser power
and the Rayleigh scattering cross section, and (b) a gradient or dipole force, Fyroq = —ina - VE?,
which depends on the volume polarizability of the particle, «; the refractive index of the medium,
n; and the gradient in the radiation energy density, VE?, which increases with tight focusing of
the laser beam (14, 16). For smaller particles in tightly focused laser beams, the 7* dependency
of the volume polarizability causes the gradient force to dominate the Rayleigh scattering force,
which decreases with a sixth-power dependency on 7. The limit of trapping is then determined
by whether the trapping energy is sufficient to overcome the thermal energy that gives rise to the
Brownian motion of an unconstrained particle. Transferring a particle that is more polarizable
than its surrounding solution into the center of the focused laser beam lowers the free energy of
the system (14) by

AG(2) = —%n(Ez(z))Ssv,

where (E*(z)) is the energy density at the center of the laser focus, 8¢ is the dielectric contrast
between the particle and solution, and v is the particle volume. For a 10-mW laser beam focused
to a radius (w = 0.3 pm), the predicted trapping energy of a 100-nm polystyrene particle in water
at the center of the focused spot is AG(z) ~—1.0 x 107'? J or ~25 KT. This result was verified
by the successtul trapping of 0.11-pm polystyrene latex particles with a ~12-mW laser beam (14)
and illustrates that there is indeed sufficient energy available from modest-power lasers to trap
submicrometer-sized particles and overcome their thermal motion.

2.2. Effects of Laser Radiation on Trapped Particles

Modest-laser power needs are advantageous, especially for trapping samples that have light-
absorbing chromophores that can photobleach or heat the sample; in the case of living cells,
the effects of heating can lead to cell death. Early experiments on optical trapping of bacteria
showed that focused laser powers in excess of 100 mW at 514.5 nm were lethal to bacteria, al-
though they could survive 5-mW trapping for periods of 10 min (17). Shorter-wavelength lasers
can be damaging due to one- or two-photon excitation of electronic transitions in the tightly
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focused beam, as illustrated by the effects of 488-nm radiation on trapped polystyrene particles
(40, 41). To prevent photodamage by electronic excitation, investigators commonly use deep red
and near-infrared lasers for trapping. Although these sources generally prevent direct photodam-
age, they can still heat the sample by excitation of vibrational overtones of water. Near a peak in
the water overtone spectrum at 985 nm, a temperature rise of 4 K was measured at the center of a
tightly focused 55-mW beam; this observation is in good agreement with the absorptivity of water
(42). With a Nd:YAG laser operating at 1.06 pm, heating of the trap was measured by the thermal
motion of trapped beads and was found to be only ~9.1 K W~! (0.9 K per 100 mW power), due
to the lower absorptivity of water (43) at this wavelength.

Single-beam optical traps can be used for Raman scattering measurements, where a tightly
focused deep red (44) or near-infrared (45) laser beam both traps the particle and excites Raman
scattering. Regarding samples that do not absorb at these longer wavelengths but that are soft
and deformable, it is still advantageous to trap them with low laser powers to avoid particle
deformation within the optical trap. Dynamic instabilities and changes in the membrane structure
can be caused by optical trapping of lipid vesicles (46, 47); bending of a lipid membrane was
detected in an optically trapped Raman microscopy experiment, in which the energy required to
deform the vesicle from a spherical shape was related to the energy of trapping the lipid bilayer
(48). The forces of optical trapping have also influenced the structure of a thermoresponsive
polymer near its critical transition temperature (49). For studies of resonance Raman scattering or
surface-enhanced Raman scattering (SERS), particle absorptivity precludes the use of high laser
powers for trapping at the Raman excitation wavelength due to heating; for these situations, one
may use a long-wavelength, nonresonant laser beam for trapping and another low-power, collinear
beam tuned to the electronic or plasmon resonance for probing the Raman scattering (50-53).

2.3. Experimental Arrangements for Optical-Trapping Raman Microscopy

Due to the inefficiency of spontaneous Raman scattering and the limitations on optical power
that can be safely focused in a small volume, the detection efficiency of the Raman microscope
must be very high. Such high efficiency can be achieved through use of a high-NA, oil-immersion
objective (that also achieves tight focusing to increase the gradient force of trapping) coupled to a
high—quantum efficiency charge-coupled device (CCD) detector (44, 45). An example of a typical
single-beam, optical-trapping Raman microscope is shown in Figure 3. The main components are
a laser with a high-quality transverse mode, a laser line filter, a beam expander to fill the objective,
an epifluorescence microscope frame with a dichroic beam splitter, a high-NA objective, a notch
filter, a spectrograph, and a CCD detector.

One notable improvement to the optical train is the addition of a confocal aperture (54, 55)
to minimize the collection of light scattered away from the focus of the optical trap (44, 45, 56).
The confocal arrangement involves imaging the scattering from the trapped particle through a
small aperture matched to the diffraction-limited spot size. The in-focus light passes through the
aperture, and much of the out-of-focus scattering originating from above and below the trapped
particle is blocked. Confocal light collection is usually achieved through the use of a pinhole,
but it may also be achieved (54) by imaging the scattered radiation onto the monochromator
entrance slit so as to restrict light collection in the horizontal plane then selectively binning a few
rows on the CCD detector to block out-of-focus light in the vertical dimension; see Figure 3.
Restricting image collection with a confocal aperture provides spatially localized sampling with
a volume that can be as small as 1.3 fl (57), and there is minimal interference from the solution
surrounding the trapped particle outside this volume. A final addition to a confocal microscope,
which is needed for the study of live cells or thermal phase transitions, is temperature control of the
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(Left) Block diagram and (right) photograph of an optical-trapping confocal Raman microscope. The 647.1-nm beam from a
krypton-ion laser is brought through the rear port of the microscope, expanded to fill the objective, and brought to a focus in the
sample. Scattered radiation is filtered and directed out through a side port, through a notch filter, and into a 0.25-m spectrograph with
a charge-coupled device (CCD) detector. (Inset) Confocal imaging by the monochromator entrance slit and detector. Block diagram is
from Reference 44.

sample. Temperature control can be especially challenging with high-NA oil objectives because
the immersion oil is an efficient conductor of heat to the objective, which is in close proximity to
the coverslip. A recent study (58) illustrated the problems of temperature control with a typical
stage heater, where large, >8-K temperature gradients can exist between the heated stage and the
solution near the coverslip; these gradients were nearly eliminated with the use of a small-volume,
thermally conductive, metal sample cell that was surrounded by a copper block and in contact
with a Peltier stage that could either heat or cool the sample (58).

3. APPLICATIONS OF OPTICAL-TRAPPING RAMAN MICROSCOPY

3.1. Raman Microscopy of Emulsion Particles

The firstapplication of optical-trapping Raman microscopy to study particles in liquids was carried
out on oil-in-water emulsions by Knoll et al. (59) to obtain information about the molecular
structure of microdroplets. Emulsions can be prepared for optical trapping by sonicating mixtures
to produce micrometer-sized droplets, which are usually organic droplets suspended in aqueous
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solution (60). The organic liquids must have an index of refraction that is greater than that of
water so that the particles can be stabilized in an optical trap. It helps if the liquids have a different
specific gravity than that of water, which allows the organic droplets to be trapped while the
remaining organic and aqueous phases separate, thereby minimizing the interactions with other
organic droplets during data acquisition. Because of their spherical shape, optically trapped liquid
droplets exhibit morphology-dependent EM resonances, which can be used to determine their
size while their composition is monitored with Raman spectroscopy (61). The first use of a near-
infrared (Ti:sapphire) laser to prevent fluorescence and photodamage in optical-trapping Raman
microscopy was developed and tested on toluene microdroplets; a 1003-cm ™! band of a ~10-um
toluene droplet could be measured with a signal-to-noise ratio greater than 250 in a 1-s experiment
(56).

Analysis of the contents of a trapped microdroplet in an emulsion is an important application
of this tool because differences between a bulk mixture of organic liquids and an emulsion pre-
pared from that mixture can be determined. In one experiment (62), the relative concentrations
of p-cresol and toluene within emulsion droplets were found to deviate from their bulk concen-
trations. There was a clear reduction in the amount of p-cresol in a picoliter-sized organic droplet
in an aqueous solution compared to the bulk p-cresol/toluene mixture. Similarly, the feasibil-
ity of observing extraction of molecules into single subpicoliter-sized organic droplets has been
demonstrated (63). The Raman spectra of a droplet over time showed increasing intensity from
p-nonylphenol following its addition to the aqueous solution. Data were collected for droplets of
various sizes, and the distribution coefficient was greater in microdroplets than in the bulk phases,
probably because of preferential adsorption of the solute to the organic/aqueous interface. The
results from these experiments are excellent examples of the real-time information that can be
obtained from optical-trapping Raman microscopy to determine differences between macroscopic
and microscopic sample compositions.

A particularly powerful application of the real-time capabilities of this technique involves mon-
itoring of chemical reactions within an individual, optically trapped emulsion particle. An example
is the measurement of polymerization reaction kinetics within a single emulsion particle. Dur-
ing the emulsion polymerization of styrene, the chain reaction was monitored from changes in
characteristic C-H stretching modes, and the shrinkage of the particle size by polymerization
was determined by measuring morphology-dependent resonances (64, 65). The anionic polymer-
ization of cyanoacrylate monomers conveniently requires water to initiate polymerization. The
kinetics of polymerization were determined from decreases in the C = C stretching intensity with
time and were compared with polymerization of thin films.

3.2. Raman Microscopy of Dispersed Solid Particles

Applications of optical-trapping Raman microscopy to the study of solid colloidal particles in
aqueous dispersion were slow to develop following Thurn & Kiefer’s (24) initial demonstration
of the technique on glass and quartz particles. More than a decade later, Crawford & Hughes
(40, 41) applied optical-trapping Raman microscopy to polystyrene particles and found that the
polystyrene degraded upon exposure to only 1.4 mW of 488-nm trapping radiation, which led
to broad fluorescence emission from the conjugated degradation products. Although this photo-
chemistry is interesting, these results were not encouraging for experimenters applying optical
trapping to probe and not perturb the chemistry of the particle. The application of deep red and
near-infrared lasers for trapping solid particles overcame these difficulties for transparent, dielec-
tric particles (44, 45). Ajito & Torimitsu (45) exposed polystyrene latex particles to 120 mW of
tightly focused, 730-nm Ti:sapphire laser radiation with no evidence of degradation. The strong
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Figure 4

(Left) Raman microscopy of 40-nm polystyrene nanoparticles gathered into an optical trap by translating the sample. (Right) Increase in
Raman scattering intensity as particles accumulate in the optical trap. Spectrum # represents the intensity prior to trapping. For spectra
bf, the stage is sequentially translated and more particles are being trapped. Abbreviation: NIR, near infrared. Reproduced from
Reference 45.

intensity gradient was sufficient to trap 40-nm polystyrene particles, and Raman scattering from
a single particle was detected in a 3-s integration. Multiple particles were accumulated into the
trap via translation of the sample through laser focus; see Figure 4.

Optical trapping can be used to hold and analyze a very small particle from dilute dispersions,
allowing one to perform Raman spectroscopy analysis on very small amounts of material. This
makes the technique attractive for the pharmaceutical industry as a tool to study new drugs under
development. An excellent example of this approach is an investigation (66) of the crystallization
kinetics of carbamazepine from methanol under various cooling profiles; the study led to under-
standing and control over the polymorphic state of the product and required infinitesimal amounts
of material. A similar approach was used to characterize the growth of protein crystals needed for
X-ray analysis (67). Another critical area of research in the pharmaceutical industry is solid-phase,
combinatorial synthesis of drug candidates. The kinetics of reaction steps in a combinatorial syn-
thesis can be monitored in situ on single support particles by optical-trapping Raman microscopy.
An example is solid-phase peptide synthesis on amine-primed silica (44), in which time-dependent
spectra can be accumulated for both the addition and deprotection steps in peptide synthesis. The
deprotection reaction of the N terminus of a bound phenylalanine by cleavage of the FMOC
(fluorenylmethyloxycarbonyl) protecting group is shown in Figure 5.

Probing gradients in chemical composition within a single particle can be useful for charac-
terizing transport of molecules or understanding how the interior chemistry of a particle differs
from its solution interface. Raman microscopy performed with a single-beam optical trap is not
well suited to this task because the location of the particle with respect to the laser focus is
not easily controlled. This challenge can be solved with a two-laser experiment, which allows
independent manipulation of a sample particle relative to the Raman excitation beam (68). An al-
ternative strategy for a single-beam experiment is to allow the particle to settle onto the coverslip
or to trap the particle with the laser and bring it into contact with the coverslip. Due to van der
Waals interactions (4), particles generally adhere to surfaces, which allows the confocal sampling
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volume to be scanned through an attached particle to profile its composition (57). This approach
has been employed to map the transport kinetics of molecules into polymer latex particles (69)
and to study the interior solvation environment of Cig-functionalized silica particles (70), the
wetting-hysteresis behavior of these materials (71), and the membrane and interior composition
of phospholipid vesicles (48, 72).

Although the majority of optical-trapping Raman microscopy experiments of solid particles
have been performed on transparent or weakly absorbing particles, observing highly scattering or
absorbing particles is also of interest. The scattering force on these particles generally overpowers
the gradient force of an optical trap so that particles are driven away from the laser source. One
approach to examining such particles with a single-beam experiment is to align the trap just below
a glass-slide top plate so that the force of scattering is countered by contact with the top plate
(73). This arrangement allowed Raman spectra to be acquired for strongly absorbing paint and
semiconductor particles and for adsorbates on clusters of silver, allowing the first SERS detection
in an optical trap (73); see Figure 6. Another approach to SERS detection with optical trapping
has been to overcome the strong scattering force from silver particles by partially coating a larger
dielectric (SiO,) sphere with silver, so that the gradient force on the dielectric sphere dominates
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(#) Optical trapping of an absorbing particle achieved by forcing the particle against a glass top plate with a spacer and cover glass.
(b) Surface-enhanced Raman spectra of (7) rhodamine 6G and (i) phenylalanine observed from a trapped cluster of silver particles.
(Insets) A trapped silver cluster recorded (/eft) with filtering and (right) without filtering. Reproduced from Reference 73.

(74). This particle structure was also trapped with a 400-mW, nonresonant, 1.06-pum beam and
a much lower power (10-pW) 532-nm Raman excitation beam derived from the same laser (75).
The arrangement avoids the heating and photodamage (76) that can result from trapping at the
plasmon resonance wavelength of silver. Recent results have shown that 1.06-pm radiation can
also trap freely dispersed silver nanoparticles, precluding the need for their immobilization on a
larger dielectric particle (53); trapping of silver particles by a linearly polarized beam aligns them
along the polarization axis and produces a strong SERS signal that can be probed with a 532-nm
coaxial laser beam.

3.3. Raman Microscopy of Phospholipid Vesicles

Phospholipid vesicles (also known as liposomes) are stable, spherical structures that are formed
in an aqueous solution that contains a lipid-bilayer membrane separating the interior volume
from the surrounding solution. Such structures have attracted a great deal of interest as models
for biological cells to study the structure and function of biological membranes (77). They are
used for encapsulating and delivering small-molecule drugs, oligonucleotides, and therapeutic
peptides (78-80) and as mobile-phase additives that modify chromatographic retention of so-
lutes (81-83). Optical-trapping Raman microscopy is a nearly ideal tool for investigating both the
molecular contents of lipid vesicles and the structure of the lipid bilayer (84). The energy needed
to trap a lipid vesicle originates solely from the phospholipid membrane because the lipid’s in-
terior solution is nearly identical to its surroundings. For a 0.6-pm-diameter vesicle, the lipid
membrane represents only ~5% of the vesicle volume. Nevertheless, individual, submicrometer-
sized vesicles can be trapped indefinitely with modest laser powers (6 mW), producing Raman
spectra of the lipid bilayer that provide information about the acyl-chain order and saturation; see
Figure 7. The permeabilities of vesicle membranes of differing compositions can be compared
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Figure 7

Raman spectrum of a 0.6-pm optically trapped DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine)
vesicle excited by a 30-mW laser beam at 647 nm and 3-min integration. The number of DPPC molecules in
the vesicle is approximately 107. (Inser) Image of the trapped vesicle with scattering of the laser beam.
Reproduced from Reference 84.

by monitoring the loss of encapsulated neutral molecules or molecular ions as a function of time
(84). This methodology can be used to detect cholesterol or small-molecule solutes within the
membrane (85) and has been used to determine the membrane permeability, partitioning, and
acyl chain—order disruption of nonsteroidal anti-inflammatory (72) and tricyclic antidepressant
(86) drugs. Confocal Raman microscopy can elucidate drug-membrane interactions through the
use of clinically relevant, low-micromolar concentrations of drugs, and the depletion of drug from
solution by membrane partitioning is prevented by working at even lower lipid concentrations.
Raman microscopy of optically trapped vesicles can also be used to study the structure of
phospholipid membranes. The force of the optical trap on the vesicle membrane can be sufficient to
deform a trapped vesicle from its spherical equilibrium shape and thus can be used to determine the
stiffness of a vesicle membrane. Through use of perchlorate ions as a Raman-active marker in the
outer solution, the Raman scattering from the phospholipid and outer solution can be monitored
over arange of laser powers until a discontinuity in intensity indicates that the vesicle being pinched
by the force of the optical trap (48). Structural changes in the phospholipid vesicle membrane as it
is passed through temperature-dependent phase transitions can also be measured. A temperature-
controlled stage on the confocal-Raman microscope (58) was used to acquire Raman spectra of
DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine) vesicles over a range of temperatures from
4°C to 55°C. The spectra were analyzed via self-modeling curve resolution, which revealed subtle

Cherney o Harris



Annual Review of Analytical Chemistry 2010.3:277-297. Downloaded from www.annualreviews.org
by Fordham University on 12/14/11. For personal use only

structural changes indicative of sub-, pre-, and main transitions of the membrane (87). Finally,
the kinetics of chemical reactions of the lipid membrane, such as the hydrolysis of phospholipids
in the bilayer catalyzed by phospholipase A, (88), can also be measured by Raman microscopy.
Phospholipase enzymes are found in the venom of bees and snakes and are also released in response
to inflammation. Raman microscopy can be used to monitor changes in lipid vibrational spectra
during hydrolysis and to report reaction kinetics on a single optically trapped vesicle. These
kinetics showed an induction period or “lag phase” followed by a rapid “burst phase,” during
which the reaction velocity corresponded to an enzyme turnover rate of k&3 = 1.2 (£0.1) x
10* s7!, which agrees with conventional measurements of enzyme activity. In an optical-trapping
Raman microscopy experiment, this activity was measured with an average of as few as two enzyme
molecules bound to the vesicle under observation.

3.4. Raman Microscopy of Biological Particles

The fastest-growing application of optical-trapping Raman microscopy involves the study of bi-
ological particles. Very early in the development of optical trapping, Ashkin and colleagues (17,
89) published pioneering papers establishing the suitability of an optical trap to hold and manip-
ulate living bacteria and yeast cells. These studies revealed the sensitivity of living cells to laser
radiation, especially in the visible region, and the much less severe damage caused by trapping
with near-infrared radiation. Since that time, optical trapping has been widely used to manipulate
biological samples for chemical analysis (21), although until recently it had not been paired with
Raman microscopy. The versatility of this Raman microscopy technique has been demonstrated
in experiments on living cells, bacteria, spores, intracellular organelles, and protein particles. A
review of optical-trapping Raman microscopy of eukaryotic cells addresses issues of maintaining
cell viability during these measurements (90). Raman spectroscopy is particularly well suited for
analyses of such samples: Structural information is obtained from the vibrational spectrum, while
optical trapping immobilizes a sample that might otherwise diffuse (or swim!) from the center of
focus.

The first combination of optical trapping and Raman spectroscopy to observe living cells was
reported by Xie et al. (91), who investigated both blood and yeast cells. A near-infrared, diode
laser beam was used for both optical trapping and Raman excitation to minimize sample heating
and maintain cell viability. Spectra from living yeast cells and yeast cells that had been immersed
in boiling water were compared, and it was possible to discriminate between them. Heat-induced
denaturation of yeast cells and bacteria was studied systematically through introduction of the
microorganisms into a temperature-controlled sample cell (92, 93); large changes in the pheny-

lalanine scattering at 1004 cm™!

were observed, consistent with changes in protein environment
with unfolding. The response of optically trapped yeast cells to hyperosmotic stress conditions
has also been studied; in these experiments (94), real-time regulation in the synthesis of ethanol
versus glycerol was detected. Changes in the biochemistry of yeast during its cell cycle have also
been investigated, and evidence of protein and lipid biosynthesis, along with increases in RNA
activity, was found in its lag phase (95).

Optical-trapping Raman microscopy has also been directed toward examining erythrocytes and
lymphocytes (i.e., red and white blood cells). Resonance Raman spectra of erythrocytes, which
were optically trapped with a near-infrared diode laser and excited with different lines from an
argon-ion laser, produced selective resonance enhancement of the heme groups of hemoglobin
(51); their vibrations offered information about the oxidation and spin state of the heme irons. The
oxygenation cycle of individual, trapped red blood cells was monitored by the same instrument
while the solution surrounding the trapped red blood cell was varied (96); different buffers were

www.annualyeviews.org o Confocal Raman Microscopy

289



Annual Review of Analytical Chemistry 2010.3:277-297. Downloaded from www.annualreviews.org
by Fordham University on 12/14/11. For personal use only

290

transported through the lab-on-a-chip device through the use of electroosmotic flow while the
resonance Raman spectrum was collected in real time. Changes in the heme vibrations were
indicative of the oxygenation cycle of the cell. A similar dual-laser microscope was used to acquire
spectra of red blood cells in their oxygenated, deoxygenated, and carboxy-hemoglobin states (50);
cyanide was found to affect the spin-state marker bands of hemoglobin. These experiments showed
that different hemoglobin states can be distinguished from one another and that effects of cyanide
on oxygen binding can also be detected. The analysis of single lymphocytes by optical-trapping
Raman microscopy detected subtle changes in band intensities correlated with T cell blastogenesis
(97); differences were also found between rested versus activated thymocytes. Raman microscopy
was also used to distinguish normal T and B lymphocytes from healthy subjects with cancer cells
from leukemia patients (98); Raman bands associated with DNA and protein vibrations clearly
discriminated between the two classes of cells. Principal-components and linear-discriminant
analyses successfully classified 90% of cancer patient cells and 95% of normal cells. A follow-
up study showed that Raman spectroscopy classification can be adversely impacted by traditional
methods of fixing cells (99); optical-trapping Raman microscopy of unfixed cells provided a control
for this study and the most accurate discrimination because many vibrational modes that are cancer
reporters are changed by the fixation process.

Detection and identification of bacteria and bacterial spores by optical-trapping Raman mi-
croscopy have been active areas of investigation. Raman spectra of single bacteria from six different
species have been readily classified by principal-components analysis when the cells were synchro-
nized in their growth phases (100); Raman bands associated with amino acids, proteins, lipids, and
carbohydrates appear in slightly different ratios in each of the species. Unsynchronized bacteria
from random growth phases are more challenging to classify because of variations among individ-
uals of the same species. Protein overexpression by transfected bacteria (typically Escherichia coli)
is a critical process in the field of biotechnology. Several recent studies (101-103) showed that
optical-trapping Raman microscopy can rapidly detect the production of a recombinant protein
as it is expressed by a single bacterial cell. Another recent study (104) addressed the lysis of single
bacterial cells and found spectral differences between lysis from outside the cell by lysozyme versus
from within the cell by a bacteriophage. Driven by security concerns, investigators have recently
carried out considerable research to detect and identify bacterial spores by optical-trapping Raman
microscopy. Single spores have been trapped and accurately identified directly in solution (105)
and through the manipulation of a trapped spore into close proximity to a SERS-active gold-
colloid surface to enhance its scattering (106). Calcium dipicolinate, which can represent 5-15%
of the dry weight of bacterial spores, is related to the resistance of spores to heat and other envi-
ronmental stresses; this component was readily quantified in individual spores by a combination
of optical-trapping Raman microscopy and microfluidics (107). Calcium dipicolinate is also an
important biomarker, released upon germination of bacterial spores, that was measured to study
the heterogeneity of germination kinetics of individual spores (108).

A particularly impressive development in optical-trapping Raman microscopy has been the
detection and investigation of smaller, subcellular structures. Submicrometer-sized organelles have
been successfully trapped and analyzed with Raman spectroscopy (109); specifically, synaptosomes,
nerve-ending particles that are approximately 500-700 nm in diameter, isolated from a rat neuron,
were trapped with near-infrared radiation and observed without photochemical degradation. In a
follow-up study (110), the release of glutamate by a single synaptosome in response to the addition
of a K*-channel blocker was monitored over time, and the measured changes in Raman scattering
corresponded to the release of ~3 amol of glutamate; see Figure 8. Individual mitochondria have
been isolated from rat tissue and trapped; their Raman spectra were observed following the addition
of calcium ion to the surrounding solution (111). Optical-trapping Raman microscopy can be also
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Figure 8

(@) Images of a trapped synaptosome. (4) Time-dependent Raman spectra of a single synaptosome following the addition of 10 uM
4-aminopyridine. Reproduced from Reference 110.

used to analyze individual protein aggregates; for example, individual very low density lipoprotein
aggregates were isolated from human serum samples, and information about their composition
was obtained. Specifically, free saturated fatty acids formed highly ordered domains in samples
from subjects whose diet was higher in saturated fat (112); the hydrolysis of lipoprotein particles
was monitored in vitro following the addition of lipoprotein lipase, demonstrating the feasibility
of measuring the kinetics of lipid metabolism. Aggregates of o-elastin have also been trapped and
investigated; the size of the trapped protein aggregate was determined from its thermal motion
in the trap (113). Finally, optical-trapping Raman microscopy has been employed to identify,
without staining, human chromosomes extracted from peripheral blood samples (114); following
Raman spectroscopy analysis, the trapped chromosome was maneuvered and fixed to the coverslip
surface, where conventional cytogenetic analysis validated its identity.

This last experiment (114) illustrates the unique capabilities provided by a combination of
Raman microscopy analysis and sample manipulation with the optical trap. First, an optical trap can
be used to accumulate cells from a low-concentration sample, thereby increasing the sensitivity of
the measurement. This was first demonstrated on polystyrene nanoparticles (45) and more recently
on red blood and yeast cells (115). In a study of the ability to use Raman spectra to discriminate
between live versus dead yeast cells (116), manipulation of the cells with the optical trap into
a collection chamber allowed the classification to be validated by standard staining methods. A
two-beam optical trap was formed from a 1.06-pum ytterbium laser and combined with a 785-nm,
diode laser beam for Raman excitation to acquire spectra of local regions within large (30-pm)
human keratinocytes (117). This device and a single-beam optical-trapping microscope have been
combined with microfluidic sample handling to sort leukemia cells (117, 118). Bacterial and yeast
cells have been sorted by uptake of 1*C glucose through its conversion to > C phenylalanine, which
was detected by its Raman scattering intensity; the sorted cells were then recovered by incubation
and tested for their genetic makeup (119).
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4. SUMMARY AND FUTURE PROSPECTS

The combination of optical-trapping and confocal Raman microscopy has introduced a vibra-
tional spectroscopy tool into the field of colloidal particle analysis. This method can provide in
situ molecular structure information on the composition and reactivity of individual suspended
particles, and it has been applied to emulsion chemistry, materials analysis, solid-phase synthe-
sis, liposomes, biotechnology, and clinical assays. Single particles can be trapped and analyzed
from small-volume (submicroliter) samples of very dilute (10® particles ml~") dispersions. Because
a trapped particle can be manipulated in a small-volume environment, vibrational spectroscopy
analysis can be combined with sorting for further analysis or testing. Optical-trapping Raman
microscopy follows the tradition of microchemical analysis (120), which began with the adapta-
tion of wet chemical methods to optical microscopy for the analysis of nanogram-to-picogram-
sized samples; the Raman spectrum is replacing colorimetric or gravimetric reagents. Despite the
achievements of this methodology, there are limitations to single-particle measurements. Specifi-
cally, these measurements are serial determinations in which information is gathered one particle
at a time. A recent paper (121) considered this limitation with respect to single-cell experiments,
raising the question of whether a representative cell can be sampled for analysis. The probabil-
ity of a successful outcome of such an analysis depends on the inhomogeneity in particle or cell
populations, which can only be assessed with multiple measurements to characterize distributions,
followed by application of statistical criteria to set a minimum number of particles needed to ob-
tain meaningful results. To address this challenge, significantly greater effort will be required to
develop automated sample-handling, -trapping, and -analysis methods and to enable the routine
characterization of particle-composition distributions.
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