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Abstract

Because each nonlinear optical (NLO) imaging modality is sensitive to specific molecules or
structures, multimodal NLO imaging capitalizes the potential of NLO microscopy for studies of
complex biological tissues. The coupling of multiphoton fluorescence, second harmonic
generation, and coherent anti-Stokes Raman scattering (CARS) has allowed investigation of a
broad range of biological questions concerning lipid metabolism, cancer development,
cardiovascular disease, and skin biology. Moreover, recent research shows the great potential of
using CARS microscope as a platform to develop more advanced NLO modalities such as
electronic-resonance-enhanced four-wave mixing, stimulated Raman scattering, and pump-probe
microscopy. This article reviews the various approaches developed for realization of multimodal
NLO imaging as well as developments of new NLO modalities on a CARS microscope.
Applications to various aspects of biological and biomedical research are discussed.
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1. Introduction

Coupling of nonlinear optics and scanning microscopy has generated a panel of imaging
tools for biology and materials research. The nonlinear optical (NLO) microscopy family
can be categorized into one-beam and two-beam modalities. The one-beam modality
includes multiphoton fluorescence (for reviews see [1, 2]), second harmonic generation
(SHG) (for a review see [3]) and third harmonic generation (THG) [4] microscopy. The two-
beam modality includes coherent anti-Stokes Raman scattering (CARS) (for reviews see [5—
10]), four-wave mixing (FWM) (for review see [11]), stimulated Raman scattering (SRS)
[12-17], pump-probe (for reviews see [18, 19]), and photothermal microscopy (for review
see [20, 21]). Because each NLO imaging modality is sensitive to specific molecules or
structures, multimodal NLO imaging capitalizes the potential of NLO microscopy for
studies of complex tissue samples. The coupling of multiphoton fluorescence, SHG, and
THG has led to many biological applications (for examples see [22-26]). In this article, we
review the development and applications of multimodal NLO microscopy achieved through
a CARS microscopy platform. Based on studies by our lab and other research groups, we
show that the capability of CARS microscopy is much enhanced by incorporation of other
NLO imaging modalities and microspectroscopy channels. Moreover, we show that CARS
microscope provides a basic platform for building new modalities such as FWM, SRS, and
transient absorption microscopy. The rest of our paper is organized as follows. Section 2
presents an overview of NLO processes used for imaging. Section 3 discusses the
experimental approaches for multimodal imaging and spectral analysis on a CARS
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microscope. Section 4 review the various applications enabled by multimodal NLO imaging.
Finally we present an outlook.

2. Overview of NLO modalities

Multimodal NLO microscope, which integrates multiple imaging modalities on the same
platform, allows visualization of different endogenous and exogenous structures in cells and
tissues. Fig. 1 shows the imaging modalities that have been demonstrated. These imaging
modalities include well-established modalities such as CARS [27], two-photon excited
fluorescence (TPEF) [28], SHG [3], and THG [29, 30] microscopy, and modalities
developed for characterization of nanostructures, such as two-photon luminescence (TPL)
and three-photon luminescence (3PL), and FWM microscopy. Recently, several new two-
beam modalities have been developed, including stimulated Raman scattering (SRS), pump-
probe, and photothermal microscopy. Below we give a concise description of the NLO
processes responsible for contrast mechanisms in the above mentioned modalities. Detailed
discussion of major NLO modalities can be found in a recent book entitled Handbook of
Biomedical Nonlinear Optical Microscopy [31].

2.1 Coherent anti-Stokes Raman scattering (CARS)

CARS is a four-wave mixing process in which a pump beam () and a Stokes beam (ax)
interact with a sample to generate a signal at the anti-Stokes frequency wss = 2@y — a5 [32].
The CARS signal arises from the nonlinear polarization induced by pump and Stokes beams
due to the third-order susceptibility of the sample. The third-order susceptibility consists of a
non-resonant part, which is independent of «y, — «s frequency, and a resonant part, which
depends on the ay, — ax frequency. Because CARS signal can be significantly enhanced by
molecular vibrations when ay, — s is close to the vibrational frequency of a chemical bond,
the CARS microscopy allows label-free and chemically selective imaging as discussed in
multiple reviews [5-10].

2.2 Two-photon excited fluorescence (TPEF)

In TPEF, the target molecule absorbs two photons to reach an excited electronic state and
then emits a single-fluorescence photon of higher energy than either of the incident photons
[34]. Compared to one-photon fluorescence, TPEF microscopy, first demonstrated in 1990
by Denk et al. [28], provides inherent three-dimensional (3-D) resolution with tightly
focused excitation. The small excitation volume of TPEF greatly reduces overall specimen
photodamage as well as fluorophores photobleaching. Moreover, the use of near infrared
(NIR) excitation for TPEF allows deeper penetration into the imaged tissues. Owing to the
availability of fluorescent labels, TPEF has become the most widely used NLO imaging
modality and a potent tool for biological studies [1, 2].

2.3 Sum frequency generation (SFG) and second harmonic generation (SHG)

SFG is a second-order NLO process in which two incident photons are converted to one
emission photon with energy exactly equal to the sum of the excitation photons [32]. SFG is
selectively sensitive to non-centrosymmetric structures. Ji et al. constructed the first
optically active SFG microscope, which allows chirality-sensitive, 3-D sectional images
with submicron spatial resolution [35]. SHG is a special case of SFG in which the two
excitation photons are degenerate. SHG microscopy has been shown to be a sensitive probe
for biomolecular arrays in cells, tissues, and organisms (for reviews see [3, 36]). In addition,
protein crystals have been selectively detected by SHG microscopy [37]. Moreover, SHG
signal has been used for nanoparticle tracking in vivo [38, 39].
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2.4 Third harmonic generation (THG)

THG is a third order NLO process and unlike SHG, is not limited to non-centrosymmetric
structures. THG requires three photons in order to generate one at a tripled frequency. Under
tight focusing conditions, the THG signal from a homogeneous, normally dispersive
medium vanishes as a consequence of the Gouy phase shift experienced by the excitation
beam near focus [32, 40]. This effect makes THG sensitive to interfaces, as first shown by
Tsang et al. in 1995 [41]. Based on THG signal from interfaces, Barad et al. [29] developed
a THG microscope for visualization of interfaces in transparent materials. Several groups
have extended the application of THG microscopy to biological samples [4, 22, 23, 36, 42,
43]. THG signal from nanoparticles can be resonantly enhanced by surface plasmon
resonances, which facilitate imaging of nanoparticles and make the nanoparticles potential
biomarkers as first shown by Yelin et al. [44].

2.5 Multiphoton luminescence

Metal nanoparticles are capable of photoluminescence and, unlike single molecules, are
photostable under long illumination, which makes them excellent optical imaging agents.
Multiphoton luminescence is attractive owing to the brightness and intrinsic 3-D spatial
resolution. Multiphoton luminescence from metals is considered to follow the same scenario
as single photon luminescence which is believed to happen in three-step process [45]: (i)
excitation of electron from d- to sp- band to generate electron-hole pairs; (ii) interaction of
electrons and holes with lattice on picosecond (ps) time scale with partial energy transfer to
phonons; (iii) electron-hole recombination resulting in photoemission. The multiphoton
luminescence from metals was first observed by Chen et al. in 1981 [46] and further
explored in 1986 by Boyd et al. [47], who showed that in case of rough metal surfaces the
weak multiphoton luminescence signal can be amplified due to a resonant coupling with
localized surface plasmons. As first demonstrated by Yelin et al., the enhanced multiphoton
luminescence allowed visualization of gold nanoparticles in cellular environment [44]. The
strong two-photon luminescence has been widely used to visualize a variety of gold
nanostructures, including gold nanoparticles [48], gold nanorods (NRs) [49], and gold
nanoshells [50].

2.6 Electronic-resonance-enhanced four wave mixing (FWM)

Unlike the CARS modality that generates contrast based on vibrational resonances, the
electronic-resonance-enhanced FWM modality is based on the electronic properties of a
material. When one of the beams or combination of beams are resonant with electronic
transitions of the material (see Fig. 1 for two-photon resonance FWM), the FWM signal can
be significantly enhanced. Because the FWM signal from nanomaterials can be
electronically enhanced by several orders of magnitude, it allows visualization of single
nanostructures, such as gold NRs [51], gold nanowires (NWSs) [52, 53], and single-walled
carbon nanotubes [54] (for a review, see [11]).

2.7 Stimulated Raman scattering (SRS)

SRS was first observed by Woodbury and Ng in 1962 [55] and by Jones and Stoicheff in
1964 [56]. Stimulated Raman spectroscopy utilizing two cw laser beams and phase-sensitive
detection, was first reported in 1977 by Owyoung and Jones [57]. In stimulated Raman gain
(SRG) or Raman loss (SRL), the pump (Stokes) beam intensity is decreased (or increased)
via the coherent Raman process (see Fig. 1 for SRG). The advantages of SRS over CARS
lies in that the SRS signal is completely free of the non-resonant background and the
spectral profile is identical to the spontaneous Raman spectrum. In microscopy, the
modulations of pump and Stokes beam intensities due to the SRS process are usually very
small (DI/1 <107) as calculated for experimental imaging conditions [58]. Therefore,
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modulation of the excitation beam and phase-sensitive detection method are needed to pick
the signal out of the laser noise. High-speed SRS microscopy has been recently
demonstrated [12-17] and applied to vibrational imaging of tablets and biomass [59, 60].

2.8 Transient absorption

Many molecules found in biological samples do not generate fluorescence due to fast non-
radiative decay of electronically excited state. These dark molecules still can be probed
using pump-probe transient absorption techniques as discussed in recent review by Ye et al.
[18]. In the pump-probe modality the pump beam induces a transient electronic absorption
in the sample. This change in electronic state is then sensed by the probe beam. By varying
time delay between pump and probe pulses, the information on excited state dynamics can
be deduced. Pump-probe microscopy has been used in transient absorption imaging of
hemoglobin [61, 62], skin pigments [63—65], and nanostructures [19, 66, 67]. Particularly,
Jung et al. used transient absorption to distinguish semiconducting and metallic single-
walled carbon nanotubes (SWNTs) [68]. Min et al. demonstrated stimulated emission
microscopy for visualizing non-fluorescent chromoproteins and chromogenic reporter for
gene expression [69].

2.9 Photothermal effect

In condensed phase, upon excitation of molecules the energy is fast distributed over many
vibrational modes and eventually transferred into the surrounding medium, which
corresponds to a local heating. The heat causes thermal expansion and subsequent change in
refractive index of the sample. This process under focusing conditions manifests itself as a
thermal lens effect. In microscopy, the thermal lens caused by the pump beam affects the
divergence of the probe beam as demonstrated by Harada et al. in 1993 [70]. For nano-sized
absorbers, photothermal heterodyne microscopy has been first demonstrated by Boyer et al.
[71]. This method is based on the refractive index change of the medium surrounding the
laser-irradiated nanostructures.

3. Experimental realization of multimodal NLO imaging on a CARS
microscope

3.1 CARS microscope

The development of CARS microscopy has been extensively reviewed [5-8, 10, 31, 33, 72—
75]. Here we focus on the developments towards multimodal imaging. The block diagram of
a modern high-speed, multifunctional CARS microscope is shown in Fig. 2. The key
technological steps, which opened CARS microscopy for biomedical applications over the
past decade, include: (1) Collinear beam geometry, which significantly simplifies the beam
configuration; (2) Laser scanning on a confocal platform, which allows fast CARS imaging
with speed as high as video rate; (3) Backward (epi) detection, which enables CARS
imaging of sub-wavelength features and tissues in live animals; (4) Development of robust
laser sources.

Over the past decade, several generations of laser systems have been developed for CARS
microscopy. It is important to note that the choice of pulse duration for CARS microscopy is
a compromise between CARS signal strength and specificity as first shown analytically by
Cheng et al. [33]. Shorter broadband pulses produce stronger signal but also stronger non-
resonant background, while longer pulses generate lower signal but better spectral resolution
and specificity. High-speed CARS imaging was first demonstrated with ps lasers [76, 77].
Although ps pulse excitation gives better contrast, the femtosecond (fs) laser sources have
higher peak power that is required to generate strong NLO signals for one-beam modalities
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[78]. Towards the goal of coupling CARS with widely used multiphoton fluorescence
microscopes, Chen et al. [78] and Pegoraro et al. [73] demonstrated multimodal NLO
imaging on a CARS microscope with fs laser pulses. Rocha-Mendoza et al. [79] applied
spectral focusing of broadband fs pulses [80] to achieve high spectral resolution in CARS
imaging. More recently, Lu et al. demonstrated that a unique dual 4-f paired-gratings
spectral filtering of a fs laser could easily switch between ps and fs pulse duration, which
rendered high contrast CARS imaging and high quality multiphoton imaging, respectively
[81]. Performances of CARS microscopy using ps and fs laser systems were recently
compared by Svedberg et al. [82]. In general, fs system can provide the same CARS
intensity with about 60 times lower excitation powers compared to the ps system [82].
Meanwhile, it should be emphasized that the spectral resolution in fs CARS is much reduced
and this method is suitable for isolated Raman bands.

A modern CARS microscope can be operated using either ps or fs laser systems, including
two synchronized Ti:sapphire lasers [33, 83], optical parametric oscillators (OPOs) pumped
with solid state lasers [77, 78, 84, 85] or with fiber lasers [86], several non-linear fiber based
systems [87-92] and an Er:fiber based all fiber system [93]. The Ti:sapphire lasers provide
the capability of wide tuning and availability of ps and fs configuration in the same cavity.
The drawback of this system is the timing jitter of electronic synchronization. The OPO-
based laser systems completely resolve the timing jitter problem, because the OPO pulse
train is inherently synchronized with pump laser pulse train. A remaining drawback of the
free space lasers and OPOs is their high cost and large volume. Therefore, fiber-based
solutions are attractive because of less expensive and more compact laser sources. Currently,
the average power of the Stokes beam for fiber-based systems is limited to about 10 mW. A
relatively large power for the pump beam of shorter wavelength is then necessary to achieve
high speed CARS imaging. Such configurations however may increase the possibility of
tissue damage.

3.2 Coupling CARS with TPEF and SHG

A challenge for multimodal imaging is simultaneous acquisition of various NLO signals in a
convenient way. Such challenge can be dealt with by utilizing the coherence properties of
the NLO signals. Due to the coherent addition, majority of the CARS signal goes forward
and is highly directional. As shown by Cheng et al. [94] and Volkmer et al. [95], the
forward CARS (F-CARS) signal is highly directional and can be efficiently collected by a
NA=0.55 air condenser. Because the fluorescence signal is spectrally broad and incoherent,
it is negligible after the narrow bandpass CARS filters and the air condenser in the forward
channel. Instead, the backward fluorescence can be effectively collected by the laser-
focusing objective with high numerical aperture (NA). Therefore, one is able to record the
forward CARS signal and backward TPEF signal simultaneously using the two external
photomultiplier tubes (PMTSs), as shown in Fig. 2.

Due to the Gouy phase shift, the forward SHG signal is deflected from the optical axis [96]
and is fairly weak if a low-NA air condenser is used. Meanwhile a significant amount of
SHG photons from either collagen fibrils or protein crystals are back scattered [37, 97].
Thus, the forward CARS and backward SHG signals can be simultaneously detected by
using bandpass filters and the external PMTs. Because the TPEF signal is red-shifted from
the SHG signal, the SHG and TPEF signals can be spectrally separated. Huff et al. [98]
demonstrated that with two backward detectors, dichroic mirror and appropriate bandpass
filters SHG (SFG) and TPEF signals can be detected simultaneously with forward CARS
signal.

Laser Photon Rev. Author manuscript; available in PMC 2013 December 16.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yue etal.

Page 6

3.3 Implementation of THG modality

The optical properties of tissues, sensitivity of detectors, and transmission of optics together
restrict the THG signal wavelength to be longer than 350 nm. Fortunately, CARS requires
no electronic resonance, and thus NIR excitation wavelengths above 1.0 pm can be used,
such as the 1064 nm beam provided by high-Q laser. Such configuration opens the
opportunity to couple CARS with THG imaging. Because THG signal depends on the cube
of excitation beam intensity, fs laser system is usually required to produce high enough peak
power to generate strong THG signal. Using fs pulses, Chen et al. [78] demonstrated the use
of the second harmonic of the OPO idler beam at 1018 nm as the Stokes beam for CARS,
and the OPO signal beam at 1290 nm for THG imaging on the same platform. It is also
important to note that THG signal from interfaces is highly directional and is generated in
the forward direction, as shown by Cheng et al. [40].

3.4 Implementation of two-photon luminescence (TPL) and three-photon luminescence

(3PL)

Implementation of TPL modality is similar to that of TPEF, because TPL has the same
excitation and emission characteristics as TPEF. Using a femtosecond Ti:sapphire laser,
Wang et al. reported TPL imaging of single gold NRs in vitro and in vivo [49]. Emission
spectrum of 3PL is similar to that of TPL, but 3PL needs longer excitation wavelength. Tong
et al. have recently used a femtosecond OPO to implement 3PL imaging of gold-silver
nanocages [99].

3.5 Implementation of electronic-resonance-enhanced FWM modality

The electronic-resonance-enhanced FWM is a two-beam modality with emission similar to
CARS, however unlike CARS it is originated from broad electronic and/or plasmonic
resonances, which usually have dephasing time on the fs time scale [100]. Therefore, fs
lasers are preferred over ps ones for optimizing the efficiency of the electronic-resonance-
enhanced FWM process, as has been demonstrated by Jung et al. [51] and discussed in the
recent review by Wang et al.[11]. A single-beam near-degenerate FWM microscopy has
been demonstrated by Min et al. [101] and applied to ultrasensitive detection of
chromophores and hemoglobin.

3.6 Implementation of SRS modality

Because SRS and CARS occur simultaneously, it is natural to implement SRS imaging on a
CARS microscope. The SRS signal originates from an intensity gain of the Stokes beam
(SRG setup) or an intensity loss of the pump beam (SRL setup). The small change in
intensity of the detected beam due to SRS process is buried in the noise, and so phase-
sensitive detection via a lock-in amplifier is required to recover the signal. For high-speed
detection of SRG signal, the intensity of pump beam is modulated, usually at MHz
frequency, and the intensity of Stokes beam is detected with large area photodiode (see Fig.
2). As in any heterodyne detected processes, the noise in the detected beam limits the
ultimate sensitivity. Freudiger et al. [14] and Nandakumar et al. [13, 15] have achieved
high-speed SRS microscopy by using high-frequency modulation (>1 MHz) that avoids the
low-frequency laser noise. Ozeki et al. compared the signal-to-noise ratio in CARS and SRS
[12].

It is important to understand that the detection strategy is different for these modalities: (i)
While CARS signal appears at a new wavelength, the SRS signal is detected at the exact
wavelength of pump or Stokes beams; (ii) The CARS beam is highly directional, and can be
effectively collected with low numerical aperture (NA) collection optics. In contrast, the
SRS beam exactly follows pump and Stokes beams, and therefore, the focusing and
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collection optics with similar NA are required for optimal collection of SRS signal; (iii) The
epi-detected CARS signal arises from small objects or from reflection of the forward signal,
whereas the epi-detected SRS solely relies on the back-scattered photons. Because the SRS
signal has the same wavelengths as the excitation beams, polarization separation is used for
epi-SRS detection [14, 59]; (iv) In contrast to CARS, the phase matching conditions of SRS
are always satisfied, which eliminates the need for tight focusing. Moreover, in the case of
Gaussian pump and Stokes beams focused collinearly through a sample, Owyoung and
Jones [57] derived in 1977 an analytical expression for the SRS signal intensity, which is
independent of focusing conditions and linear to both pump and Stokes powers. In
microscopy, this independence of focusing conditions has been demonstrated by Slipchenko
et al. [59], who imaged large particles in pharmaceutical solid dosage forms using low NA
objective. Although the SRS signal is free from the non-resonant background, there are a
number of optical processes, including stimulated absorption or emission [18, 69], the
optical Kerr effect, cross phase modulation, and the thermal lensing effect [102], which
could potentially produce the background. In practice, stimulated absorption or emission
[18, 69] can be minimized by using longer excitation wavelengths. The optical Kerr effect
and cross phase modulation can be minimized using frequency modulation instead of
amplitude modulation [103]. Thermal lensing effect [102] can be minimized by using a high
NA objective for signal collection [14, 104] or by high-frequency modulation (> 1 MHz)
[105, 106]. Most SRS experiments have been done with crystal-based OPOs, but a recent
paper showed the promise of using a fiber laser for SRS imaging [107].

3.7 Implementation of pump-probe and photothermal modalities

The presence of two excitation beams in CARS microscope also opens opportunities for
developing pump-probe microscopy. Since the pump-probe technique measures the
modulation of the probe beam intensity induced by the interaction of the modulated pump
beam with a sample, the implementation of pump-probe modality is similar to SRS and can
be realized by phase-sensitive detection [18, 69]. In previous work, photothermal
microscopy was done with cw lasers [20]. The pulsed laser on a CARS microscope enabled
photothermal imaging based on two-photon absorption [108].

3.8 Coupling CARS and SRS with spontaneous Raman

A drawback of single-frequency CARS and SRS microscopy is that each image only
contains information from a single Raman shift. The lack of spectral information can be
partially compensated by acquiring Raman spectra at the points of interest in a CARS or
SRS image. To realize Raman microspectroscopy on the CARS microscope, the laser source
should have sufficient spectral resolution, and therefore ps laser source is optimal. In case of
fs laser system, the spectral bandwidth can be reduced by narrowband filter. Slipchenko et
al. [104] first realized Raman microspectroscopy on a ps laser based CARS microscope by
adding a spectrometer to one of the optical ports of the microscope and using appropriate
filters to reject the scattering of the excitation laser. To reject background signal and achieve
3-D spatial resolution, the spectrometer slit assembly has been replaced with a pinhole. Due
to NIR nature of the Raman signal, the spectrum obtained by charge-coupled device (CCD)
might show strong etalon effect. Such effect can be avoided by using front-illuminated or
deep-depleted CCD detectors. Coupling of CARS and Raman has been used for spectral
analysis of lipids in C. elegans [109], drug tablets [59], and cellulose fibers [110].

4. Applications to biological and biomedical science

4.1. Study of white matter

White matter of the central nervous system (CNS) is enriched in myelin sheath, which is a
multi-lamellar oligodendroglial cell membranes wrapping around axons [111]. The lamellar
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structure of myelin sheath has been characterized by traditional methods including electron
microscopy, histology, and immunofluorescence [112]. However, these methods can only
examine fixed tissues, and so prevent dynamic studies of cellular activities during the
disease process. Clinical imaging tools, such as magnetic resonance imaging (MRI), have
been used for in vivo imaging of white matter, but they lack single-cell resolution [75]. By
taking advantage of high lipid content in myelin sheath (~70% lipid by weight) [113], Wang
et al. in 2005, for the first time, reported the application of CARS microscopy to label-free
visualization of myelin sheaths under physiological conditions [114]. Owing to submicron
resolution of CARS microscopy, detailed structures of the node of Ranvier and Schmidt-
Lanterman incisure were resolved [114].

In the past several years, the integration of multiple NLO modalities on the same CARS
microscopic platform has enabled CARS imaging of myelin sheath, SFG or SHG imaging of
astrocyte processes and microtubules, and TPEF imaging of other important biological
components (e.g. calcium activity) with the aid of fluorescence probes, simultaneously [98,
115-118]. The interactions between myelinated axons and other essential components (e.g.
astrocyte processes, calcium activity) in the white matter were directly visualized. These
capabilities of multimodal NLO microscopy open up new opportunities to investigate the
pathological pathways of demyelinating diseases and explore better therapeutic strategies for
the diseases.

Demyelination, or the loss of myelin sheath around the axons, impairs action potential
conduction along the axons, which in turn accounts for numerous neurological disorders
including multiple sclerosis, and spinal cord injury [112, 113]. The molecular mechanisms
underlying myelin damage, however, is not well understood. By using multimodal NLO
microscopy, Fu et al. have carried out mechanistic studies of myelin damage in different
demyelination models [115, 116]. By incorporating TPEF imaging of the calcium activity
indicator with CARS imaging of myelin sheath, Lysophosphatidyl choline (Lyso-PtdCho)
was shown to not only induce myelin swelling but also cause Ca2* influx into the axons
[116]. In another study, Fu et al. first used CARS imaging to show that glutamate induced
paranodal myelin splitting and retraction [115]. TPEF imaging and immunohistochemistry
were then used to reveal that glutamate inhibits axonal conduction via breaking axo-glial
junctions and exposing juxtaparanodal K* channels [115].

As one of the neurological disorders, spinal cord injury (SCI) causes immediate disruption
to neuronal membranes and Ca2* influx into axons, followed by subsequent secondary
damages [119]. A key therapeutic strategy for SCI is sealing the damaged membranes at an
early stage [120, 121]. Recently, Shi et al. used multimodal NLO microscopy to evaluate the
effectiveness of copolymer micelles in repairing SCI in vivo [122]. In this study, CARS
imaging was used to monitor the morphological changes of myelin sheath after injury and
treatments with different polymers. TPEF imaging was used to map the calcium distribution
in myelinated axons [122]. As shown in Fig. 3, intraaxonal free Ca2* level was much higher
in compression-injured spinal cord (Fig. 3b) than that in healthy one (Fig. 3a). With low-
concentration micelle treatment, injured spinal cord showed significantly reduced Ca2*
influx into axons (Fig. 3c).

To summarize, the capability of simultaneous observation of various components and their
interactions in the white matter makes multimodal NLO microscopy an attractive tool for the
studies of neurological diseases. Future studies focusing on in vivo multimodal NLO
imaging of the white matter would significantly contribute to the understanding of the
dynamics of disease progression.
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4.2. Study of lipid metabolism

4.2.1 Lipid droplet biology—Lipid droplets (LDs) are complex proteolipid organelles
that often play dynamic roles in various aspects of lipid metabolism [123-125]. The aberrant
accumulation of LDs is associated with some of the most widespread human diseases, such
as obesity, diabetes type Il, and atherosclerosis [123—-125]. With the capability of label-free
visualization of LDs, CARS microscopy has been used to monitor LDs dynamics in many
systems [126-130]. By combining CARS with TPEF imaging, further in-depth studies on
LD biology have been conducted. Nan et al. revealed the interaction between LDs and
mitochondria, which were labeled with fluorescent probe, in adrenal cortical cells [130]. By
coupling the immunostaining of LDs-associated proteins, Yamaguchi et al. found that
Comparative Gene ldentification-58 protein facilitated lipolysis of LDs in cooperation with
perilipin [128]. With the help of fluorophore-labeled insulin, Le et al. unraveled that insulin
accounted for the phenotypic variability in LDs accumulation among clonal cells [126]. By
utilizing curcumin autofluorescence, Kim et al. found that curcumin could inhibit adipocyte
differentiation [129]. Through live cell fluorescence imaging of viral RNA and
simultaneously CARS imaging of LDs, Lyn et al. highlighted the significance of lipid
metabolism in viral replication [127]. Given that fluorescent proteins-tagged LDs-associated
proteins have been made available [131], simultaneous CARS and TPEF imaging would be
able to provide new insights into the dynamic association between lipids and proteins, which
are critical for LDs formation and function in living cells.

4.2.2 Lipid metabolism in model organism—Although nematode C. elegansis distant
from mammals, the pathways of lipid metabolism in human are highly conserved in C.
elegans [132, 133]. Highly tractable genetics that are critical in lipid metabolism make C.
elegans an attractive model for the integrative studies of lipid metabolism regulation and
related metabolic diseases [134, 135]. The transparent nature of C. elegans facilitates the
studies of lipid storage by microscopy-based methods [136]. Traditionally, the lipid stores in
intestinal and hypodermal cells are visualized by staining with lipophilic dyes including
Sudan black and Nile Red. However, the labeling efficiency and accuracy have recently
been challenged [136]. Although fixative staining methods provide reproducible data, their
results may be interfered with fluorescence signals from the autofluorescent particles in
lysosome-related organelles [137, 138]. Feeding worms with vital dyes was thought to
monitor dynamics of lipid storage, but the vital dyes have been recently shown to be just
sequestrated in autofluorescent particles, rather than label any fat stores in intestine or
hypodermis [137, 139]. Moreover, the dynamic changes of lipid composition for individual
LDs are not possible to be measured with traditional analytical chemistry methods such as
gas chromatography. Therefore, a non-invasive and label-free method to quantitatively
analyze lipid storage and composition in living C. elegans is critically needed.

Several pilot studies showcase the capability of CARS microscopy for label-free imaging of
lipid storage in living C. elegans. As the first study, Hellerer et al. demonstrated that CARS
microscopy not only overcame the limitations of fluorescent staining methods, but also
accurately assessed the impact of genetic deficiencies in lipid metabolism (e.g. insulin
signaling pathway) on lipid storage, distribution, and packing density [140]. In a follow-up
study by Morck et al., CARS imaging did not detect any cholesterol lowering drug-induced
reduction of lipid storage as detected by Nile Red staining [141]. More recently, by
combining CARS imaging with TPEF imaging, Le et al. and Yen et al. revealed two
distinctive lipid species in C. elegans: a neutral lipid species in both intestine and
hypodermis and an autofluorescent particle species only found in intestine [109, 137]. Le et
al. also found that genetic mutations of lipid signaling pathways including peroxidation and
desaturation altered the accumulation of neutral lipids and autofluorescent particles (Fig. 4a—
b) [109]. Other than C. elegans, some other model organisms, such as zebrafish and yeast
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Saccharomyeces cerevisiae, are also gaining popularity in lipid research, as shown by and
Holtta-Vuori et al. [142] and Brackmann et al. [143] (for review see [144]).

By coupling confocal Raman microspectroscopy with CARS and TPEF imaging, the
chemical composition of neutral lipids and antofluorescent particles can be characterized.
The intensity ratio between Raman bands at 1660 cm™ and 1445 cm™1 has been used as a
reliable measure of lipid chain unsaturation [109]. As shown in Fig. 4d, neutral lipid droplets
in eggs, whose structure is depicted in Fig. 4c, have higher level of lipid chain unsaturation
compared with those in adult intestine. Interestingly, the ester bond around 1742 cm™1 is
absent in autofluorescent particles, which suggests that these particles do not contain neutral
lipids. Moreover, the prominent Raman bands for phenytalanine around 1004 cm™2, for
amide 111 region 1225-1350 cm™1, for amide | around 1660 cm™~1, and for CH3 bonds around
2940 cm~1 imply that the autofluorescent particles are rich in proteins rather than lipids.
Taking advantage of recent advances in C. elegans genetics [134] and microfluidic chamber-
based lifelong C. elegans imaging [145], it is foreseeable that multimodal NLO microscopy
presents an unprecedented opportunity to study dynamic lipid regulation in living C.
elegans.

4.2.3 Intestinal lipid absorption—Intestinal lipid absorption happens in enterocytes,
where free fatty acids (FFAs) and monoacylglycerols are resynthesized into triacylglycerols
(TGs) and packaged into the chylomicrons for export into the lymphatic system through
exocytosis. [146]. Traditionally, the process of intestinal lipid absorption was visualized by
histology and electron microscopy, which hinder the investigation of the dynamic process.
CARS microscopy has been first used by Zhu et al. to reveal a dynamic, cytoplasmic
triacylglycerol pool in enterocytes, which challenges the conventional paradigm [147]. In
the follow-up studies by Lee et al., the role of diacylglycerol acyltransferase 1, a key
enzyme in TG biosynthesis, in dietary fat absorption was carefully studied [148]. Moreover,
TPEF imaging of lipid droplet associated proteins was recently combined with CARS
imaging to study the association of the proteins with cytoplasmic LDs in mouse enterocytes
during dietary fat absorption [149]. Future applications of multimodal NLO microscopy are
expected to contribute new knowledge on the impact of genes and enzymes on intestinal
lipid absorption, and the responses of drugs for reduction of energy intake.

4.3. Atherosclerosis research

Atherosclerosis is the major cause of cardiovascular diseases, which have kept the highest
mortality rate in the United States for decades [150]. Current imaging methods for the
diagnosis of atherosclerosis include x-ray angiography, MRI, intravascular ultrasound
(IVUS), computed tomography (CT), and optical coherence tomography (OCT) [151-153].
The capabilities of these methods are limited by either low spatial resolution or a lack of
chemical specificity. Thus, there is a need for development of an imaging-based diagnostic
tool to evaluate morphological features with subcellular resolution and molecular
compositions that are closely associated with plaque vulnerability.

Recently, multimodal NLO microscopy has been applied by Le et al. and Wang et al. to
visualize multiple components of arterial walls and atherosclerotic lesions in a label-free
manner, for instance CARS imaging of lipid-rich foam cells, SFG or SHG imaging of
collagen type I fibrils, and TPEF imaging of elastin [154, 155]. The plaque vulnerability was
shown to be associated with increased accumulation of foam cells and reduced and
disorganized collagen type | fibrils [154, 155]. Wang et al. in another study demonstrated
the capability of multimodal NLO microscopy to accurately identify different stages of
atherosclerotic lesions by quantifying lipid and collagen content [156]. These initial works
have been followed up by studies of other animal models, such as ApoE-deficient mice and

Laser Photon Rev. Author manuscript; available in PMC 2013 December 16.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yue etal.

Page 11

myocardial infarction-prone rabbits [157, 158]. Most recently, Kim et al. used multiplex
CARS to correlate the morphology with chemical profile of atherosclerotic lipids [159]. The
improved penetration depth is critically needed for clinical application of multimodal NLO
microscopy for atherosclerosis diagnosis. The further developments of CARS endoscopy
and combinatorial platform with other diagnostic imaging tools, such as OCT and IVUS,
would significantly benefit the diagnosis of atherosclerosis.

4.4. Cancer research

4.4.1 Detection of cancer—Despite considerable scientific gains in cancer diagnosis and
treatment, cancer remains to threaten human’s life [160]. Current clinically-used imaging
methods for cancer diagnosis include x-ray, CT, MRI, and OCT [161, 162]. The capabilities
of these methods are limited by either low spatial resolution or a lack of chemical
specificity, which, in turn, may hamper the identification of the margin of cancer tissue.
Thus, there is a need for development of an imaging-based diagnostic tool to evaluate
morphological features with subcellular resolution and molecular compositions that are
closely associated with tumor malignancy.

The application of CARS microscopy to cancer detection was initiated by Evans et al., who
observed lower lipid content but higher protein content in brain tumor tissues compared with
those in the normal tissues [163]. Because lipid-rich cell membranes and lipid-poor cell
nuclei generate substantial contrast in CARS imaging, CARS microscopy actually can be
used to visualize tumor cells with submicron resolution in a label-free manner (Fig. 5).
Moreover, simultaneous CARS and SFG imaging enables label-free visualization of cell
arrangement and collagen type | fibrils organization. Fig. 5a shows the spectrum of CARS,
TPEF, and SFG signals obtained simultaneously from different components of the
mammary tissue. Because of the lack of normal glandular structures and low cytoplasm/
nucleus ratio in mammary tumors [164], morphological depiction by CARS imaging would
be able to distinguish tumor tissues from normal tissues. Because of the presence of
disorganized and straight collagen type I fibrils in malignant mammary tumors [165, 166],
selective collagen | imaging by SFG microscopy would be able to distinguish malignant
tumors (Fig. 5¢c—d) from benign tumors (Fig. 5b). These findings suggest that with the aid of
endoscopy [167], multimodal NLO imaging could have the potential to serve as image-
guided tool for cancer diagnosis.

4.4.2 Tumor microenvironment—It has been realized that disordered tissue
microenvironment could alter phenotypic behavior of tumor cells, and then induce or
promote tumor development, progression, and metastasis [168, 169]. multimodal NLO
microscopy has been used to image significant components of mammary tumor
microenvironment including adipocytes, collagen type I fibrils, blood vessels, and
macrophages [170]. Based on this demonstration, Le et al. further found that the size of
adipocytes in mammary gland and collagen content in mammary tumor microenvironment
were increased in obese rats compared with those in lean rats, which suggests the role of
obesity in modifying tumor microenvironment [170]. As shown in Fig. 5, SFG imaging
specifically recognizes dense wavy collagen fibrils in mammary adenoma, as opposed to the
thin straight collagen fibrils in mammary adenocarcinoma. This observation is consistent
with several previous studies, which showed that aberrations in type | collagen production
and degradation have become one of the hallmarks of tumor microenvironment [165, 166,
171, 172]. Together these studies suggest that multimodal NLO microscopy holds the
promise to become a valuable tool for the study of tumor microenvironment in the future.

4.4.3 Lipids in cancer development—Although excess intracellular lipids have been
observed in various kinds of cancer [164, 173-176], the mechanism underling the link
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between lipid metabolism and cancer development remains largely unknown. Recently, by
employing multimodal NLO microscopy, Le et al. evaluated cancer cell behaviors in excess
lipid environments in vitro and in vivo [177]. It was shown that excess FFAs not only
induced intracellular lipid accumulation in cancer cells, but also perturbed cancer cell
membranes [177]. Lipid-rich cancer cells showed more aggressive behaviors including
reduced cell-cell contact, increased cell-substrate adhesion, and promoted migration and
invasion [177]. In this study, CARS imaging enabled visualization of LDs accumulation and
cell membrane perturbation, whereas SFG imaging permitted observation of migrating
cancer cells on collagen fibrils. More interestingly, circulating tumor cells (CTCs) also
accumulated considerable LDs, which suggests possible development of label-free intravital
CARS flow cytometry for clinical CTC detection. Future studies that correlate the amount
and composition of intracellular lipids with the aggressiveness of cancer cells would provide
better understanding of the roles of lipids in cancer development.

4.5. Study of skin

As the soft outer covering, skin performs various functions including protection, heat
regulation, sensation, storage and synthesis [178]. Because many components in the skin are
rich in lipids, Evans et al. for the first time demonstrated CARS imaging of the lipid-rich
structures including corneocytes, sebaceous glands, and subcutaneous adipocytes in the skin
of a live mouse [77]. Label-free and high-speed CARS imaging enabled real-time
monitoring of time-dependent diffusion of mineral oil in the skin [77]. Freudiger et al.
furthered demonstrated SRS imaging of mouse ear skin with high sensitivity and no
nonresonant background [14]. More recently, by combining SHG imaging with CARS
imaging, Zimmerley et al. found that DMSO gradually caused morphological changes to the
collagen type | matrix in the skin [179]. By combining confocal Raman microspectroscopy
with CARS imaging, Slipchenko et al. showed that the lipids accumulated in sebaceous
glands had much higher saturation level and lipid packing density compared with those in
adipocytes [104]. These studies demonstrate the ability of multimodal NLO microscopy to
evaluate the effects of chemical compounds, such as skin care product, on the skin tissue.

4.6. Label-free detection of chromophores

Chromophores, such as hemoglobin and melanin, reside all over the body and play
important roles in maintaining cell function [69, 180]. Due to barely discernible
fluorescence, it was difficult to image chromophores based on their endogenous contrasts.
Recently, there have been three developments of NLO microscopy, which are capable of
producing strong contrasts from chromophores without photodamage. One is pump-probe
transient absorption microscopy, which was used to image both skin pigmentation and red
blood cells [18]. Oxyhemoglobin and deoxyhemoglobin could also be distinguished using
this setup [18]. The second one is stimulated emission microscopy, which was used to
visualize chromoproteins, non-fluorescent variants of the green fluorescent protein, and
microvascular structures based on endogenous contrast of hemoglobin [69]. The third one is
two-photon excited photothermal lens microscopy, which was used to detect individual red
blood cells [108]. These new developments and applications would stimulate further studies
of the roles of various chromophores in human health and diseases.

4.7. Tissue engineering

The study of cell behaviors in a 3D culture model is crucial for tissue engineering research.
For real-time monitoring of cell activities in 3D culture, label-free, chemical-selective, and
high-speed NLO imaging is desirable. By using CARS imaging, Conovaloff et al. monitored
the growth of neurites in conditioned hydrogel tissue scaffold over time [181]. By
combining CARS with SHG microscopy, Brackmann et al. have visualized the formation of
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cellulose scaffolds in real time and also the cell integration into the cellulose scaffold [182].
These studies show the promise of CARS imaging to assist in designing better tissue
scaffold for organogenesis.

4.8. Study of biomass conversion

Biomass conversion provides alternative ways to produce energy [183]. However, the
biomass conversion kinetics has not been well understood yet. Very recently, Saar et al.
used SRS microscopy to map the distribution of two important chemical species in the
biomass conversion process, lignin and cellulose, in corn stover, without labeling [60]. They
further showed real-time SRS imaging of a delignification reaction in corn stover (Fig. 6).
This study suggests that SRS imaging holds the promise for more thorough studies of
biomass conversion process.

4.9. Drug formulation and delivery

In order to enhance the therapeutic effect of a pharmaceutical compound with minimum side
effects, efforts have been made to design better drug delivery systems. Sustained and
controlled release of drugs is generally desirable [184]. Although high-performance liquid
chromatography (HPLC) is widely used to measure drug release profile, the information
regarding drug redistribution during release is missing in HPLC measurement. CARS
microscopy was first used by Kang et al. to monitor paclitaxel redistribution and dissolution
in various drug-eluting stent films during the release process [185-187]. Later, CARS
microscopy was also used to monitor drug dissolution in tablets [188]. Very recently,
Slipchenko et al. employed the newly developed compound Raman microscope, capable of
SRS imaging and confocal Raman microspectroscopy, to map the spatial distribution of
active pharmaceutical ingredient (API) and excipients in tablets from six different
manufacturers (Fig. 7) [59]. The capabilities of both high-speed vibrational imaging and
spectral analysis make the compound Raman microscope a desirable tool for studies of drug
delivery systems.

4.10. NLO imaging of nanomaterials in vitro and in vivo

Owing to unique optical properties, nanomaterials have been extensively used as probes for
live cell and animal imaging [49, 189-192]. The strong intrinsic nonlinearity of these
nanomaterials has recently caught substantial attentions [193-195]. In this section, we
discuss the application of electronic-resonance-enhanced FWM and transient absorption
microscopy to imaging various types of nanomaterials.

4.10.1 Gold nanostructures—Despite the wide use of gold nanostructures as
multiphoton luminescent imaging agents [193], the broad fluorescent spectral profile makes
gold nanostructures difficult to be distinguished from other fluorescent molecules. In
contrast, electronic-resonance-enhanced FWM signals from various gold nanostructures
including coupled gold nanoparticles [196], gold NRs [51], and gold NWs [53] have shown
narrow spectral profiles at well defined frequencies. In the study of gold NR, Jung et al.
found that FWM signal was enhanced not only by surface plasmon resonance, but also by
aggregation of NRs [51]. In another study by Kim et al., gold zigzag NWs exhibited a strong
polarization-dependent FWM signal [53]. Such strong FWM responses from gold
nanostructures are intriguing for future applications of these nanostructures in biomedical
imaging.

4.10.2 Silicon nanowire (SINW)—SIiNW is a nanomaterial with precisely controllable

size, shape, and surface chemistry. Very recently, Jung et al. found intrinsically intensive
and stable FWM and THG emissions from SiNWs as small as 5 nm with the narrow and
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well defined spectral profiles (Fig. 8a—b) [52]. The strong FWM signals from SiNWs
permitted real-time monitoring of the circulation of SINWs in the peripheral blood of a live
mouse. The biodistribution of SINWS in various tissues is shown in Fig. 8c—e [52]. SINWS is
anticipated to be a novel agent for deep tissue and in vivo imaging. The interactions between
nanomaterials and biological cells or tissues could be addressed by combining electronic-
resonance-enhanced FWM microscopy with well-established TPEF, CARS and SFG
microscopy.

4.10.3 Carbon nanotube—Owing to intrinsic optical properties, carbon nanotubes have
been visualized in biological environment by Raman [197-199] and photoacoustic [200]
microscopy. Recently, Kim et al. utilized FWM microscopy to examine individual carbon
nanotubes [54]. When the excitation was resonant with electronic transitions of the
nanotube, SWNTSs exhibited large FWM contrast at the anti-Stokes frequency [54]. Jung et
al. have used transient absorption microscopy to distinguish semiconducting and metallic
SWNTs [68]. With the capability of detecting the metallic state in individual SWNTS,
transient absorption microscopy holds a great potential for screening of carbon nanotubes in
nano-electronics applications.

5. Discussion and Outlook

As shown in this review, by integrating the strengths of each NLO imaging modality,
different structures and their interactions in a complex biological system can be
simultaneously visualized. The integration of confocal Raman microspectroscopy onto a
multimodal NLO microscope further facilitates compositional analysis of the biological
structure of interest [104, 109]. Moreover, the capability of high-speed, chemical-selective
imaging makes multimodal NLO microscopy an appealing tool to study dynamic processes
of disease development in vivo [118, 201, 202]. CARS microscopy should allow
longitudinal studies of lipid metabolism in the same living model organisms over time,
which could provide new understanding of the role of ageing in the regulation of lipid
metabolism. Other promising directions include label-free imaging of organogenesis and
drug delivery. Notably, the polarization sensitivity of CARS provides additional structural
information and has been utilized to study molecular orientations in myelin [114, 203],
single lipid bilayer [204], cellulose fiber [110], and crystal of pure fourth-order symmetry
[205].

Toward translational research, multimodal NLO microscopy has been shown to be capable
of diagnosing diseases in live tissues and even in live animals [75, 156]. This promotes a
way to enhance the impact of the technique by moving it from bench to the bedside. In order
to achieve this ultimate goal, several technical difficulties need to be overcome. Increasing
penetration depth will be one of the challenges. Although miniature microscope objective
has been developed to physically enhance the penetration depth [206], new concepts of
vibrational imaging that intrinsically allow deep tissue penetration would be highly
appreciated. To miniaturize and simplify the system, compact laser sources and optical fiber
delivery have been developed [86, 90, 93, 167, 207]. Furthermore, the demonstration of
CARS endoscopy [167, 207] took another step towards clinical application. It is expected
that an affordable and user-friendly multimodal NLO microscope would become a valuable
tool for disease diagnosis in hospital.

Finally, we envision that CARS microscope will continue to serve as a valuable platform for
expanding the NLO microscopy family. The CARS microscope can be directly used for
TPEF imaging, SHG imaging, Raman microspectroscopy, and has recently been employed
for FWM imaging of nanomaterials such as gold NRs, semiconducting NWs and carbon
nanotubes. Adding a optical modulate, a photodiode detector and a lock-in amplifier to a
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CARS microscope enabled heterodyne detection of a variety of NLO processes such as

sti

mulated Raman scattering and transient absorption. With no doubt, coupling of these

modalities offers unprecedented opportunities for study of complex biological systems and
individual nanomaterials.
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Figure 1.
Energy diagrams of NLO modalities. Solid lines represent electronic and vibrational states
of molecules, dashed lines are virtual states. The straight arrows are excitation beams, the
wavy arrows are output signal beams. The gray arrows represent relaxation in electronically
excited states. o7 and w, are two beams available in CARS microscope. wp = w1 and os =
o in CARS and SRS level diagram. Here SRG is shown as an example for SRS. op = o1
and wpr = oy in level diagrams for pump-probe and photothermal modalities. Q is a
frequency of vibrational transition between vibrational ground state v=0 and vibrationally

excited state v=1. w1 and m, are pump and Stokes beams from the laser sources,
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respectively. ms is a long wavelength beam for THG and 3PL modalities available on optical
parametric oscillator based laser systems for CARS microscope. AT is temperature change
due to excitation. n1 and n, are refractive indexes of material before and after excitation,
respectively.
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Figure 2.

Multimodal NLO microscope. w1 and w, are pump and Stokes beams used for CARS and
two-beam modalities, respectively. w3 is a longer wavelength (lower frequency) beam
available in OPO based laser systems (w1 > @y > w3). OM is an optical modulator, SU is a
scanning mirror unit. DM is an exchangeable dichroic mirror. The inset shows the
connections between electronic components for phase sensitive heterodyne detection. Lock-
in is a lock-in amplifier, PD is a photodiode, PC is a computer, FG is a function generator.
The blue colored components are used for modalities with homodyne type of detection. The
light blue color represents components required for modalities with heterodyne detection.
The spectrometer is a part of compound Raman modality.
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Figure 3.

CARS/TPEF imaging reveals calcium influx into myelinated axons (red: CARS, green:
TPEF). TPEF images of Oregon Green 488 (green) and CARS images of myelin (red) show
intraaxonal free Ca2* levels in compression-injured (b), healthy (a), and micelle-treated (c)
spinal cords. Images were acquired 1 h after compression injury. 0.67 mg/ml micelles were
added immediately after compression injury. Scalar bars = 10 um. Images adapted from
reference [122].

Laser Photon Rev. Author manuscript; available in PMC 2013 December 16.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yue etal.

a. wildtype

o

Intensity

INeutral LDs in intestine

JAutofluorescent particles

Page 28

b. fat5/fat6

Neutral LDs in egg

1000 1200

1400 1600 2600 2800 3000
Raman shift (cm™?)

Figure4.

CARS/TPEF imaging and confocal Raman spectral analysis of lipids in C. elegans (red:
CARS, green: TPEF). (a—b) Overlaid CARS and TPEF images of neutral lipids (red) and
autofluorescent particles (green) in a wildtype (a) and a fat-5/fat-6 double mutant (b) C.
elegans. The fat-5/fat-6 double mutant has genetic deletions of palmitoyl-CoA desaturase
fat-5 and stearoyl-CoA desaturases fat-6. (¢) CARS image of eggs laid outside of an adult C.
elegans. Arrow: eggshell. Arrowhead: vulva. (d) Overlaid Raman spectra of neutral LDs in
intestine (red line, corresponding to the red cross in a), neutral LDs in eggs (blue line,
corresponding to the blue cross in c), and autofluorescent particles (green line,
corresponding to the green cross in b). Scalar bars = 10 um. Images in a—b are adapted from
reference [109].
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Figure5.

CARS/SFG imaging distinguishes mammary adenoma and adenocarcinoma (red: CARS,
green: SFG). (a) Emission spectra of SFG signals from collagen fibrils (blue), TPEF signals
from Hoechst 33342-labeled nuclei (green), and CARS signals from lipid droplets (red). (b)
CARS/SFG images of rat mammary adenoma. Abundant wavy collagen type I fibrils (green)
form a smooth organized outer contour (arrow heads) to concentrically wrap around the
localized tumor mass (red), whose signals come from lipid-rich cell membranes and lipid
droplets. (c—d) CARS/SFG images of rat mammary adenocarcinoma. Straight collagen type

| fibrils (green) were observed either perpendicularly against (c, asterisks) or within (d,
arrows) or the tumor mass (red). Scalar bars = 10 um.

Laser Photon Rev. Author manuscript; available in PMC 2013 December 16.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yue etal.

Page 30

O o® o0

time (s)

Figure®6.

Real-time SRS imaging of a delignification reaction in corn stover. (a) Lignin signal at 1600
cm™1 before the start of the reaction. (b) The cellulose signal at 1100 cm™~ before the start of
the reaction. (c) Lignin signal after a 53 min time course of acid chlorite treatment, showing
significant reduction compared to (a). (d) Cellulose signal after treatment, which remains
roughly the same as in (b). (€) False-color heat map of the reaction rate constant obtained by
fitting the time series of the lignin decay in the reaction to a single exponential. The initial
and final points are shown in images (a) and (c). The rate-constant [s~1] color scale is shown
in the bottom left corner. (f—) Representative time traces (red dots) and single exponential
fits (blue lines) from four locations labeled as green spots in (e), representing a phloem
element (f), vessel (g), fiber (h), and background with no plant cell wall (i) in the corn stover
sample. The image in part (€) consists of 256x256 pixels, each of which has an associated
single exponential decay fit to obtain the rate constant. Acquisition time: about 8 s/frame;
spatial resolution: 900 nm (limited by the sampling of the images). Scalar bars = 40 pum.
Images adapted from reference [60].
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Figure?7.

SRS imaging and confocal Raman analysis of Pfizer tablet. (a) SRS image of APl and
excipients within the tablet Pfizer. The API is amlodipine besylate (AB), and the excipients
consist of microcrystalline cellulose (MCC), dibasic calcium phosphate anhydrous (DCPA),
sodium starch glycolate (SSG) and magnesium stearate (MS). The positions 1-5 correspond
to MCC (green), DCPA (blue), AB (red), SSG (dark yellow) and MS (magenta),
respectively. Scalar bar = 100 um. (b) Raman spectra at the positions 1-5, respectively. Due
to the large depth of field, the confocal Raman spectra show some contribution of Raman
peaks from different components. For example, the spectrum 5 here is very similar to
spectrum of pure MS, but has a contribution from spectrum of AB as indicated by asterisk.
Images adapted from reference [59].
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Figure8.

SiNW as a NLO imaging agent. (&) FWM image and spectrum of SiNWSs. The pump (790
nm) and Stokes (1018 nm) laser power at the sample were 0.8 and 1.2 mW, respectively. (b)
THG image and spectrum of SiINWs. The 1290 nm laser power at the sample was 8.6 mW.
(c—) FWM images of SiNWs (red) deposited in liver (c), spleen (d), and kidney (€)
explanted at 1 h post injection. FWM images in c—e are superimposed with transmission
images (cyan) taken simultaneously. The SiNWs were highlighted by yellow circles. Scale
bars = 5 pm. Images adapted from reference [52].

Laser Photon Rev. Author manuscript; available in PMC 2013 December 16.



