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Abstract: The combination of optical trapping with Raman spectroscopy provides a powerful
method for the study, characterization, and identification of biological micro-particles. In
essence, optical trapping helps to overcome the limitation imposed by the relative inefficiency
of the Raman scattering process. This allows Raman spectroscopy to be applied to individual
biological particles in air and in liquid, providing the potential for particle identification with
high specificity, longitudinal studies of changes in particle composition, and characterization of
the heterogeneity of individual particles in a population. In this review, we introduce the
techniques used to integrate Raman spectroscopy with optical trapping in order to study
individual biological particles in liquid and air. We then provide an overview of some of the
most promising applications of this technique, highlighting the unique types of measurements
enabled by the combination of Raman spectroscopy with optical trapping. Finally, we present a
brief discussion of future research directions in the field.
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1. Introduction

Raman spectroscopy relies on measuring the frequency and relative intensity of inelastically scattered
light due to the vibrational, rotational, and other low-frequency modes of a sample. As such, the Raman
spectrum provides a fingerprint of the molecules present in a sample [1,2]. Raman spectroscopy has been



Sensors 2015, 15 19022

broadly used as one of the main diagnostic techniques in analytical chemistry and is developing into an
important method in biology and medicine as a real-time clinical diagnostic tool for the identification of
disease, and evaluation of living cells and tissue [1]. In addition, Raman spectroscopy is a promising
method for the identification of aerosolized biological and chemical threat agents.

The primary challenge associated with performing Raman spectroscopy is the inefficiency of the
Raman scattering process, which results in a signal ~100 dB weaker than typical fluorescence [2]. Hence,
spontaneous Raman measurements require a long signal integration time and can be difficult to perform
on individual cells or particles in a solution or in the air which do not remain in the same position long
enough to acquire a Raman spectrum. One solution to this challenge is to deposit the particle or cell of
interest on a substrate before the measurement [3]. However, this has clear limitations since the substrate
can alter the Raman spectrum of the particle, limit the ability to perform longitudinal studies of a particle
in its natural environment, or introduce a background Raman signal, making it difficult to isolate the
Raman spectrum from the particle of interest [4]. Moreover, dense particle deposition introduces
challenges when trying to obtain the Raman spectrum from a single particle.

The combination of laser trapping with Raman spectroscopy (LTRS) circumvents these issues by
holding a particle or cell in place long enough for data acquisition. Since optical trapping is possible in
both solution and air, the potential influence of inelastic scattering from the substrate is avoided [4].
Since the Raman spectrum of a trapped particle can be measured in situ, studies on the temporal response
of a particle to environmental changes are possible [5]. In addition, particle trapping using laser tweezers
holds the particle near the high intensity portion of the beam, simplifying the alignment by maximizing
the Raman signal. Such a combined method also enables the study of individual particles, providing
information about the heterogeneity of a population which can be difficult to extract from a Raman
measurement of a bulk sample [6]. Performing LTRS on relatively large biological particles can even
enable the measurement of the molecular content of different regions of a cell [7].

While LTRS has been performed on a wide range of particle types, in this review we will focus on
its application to the characterization of biological particles. Biological aerosol particles, or bioaerosols,
have important implications for human health, acting as airborne disease transmitters that contain
microorganisms such as bacteria, viruses, pollen, and fungi. Monitoring bioaerosols in locations such as
hospitals for the presence of airborne diseases, or public spaces for the detection of aerosolized biological
warfare agents are increasingly important problems. Aerosol particles also have significant implications
for climate change due to their role in the scattering and absorption of solar radiation as well as in cloud
condensation and the formation of ice nuclei. Thorough characterization of the composition and density
of aerosol particles is therefore essential to the accuracy of climate change models. Raman spectroscopy,
particularly when combined with optical trapping, is uniquely suited to the characterization of
bioaerosols due to its combination of high specificity with a modest cost and non-invasive nature.

LTRS is also emerging as a powerful tool in molecular biology due to its ability to perform
longitudinal studies on individual cells, spores, bacteria, and viruses in their natural environments.
Bioaerosols are a complex mixture containing numerous biomolecules in various concentrations and
forms. Previous single-particle optical characterizations using fluorescence were only able to probe a
limited range of biological compounds, including proteins, amino acids (tyrosine, tryptophan efc.),
nucleic acids (DNA, RNA efc.), coenzymes (nicotinamide adenine dinucleotides, flavins, and vitamins
Bs and K and variants of these), polysaccharides, dipicolinates, and lipids. Raman spectroscopy,



Sensors 2015, 15 19023

especially when long acquisition times are enabled through LTRS, can characterize a much broader
range of biomolecules and with higher specificity compared to techniques that probe only fluorescent
compounds. Some cells or spores can grow, change, and reproduce in buffer liquid or in air, and LTRS
enables the study of these cells as they undergo these processes. For example, as a cell grows, some
biomolecules can decrease or vanish, while others increase or can even be generated. Therefore, using
Raman spectroscopy to detect and monitor specific biomolecules within a cell as it responds to changes
in its environment can provide new insights into our fundamental understanding of cell growth. LTRS
is also emerging as an important tool in drug discovery due to its ability to monitor a cells response, for
example, to varying forms of chemotherapy [8].

In this paper, we provide a brief review of techniques that perform Raman spectroscopy on individual
optically trapped biological particles. We discuss many of the promising applications of LTRS and
attempt to highlight the unique features of LTRS which make it such a powerful technique. This paper
is organized as follows: in Section 2, we present a discussion of the most common optical trapping
techniques used in LTRS; in Section 3 we discuss the development of LTRS as well as several exemplary
applications. In Section 4, we provide a brief overview and discussion of future applications and research
directions. We hope this review will provide researchers entering the field with an introduction to the
wide array of LTRS applications as well as its key features.

2. Optical Trapping Techniques

Optical tweezers rely on the radiative pressure force which results from the transfer of momentum
from photons to a particle. In Figure 1a, we illustrate the influence of the radiative pressure force on a
particle in a collimated beam and in a focused beam. The radiative pressure force is often divided into a
scattering force and a gradient force, although both result from the same transfer of momentum from the
incident photons [9,10]. The scattering force tends to push particles in the direction of light propagation
whereas the gradient force tends to pull the particle towards the high intensity region. Ashkin’s original
demonstration relied on the radiative pressure acting on “relatively transparent particles in a relatively
transparent media” to avoid thermal effects which “are usually orders of magnitude larger than radiation
pressure” for strongly absorbing particles [11]. Absorbing particles are subject to a photophoretic force
which results when an absorbing particle is non-uniformly heated and/or non-uniformly heat-emitting.
As illustrated in Figure 1b, a strongly absorbing particle is non-uniformly heated if it is illuminated from
one side. When the heat is transferred to the surrounding gas molecules, gas molecules on the warmer
side of the particle will acquire more energy and subsequently collide with the particle at higher velocity,
imposing a net force pushing the particle toward its cold side. This photophoretic force can be 4-5 orders
of magnitude stronger than the radiative pressure force [12] and is therefore the dominant force acting
on strongly absorbing particles.
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Figure 1. (a) The radiative pressure force, which is the dominant force experienced by
non-absorbing particles, results from the transfer of momentum from photons scattered by a
particle. The radiative pressure force can be divided into a scattering force, which tends to
push the particle along the direction of light propagation, and a gradient force, which tends
to pull the particle toward the highest intensity region. The gradient force enables trapping
in a focused laser beam; (b) The photophoretic force, which is the dominant force
experienced by strongly absorbing particles, results from the transfer of heat to surrounding
gas molecules from a non-uniformly heated and/or non-uniformly heat-emitting particle.

2.1. Optical Trapping via the Radiative Pressure Force (Laser Tweezers)

In 1970, Ashkin first demonstrated that optical radiation pressure could be used to trap glass beads in
water using two counter propagating, focused beams [11]. A year later, he demonstrated levitation of
glass spheres in air and in vacuum using a vertically oriented beam to compensate gravity [13], and in
1976, Roosen et al. showed that the gradient force was strong enough to overcome gravity, enabling the
trapping of solid glass spheres in two counter propagating horizontal beams [14]. The first single beam
optical trap for an airborne particle (a 5 pm glass sphere) was demonstrated in 1997 by using an objective
with a high numerical aperture (NA = 0.95) to provide a sufficiently strong gradient force [15]. Since
these initial demonstrations the field of optical tweezers has experienced rapid growth and developed
into an indispensable tool in the study and manipulation of micron sized particles [16].

Radiative pressure based optical trapping techniques can be divided into single or multiple beam
configurations. Single beam traps are more easily aligned; however, a high NA is typically required to
enable optical trapping. This constraint is particularly pronounced when trapping particles in air, since
the high refractive index contrast between the particle and air results in a strong scattering force which
tends to destabilize the trap [9,17]. Using two counter-propagating beams to cancel out the scattering
force enables optical trapping of airborne particles with much lower NA (Figure 2); however the
alignment in such systems can be very critical [9].

Radiative pressure traps have been demonstrated with both continuous wave (CW) and pulsed lasers.
Although the average power was found to be the primary factor dictating the efficacy of the optical trap [18],
trapping using a pulsed laser may have advantages in potential non-linear optical applications.
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Figure 2. A 4.7 pym diameter microsphere trapped inside a vacuum chamber by a
counter-propagating dual-beam optical tweezer. The wavelength of the trapping beams is
1064 nm; A weak green (532 nm) laser is used for illumination. Inset is a counter-propagating
dual-beam optical trap in air based on radiative pressure forces. With kind permission from
Springer Science and Business Media [9].

2.2. Optical Trapping via the Photophoretic Force

The photophoretic force can provide a highly stable optical trap even for airborne particles. Optical
levitation based on the photophoretic force was demonstrated as early as 1982 [12] and photophoretic
trapping in a low-light optical vortex in 1996 [19]. In recent years, a number of additional techniques have
been developed which utilize the photophoretic force to trap airborne particles. Unlike laser tweezers,
optical traps based on the photophoretic force generally trap absorbing particles in a low-light intensity
region where the particle is surrounded by light in 3-dimensions, as in the example shown in Figure 3
where a particle is trapped between two counter-propagating vortex beams [20-22]. Additional methods
to generate such a low-light intensity region include hollow cones formed by a ring illuminating the back
aperture of a lens [23,24], a low-light region formed between two counter-propagating hollow beam [24],
tapered rings [25], optical lattices [26], bottle beams [27], and even speckle fields [28]. Although absorbing
particles were trapped in the low-light region in each of these demonstrations, there have also been a few
recent demonstrations of optical trapping in the high-intensity portion of a single focused beam [29,30].
To explain the origin of this phenomena, researchers have cited the role of the accommodation coefficient,
which describes the ability of a particle to transfer heat to the surrounding gas molecules [31-33]. The
accommodation coefficient depends on the material and morphology of a particle. If the accommodation
coefficient varies along the surface of a particle, a body-centric force can result even in a uniformly heated
particle. Moreover, the accommodation force can at times by orders of magnitude stronger than the
“longitudinal” photophoretic force (i.e., the force shown in Figure 1b) [32], and could explain anomalous
observations such as a “negative” photophoretic force experienced by strongly absorbing particles [34,35].



Sensors 2015, 15 19026

Figure 3. An example of a photophoretic trap. The particle is trapped in the low intensity
region between two counter-propagating Laguerre-Gaussian vortex beams [21] (Fair Use
according to OSA).

2.3. Alternate Trapping Modalities

Holographic optical tweezers enables many particles to be trapped and manipulated simultaneously.
It was first demonstrated using a fixed diffractive optical element [36—38]. However, the functionality
of holographic optical tweezers was greatly enhanced by the development of spatial light modulators
which enabled researchers to rapidly update the optical trapping pattern without the need to fabricate a
new diffractive optical element [38,39]. This approach was also applied to trap aerosol droplets [40].

Recently, optical fibers have also been proposed as a mechanism to achieve optical trapping.
For example, [41] showed that a particle could be trapped in the diverging beams between two
multimode fibers directed toward each other, as shown in Figure 4. This method enabled the
manipulation of larger cells (up to 100 um in diameter) than can be trapped in most optical tweezers
systems [41]. A separate microscope objective was then used to collect the Raman spectra of the trapped
particles, providing a means to collect Raman spectra from different positions within a trapped cell.
Analysis of the spatially varying Raman spectra within the cell were used to allow for the identification of
the nucleus, cytoplasm, and membrane regions of the cell using a principal component analysis (PCA) [41].
The dual fiber trap was also extended to trap and record the Raman spectra from particles in microfludic
flow channels, as shown in Figure 4. This illustrates the potential for LTRS to be used for the on-line
characterization of particles in a microfluidic system.

Fibre End  (b)

its

2000, Average Raman Spectra
of HL60 A rl

Intensity/ Arbitrary Uni
g

600 _ 900 1200 1500 , 1800
Raman Shift/acm-1

Fibre End

Figure 4. (a) A 100 um polymer sphere is trapped between two fibers; (b) A HL60 cell is
trapped in a microfluidic channel between two fibers. The particle is stopped in flow while
the Raman spectrum is recorded and then released [41] (Fair Use according to OSA).

Optical trapping has also been demonstrated using an individual multimode fiber. In this configuration
a spatial light modulator controlled the wavefront of light coupled into the fiber to form a focal spot
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(or several focal spots) at the distal end of the fiber to enable optical trapping. In this way, the system
resembled holographic optical tweezers extended through a multimode fiber [42,43].

2.4. Trapping both Transparent and Absorbing Particles in Air Using a Single Shaped Laser Beam

Due to the distinct nature of the radiative pressure and photophoretic forces, most optical traps formed by
a single laser beam are designed for either trapping absorbing or transparent particles. However, many
applications require the ability to trap particles regardless of their morphology and absorptivity. Recently, a
technique was shown to enable the trapping of both absorbing and transparent particles using a fixed optical
geometry [44]. In this approach, a single shaped laser beam forms a hollow optical cone in which absorbing
particles are trapped in the low-light-intensity region above the focal spot via the photophoretic force while
non-absorbing particles are trapped at the high-intensity focal spot via the radiative pressure force. The
experimental trapping apparatus used to realize this optical trap is shown in Figure 5a along with the
calculated intensity profile near the focal spot (shown on a log-scale), an image of the conical focal region,
and an image of a Johnson smut grass spore trapped in air [44]. This approach also reduces the scattering
force near the focal spot, thereby enabling radiative pressure based trapping of transparent particles with
lower NA (e.g., N ~ 0.55 for a particle with refractive index of 1.5) compared with traditional laser tweezers
which require NA ~ 0.9 [17,44,45]. This approach was first used to trap droplets in air [45] and later shown
to trap solid, transparent particles such as glass beads and albumin in air, as well as absorptive particles such
as fungal spores [44]. Moreover, since particles of each type are trapped along the optical axis, this method
could be combined with a particle interrogation technique such as Raman spectroscopy by imaging the
optical axis to the entrance slit of a spectrometer. The ability to trap airborne particles in a fixed optical

geometry regardless of the particle morphology or absorptivity could enable extensive on-line
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Figure 5. (a) Schematic of the optical trapping apparatus used to trap both transparent and
absorbing airborne particles of arbitrary morphology using a single shaped hollow laser
beam. The aspheric lens forms a hollow conical focus within a glass chamber where airborne
particles are trapped; (b) Calculated intensity profile near the focal spot plotted on a
log-scale; (c¢) Image of the conical focal region produced inside the chamber obtained by
introducing Johnson Smut Grass Spores and recording a long exposure time image;
(d) Image of a spore trapped in air near the focal point [44] (Fair Use according to OSA).
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In addition to the optical techniques discussed above, bioaerosols particles can also be trapped using
magnetic [46], electrodynamic [47], and acoustic forces [48]. However, in this article, we will limit our
discussion to optical trapping techniques and their integration with Raman spectroscopy.

3. Laser Trapping Raman Spectroscopy (LTRS)
3.1. Development of LTRS

Raman spectroscopy was first combined with optical trapping in a 1984 work in which the Raman
spectra were measured from levitated glass spheres and quartz microcystals in air [4]. Soon after, optical
trapping was used to obtain information about the molecular structure from single microdroplets [49,50].
Later, a near-infrared (NIR) laser source was shown to reduce the fluorescence background and
photo-damage effects on live cells, although it increased the alignment complexity and the instrument
cost [51,52]. The first study performed on biological particles was not conducted until 2002 when LTRS
was demonstrated on single cellular organelles [53] as well as on living blood cells and yeast cells [54].
Soon afterwards, it was applied to obtain surface-enhanced-Raman-scattering (SERS) from single
optically trapped bacterial spores [55]. As an example, Figure 6 shows the Raman spectra recorded from
optically trapped yeast cells, illustrating the ability of Raman spectroscopy to differentiate between live
and dead yeast cells which are essentially indistinguishable from the microscope image.
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Figure 6. Raman spectra of trapped yeast cells revealing distinct spectra depending on
whether the yeast cells are alive or dead [54] (Fair Use according to OSA).

A 2003 study demonstrated the ability of LTRS to study the behavior of a single cell over time as it
responded to environmental changes [5]. In particular, the response of single cells of Escerichia coli and
Enterobacter aerogenes bacteria to changes in temperature was studied. The study observed significant
changes in the phenylalanine band which was attributed to heat denaturation of proteins [5].
The temporal dynamics of yeast cells exposed to changing temperatures were studied via LTRS a year
later [56]. Raman spectra of the trapped yeast cells showed irreversible changes in two of the Raman
lines (1004 and 1604 cm™') as temperature increased from 25 °C to 80 °C [56].
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Although there are various optical arrangements used for LTRS, most of them are composed of a few
key components, as exemplified in one of the earliest LTRS systems shown in Figure 7 [52]. The LTRS
system consists of a laser source for trapping and potentially a second laser source for Raman excitation;
a microscope to focus the trapping laser beam, image the trapped particle, and collect the Raman signal;
a spectrograph/spectrometer or monochromator; and a photoelectronic detector (charge-coupled device
(CCD); Image-intensified CCD (ICCD); electron multiplying CCD (EMCCD); photomultiplier tube
(PMT); or avalanche photodiode (APD)) to record the Raman spectra. In order to minimize the elastic
scattering from the trapping and exciting laser while maximizing the Raman signal, a notch filter,
long-pass filter, or dichromatic filter is usually required. Since laser tweezers traps particles near the
focal point of the objective lens, the particles are necessarily aligned in the high intensity part of the
beam, enabling efficient Raman excitation. As a result, most LTRS systems use the trapping laser to also
act at the Raman excitation light source [51,52,57] although a second laser can provide additional
flexibility [49,53]. Although photophoretic trapping tends to confine the particle in a low intensity
region, Raman spectra have nonetheless been measured with a few second integration time using a single
beam to provide both the photophoretic trap and Raman excitation [58].
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Figure 7. One of the earliest typical LTRS experimental schematics for (a) the near-infrared

Raman trapping system; and (b) the optical arrangement for the sample cell [52] (With
permission from ACS publications).

However, some trapping methods have relatively large fluctuations in the particle trapping position
(e.g., over a few 10 s of um), which could reduce the amount of Raman scattered light imaged onto the
entrance slit of the spectrometer, making a Raman measurement impractical even with very long
integration times (e.g., ~10 s). To overcome such a problem, researchers have introduced a position
sensitive detector to monitor the particle position and provide feedback to adjust the laser power in order
to hold the particle in a fixed trapping location [58]. Other LTRS systems take advantage of advanced
microscopy techniques such as confocal, differential interference contrast, and phase contrast to provide
additional functionality or improve the signal to noise ratio of the Raman spectra. For example,
combining LTRS with a confocal microscope can efficiently reject out of focus light to improve the
Raman signal [3,57,59,60]. Recording phase contrast images in addition to the Raman spectra has
provided additional information about the refractility of spores [61,62].

Since multiple particles can be trapped and manipulated simultaneously (e.g., by a holographic or
diffractive optical pattern), the combination with LTRS enables longitudinal studies of the interaction
between multiple bioaerosols. It also enables studies of the heterogeneous response of different
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individual particles to a stimuli [57,63,64]. Figure 8a presents a typical schematic of a multifoci-scan
confocal Raman imaging system, which relies on a set of galvo-mirrors to rapidly steer the beam in order
to generate 40 focal spots under the microscope, each of which is used to trap an individual bacteria
spore. The Raman spectra of each of these spores can then be recorded in parallel on an imaging
spectrometer by using a third galvo to direct the Raman signal from different particles to different

positions along the entrance slit of the spectrometer [57].
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Figure 8. (a) Schematic of a multifoci-scan confocal Raman imaging system; (b) Lateral,

1

and (c) axial intensity profiles of the Raman band at 1001 cm™ of a 100 nm diameter

polystyrene bead [57] (With permission from AIP Publishing LLC).
3.2. LTRS Studies on Blood Cells

Red blood cells have been frequently studied by LTRS. An early study on the effects of photodamage
on trapped red blood cells found that a blood cell trapped with ~2 mW continued to show the same
characteristic Raman spectrum for 30 min, whereas a cell trapped with ~20 mW showed a dramatic
change in the Raman spectrum after ~15 min, indicating the onset of photodamage [54].

LTRS was used to study the effect of mechanical strain on oxygenation in red blood cells [65]. In this
study, the optical tweezers were used to apply a force, stretching a red blood cell, while the Raman
spectrum was used to provide a measure of the oxygenation in the cell. The cell was stretched using two
optical traps while a third beam was used to provide Raman excitation. Microscope images of the trapped
cell before and after mechanical stretching are shown in Figure 9. This study was the first direct
measurement of the relationship between optical force and oxygenation, highlighting the unique
capabilities of an LTRS system to hold and manipulate a biological particle while simultaneously
characterizing its chemical composition.
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Figure 9. (a) A red blood cell is stretched using optical tweezers while the Raman spectra is
monitored to gauge the cell oxygenation level; (b) The Raman spectra of the stretched (bottom
curve) and un-stretched (top curve) blood cell. The shaded regions highlight Raman bands
which were most affected by mechanical stretching [65] (With permission from Elsevier).

LTRS has also been used to study blood diseases such as thalassemia [66]. The LTRS study confirmed
predictions of reduced oxygenation in thalassemic blood cells and identified differences in the Raman
spectra of normal and thalassemic blood cells. In addition, the optical trapping apparatus was used to
stretch the blood cells in order to measure the mechanical properties, confirming predictions of increased
rigidity in thalassemic blood cells. This highlights the ability of LTRS to study both the chemical and
mechanical properties of biological particles in a single experimental setup. LTRS also has potential as
a diagnostic tool, and has been shown to differentiate between normal and malaria infected red blood
cells [67].

The effects of oxidative stress were studied on red blood cells using LTRS in [68]. The Raman spectra
of 10 normal blood cells and 10 cells exposed to oxidative stress were recorded. Although the Raman
spectra exhibited significant cell to cell variation, a PCA of the spectra enabled discrimination between
the normal and stressed cells, as shown in Figure 10.

A 2014 study investigated the effect of Ag nanoparticles on red blood cells [69]. Ag nanoparticles
have potential anti-microbial applications and are also frequently used in producing surface-enhanced
Raman scattering, but their effect in a biological context is not fully understood. Using LTRS, the Raman
spectra of trapped red blood cells were measured after exposure to varying concentrations of Ag
nanoparticles. As shown in Figure 11, sufficiently high concentrations of Ag nanoparticles altered the
relative intensity of the Raman lines at 1211 and 1224 cm ™!, corresponding to a change in the methine
C-H deformation region of the cell (among other changes) [69]. Monitoring the Raman spectra of
exposed blood cells showed that the Ag nanoparticles produce irreversible changes through a
transformation from an oxygenated to a de-oxygenated state. By providing information about the
temporal evolution of the chemical structure of the blood cells, LTRS provided insights into the
cell/nanoparticle interaction process [69].
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Figure 10. (a) Raman spectra from 10 normal cells and 10 cells exposed to oxidative stress.
The variations between each spectra illustrate the cell-to-cell variation. Nonetheless, despite
broadly similar Raman spectra; a PCA shown in (b) clearly differentiates between the
stressed and unstressed cells [68] (With permission from Elsevier).
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Figure 11. (a) LTRS analysis of red blood cells exposed to Ag nanoparticles revealed a
change in the relative intensity of the 1211 and 1224 cm™! lines, indicating a change in the
methane C-H deformation region of the cell; (b) A PCA provided further insight into the
temporal evolution of blood cells exposed to Ag nanoparticles [69] (Reprinted under the
Creative Commons Attribution License).

LTRS has also been performed in vivo on red blood cells within the microvessel of a mouse ear [6].
This enabled researchers to measure the relative oxygenation and pH of blood cells in the arterioles and
venules. They also compared the Raman spectra of cells measured in vivo with cells measured in vitro in
physiological saline, identifying key differences and highlighting the importance of in vivo studies. In
addition LTRS enabled a non-destructive measurement without requiring blood extraction [6].

3.3. LTRS Studies of Yeast Cells

Yeast cells have also been investigated by several groups using LTRS since a 2002 study revealed
differences in the Raman spectra of live and dead trapped yeast cells [54]. Later, a detailed study showed
the response of a trapped yeast cell (Pichia pastoris) to oxidative stress over time [70]. This result
indicated that Raman lines (e.g., 1651 cm ™' and 1266 cm™!) associated with C=C stretching and =CH
deformation are reduced under exposure to oxidative stress, whereas lines associated with the twisting
and bending modes of CHz remained relatively unaffected. The temporal dependence of varying Raman
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lines to oxidative stress are shown in Figure 12. The ability of ascorbic acid to mitigate the effects of
oxidative stress were also investigated, illustrating the potential of LTRS to evaluate potential
therapeutics [70].
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Figure 12. (a) The temporal response of yeast cells to oxidative stress is characterized via
LTRS; (b) Raman lines associated with varying chemical bonds within the yeast cell are
monitored over time. While the bonds associated with the Raman line at 1651 cm ™! and 1441
cm ! are diminished, the bonds associated with the line at 1300 cm™! (among others) are
unaffected [70] (With permission of John Wiley & Sons).

3.4. LTRS Studies on Biological and Bacterial Spores

LTRS has been used to study the germination process in Bacillus spores by monitoring the time
varying calcium dipicolinate biomarker in the Raman spectra [71]. Monitoring numerous individual cells
provided information about the variation in the time to germination of individual spores. In addition, the
studies of individual cells revealed that the calcium dipicolinate biomarkers were rapidly released in
individual spores, albeit at different times for different spores, whereas Raman measurements averaged
over a population of spores showed only a smooth decay in the presence of the biomarker [71]. A later
study by the same group combined LTRS with measurements of the elastic scattering properties of a
Bacillus spore during germination to provide additional information about changes in the morphology
and refractive index of the spore [61]. As shown in Figure 13, they were able to correlate changes in the
elastic scattering of a spore with internal chemical changes monitored via the Raman spectra.
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Figure 13. The Raman line (a) associated with the calcium dipicolinate biomarker is
monitored during the spore germination process along with the intensity of elastic scattered
light; (b) for varying particles. The individual particles show different germination times,
indicated by the rapid decrease in the Raman scattering line at 1017 cm™' (a); but the
germination process is consistently correlated with an increase in the elastic scattering of the
cell (b) [61]. (With permission from ACS publications).

A later study combined LTRS with phase contrast microscopy, providing the first clear demonstration
of the correlation between the release of calcium dipicolinate and a change in refractility from bright to
dark in the phase contrast images. They found that 70% of the decrease in the intensity of the phase
contrast image coincided with the decrease in the calcium dipicolinate Raman line [62]. Additional
studies have been performed on the development of geobacillus stearothermophilus spores exposed to
varying germinants [72]. LTRS has also been combined with measurements of changes in the speckle
pattern formed by light scattered off a trapped cell [59] in a study which compared the dynamics of E. coli
cells lysed from outside by an egg white lysozyme and from within by a temperature induced
bacteriophage. The time varying Raman spectra revealed that the cell underwent significantly different
responses in the cases considered. In addition, since the speckle pattern depends sensitively on the
morphology of the cell, this provided additional information regarding the release of intracellular materials
(e.g., proteins and ribosomes) which disrupted the cell wall.

LTRS has also been used for the identification of bacterial spores in an aqueous environment with a
mixture of additional particles [73]. Specifically, the LTRS system was able to identify Bacillus cereus
spores in a mixed solution of similarly sized polystyrene and silica particles, despite indistinguishable
microscope images, as shown in Figure 14. The LTRS-based identification system was validated by
sampling 100 particles and found to correctly identify the fraction of each particle type in the mixture.
This demonstrated the potential for such an LTRS system as a particle analyzer, possibly in a flow
cytometry environment [73]. The LTRS system has the potential for much higher speed particle
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identification than methods based on cell cultures, and far superior specificity compared with
fluorescence based particle identification schemes.

T T T
400 800 1200 1600
Raman shift (cm™")

Figure 14. Raman spectra and microscope images of trapped particles of either
(a,b) Bacillus cereus spores; (c,d) polystyrene microspheres; (e,f) glass microspheres.
The LTRS system used the unique Raman spectra to rapidly identify the particle type [73]
(With permission from ACS publications).

3.5. LTRS Used for Drug Discovery and Evaluation

LTRS also has tremendous potential as a tool in the evaluation and understanding of pharmaceuticals.
A 2010 study used LTRS to evaluate the response of leukemic T lymphocytes exposed to the
chemotherapy drug doxorubicin [8]. Raman spectra were recorded over 72 h after exposure to varying
doses of the chemotherapy drug. Raman signatures indicative of changes in vesicle formation, cell
membrane blebbing, chromatin condensation, and the cytoplasm of dead cells were observed during
varying stages of apoptosis induced by the drug. Due to the heterogeneity in the cellular response, the
individual Raman spectrum (shown in Figure 15) is difficult to interpret. However, a PCA was able to
clarify the response of cells exposed to varying drug doses. This analysis revealed three distinct stages
of apoptosis and the time required for the cell to progress through these stages depended on the drug
dose. The ability of LTRS to study individual cells also revealed that certain cells did not respond to the
drug and remained in the control group for the duration of the study, indicating that some cells either
have a very slow response or exhibit a drug-resistant phenotype. This indicates a potential application
of LTRS to rapidly determine if an individual patient will respond to a specific drug treatment. While
this initial study recorded the Raman spectrum from a localized position within a cell [8], a follow-up
study analyzed the Raman spectrum from the entire cell, further elucidating the cellular response to the
drug [74].

In addition to characterizing the interaction between cancer cells and potential treatments, LTRS also
has potential applications in the identification of cancer cells, as demonstrated in a study on using LTRS
to identify epithelial cancer cells [75]. In this study, LTRS was performed on surgically removed human



Sensors 2015, 15 19036

colorectal tissue revealing consistent differences in the Raman spectra of cancerous and non-cancerous
cells through PCA.
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Figure 15. (a) Raman spectra recorded from leukemic T lymphocytes exposed to varying
doses of a chemotherapy drug over time; (b) Principal component analysis revealed three
stages in the apoptosis process induced by the drug [8] (Fair Use according to OSA).

3.6. LTRS Studies on Airborne Bioaerosols

There is a high demand for real-time, in-situ detection and characterization of airborne bioaerosols
based on single particle Raman spectroscopy. Raman spectroscopy has been shown to be able to
discriminate between various microbes and bioaerosols; however, these measurements relied on first
collecting the samples on a substrate and the Raman measurements were only performed after collection,
limiting the characterization system response time and throughput [76—79]. LTRS has the potential to
provide more efficient bioaerosol characterization, without the need for collection on a substrate, which
could also interfere with the Raman spectra. However, optical trapping of a micro-particle in air is more
challenging than in liquid because of the drag force in air and the larger optical scattering force due to
the high refractive index contrast in air [9,24,44]. As a result, there have only been a few studies on
airborne bioaerosol particles based on LTRS techniques, although there has been significant progress
performing LTRS on airborne droplets which take advantage of the unique optical properties and
morphology of airborne droplets. For example, several studies have investigated the effect of
morphology-dependent microdroplet resonances on the Raman spectra, as well as studies on phase and
size transitions, liquid-gas interactions, thermodynamic behavior, and the kinetics of mass transfer in
airborne droplets [40,76-86].

Recently, photophoretic trapping was combined with Raman spectroscopy for the characterization
and identification of absorbing bioaerosols, as shown in Figure 16. A 2012 study first presented this
technique by measuring the Raman spectra of individual trapped carbon nanotube particles [58]. The
Raman spectra of individual airborne carbon nanoclusters have also been measured in a single beam
photophoretic trap [87]. A later study reported measurements of Raman spectra from individual
bioaerosol particles (pollen particles and fungal spores) held in a photophoretic trap [23]. In these studies
the trapping laser also provided the Raman excitation and the distinct Raman spectra could be used for
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particle discrimination and identification. The photophoretic trap was integrated with an aerosol delivery
nozzle to enable efficient particle trapping for potential applications as an on-line aerosol
characterization instrument [23,24]. Moreover, such photophoretic traps have been shown to work for a
wide range of aerosol types, including biological molecules, proteins, fungal spores, and allergens [34].

(a)

MO1 MO2
Quartz cell

Figure 16. (a) LTRS studies on absorbing bioaerosols rely on a photophoretic trap to hold a
particle in the low intensity region formed between two counter-propagating hollow beams;
(b) Photograph of an experimental photophoretic LTRS system in which an aerosol delivery
nozzle introduces particles into the photophoretic trap for on-line particle characterization [23].
With permission from Elsevier).

LTRS has also been applied to clinical and medical research, further illustrating the potential impact of
this technique [60,73,74,88,89]. The Raman spectrum is sufficiently sensitive to identify changes in an
optically trapped stem cell due to the introduced stress of an attached nanoparticle [89]. In [88], particles
containing salbutamol, which is the active ingredient in inhalers used by asthmatics, were trapped in air
within a high humidity environment to mimic the environment the particle experiences travelling from the
inhaler to the lung. Raman spectroscopy was then applied to monitor the molecular changes in the particles
as they interacted with the high humidity air while remaining optically trapped. Studies such as this enable a
much richer understanding of the delivery of aerosolized pharmaceutical products.

3.7. LTRS in Microfluidics and in Air for Continuously Sampling Bioaerosol Particles

The LTRS techniques we discussed above were primarily applied to study the physical, chemical, or
biological properties from one, or a few representative bioaerosol particles, spores, or cells. These single
particle studies relied on capturing and trapping individual particles from thousands of potential particles,
either by passively waiting for a particle to enter the optical trap, or by actively selecting the particle.
However, the ability to continuously trap, characterize, and release individual particles for on-line
Raman-based particle identification or for longitudinal studies on a series of successively arriving particles
with different properties could further increase the application space for LTRS, particularly if such a system
could continuously sample individual particles from a particle stream (e.g., airborne particles from the
atmosphere or particles in a liquid reservoir from a patient) over long periods of time [24].

There are two key requirements for such a system: (1) focusing and concentrating the particle stream
into a small interrogation volume (e.g., 20 x 20 x 20 pum?®) through which particles pass sufficiently
slowly to be trapped and sampled one at a time; (2) the optical trap needs to be strong enough to capture
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and hold individual particles from the stream with different optical properties and morphologies. Toward
these goals, a method was recently developed to deliver individual particles into the trapping volume based
on counter-directional air flow which aerodynamically focused particles into the trapping position with
minimal particle [24]. A second study showed that a single optical trapping technique could be used for both
transparent and absorbing particles regardless of their morphologies [44]. Nevertheless, there has been
significantly more success applying LTRS to particles in liquid, particularly in a microfluidic environment.
These LTRS systems benefit from the confinement of the microchannel, which efficiently delivers particles
to the trapping volume [41,90-96]. In addition to optical trapping, microfluidic systems have also been
combined with electrostatic trapping [97-99]. Moreover, combining microfluidics with surface-enhanced
Raman scattering (SERS) enables much faster Raman measurements, and it is possible to identify cells and
characterize cellular chemical dynamics in flow, without needing to trap the particles [100-105].
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Figure 17. Raman spectra of (a) dormant; and (b) germinated B. subtilis spores;
(¢) subtraction of curve b from curve a; (d) The Ca-DPA; and (e¢) DPA Raman spectra [96]
(With permission from American Society for Microbiology).

Continuous sampling systems based on LTRS in a microfluidic system tend to resemble the
experimental apparatus shown in Figure 4, with the additional ability to store a reservoir of samples in a
reservoir or syringe and gradually deliver these particles into the trapping volume. Such a system was
shown to discriminate between cancerous and normal cells including erythrocytes, leukocytes, acute
myeloid leukemia cells (OCI-AML3), and breast tumor cells BT-20 and MCF-7 [90,91]. In addition, the
molecular compositions and structures of single cells or even the subcellular composition could be
determined [41]. The physical and chemical mechanisms of many biological processes were also explored
based on the interactions between cells as well as between cells and their environment [93]. A label-free
cell sorting platform was developed based on intrinsic Raman markers for automated sampling and sorting
of a large number of individual cells in solution [94]. Microfluidic based LTRS has been used to monitor the

dependence of the neuronal action on nerve globins by obtaining the Raman spectra from several
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globin-containing cells: hemoglobin (Hb) within single red blood cells, a nerve globin present in the nerve
cord of the annelid Aphrodite aculeata (A. aculeata), and wild-type (wt) human neuroglobin (NGB)
overexpressed in Escherichia coli (E. coli) bacteria [95]. Calcium (Ca) ion-Dipicolinic acid (DPA) levels in
individual trapped Bacillus spores were measured to provide insight into the spore germination
process [96,106]. Ca-DPA is important in spore resistance to environmental stresses and in spore stability,
and Ca-DPA levels in spore populations can vary with spore species/strains, as well as with sporulation
conditions. Figure 17 shows some representative Raman spectra of single dormant and germinated Bacillus
spores, as well as the spectra of Ca-DPA, and DPA [96].

4. Conclusions

The combination of optical trapping with Raman spectroscopy has proven itself to be a versatile and
powerful tool in the study of biological particles. LTRS enables the measurement of Raman spectra from
individual particles for applications ranging from particle detection and identification to longitudinal
studies of the response of a biological particle such as a cell to environmental changes. Optical tweezers
enables the localized measurement of Raman spectra from varying positions within a cell, as well as
providing multi-modality cell characterization by using, for example, the optical tweezers to measure
the mechanical properties of a particle while the Raman spectrum provides information about the
chemical makeup of the particle. The ability to study individual particles, as opposed to collecting the
combined Raman spectrum from a population of cells, provides additional information about the
heterogeneity of the cells and the variation in the cell-to-cell response to environmental changes.
This unique functionality has enabled researchers to identify the fast release of calcium dipicolinate in
yeast cells, as well as to identify the fraction of cancer cells which respond to chemotherapy.

Although optical trapping holds particles in place long enough to make Raman measurements
possible, the long exposure time still imposes a limitation on the throughput of LTRS systems. This
limited throughput could be particularly challenging in on-line particle characterization techniques
which use LTRS to identify airborne biological particles or cells in a microfluidic environment. As a
result, a promising new area of research combines advances in stimulated Raman scattering or coherent
anti-stokes Raman measurements with optical trapping.

Acknowledgments

We acknowledge support by the Defense Threat Reduction Agency (DTRA) under contract number
HDTRA 1514122 and HDTRA1310184, US Army Research Laboratory mission funds, and under
Cooperative Agreement Number W91 1NF-12-2-0019.

Conflicts of Interest

The authors declare no conflict of interest.



Sensors 2015, 15 19040

References

1. Camp, C.H., Jr.; Cicerone, M.T. Chemically sensitive bioimaging with coherent Raman scattering.
Nat. Photonics 2015, 9, 295-305.

2. Chan, J.W. Recent advances in laser tweezers Raman spectroscopy (LTRS) for label-free analysis
of single cells. J. Biophoton. 2013, 6, 36-48.

3. Puppels, G.J.; de Mul, F.F.; Otto, C.; Greve, J.; Robert-Nicoud, M.; Arndt-Jovin, D.J.; Jovin, T.M.
Studying single living cells and chromosomes by confocal Raman microspectroscopy. Nature
1990, 347,301-303.

4.  Thurn, R.; Kiefer, W. Raman-Microsampling Technique Applying Optical Levitation by Radiation
Pressure. Appl. Spectrosc. 1984, 38, 78-83.

5. Xie, C; Li, Y.Q.; Tang, W.; Newton, R.J. Study of dynamical process of heat denaturation in
optically trapped single microorganisms by near-infrared Raman spectroscopy. J. Appl. Phys.
2003, 94, 6138-6142.

6. Shao, J.; Yao, H.; Meng, L.; Li, Y.; Lin, M.; Li, X.; Liu, J.; Liang, J. Raman spectroscopy of
circulating single red blood cells in microvessels in vivo. Vib. Spectrosc. 2012, 63, 367-370.

7. Fu, D.; Zhou, J.; Zhu, W.S.; Manley, P.W.; Wang, Y.K.; Hood, T.; Wylie, A.; Xie, X.S. Imaging
the intracellular distribution of tyrosine kinase inhibitors in living cells with quantitative
hyperspectral stimulated Raman scattering. Nat. Chem. 2014, 6, 614-622.

8.  Moritz, T.J.; Taylor, D.S.; Krol, D.M.; Fritch, J.; Chan, J.W. Detection of doxorubicin-induced
apoptosis of leukemic T-lymphocytes by laser tweezers Raman spectroscopy. Biomed. Opt.
Express 2010, 1, 1138—-1147.

9. Li, T. Fundamental Tests of Physics with Optically Trapped Microspheres; Springer Theses:
New York, NY, USA, 2013.

10. Wills, J.B.; Knox, K.J.; Reid, J.P. Optical control and characterisation of aerosol. Chem. Phys. Lett.
2009, 481, 153-165.

11. Ashkin, A. Acceleration and trapping of particles by radiation pressure. Phys. Rev. Lett. 1970, 24,
156-159.

12. Lewittes, M.; Arnold, S.; Oster, G. Radiometric levitation of micron sized spheres Radiometric
levitation of micron sized spheres. Appl. Phys. Lett. 1982, 40, 455-457.

13.  Ashkin, A.; Dziedzic, J.M. Optical levitation by radiation pressure. Appl. Phys. Lett. 1971, 19,
283-285.

14. Roosen, G.; Imbert, C. Optical levitation by means of two horizontal laser beams: A theoretical
and experimental study. Phys. Lett. A 1976, 59, 6-8.

15. Omori, R.; Kobayashi, T.; Suzuki, A. Observation of a single-beam gradient-force optical trap for
dielectric particles in air. Opt. Lett. 1997, 22, 816—-818.

16. Neuman, K.C.; Block, S.M. Optical trapping. Rev. Sci. Instrum. 2004, 75, 2787-2809.

17. Burnham, D.R.; McGloin, D. Modeling of optical traps for aerosols. J. Opt. Soc. Am. B 2011, 28,
2856-2864.

18. Agate, B.; Brown, C.; Sibbett, W.; Dholakia, K. Femtosecond optical tweezers for in-situ control

of two-photon fluorescence. Opt. Express 2004, 12, 3011-3017.



Sensors 2015, 15 19041

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Gahagan, K.T.; Swartzlander, G. A Optical vortex trapping of particles. Opt. Lett. 1996, 21,
827-829.

Desyatnikov, A.S.; Shvedov, V.G.; Rode, A.V; Krolikowski, W.; Kivshar, Y.S. Photophoretic
manipulation of absorbing aerosol particles with vortex beams: Theory versus experiment.
Opt. Express 2009, 17, 8201-8211.

Shvedov, V.G.; Desyatnikov, A.S.; Rode, A.V; Krolikowski, W.; Kivshar, Y.S. Optical guiding of
absorbing nanoclusters in air. Opt. Express 2009, 17, 5743-5757.

Shvedov, V.; Davoyan, A.R.; Hnatovsky, C.; Engheta, N.; Krolikowski, W. A long-range
polarization-controlled optical tractor beam. Nat. Photonics 2014, 8, 846—850.

Wang, C.; Pan, Y.; Hill, S.C.; Redding, B. Photophoretic trapping-Raman spectroscopy for single
pollens and fungal spores trapped in air. J. Quant. Spectrosc. Radiat. Transf. 2015, 153, 4-12.
Pan, Y.L.; Wang, C.; Hill, S.C.; Coleman, M.; Beresnev, L.A.; Santarpia, J.L. Trapping of
individual airborne absorbing particles using a counterflow nozzle and photophoretic trap for
continuous sampling and analysis. Appl. Phys. Lett. 2014, 104, 113507.

Liu, F.; Zhang, Z.; Wei, Y.; Zhang, Q.; Cheng, T.; Wu, X. Photophoretic trapping of multiple
particles in tapered-ring optical field. Opt. Express 2014, 22, 23716-23723.

Shvedov, V.G.; Hnatovsky, C.; Shostka, N.; Rode, A.V; Krolikowski, W. Optical manipulation of
particle ensembles in air. Opt. Lett. 2012, 37, 1934-1936.

Zhang, P.; Zhang, Z.; Prakash, J.; Huang, S.; Hernandez, D.; Salazar, M.; Christodoulides, D.N.;
Chen, Z. Trapping and transporting aerosols with a single optical bottle beam generated by moiré
techniques. Opt. Lett. 2011, 36, 1491-1493.

Shvedov, V.G.; Rode, A.V; Izdebskaya, Y.V; Desyatnikov, A.S.; Krolikowski, W.; Kivshar, Y.S.
Selective trapping of multiple particles by volume speckle field. Opt. Express 2010, 18,
3137-3142.

Zhang, Z.; Cannan, D.; Liu, J.; Zhang, P.; Christodoulides, D.N.; Chen, Z. Observation of trapping
and transporting air-borne absorbing particles with a single optical beam. Opt. Express 2012, 20,
16212-16217.

Lin, J.; Li, Y. Optical trapping and rotation of airborne absorbing particles with a single focused
laser beam. Appl. Phys. Lett. 2014, 104, 101909.

Rohatschek, H. Direction Magnitude and Causes of Photoporetic Forces. J. Aerosol Sci. 1985, 16,
29-42.

Rohatschek, H. Semi-empirical model of photophoretic forces for the entire range of pressures.
J. Aerosol Sci. 1995, 26, 717-734.

Jovanovic, O. Photophoresis—Light induced motion of particles suspended in gas. J. Quant.
Spectrosc. Radiat. Transf. 2009, 110, 889-901.

Redding, B.; Hill, S.C.; Alexson, D.; Wang, C.; Pan, Y. Photophoretic trapping of airborne
particles using ultraviolet illumination. Opt. Express 20185, 23, 3630-3639.

Lin, J.; Hart, A.G.; Li, Y. Optical pulling of airborne absorbing particles and smut spores over a
meter-scale distance with negative photophoretic force. Appl. Phys. Lett. 2015, 106, 171906.
Dufresne, E.R.; Spalding, G.C.; Dearing, M.T.; Sheets, S.A.; Grier, D.G. Computer-generated
holographic optical tweezer arrays. Rev. Sci. Instrum. 2001, 72, 1810-1816.



Sensors 2015, 15 19042

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Dufresne, E.R.; Grier, D.G. Optical tweezer arrays and optical substrates created with diffractive
optics. Rev. Sci. Instrum. 1998, 69, 1974—-1977.

Melville, H.; Milne, G.; Spalding, G.; Sibbett, W.; Dholakia, K.; McGloin, D. Optical trapping of
three-dimensional structures using dynamic holograms. Opt. Express 2003, 11, 3562-3567.
Emiliani, V.; Cojoc, D.; Ferrari, E.; Garbin, V.; Durieux, C.; Coppey-Moisan, M.; di Fabrizio, E.
Wave front engineering for microscopy of living cells. Opt. Express 2005, 13, 1395-1405.
Burnham, D.R.; McGloin, D. Holographic optical trapping of aerosol droplets. Opt. Express 20060,
14,4175-4181.

Jess, P.R.T.; Garcés-Chavez, V.; Smith, D.; Mazilu, M.; Paterson, L.; Riches, A; Herrington, C.S.;
Sibbett, W.; Dholakia, K. Dual beam fibre trap for Raman micro-spectroscopy of single cells.
Opt. Express 2006, 14, 5779-5791.

Cizmér, T.; Dholakia, K. Shaping the light transmission through a multimode optical fibre:
Complex transformation analysis and applications in biophotonics. Opt. Express 2011, 19,
18871-18884.

Bianchi, S.; Di Leonardo, R. A multi-mode fiber probe for holographic micromanipulation and
microscopy. Lab Chip 2012, 12, 635-639.

Redding, B.; Pan, Y.L. Optical trap for both transparent and absorbing particles in air using a single
shaped laser beam. Opt. Lett. 2015, 40, 2798-2801.

Dear, R.D.; Burnham, D.R.; Summers, M.D.; McGloin, D.; Ritchie, G.A.D. Single aerosol trapping
with an annular beam: Improved particle localisation. Phys. Chem. Chem. Phys. 2012, 14,
15826-15831.

Beams, J.W. Production and use of high centrifugal fields. Science 1954, 120, 619—-625.
Wuerker, R.F.; Shelton, H.; Langmuir, R.V. Electrodynamic containment of charged particles.
J. Appl. Phys. 1959, 30, 342-349.

Wu, J.; Du, G. Acoustic radiation force on a small compressible sphere in focused beam. J. Acoust.
Soc. Am. 1990, 87, 997-1003.

Knoll, P.; Marchl, M.; Kiefer, W. Raman Spectroscopy of Microparticles in Laser Light Traps.
Indian J. Pure Appl. Phys. 1988, 26, 268-277.

Lankers, M.; Popp, J.; Kiefer, W. Raman and fluorescence spectra of single optically trapped
microdroplets in emulsions. Appl. Spectrosc. 1994, 48, 1166—1168.

Ajito, K. Combined Near-Infrared Raman Microprobe and Laser Trapping System: Application to
the Analysis of a Single Organic Microdroplet in Water. Appl. Spectrosc. 1998, 52, 339-342.
Ajito, K.; Morita, M.; Torimitsu, K. Investigation of the molecular extraction process in single
subpicoliter droplets using a near-infrared laser Raman trapping system. Anal. Chem. 2000, 72,
4721-4725.

Ajito, K.; Torimitsu, K. Laser trapping and Raman spectroscopy of single cellular organelles in the
nanometer range. Lab Chip 2002, 2, 11-14.

Xie, C.; Dinno, M.A; Li, Y.Q. Near-infrared Raman spectroscopy of single optically trapped
biological cells. Opt. Lett. 2002, 27, 249-251.

Alexander, T.A; Pellegrino, P.; Gillespie, J.B. Near-infrared Surface-Enhanced-Raman-Scattering
(SERS) mediated detection of single, optically trapped, bacterial spores. Appl. Spectrosc. 2003, 57,
1340-1345.



Sensors 2015, 15 19043

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Xie, C.; Goodman, C.; Dinno, M.; Li, Y.Q. Real-time Raman spectroscopy of optically trapped
living cells and organelles. Opt. Express 2004, 12, 6208—6214.

Kong, L.; Zhang, P.; Yu, J.; Setlow, P.; Li, Y.Q. Rapid confocal Raman imaging using a synchro
multifoci-scan scheme for dynamic monitoring of single living cells. Appl. Phys. Lett. 2011, 98,
4-7.

Pan, Y.L.; Hill, S.C.; Coleman, M. Photophoretic trapping of absorbing particles in air and
measurement of their single-particle Raman spectra. Opt. Express 2012, 20, 5325-5334.

Chen, D.; Shelenkova, L.; Li, Y.; Kempf, C.R.; Sabelnikov, A. Laser tweezers Raman
spectroscopy potential for studies of complex dynamic cellular processes: Single cell bacterial
analysis. Anal. Chem. 2009, 81, 3227-3238.

Houlne, M.P.; Sjostrom, C.M.; Uibel, R.H.; Kleimeyer, J.A.; Harris, J.M. Confocal Raman
microscopy for monitoring chemical reactions on single optically trapped, solid-phase support
particles. Anal. Chem. 2002, 74, 4311-4319.

Peng, L.; Chen, D.; Setlow, P.; Li, Y.Q. Elastic and inelastic light scattering from single bacterial
spores in an optical trap allows the monitoring of spore germination dynamics. Anal. Chem. 2009,
81, 4035-4042.

Kong, L.; Zhang, P.; Setlow, P.; Li, Y.Q. Characterization of bacterial spore germination using
integrated phase contrast microscopy, Raman spectroscopy, and optical tweezers. Anal. Chem.
2010, 82, 3840-3847.

Trivedi, R.P.; Lee, T.; Bertness, K.A; Smalyukh, I.I. Three dimensional optical manipulation and
structural imaging of soft materials by use of laser tweezers and multimodal nonlinear microscopy.
Opt. Express 2010, 18, 27658-27669.

Butler, J.R.; Wills, J.B.; Mitchem, L.; Burnham, D.R.; McGloin, D.; Reid, J.P. Spectroscopic
characterisation and manipulation of arrays of sub-picolitre aerosol droplets. Lab Chip 2009, 9,
521-528.

Rao, S.; Balint, S.; Cossins, B.; Guallar, V.; Petrov, D. Raman study of mechanically induced
oxygenation state transition of red blood cells using optical tweezers. Biophys. J. 2009, 96,
209-216.

De Luca, A.C.; Rusciano, G.; Ciancia, R.; Martinelli, V.; Pesce, G.; Rotoli, B.; Selvaggi, L.;
Sasso, A. Spectroscopical and mechanical characterization of normal and thalassemic red blood
cells by Raman Tweezers. Opt. Express 2008, 16, 7943—7957.

Dasgupta, R.; Verma, R.S.; Ahlawat, S.; Uppal, A.; Gupta, P.K. Studies on erythrocytes in malaria
infected blood sample with Raman optical tweezers. J. Biomed. Opt. 2011, 16, 077009.
Zachariah, E.; Bankapur, A.; Santhosh, C.; Valiathan, M.; Mathur, D. Probing oxidative stress in
single erythrocytes with Raman Tweezers. J. Photochem. Photobiol. B Biol. 2010, 100, 113-116.
Bankapur, A.; Barkur, S.; Chidangil, S.; Mathur, D. A micro-raman study of live, single Red Blood
Cells (RBCs) treated with AgNOs nanoparticles. PLoS ONE 2014, 97, ¢103493.

Chang, W.T.; Lin, H.L.; Chen, H.C.; Wu, Y.M.; Chen, W.J.; Lee, Y.T.; Liau, I. Real-time
molecular assessment on oxidative injury of single cells using Raman spectroscopy. J. Raman
Spectrosc. 2009, 40, 1194-1199.

Chen, D.; Huang, S.S.; Li, Y.Q. Real-time detection of kinetic germination and heterogeneity of
single Bacillus spores by laser tweezers Raman spectroscopy. Anal. Chem. 2006, 78, 6936—6941.



Sensors 2015, 15 19044

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

&4.

85.

86.

87.

Zhou, T.; Dong, Z.; Setlow, P.; Li, Y.Q. Kinetics of Germination of Individual Spores of
Geobacillus stearothermophilus as Measured by Raman Spectroscopy and Differential Interference
Contrast Microscopy. PLoS ONE 2013, 8, 1-11.

Chan, J.W.; Esposito, A.P.; Talley, C.E.; Hollars, C.W.; Lane, S.M.; Huser, T. Reagentless
Identification of Single Bacterial Spores in Aqueous Solution by Confocal Laser Tweezers Raman
Spectroscopy. Anal. Chem. 2004, 76, 599—-603.

Schie, .LW.; Alber, L.; Gryshuk, A.L.; Chan, J.W. Investigating drug induced changes in single,
living lymphocytes based on Raman micro-spectroscopy. Analyst 2014, 2726-2733.

Chen, K.; Qin, Y.; Zheng, F.; Sun, M.; Shi, D. Diagnosis of colorectal cancer using Raman
spectroscopy of laser-trapped single living epithelial cells. Opt. Lett. 2006, 31, 2015-2017.
Rosch, P.; Harz, M.; Peschke, K.; Ronneberger, O.; Burkhardt, H. On-Line Monitoring and
Identification of. Anal. Chem. 2006, 78,2163-2170.

Schulte, F.; Lingott, J.; Panne, U.; Kneipp, J. Chemical Characterization and Classification of
Pollen Chemical Characterization and Classification of Pollen. Anal. Chem. 2008, 80,
9551-9556.

Kalasinsky, K.S.; Hadfield, T.; Shea, A.A.; Kalasinsky, V.F.; Nelson, M.P.; Neiss, J.; Drauch, A.J.;
Vanni, G.S.; Treado, P.J. Raman chemical imaging spectroscopy reagentless detection and
identification of pathogens: Signature development and evaluation. Anal. Chem. 2007, 79,
2658-2673.

De Gelder, J.; de Gussem, K.; Vandenabeele, P.; Moens, L. Reference database of Raman spectra
of biological molecules. J. Raman Spectrosc. 2007, 38, 1133-1147.

Schaschek, K.; Popp, J.; Kiefer, W. Observation of morphology-dependent input and output
resonances in time-dependent Raman spectra of optically levitated microdroplets. J. Raman
Spectrosc. 1993, 24, 69-75.

Kaiser, T.; Roll, G.; Schweiger, G. Investigation of coated droplets in an optical trap:
Raman-scattering, elastic-light-scattering, and evaporation characteristics. Appl. Opt. 1996, 35,
5918-5924.

King, M.D.; Thompson, K.C.; Ward, A.D. Laser tweezers raman study of optically trapped aerosol
droplets of seawater and oleic acid reacting with ozone: Implications for cloud-droplet properties.
J. Am. Chem. Soc. 2004, 126, 16710-16711.

Symes, R.; Sayer, R.M.; Reid, J.P. Cavity enhanced droplet spectroscopy: Principles, perspectives
and prospects. Phys. Chem. Phys. Chem. 2004, 6, 474-487.

Mitchem, L.; Buajarern, J.; Hopkins, R.J.; Ward, A.D.; Gilham, R.J. J.; Johnston, R.L.; Reid, J.P.
Spectroscopy of growing and evaporating water droplets: Exploring the variation in equilibrium
droplet size with relative humidity. J. Phys. Chem. 4 2006, 110, 8116—8125.

Butler, J.R.; Mitchem, L.; Hanford, K.L.; Treuel, L.; Reid, J.P. In situ comparative measurements
of the properties of aerosol droplets of different chemical composition. Faraday Discuss. 2008,
137,351-366.

Kriek, M.; Neylon, C.; Roach, P.L.; Clark, I.P.; Parker, A.W. A simple setup for the study of
microvolume frozen samples using Raman spectroscopy. Rev. Sci. Instrum. 2005, 76, 1-3.

Ling, L.; Li, Y. Measurement of Raman spectra of single airborne absorbing particles trapped by
a single laser beam. Opt. Lett. 2013, 38, 416—418.



Sensors 2015, 15 19045

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Tong, H.J.; Fitzgerald, C.; Gallimore, P.J.; Kalberer, M.; Kuimova, M.K.; Seville, P.C.;
Ward, A.D.; Pope, F.D. Rapid interrogation of the physical and chemical characteristics of
salbutamol sulphate aerosol from a pressurised metered-dose inhaler (pMDI). Chem. Commun.
2014, 50, 15499-15502.

Bankapur, A.; Krishnamurthy, R.S.; Zachariah, E.; Santhosh, C.; Chougule, B.; Praveen, B.;
Valiathan, M.; Mathur, D. Micro-raman spectroscopy of silver nanoparticle induced stress on
optically-trapped stem cells. PLoS ONE 2012, 7, €35075.

Pallaoro, A.; Hoonejani, M.R.; Braun, G.B.; Meinhart, C.; Moskovits, M. Combined
surface-enhanced Raman spectroscopy biotags and microfluidic platform for quantitative
ratiometric discrimination between noncancerous and cancerous cells in flow. J. Nanophotonics
2013, 7,073092.

Dochow, S.; Krafft, C.; Neugebauer, U.; Bocklitz, T.; Henkel, T.; Mayer, G.; Albert, J.; Popp, J.
Tumour cell identification by means of Raman spectroscopy in combination with optical traps and
microfluidic environments. Lab Chip 2011, 11, 1484—1490.

Jess, P.R.T.; Garcés-Chavez, V.; Riches, A.C.; Herrington, C.S.; Dholakia, K. Simultaneous
Raman micro—spectroscopy of optically trapped and stacked cells. J. Raman Spectrosc. 2007, 38,
1082—-1088.

Ramser, K.; Enger, J.; Goksor, M.; Hanstorp, D.; Logg, K.; Kéll, M. A microfluidic system
enabling Raman measurements of the oxygenation cycle in single optically trapped red blood cells.
Lab Chip 2005, 5, 431-436.

Lau, A.Y.; Lee, L.P.; Chan, J.W. An integrated optofluidic platform for Raman-activated cell
sorting. Lab Chip 2008, 8, 1116-1120.

Ramser, K.; Wenseleers, W.; Dewilde, S.; van Doorslaer, S.; Moens, L. The combination of
resonance Raman spectroscopy, optical tweezers and microfluidic systems applied to the study of
various heme-containing single cells. Spectroscopy 2008, 22, 287-295.

Huang, S.S.; Chen, D.; Pelczar, P.L.; Vepachedu, V.R.; Setlow, P.; Li, Y.Q. Levels of
Ca?*-dipicolinic acid in individual Bacillus spores determined using microfluidic Raman tweezers.
J. Bacteriol. 2007, 189, 4681-4687.

Lesser-Rojas, L.; Ebbinghaus, P.; Vasan, G.; Chu, M.L.; Erbe, A.; Chou, C.F. Low-copy number
protein detection by electrode nanogap-enabled dielectrophoretic trapping for surface-enhanced
Raman spectroscopy and electronic measurements. Nano Lett. 2014, 14, 2242-2250.

Deng, Y .-L.; Juang, Y .-J. Electrokinetic trapping and surface enhanced Raman scattering detection
of biomolecules using optofluidic device integrated with a microneedles array. Biomicrofluidics
2013, 7,014111.

Perozziello, G.; Catalano, R.; Francardi, M.; Rondanina, E.; Pardeo, F.; De Angelis, F.;
Malara, N.; Candeloro, P.; Morrone, G.; di Fabrizio, E. A microfluidic device integrating
plasmonic nanodevices for Raman spectroscopy analysis on trapped single living cells.
Microelectron. Eng. 2013, 111, 314-319.

Pallaoro, A.; Hoonejani, M.R.; Braun, G.B.; Meinhart, C.D.; Moskovits, M. Rapid Identification
by Surface-Enhanced Raman Spectroscopy of Cancer Cells at Low Concentrations Flowing in a
Microfluidic Channel. ACS Nano 2015, 4, 4328-4336.



Sensors 2015, 15 19046

101.

102.

103.

104.

105.

106.

Li, M.; Zhao, F.; Zeng, J.; Qi, J.; Lu, J.; Shih, W.C. Microfluidic surface-enhanced Raman
scattering sensor with monolithically integrated nanoporous gold disk arrays for rapid and
label-free biomolecular detection. J. Biomed. Opt. 2014, 19, 111611.

Kho, K.W.; Qing, K.Z.M.; Shen, Z.X.; Ahmad, [.B.; Lim, S.S.C.; Mhaisalkar, S.; White, T.J.;
Watt, F.; Soo, K.C.; Olivo, M. Polymer-based microfluidics with surface-enhanced
Raman-spectroscopy-active periodic metal nanostructures for biofluid analysis. J. Biomed. Opt.
2015, 713, 054026.

Zhang, X.; Yin, H.; Cooper, J.M.; Haswell, S.J. Characterization of cellular chemical dynamics
using combined microfluidic and Raman techniques. Anal. Bioanal. Chem. 2008, 390, 833—-840.
Wilson, R.; Monaghan, P.; Bowden, S.A.; Parnell, J.; Cooper, J.M. Surface-enhanced raman signatures
of pigmentation of cyanobacteria from within geological samples in a spectroscopic-microfluidic flow
cell. Anal. Chem. 2007, 79, 7036-7041.

Liu, G.L.; Lee, L.P. Nanowell surface enhanced Raman scattering arrays fabricated by
soft-lithography for label-free biomolecular detections in integrated microfluidics. Appl. Phys. Lett.
2005, 87, 074101.

Wang, S.; Setlow, P.; Li, Y. Slow Leakage of Ca-Dipicolinic Acid from Individual Bacillus Spores
during Initiation of Spore Germination. J. Bacteriol. 2015, 197, 1095-1103.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).



