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imaging of metabolic activities of small molecules in living cells.
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high-sensitivity, and three-dimensional sectioning capability, SRS microscopy has been used to study
chemical distribution, molecular transport, and metabolic conversion in living cells in a label-free man-
ner. Moreover, aided with bio-orthogonal small-volume Raman probes, SRS microscopy allows direct
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1. Introduction

A central theme of chemical science is deciphering how mole-
cules function in a complex system, such as a living cell. Such study
contributes to the society by providing fundamental knowledge in
medical science to improve our lives. Yet, our understanding of
chemistry in living system (e.g., how intensive biosynthetic chem-
ical activity drives cell development, function, and inter-cellular
communications) is still limited, partly because conventional bio-
chemical assays treat the cell, a highly dynamic structure, as a sta-
tic bag of molecules. In current paradigms, molecules are extracted
from a tissue and analyzed by various analytical techniques such as
immunoblotting and liquid chromatography/mass spectrometry.
These in vitro assays provide very little information about the spa-
tial distribution or temporal dynamics of molecules in real life,
thus they are unable to tell the exact roles of molecular activities
on cellular functions [1]. Furthermore, the molecular profile of a
cell may alter during the extensive sample processing procedures.
For in situ imaging, fluorescent microscopy is widely used. By mea-
suring fluorescent signals from endogenous species, such as coen-
zymes nicotinamide adenine dinucleotide (NADH) and Flavin
adenine dinucleotide (FAD), cell metabolism can be measured in
real time [2-4]. Unfortunately, not all endogenous molecules pos-
sess the ideal optical properties. Fluorescent labels allow imaging
of proteins and some key metabolites in living cells, but they often
disturb the function of small biomolecules, such as glucose and
cholesterol, limiting the ability to monitor their activities. These
limitations stress the critical need of establishing new platforms
for learning chemistry in situ in living systems.

Raman-scattering based vibrational spectroscopy has been a
powerful tool for non-invasive, label-free analysis of chemicals.
Raman scattering is an inelastic scattering process, in which an
excitation photon loses energy to a certain molecular vibration
mode, resulting a scattered photon with a different wavelength.
Such energy losses are directly related to vibrational transitions
of a molecule, showing as peaks in Raman spectrum (Fig. 1a).
Therefore, analysis of Raman-scattered photons can be used to
identify chemical species quantitatively. Raman microscope, which
is now commercially available, allows chemical imaging with sub-
micron spatial resolution [1]. However, because Raman scattering
is a feeble process, the image acquisition speed of current Raman
microscopes (at least tens of minutes per frame) is insufficient to
follow chemical dynamics in vivo. To improve the imaging speed,
line illumination has been adopted for ultra-fast Raman imaging,
allowing several minutes per frame imaging speed (Nanophoton,
Osaka, Japan). To overcome the speed limitation, coherent Raman
scattering (CRS) microscopy [5] has been developed to enhance
the Raman signal level. In CRS microscopy, two excitation beams,
known as pump () and Stokes (ws), are used. When the laser-
beating frequency (wp, — ;) is in resonance with a molecular
vibration frequency (), four major CRS processes occur simulta-
neously, known as coherent anti-Stokes Raman scattering (CARS),
coherent Stokes Raman scattering, stimulated Raman gain (SRG),
and stimulated Raman loss (SRL) (Fig. 1b). These nonlinear optical
processes offer a large signal that allows live-cell imaging at a
speed three to four orders of magnitude faster than Raman micro-
scope. As nonlinear optical process, CARS and SRS microscopy
offers inherent three-dimensional (3D) sectioning capability. Fur-

Spontaneous Raman scattering

£
<ot s ———————————nn—m"m

v=1

IS

<
o
«

=0

A

Stokes

Pump Anti-Stokes

Stimulated Raman scattering

Ws
wy
ST v=1
vib &
——— V_O

w

w, 2w,-ws
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thermore, because CRS microscopy uses near infrared light for
excitation, it induces minimal photodamage to cells.

CARS is a four-wave mixing process in which the signal is gen-
erated at a higher frequency (Fig. 1b). CARS signal consists of a
non-resonant part independent of the beating frequency and a res-
onant part depending on the beating frequency. The non-resonant
background part is contributed by electronic motions [6,7]. SRG
and SRL belong to stimulated Raman scattering (SRS) [8]. It is a dis-
sipative process accompanied by intensity increase in the Stokes
beam and intensity decrease in the pump beam when the energy
difference between the two beams pumps the molecule from a
ground state to a vibrationally excited state (Fig.1b). Because
SRG and SRL signals appear at the same frequency as the incident
beams, optical modulation and demodulation are used to extract
those signals. In contrast to CARS, SRS signal is free of non-
resonant background, spectral distortion, and is linearly dependent
on molecular concentration. These advantages allow SRS micro-
scopy to study lipids, proteins, nucleic acids, glucose, and other
metabolites in living cells and organisms via quantitative chemical
imaging with high sensitivity [9,10]. In accordance with the rapid
development of SRS microscopy field, there is number of reviews
on application of SRS imaging in living cells and/or biomedical
research [11-16]. In this paper, we discuss different SRS imaging
modalities and their applications to study chemical content, trans-
port, and reaction in biological samples.

2. SRS imaging modalities
Key components of a SRS microscope include a two-color laser
source, an optical modulator, a laser scanner, a detector and an

electronic demodulator (Fig. 2). Below we will review recently
developed approaches of constructing a SRS microscope.
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2.1. Single-frequency SRS imaging

In single-frequency SRS imaging scheme, the laser energy is
focused to a specific Raman mode of typical bandwidth around
10-100 cm™'. To achieve high spectral resolution, picosecond laser
is preferred, especially for imaging narrow Raman bands. At the
same time, picosecond excitation reduces cross-phase modulation
background and photodamage. However, SRS is a nonlinear pro-
cess, which requires high peak power to generate signals, and
the signal level can be increased by more than one order using
femtosecond laser [17]. Moreover, femtosecond excitation is pre-
ferred when the SRS microscope is coupled with other widely used
imaging modalities, such as two-photon excitation fluorescence
(TPEF), second harmonic generation, and third harmonic genera-
tion. Several laser sources were developed for SRS imaging: (1)
electronically synchronized, mode-locked Ti:sapphire lasers which
produce mode-locked pulse trains with a repetition rate of
~80 MHz and pulse duration from several picoseconds to 100 fem-
toseconds [18], (2) a mode-locked picosecond Nd:YVO4 laser at
1064 nm that synchronously pumps a second beam through opti-
cal parametric oscillator (OPO) [19], (3) a femtosecond Ti:sapphire
laser with an OPO [20].

SRS signal appears at the same frequency as one of the excita-
tion beams. To extract the signal, optical modulation and demodu-
lation are used. Pump or Stokes beam is modulated at megahertz
frequency using acousto-optic modulator (AOM) or electro-optic
modulator (EOM). These two synchronized laser pulses are spa-
tially overlapped and coupled into a laser scanning microscope. A
high numeric aperture objective lens is used for tight focusing.
Oil condenser is used to suppress background from cross-phase
modulation by enhancing the signal collection efficiency [21]. A
photodiode is used for the detector, which can withstand high laser
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Fig. 2. Instrumentation of SRS microscopy. Insert: Schematic of the pulse trains in the stimulated Raman loss. OPO, optical parametric oscillator; AOM, acousto-optic
modulator; EOM, electro-optic modulator; CMOS, complementary metal-oxide-semiconductor.
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power at milliwatt level. SRL or SRG signal is extracted with a
demodulator, such as a lock-in amplifier. As a cost-effective alter-
native, a tuned amplifier that resonates at the modulation fre-
quency can also be used as a demodulator [22]. Various SRS
imaging setups have been demonstrated based on the abovemen-
tioned methods.

2.2. Frame-by-frame hyperspectral SRS imaging

Single-frequency SRS imaging provides real-time chemical
imaging based on isolated Raman bands. However, it is difficult
to distinguish spectrally overlapped Raman bands. Hyperspectral
SRS microscopy offers better chemical specificity. Frame-by-
frame hyperspectral SRS imaging records a stack of SRS images at
multiple Raman shifts. Wavelength scanning is a straightforward
method for hyperspectral SRS imaging. Using two tunable picosec-
ond lasers, the wavelength is tuned over a continuous range to
cover multiple Raman shifts [23,24]. The fastest spectral tuning
approach can resolve more than 50 spectrally-distinct frames in
~10 min.

With the broad bandwidth, femtosecond lasers can be used for
hyperspectral SRS imaging in multiple ways. A relatively simple
and robust method utilizes spectral focusing technique [25,26].
In this approach, two femtosecond laser beams are chirped with
NSF57 glass to picosecond range, which improves spectral resolu-
tion [27]. By tuning the time delay between the two chirped pulses,
the frequency difference is subsequently changed to excite differ-
ent Raman shifts. With this approach, hyperspectral SRS images
can be recorded within a minute over a ~270 cm~! spectral win-
dow. The important optimization parameters for this method are
linear chirping and alignment of beams and calibration of Raman
shift. Another approach uses a pulse shaper to filter and scan a nar-
row spectral component out of a broadband femtosecond spectrum
[28-30]. Using spectral filtering coupled with a customized fiber
amplifier, a hyperspectral SRS imaging of spectral resolution better
than 10 cm™! can be reached [31].

2.3. Multiplex SRS imaging

Hyperspectral SRS imaging generally takes seconds to minutes
to obtain the hyperspectral SRS image stacks. This acquisition
speed causes spectral and spatial distortions when imaging
dynamic process happening in vivo. Multiplex SRS microscopy
was developed to provides high-speed high-content biological
imaging. Multiple Raman bands can be detected simultaneously
in the spectral domain or in the time domain. The main require-
ment for multiplex SRS microscopy in spectral domain is parallel
detection of dispersed SRS signals. The detection using a photodi-
ode array has been demonstrated by Marx et al. [32]. To extract
the signal, demodulators are required, such as a high-frequency
lock-in amplifier. Lu et al. used three independent lock-in ampli-
fiers to demonstrate multicolor SRS imaging [33]. A multichannel
lock-in amplifier has been developed for 128-channel multiplex
SRS microscopy [34]. Resonant amplifiers [22] provide cost-
effective approach for multiplex detection, and by designing a
32-channel tuned-amplifier array integrated with a photodiode
array, Liao et al. significantly reduced the spectral acquisition time
to 32 ps with a spectral window of ~200 cm™! [35].

Another approach in time domain utilizes frequency coding. In
this approach, each photon is modulated at certain frequency,
which is then collected by a single detector. The spectral informa-
tion is extracted by demodulating at different frequencies. Fu et al.
[36] demonstrated parallel detection of three-color SRS imaging by
modulating each color of the excitation laser with an acousto-
optical tunable filter at a specific kilohertz-rate frequency.
Megahertz-rate modulation has been demonstrated by scanning

dispersed excitation beam on a spatial pattern inside a femtosec-
ond pulse shaper, achieving a spectral acquisition within 60 ps
per pixel [37].

2.4. Image analysis

Hyperspectral SRS microscopy generates x-y-Q image stacks. By
extracting spectral profile at each pixel, concentration maps of dif-
ferent species can be generated. Several imaging processing meth-
ods are available for analyzing hyperspectral SRS image stacks,
including principle component analysis (PCA) [25], multivariate
curve resolution (MCR) [28], and spectral phasor analysis [38].
PCA is used to determine the number of principle components in
the hyperspectral image stack. MCR analysis is a widely-applied
method to analyze hyperspectral SRS images [28,39,40]. It decom-
poses the SRS image stack into concentration profiles (matrix C)
and spectra of each component (ST). The dataset D and the refer-
ence spectra of each component are entered in the model
D=C.ST+E, in which S contains the output spectra of all fitted
components, and T is the transpose of matrix S. E is the residual
matrix or experimental error. Initial estimate of pure spectra can
be obtained from PCA, k-means clustering or prior knowledge of
the sample, and with this information, an alternating least squares
algorithm calculates C and S iteratively until optimal fit to the data
matrix D is achieved. The output is a concentration map for every
principle component, expressed as a percentage relative to the
intensity of the MCR-optimized spectrum.

3. Imaging chemistry in cells and tissues by label-free SRS
microscopy

Label-free SRS imaging has been applied to in vivo imaging of
mouse skin [8,35-37,41], brain [42], Caenorhabditis elegans (C. ele-
gans) [39,43,44], Drosophila [45,46], tadpoles [47], and human can-
cer tissues [48-50]. C—H bond is the most abundant chemical bond
in living cells, providing chemical information of molecules, such
as lipids and proteins. Compared to C—H region where multiple
C—H stretching bands are highly crowded and spectrally over-
lapped, fingerprint region (500-1800 cm™!) is used to provide bet-
ter chemical specificity for imaging of nucleic acids, metabolites,
and drugs. Below we will review applications of SRS imaging to
study chemical content, dynamics and functions in living cells, tis-
sues, and human samples.

3.1. Mapping chemical content in cells and tissues

Altered lipid metabolism is recognized as a signature of various
types of human cancer. Although intracellular lipid accumulation
has been observed in human cancer tissues and cells, it has not
been widely used as a prognostic factor or therapeutic target due
to limited understanding of lipid metabolism in cancer. In particu-
lar, the role of lipid accumulation in cancer progression remains
elusive partly because lack of tool for mapping lipid species in a
single-cell level. Quantitative analysis of lipid content at single-
cell level in human patient cancerous tissue by coupling confocal
Raman microscopy with SRS microscopy enabled identification of
metabolic signature of aggressive human prostate cancer [48].
The spectroscopic imaging data revealed aberrant accumulation
of cholesteryl ester in lipid droplets of high-grade prostate cancer
and metastases (Fig. 3a), which was shown to be a consequence
of loss of tumor suppressor PTEN and subsequent activation of
PI3K/AKT pathway in prostate cancer cells. Depleting cholesteryl
ester storage significantly suppressed tumor growth in mouse
xenograft models and impaired cancer invasion [48]. This work
opens opportunities for using altered cholesterol metabolism for
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Fig. 3. Mapping chemical content in cells and tissues. (a) SRS and two-photon fluorescence images of normal prostate, low-grade, high-grade, and metastatic prostate
cancers, respectively. Autofluorescent granules and lipid droplets are indicated by red arrows (gray, SRL; green, two-photon fluorescence). Raman spectra of autofluorescent
granules in normal prostate, lipid droplets in prostate cancers, and pure cholesteryl oleate. Spectral intensity was normalized by CH, bending band at 1442 cm~'. Black
arrows indicate the bands of cholesterol rings at 702 cm~'. Reprinted with permission from Ref. [48]. (b) Bright-field image and SRS image showing normal brain-tumor
interface (dashed line). Reprinted with permission from Ref. [42]. (c) SRS images of a cancerous bulk human breast tissue after MCR analysis and H&E stained histologic result
of the same tissue. Reprinted with permission from Ref. [37]. (d) Quantitative mapping of neutral fat droplets, lysosome-related organelles (LROs), oxidized lipids, and protein
in the whole C. elegans worm with daf-2 mutant. Reprinted with permission from Ref. [39]. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

prostate cancer diagnosis and treatment. Recently, by hyperspec-
tral SRS imaging of single living cells, Li et al. [49] identified lipid
unsaturation level as a metabolic marker for ovarian cancer stem
cells. By analysis of ratio between 3002 cm~! and 2900 cm™! from
the hyperspectral SRS image-stacks, lipid unsaturation levels were
mapped in the individual cells, revealing high unsaturation level in
cancer stem cell population. This signature was shown to be
directly regulated by NF-xB and inhibiting lipid desaturation effec-
tively eliminated cancer stem cells, which blocked tumor initiation
capability in vivo [49]. This work demonstrates the importance of
single-cell chemical imaging, which enabled label-free identifica-
tion of rare and the most malignant population of cancer cells
and cancer stem cell-specific therapy.

At the tissue level, in situ mapping of chemical content allowed
visualization of cholesterol crystals, lipids, proteins, and nucleic
acids. By separating sterol C=C band at 1669 cm~', acyl C=C band
1655 cm ™! and broad amide I band, the distribution of cholesterol

crystals, lipids and proteins were mapped in an intact atheroscle-
rotic arterial tissue [51]. CH, and CHj; stretching modes represent
major components of lipid and protein, respectively, and are used
to map these two compositions in fresh mouse ear skin [33] and
ex vivo mouse skin tissue [36]. Nucleic acid has signature Raman
peaks at 785 cm™! and 1090 cm~!, which was used to study the
distribution of nucleic acid in mammalian cells and single salivary
gland cells of Drosophila larvae [46].

For medical application, label-free histology by SRS imaging
demonstrates one of the important translational applications of
this imaging platform [37,42,50,52]. Histopathology is a standard
examination for diagnosis. However, the current techniques
require the tissues to be frozen or fixed and stained with dyes
before they can be observed, which is label-intensive and time-
consuming. By analysis of SRS images at 2850cm~' and
2930 cm™! for CH, and CH; vibration modes, Freudiger et al. [52]
showed stain-free histopathological imaging of fresh tissue, which
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is comparable to a hematoxylin and eosin (H&E) staining. Using
this approach, in vivo SRS imaging of mouse brain after craniotomy
was performed to locate brain tumor margin [42] (Fig. 3b). More
recently, Lu et al. [50] profiled a range of human brain tumors from
patients to establish hallmarks for glioma classification. Owing to
the sharp contrast between lipids and proteins provided by SRS
imaging, vascular proliferation, red blood cells and necrosis were
easily discriminated. Moreover, marked alteration of myelinated
fibers observed using SRS imaging of fresh oligodendroglioma sug-
gested a new mechanism for tumor to modify microenvironment
for adaptive advantage [50]. A recent development of
spectrometer-free multiplex SRS microscopy further enabled
in situ label-free histological analysis of highly scattered, 5-mm-
thick human breast cancer tissues [37] (Fig. 3c). This work opens
opportunities to perform in vivo clinical imaging using label-free
SRS microscopy for cancer diagnosis and tumor margin detection
during the surgery.

Chemical mapping in model organisms such as C. elegans has
been widely applied to study metabolic process. Identifying
genetic regulators of fat storage has been challenging due to con-
troversies of the visualization tool for lipids [53,54] and complica-
tion from quantification of fluorescence labeling and dye-
incorporation into lipids in the organisms. Owing to high peak
power, femtosecond excitation was used to increase the SRS signal
level and performed label-free 3D sectioning of C. elegans to distin-
guish fat storage from membrane lipids [17]. SRS imaging platform
has also been combined with RNAi screening to discover novel
genetic regulators of fat storage in C. elegans [44]. Mapping chem-
ical content in C. elegans by hyperspectral SRS imaging further
provided label-free approach to distinguish intracellular compart-
ments, including fat droplets, lysosome-related organelles, oxi-
dized lipids, and proteins [39] (Fig. 3d). By examining spectral
profiles in the fingerprint regions using k-means clustering and

Late
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Fig. 4. Monitoring chemical trafficking in cells and tissues. (

MCR analysis, the degree of lipid unsaturation and oxidation and
cholesterol storage were mapped in the entire worm. This study
demonstrates the potential of applying hyperspectral SRS imaging
to understand how lipid storage change in response to diet and the
role of insulin in obesity, diabetes and longevity in animals.

3.2. Monitoring molecular transport in cells and tissues

One advantage of label-free imaging is the capability of quanti-
tative long-duration imaging. This is especially important when
studying the dynamics and tracking changes of biomolecules dur-
ing ongoing processes, such as embryonic development and injury.
Dou et al. [45] performed time-lapse SRS imaging of developing
Drosophila embryo to track single lipid droplet motion within large
populations of droplets (Fig. 4a). By analysis of velocity and turning
frequency of each droplet, the mathematical model for the lipid
droplet movement was developed to show key regulatory point
of lipid droplet dynamics in the developmental process [45]. This
work shows a potential of using SRS imaging technique to study
lipid trafficking in living cells and organisms. More recently, by
in vivo SRS imaging of single neurons and myelin in the spinal cord,
Hu et al. [47] monitored myelin sheath formation, maturation of a
node of Ranvier and myelin degradation in live Xenopus Laevis
tadpole.

Dynamic information is especially important in the study of
drug molecules in living systems because the treatment efficiency
is highly dependent on the delivery of drug to the target locations.
Several chemical signatures of drug molecules have been used to
track drug penetration to skin and drug release inside living cells.
Fu et al. characterized chemical signature of a tyrosine-kinase inhi-
bitors, which is used for cancer therapy, to image intracellular dis-
tribution. The direct visualization of drug in living cells allowed
evaluation of lysosome accusation and release of drug [26]. Others

104

Al/l

0

a) SRS images of a developing drosophila embryo in three distinct phases of lipid droplet global distribution. Phase

I, before nuclear cycle 13; late phase I, at the interphase of cycle 13; phase II, midcellularization; phase III, gastrulation. Reprinted with permission from Ref. [45]. (b) Time-
lapsed concentration maps of DMSO and lipids extracted from multiplex SRS images, showing drug diffusion through mouse skin tissue. Reprinted with permission from Ref.

(35].
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have demonstrated the tracking of drug molecules penetrating
mouse or human skins using in vivo SRS imaging [8,41]. By focusing
at S=0 and C=C bonds, mouse skin uptake of dimethyl sulfoxide
(DMSO) and retinoic acid was imaged. More recently, owing to fast
spectral acquisition speed, multiplex SRS imaging allowed visual-
ization of DMSO drug diffusion through mouse skin tissues in
real-time (Fig. 4b), revealing fast dynamic diffusion process with-
out spectral distortion from the motions of the animal [35]. This
is not easily achieved using frame-by-frame hyperspectral SRS
imaging. Liao et al. demonstrated in vivo SRS imaging of vitamin
E distribution on mouse skin by multiplexed modulation at mega-
hertz rate and spectral acquisition within 60 ps per pixel [37].

3.3. Probing chemical reaction in cells and tissues

Metabolic conversion is a dynamic process that happens in liv-
ing cells and tissues all the time, yet, the most adopted methods for
measuring metabolism is though in vitro analysis of cell or tissue
homogenates. High-speed SRS imaging platform opens the possi-
bility to monitor metabolic conversions in real-time by probing
chemical reactions in situ. By compositional mapping of lipid dro-
plets in single living cells at the speed of 32 microseconds using
multiplex SRS microscopy, intracellular metabolic conversion of
retinoic acids into retinol was monitored in living cells [35]
(Fig. 5). By developing hyperspectral SRS microscopy with high
spectral resolution (9 cm™!) and submicrometer spatial resolution,
aromatic ring of lignin, aldehyde, and alcohol groups in lignified
plant cell walls were spectrally and spatially separated [40]. By
analysis of hyperspectral images with multivariate curve resolu-
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tion, Liu et al. performed real-time monitoring of aldehyde reduc-
tion to alcohol in an intact plant tissue, which represents the lignin
reduction. This work demonstrates the potential of SRS imaging in
the understanding of dynamic lignin chemical compositions, which
provides a novel technique for enhancing the efficiency of biomass
utilization.

4. Probing chemical activities in living cells by SRS imaging of
Raman probes

Molecules in biological samples contain chemical bonds that
are spectrally overlapping. In order to study the transport or meta-
bolism of a specific molecule, labeling the molecule of interest is
helpful in some cases. Several chemical bonds, such as C-D, C=C,
and C=N, give Raman signals in the silent region (1800-
2800 cm 1), which can be used to label specific molecules to track
their trafficking and metabolism inside living cells and animals.
These Raman tags are small, thus can be used to label small mole-
cules with minimum perturbation of their biological functions,
allowing bio-orthogonal chemical imaging in living cells and
organisms.

The introduction of deuterium isotope in biological system has
the advantage that it is stable without radioactivity and replacing
hydrogen with deuterium does not change the molecular structure.
Therefore, carbon-deuterium (C-D) bond has been used to label
small molecules to study their uptake and metabolism in living
cells and organisms. One example of the application of deuterated
metabolite is visualizing de novo lipogenesis in living cells by feed-
ing cells with deuterated glucose [55]. Compared to the currently

b [ <= C=C from retinol acid
= C=C from retinol
| Acyl C=C

b

= 0.2 \

<
Z > — e

1 550 1 600 1 650 1700
Raman shift (cm'1)
C=C (Retinol) Acyl C=C

Fig. 5. Probing chemical reaction in cells and tissues. (a-c) monitoring intracellular metabolic conversion of retinoic acids into retinol. (a) Spontaneous Raman spectra. (b)
MCR output spectra of all-trans retinol treated cancer cells imaged with multiplex SRS microscopy. (c) Transmission images and concentration maps of all-trans retinol
treated cancer cells and control group imaged with multiplex SRS microscopy. Reprinted with permission from Ref. [35].
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available glucose analogs, such as 3-O-methylglucose, 2-deoxy-p-
glucose and fluoro-deoxyglucose, deuterated glucose can be
metabolized by cells following the metabolic pathways, which
allowed tracing of glucose to lipogenic fate in live cancer cells
(Fig. 6a). De novo protein synthesis is another important process
in biology that is visualized using deuterium labels [56,57]. Supple-
mented deuterated amino acids in the growth medium metaboli-
cally incorporate into translational machineries, providing
enriched and specific C-D bond signals for newly synthesized pro-
teins. By comparing with the endogenous protein Raman peak of
Amide [ band at 1655 cm™~' or CH; band at 2940 cm™!, protein syn-

Cc-D

C-H

Control

+ Avasimibe

thesis or degradation can be mapped in living cells [56] (Fig. 6b).
Moreover, Raman peaks of C-D bonds vary slightly due to the
structural differences. Taking advantage of these differences,
two-color pulse-chase analysis of protein was designed to image
formation of protein aggregates. Moving into in vivo imaging, this
technique has been demonstrated in live brain tissues, zebrafish
embryos and mice fed with deuterated amino acids [57]. In addi-
tion to glucose and amino acids, choline, a small molecule for
membrane synthesis, neurotransmitter, and signaling pathway,
has been imaged in living cells and C. elegans after metabolic incor-
poration of deuterated choline [58].

96 h

Fig. 6. Probing chemical activities in living cells by SRS imaging of Raman probes. (a) SRS imaging of pancreatic cancer PANC1 cells at C-D and C—H vibrations over time. Cells
were treated with 25 mM glucose-d7 in glucose-free media supplemented with 10% FBS for times indicated in the figure. Reprinted with permission from Ref. [55]. (b) SRS
imaging of de novo protein synthesis in HeLa cells incubated with deuterium-labeled all-amino acid medium. The ratio between SRS image at 2133 cm™! (newly synthesized
protein) and the SRS image at 1655 cm™' (amide I band from total proteins) represents the relative new protein fraction at each time point. Reprinted with permission from
Ref. [56]. (c) SRS images of phenyl-diyne cholesterol in CHO cells. Control cells show esterification and storage of phenyl-diyne cholesterol in lipid droplets. Inhibiting
cholesterol esterification by avasimibe treatment reduced phenyl-diyne cholesterol storage in lipid droplets. Reprinted with permission from Ref. [66].
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Lipids contain a number of C—H bonds that can be exchanged
into C-D bonds, rendering various lipid species good candidates
to be probed with SRS imaging of C-D bonds. Deuterated fatty
acids were used to visualize cellular fatty acid uptake and distribu-
tion in lipid droplets and membranes [17]. By tracing deuterated
saturated and unsaturated fatty acids in C. elegans using hyper-
spectral SRS imaging, Fu et al. identified different fates of these
fatty acids upon uptake in the worms [59]. More recently, deuter-
ated cholesterol was delivered into living cells to visualize choles-
terol storage in steroidogenic cells [60].

As another important application of SRS imaging of C-D bonds
in vivo, drug delivery to skin is studied using deuterated drug
applied to animal and human skins. Deuterated DMSO was applied
to human skin, and the penetration into the skin was visualized
using epi-SRS imaging [41]. In another study, anti-inflammatory
drug ketoprofen and ibuprofen was imaged in the mouse ear skin
[61]. These studies show the potential of using SRS imaging tech-
nique to monitor dermato-pharmacokinetics in live animals and
humans.

Although isotope labels provide biocompatible analogs for bio-
logical studies, the Raman scattering cross section of C-D bond
vibration is relatively small. Alkyne bond (C=C) has a Raman scat-
tering cross-section that is larger than most endogenous chemical
bonds [62,63]. The size of alkyne tag is small compared to a fluo-
rescent dye, making it bio-orthogonal. Direct SRS imaging of a
broad spectrum of alkyne-tagged small molecules, including
deoxyribonucleosides, ribonucleosides, amino acids, choline, fatty
acids and glycan, was demonstrated [63,64|. The reported SRS
detection sensitivity for alkynes is around 200 uM with 100 ps
pixel dwell time [63]. By feeding alkyne-tagged glucose to live
tumor xenograft and brain tissues, glucose uptake was imaged
using SRS imaging of alkyne bonds to study glucose uptake pat-
terns [65]. In addition to biomolecules, alkyne tag has been proven
to be an effective approach to image pharmacokinetics in vivo. Ter-
binafine hydrochloride, a FDA approved antifungal drug that con-
tains alkyne bonds, was used to study the delivery of this skin
drug to mouse ear tissue to ~100 um depth [63].

Alkyne tag can be modified to further increase SRS signals and
reduce cytotoxicity in some cases. Phenyl-diyne tagged cholesterol
was designed to assess cholesterol storage in living cells and in C.
elegans [66]. In this study, distribution of BODIPY-conjugated
cholesterol is compared with phenyl-diyne cholesterol, showing
that bulky and lipophilic BODIPY tag bypass metabolic process of
cholesterol and move directly into lipid droplets, whereas bio-
orthogonal phenyl-diyne cholesterol followed cholesterol esterifi-
cation for storage [66] (Fig. 6¢). It was shown that the Raman cross
section of a phenyl-diyne tag is ~15 times higher than an alkyne
tag, achieving the SRS detection limit of 30 uM phenyl-diyne
cholesterol [66]. It should be noted that chirped femtosecond exci-
tation was used to measure the detection limit of phenyl-diyne
bond, whereas picosecond excitation was used to measure the
detection limit of alkyne bond. In this study, probe size and SRS
signal was carefully evaluated to achieve strong signal and biocom-
patibility, and the trade-off between these two parameters should
be balanced in a case-by-case manner. Collectively, we expect that
development of novel Raman tagged bio-orthogonal molecules will
lead to better understanding of cellular processes by detecting
specific chemical activities in situ.

5. Conclusions and outlook

With the capability of mapping chemical species in living cells
and organisms in a label-free manner, SRS microscopy offers a
novel platform to study metabolism, trafficking of organelles, and
pharmacokinetics in vivo. The integration of SRS microscope and

Raman tag provides an innovative strategy to map the metabolic
activities of small molecules in vivo. We note that there are several
limitations and/or disadvantages of current SRS imaging system.
Raman scattering signals of endogenous chemical bonds are some-
times weak, resulting in low detection sensitivity. Also, the ability
to distinguish chemical species may be compromised when there
is no distinguishable vibrational signature due to similarities in
chemical bonds. With these considerations in mind, we expect sev-
eral promising directions in the future. The first direction is devel-
opment of a broadband SRS microscope using an ultrashort pulse
laser as excitation source. By covering the entire fingerprint vibra-
tion region, such a system would allow discovery of signatures
inside living cells. The second direction is the study of less abun-
dant metabolites enabled by further improving the sensitivity.
Along this line, we anticipate novel design of Raman tagged small
molecules for dynamic and functional study of biological pro-
cesses. The third direction is the development of miniature SRS
imaging systems, which have the penitential of clinical applica-
tions, for example, for diagnosis of cancer margin in the operating
room.
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