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Abstract: Stimulated Raman scattering (SRS) microscopy has emerged in the last decade as a powerful

optical imaging technology with high chemical selectivity, speed, and subcellular resolution. Since the

invention of SRS microscopy, it has been extensively employed in life science to study composition,

structure, metabolism, development, and disease in biological systems. Applications of SRS in research and

the clinic have generated new insights in many fields including neurobiology, tumor biology, developmental

biology, metabolomics, pharmacokinetics, and more. Herein we review the advances and applications of SRS

microscopy imaging in tissues and animals, as well as envision future applications and development of SRS

imaging in life science and medicine.
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Introduction

Imaging in live cells, tissues, and organisms is important
for studies in biology and medicine because it reveals the
structural and functional status of biomolecules inside
the living biological system. Optical spectroscopy offers
a non-invasive means to investigate underlying molecular
processes in biological and chemical systems. Of note
are fluorescence-based processes, which reveal electronic
states, and Raman-based processes, which reveal vibrational
states. Fluorescence microscopy is a well-known imaging
method used to study living systems with high spatial and
temporal resolution. There are, however, limitations such as
unwanted photo toxicity and fluorescent probes (including
fluorescent dyes and proteins) that are often bulky and
would thus disturb or alter the distribution and activity of
small molecules in subcellular microdomains. Additionally,
the excitation and emission spectra of fluorophores are
broader than the Raman spectra of Raman dyes, and thus
have a current maximum multiplexing of 6 simultaneous and
distinct fluorescent channels without unmixing overlapping
peaks or considering fluorescent lifetime and decay (1). The
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tradeoffs between resolution, signal-to-noise ratios (SNR),
equipment costs, and unwanted photo effects are shared
among imaging techniques, and fluorescence microscopy
has seen swift development in recent years to address
these concerns. While fluorescence microscopy is used in
countless studies worldwide, Raman has certain advantages
in both the label-free imaging, and probed imaging of small
biomolecules. The number of vibrational modes observed
by Raman is greater than the number of auto-fluorescent
species in tissues, which are often consigned to NADH
and FAD pools (2) with relatively broad band spectra. This
means label-free Raman imaging of many mammalian cells
and tissues has a larger theoretical multiplexing ability than
label-free fluorescence microscopy.

Vibrational spectroscopy emerges as a complimentary
chemical imaging method by probing molecular vibrations
rather than fluorescent contrast from electronic states.
Chemical bonds of molecules vibrate at different
frequencies, producing distinct fingerprints of the
molecules that can be recorded by infrared (IR) or Raman
spectroscopy. Raman spectroscopy measures the inelastic
scattering of light by vibrating molecules. It depends
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on a change in the polarizability of a molecule. While
IR spectroscopy measures the absolute absorption of IR
radiation by vibrating molecules, it depends on the change
in the dipole moment. Although IR spectroscopy has
many merits such as the robust signal fingerprint region,
it has limitation in live-cell imaging due to strong water
absorption in the IR spectrum, and the translation of IR
spectroscopy in clinic is elusive, which is discussed in (3).
This is avoided in Raman spectroscopy, which uses visible
or near-IR light sources. Raman spectroscopy has been
widely employed for biomedical imaging, as reviewed
by (4-8). However, the signal intensity of spontaneous
Raman scattering is very weak and its Raman cross-section
(a measure of probability that a specific interaction will
take place) is extremely small compared with fluorescence
cross-section (~107 vs. ~107' cm® per molecule) (9), which
greatly limits the imaging speed and is unsuitable for
visualizing biomolecule metabolic dynamics inside living
cells and tissues.

Stimulated Raman scattering (SRS) phenomenon was
discovered in 1962 (10), but not until a decade ago has
an SRS imaging platform developed. The first SRS loss/
gain using two laser beams with frequencies separated by
vibrational frequency was developed by Owyoung and Jones
in 1977 (11). SRS microscopy imaging was demonstrated
on polystyrene beads in 2007 by employing a femtosecond
laser/amplifier system (12). Shortly thereafter, bio-imaging
was developed in 2008 by Xie group (13) using a high-
repetition rate picosecond laser implemented with a high-
frequency phase-sensitive detection scheme, as well as by
other researchers in 2009 (14,15). Ever since, SRS has been
applied countless times to visualize and image biological
tissue with mounting academic and clinical interest. A brief
overview of SRS publications using Microsoft Academic in
Figure 1 illustrates this exponential trend.

SRS is a nonlinear process that uses two synchronized
pulse lasers, namely a pump beam (®,) and a Stokes beam
(®,), to coherently excite the vibration of molecules. When
the frequency difference between the pump and Stokes
beams equals the vibration frequency of a chemical bond
inside the molecule, the intensity of the Stokes beam
increases (stimulated Raman gain, SRG) and the intensity
of pump beam decreases (stimulated Raman loss, SRL).
Both SRG and SRL belong to the SRS process, and
either can be detected by SRS microscopy. Nevertheless,
configuration to detect SRL is used more often. In this
configuration, the Stokes beam is filtered out and the pump
beam is directed to a silicon photodiode so that the SRL
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is detected by a lock-in amplifier. In SRG spectroscopy,
the pump beam is filtered and the SRG at Stokes beam is
detected. SRS microscopy has a high imaging speed (1,000
times faster) of up to video rate (17), high specificity, high
spectral resolution, and 3D imaging capability in tissues and
animals (18). Compared to another widely used coherent
Raman process, coherent anti-Stokes Raman scattering
(CARS), SRS is non-resonant background-free and the
SRS signal of a molecular species is linearly proportional
to its concentration, whereas the signal in CARS is
proportional to the square of the concentration (17). These
advantages provide an array of biological research niches.
For example, in the study of retinoids within the liver, the
high concentrations of retinoid overwhelm CARS with
non-resonant background. Quantitative analysis is also
complicated by the inability of CARS to resolve intensities
easily and reliably. However, SRS demonstrated clear label-
free quantification of retinoid stores in C. elegans, as well
as their effects on macromolecular metabolism (19). In
addition, the SRS signal occurs at the same wavelength as
the excitation beam, and therefore has the same spectral
profile as the spontaneous Raman spectrum, which enables
quantitative image analysis. Because of these advantages,
SRS microscopy has grown rapidly as a powerful and
favorable technique for imaging in biology and medicine.
SRS imaging can be demonstrated in three modes:
single-frequency, hyperspectral, and multiplex. Single-
frequency SRS microscopy uses two narrowband picosecond
lasers that provide high speed vibrational imaging of a
single Raman band at video rate (20), but without the
spectral information. It is commonly used to image known
components in samples. Hyperspectral SRS (hsSRS)
imaging can be achieved by changing the wavelength of
one or both lasers, by continual tuning of a narrowband
picosecond laser, chirping pump and Stokes lasers and
tuning the time delay between them (called spectral
focusing) (21,22), or femtosecond pulse-shaping technology
(23-25). Pulse shaping technology may obtain a spectral
resolution higher than 10 cm™. However, hsSRS imaging
speeds are too slow (seconds to minutes for reconstructing
an entire stack of images) (26) to visualize fast dynamics
in living organisms. In multiplex SRS imaging, the SRS
spectrum at each pixel is captured simultaneously over a
large spectral window by using broadband excitation, and
usually, multi-channel detection and lock-in modulation
are also used. Fu ez 4/. obtained multicolor SRS imaging
by modulating three wavelength components of a filtered
broadband pulse at three different frequencies, which could
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Figure 1 Overview of SRS publications in recent years. (A) SRS publications and their impact in the years 2005, 2010, 2015, and 2019.
Papers were obtained through Microsoft Academic, which was chosen because of its priority on maintaining accurate information, including
the number of times that each paper was cited. In order to avoid possible confounding by Microsoft’s semantic search, the software
Publish or Perish by Harzing (16) was used to perform a traditional and objective keyword search. The grey bars show the number of
SRS publications. The blue bars show the SRS publications weighted by their average yearly citations, which essentially conveys their
impact. Papers that received no citations were regarded as having a single citation so as to not disregard them. Each paper was multiplied
by the number of citations it received and then divided by the number of years that have passed since its publication. (B) The number and
proportion of Raman publications on single-cell, multi-cell, and general SRS applications between the years 2012 and 2018. Papers were
obtained from Google Scholar. The number of non-SRS Raman papers was found by subtracting the number of SRS papers from that of
general Raman application papers. SRS papers were further categorized according to their discussion of single-cell or multi-cell applications
of SRS. “Other SRS” papers were considered to be those discussing neither single-cell nor multi-cell SRS applications; their number was
found by subtracting the number of single-cell and multi-cell SRS papers from the total number of SRS papers. SRS, stimulated Raman

scattering.

be extracted after signal collection to provide the amplitude
components at three different modulations (27). A fast array
detector was also used and synchronized to the modulation
frequency. Liao et 4/. (28) used a 16-channel tuned amplifier
array, lock-in-free, and obtained an SRS spectrum of
180 cm™ in 32 ps by spectrally separating a scattered
broadband pulse with a diffraction grating. Further, Zhang
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et al. (29) developed a 32-channel tuned amplifier array that
allowed for an acquisition speed at 5 ps per spectrum
(~200 cm™). More details of SRS imaging modalities,
workflow, and applications can be found in (26,30-32).

SRS imaging was originally developed as a label-free
modality. Together with other advantages including high
speed, high chemical specificity, and high (subcellular)
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resolution, label-free SRS microscopy has been widely
used for imaging biomolecules in cells such as lipids
(33-35), protein (36,37), nucleic acids (38),
cholesterol (39), as well as for direct imaging of a variety of
tissues and organs such as neural (40,41), brain (37,42), and
skin tissues (43) ex vivo and in animals (37,41). Recently, a
new SRS imaging strategy has been developed to increase
molecular specificity of SRS, by incorporating a variety of
special vibrational probes, including stable-isotope (e.g.,
deuterium and "C) (18,44-46), triple-bond tags (e.g.,
alkyne, nitrile, diyne) (47-52), small molecules (53,54), and
nanomaterials (55-57). Chemical bonds associated with
many of these probes have distinct vibrational frequencies
in the cell-silent region (1,800-2,800 cm™), making them
easily discernable. Not only can the spatial information
of targeted biomolecules be revealed, but the metabolic
activities of these molecules can also be visualized in live
cells, tissues, and organisms as well. This is currently not
achievable using label-free imaging.

SRS microscopy has been evolving quickly and has
been extensively applied for bioimaging in the last decade.
Tremendous work has been conducted on cellular imaging,
and the developments and applications of SRS in this area
have been thoroughly discussed and reviewed (9,26,58,59).
In this review we focus on recent advances and applications
of SRS imaging in tissues, organs, and animals, both
in the laboratory and in the clinic. Studying the whole
organism will provide more structural and functional
information on its iz vive processes under physiological or
pathological conditions than is attainable solely on cells.
Many technologies and methods for SRS cell imaging can
be extended to imaging tissues and animals. As another
powerful Raman imaging technology, CARS microscopy
has been more often used for label-free imaging. The details
of CARS, its technological developments and applications
in life science have been nicely reviewed in (9,60-63). Due
to the scope and space constraints, there may be studies that
were regrettably omitted. We will review the advances and
applications of label-free SRS microscopy imaging first, and
then review labeled (stable isotope- and small molecule-
labeled) SRS imaging.

Label-free SRS imaging in tissues and animals
Imtrumentation advances

Label-free SRS imaging is frequently conducted by
probing the signals of lipids, proteins and DNA in cells and
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tissues, which are found in the C-H stretching region at
2,800-3,100 cm™. In general, transmissive mode imaging is
often used for thin samples, and epi mode imaging for thick
samples—typical for imaging live animals. Most recently,
Hill ez al. (64) employed a simultaneous epi and transmissive
detection configuration and compared the SRS signal size
and imaging depth in murine tissues (brain, lung, kidney,
liver) ex vivo. The imaging depth of epi and transmissive
was shown dependent on tissue type and tissue thickness.
Transmissive imaging obtained higher SNR and imaging
depths in brain tissue samples under 2-mm thick, and in
kidney and liver tissues. Epi imaging achieved higher SNR
and imaging depth in lung tissue. Using a convolutional
neural network (CNN) based denoising algorithm the
maximum imaging depth could be further increased (e.g.,
from 170 to 210 pm in brain tissue) (64).

Elimination or attenuation of background noise is
sorely needed in tissue imaging as SRS is not completely
background free. This is due to a series of nonlinear
scattering, mixing, and absorptive processes (such as cross-
phase modulation and thermal lensing etc.). Instead of the
conventional intensity modulation, frequency modulation
has been used to subtract the broadband backgrounds while
keeping the narrowband signal. Frequency modulation
uses two identical excitations with a phase difference of
180° to automatically cancel the broadband background.
This is usually done by synchronizing picosecond pulsed
lasers or amplifiers (65,66), and precisely shaping and
controlling broadband femtosecond pulses (67,68). In a
latest study Xiong er al. (69) reports a robust frequency
modulation method based on self-phase modulation (SPM)
of picosecond pulses. By harnessing the spectral splitting
for SPM-induced self-balance of dual-frequency picosecond
Stokes pulses, they successfully suppressed non-resonant
cross-phase modulation backgrounds and the overwhelming
electronic transition derived background.

Broadband coherent Raman imaging (CRI) techniques
such as pulse-shaping faster lasers for better spectral
focusing have been shown to improve spectral resolution
and optimize Raman signal intensity (70). These techniques
are used to adapt the laser source in order to selectively
amplify the vibrational modes of interest in the analyte
and can be achieved by carefully shaping the laser pulse’s
waveform and tuning the scanning units (71). There
are several analog and digital methods to accomplish
this, including recent conjugation of acousto-optic
programmable dispersive filters (AOPDF) (72), as well as
asymmetric pulse shaping with bandpass filters (73). In a
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first-of-its-kind application of AOPDF modulated SRS
on biological samples, Audier et /. reported imaging of
spectral windows larger than 200 cm™ with 12 ps pixel dwell
time and a scanning rate of 40 kHz with shot noise limited
sensitivity of an impressive 25 cm™ resolution (72). Their
SRS instrumentation was equipped with femtosecond pump
and Stokes lasers chirped at 1 picosecond, enabling them
to take a 100 pm x 100 pm image of a frozen colon cancer
tissue, stitched over 80 scanning areas in just 15 minutes.

Another direction for improving sensitivity and
resolution is to spatially or temporally modulate the
electronic resonance condition to overcome the diffraction
limit. By detuning the stimulated Raman pump to the
electronic pre-resonance SRS (EPR-SRS) condition, Wei
et al. (74) reported the detection sensitivity of 250 nM
(30-50 molecules in focal volume) with an acquisition time
of Ims, a 1,000 times sensitivity increase compared to non-
resonance SRS imaging. A significant improvement of
spatial resolution was also reported by Bi e al. (75) as well.
By doubling the frequencies of near-IR pump and Stokes
lasers to visible lasers, they achieved a sub-diffraction spatial
resolution of ~130 nm and 23-fold increase of sensitivity,
whereas the typical lateral resolution of SRS is ~300 nm.

Efforts have also been made to increase imaging
acquisition and hyperspectral scanning speeds. By replacing
the lock-in amplifier with a gate array, lock-in free single-
color line scan SRS imaging acquired 20 frames per
second (76). Multiplex SRS imaging has been applied such
that the spectrum at each pixel is captured simultaneously.
Using a 16-channel tuned amplifier array could acquire
a ~200 cm™ spectrum in 32 ps (28). Using a 32-channel
tuned amplifier array Zhang er a/. (29) obtained an
acquisition speed at 5 ps per spectrum (~200 cm™). At 60 ps
per spectrum for a 200 cm™' spectral window, high speed
imaging has been achieved at 15 cm™' resolution (77). Later,
Alshaykh ez al. (78) used an acousto-optic filter and achieved
~12 ps for a ~200 cm™ spectral window with a 25 cm™
resolution.

In many cases, SRS microscopy may not be the only
modality in the room. Some studies and operations
require a multi-modal approach—incorporating various
optical techniques such as CARS, SRS, second harmonic
generation (SHG), and multi-photon fluorescence (MPF).
These operations can all occur and be detected at the same
time, but various disparities in signal intensity, laser power,
and speed make these modes difficult to conjugate. By
combining SRS with fluorescence microscopy, Xiong et al.
(79,80) developed stimulated Raman excited fluorescence
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(SREF) microscopy and achieved superb sensitivity down
to 10 nM (at single molecule level). This is performed
by upconverting the EPR-SRS excited population to the
electronic fluorescent state. A recent study demonstrated
another multi-modal platform called “MANTIS”, capable
of CRI as well as thermal imaging (81). They reported
micron and millisecond spatiotemporal resolution using an
SRS instrumentation sporting a galvo-scanner at 1 kHz,
as opposed to the faster resonant scanner. Importantly,
the MANTIS included both picosecond and femtosecond
functionality, and could capture fast dynamic processes in
vivo, with a resolution of 10 cm™ using the picosecond laser.
In general, there is a tradeoff between resolution and peak
power when electing a picosecond or femtosecond laser,
respectively.

Using a spectrally sliced broadband femtosecond pulsed
laser, Francis er a/. (82) conducted two-color SRS imaging
of mouse tissues (brain, liver, kidney, and skin) ex vivo, to
systematically investigate the effect of laser bandwidth on
SNR and image contrast. They obtained a linear increase
of SNR and a pulse bandwidth increase up to 40 cm™ and
maintained the same protein/lipid contrast as narrowband
picosecond SRS.

There has been a recent push to apply these new
technologies to previous experiments and delve deeper.
The premise is primarily that of improved resolution for
chemometric purposes such as analyte identification and
diagnoses. Other driving motives include investigations in
pharmacokinetics and targeted delivery of therapeutics, as
well as the ever-present pursuit of understanding complex
biological processes with minimal interference.

SRS imaging in tissues and animals for basic scientific
research

Tumor biology

Hematoxylin and eosin (H&E) staining has been the
“gold standard” for pathologies like cancer, yet it
requires extensive time and labor, making it not ideal
in the operation room where quick decisions must be
made. Fast and accurate pathological diagnoses require
real-time assessment of excised tissue. Two-color SRS
microscopy has been used for virtual histology (called
stimulated Raman histology, SRH) by imaging at 2,845 and
2,930 cm™, respectively, for lipid and protein, and has
achieved excellent results comparable to H&E staining
(37,42). Ji et al. (37) conducted the first study to detect

tumor infiltration in brain tissues ex vivo from human
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glioblastoma multiforme (GBM) xenograft mice and in
fresh human brain tumor specimens. Lipid-rich white
matter could be differentiated from the protein-rich cortex
and tumor by the lipid and protein spectral intensities,
and two-color SRS images could achieve comparable
morphological contrast to H&E staining. Furthermore,
they performed intraoperative SRS imaging of mice in vivo
during surgery and discerned tumor margins that were
undetectable with bright-field microscopy, which shows
potential for improving accuracy in cancer surgery. In their
following study (83), they performed quantitative SRS
microscopy on brain tumor infiltration in fresh unprocessed
surgical specimens from neurosurgery patients ex vivo, and
demonstrated that SRS microscopy could detect tumor
infiltration by revealing changes in tissue cellularity, axonal
density, and protein/lipid ratios in tumor-filtered tissues
(Figure 2). Spectral focusing techniques improved these
label-free capabilities in a study that further distinguished
the proneural and mesenchymal subtypes of GBM with
specificity and sensitivity of 96.7% (29/30) and 77.8%
(28/36) respectively (84). Lu er al. (42) compared large scale
SRS imaging of brain tumor tissue resection from patients
with H&E staining, and found that SRS microscopy could
capture not only fundamental diagnostic hallmarks (such
as cell nuclei and cell density) for tumor classification, but
also features not detectable by H&E approaches including
abundant lipid droplets within glioma cells, collagen
deposition in gliosarcoma, and disruption of myelinated
fibers.

Conjugating SHG to visualize collagen contents is a
popular means of achieving a third color. Sarri et al. (65)
developed an imaging framework that combined SRS and
SHG to produce SRH images of normal, colorectal, and
pancreatic cancer tissues from human surgical specimens
ex vivo (after surgery) (Figure 2). The generated SRH
image was in excellent agreement with conventional
hematoxylin, eosin, and saffron (HES) staining. Two novel
SRS modalities were used in the study, A-switch SRS and
frequency modulated SRS (FM-SRS). Both achieved
SRH images with 1 mm x 1 mm field of view at a dwell
time 40 ps per pixel. The FM-SRS modality also allowed
for instantaneous semantic segmentation, at the pixel
level, of cell nuclei to afford HES-quality SRH images
(Figure 2). These images were acquired and virtually stained
in 25 minutes. Even though the need for staining chemicals
is circumvented, label-free imaging speeds will still need to
improve before SRH truly replaces conventional histology
in many applications.
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To complement the intraoperative acquisition speeds,
intraoperative diagnostic speeds must also continue
developing. While label-free SRH has proven comparable
to traditional staining and analysis by pathologists, it often
requires insightful knowledge of the subtle vibrational
modes of various biochemical species. Deep learning
algorithms such as CNN have been combined with SRH
for rapid diagnosis (85,86). Deep learning removes the
a priori requirement of manual feature selection and
structured datasets to improve the classification potential
of SRH, as well as increasing imaging depth. Zhang
et al. (85) recently integrated deep learning CNN with SRH
for rapid diagnosis of laryngeal squamous cell carcinoma
(SCC). Comparing SRH images with H&E staining
slides of frozen tissues, they reported a high concordance
(Cohen’s score of k >0.90). Further, using a residual CNN-
based diagnosis of SRH images of fresh tissues, they
obtained a 100% classification accuracy. Hollon er al. (86)
also combined SRH with CNN-based deep learning for
intraoperative brain tumor diagnosis, and achieved rapid
prediction in near real-time.

While CNNs have great denoising and resolution
restorative effects, they are traditionally employed for
their advantageous 2D dataset applications, for which,
volumetric 3D datasets qualify. However, processing hsSRS
image datasets with smaller Raman cross sections require
unique 3D CNN filters where instrumentation advances
fall short. Most recently, Lin et al. (87) created an SRS
imaging platform that achieved distortion-free SRS imaging
in the fingerprint region with a resolution of 10 cm™ and
microsecond temporal resolution. The group applied their
system to image whole mouse brain slices for cholesterol
metabolism analysis—an important discussion in tumor
biology. Hypercholesterolemia has been implicated in
tumorigenesis in numerous ways, as reviewed by Ding
et al. (88). For one, there is a positive correlation between
increased serum cholesterol and a higher incidence of
developing cancers. More importantly, compared to normal
cells, cancer cells demonstrate higher cholesterol synthesis
and uptake and lower cholesterol outflow. Therefore, SRS
imaging holds great potential in tumor biology through
its utilization in mapping cholesterol metabolism and
distributions in the brain and other tissues throughout
the body.

Neurodegenerative diseases
In addition to tumors, SRS imaging has been applied
to detect a variety of brain diseases such as Alzheimer’s
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Figure 2 SRS and traditional microscopy of intrinsic brain tumors (A,B,C,D,E,EG,H) and SRH images (L]). (A) SRS imaging of a GBM
(arrowhead) demonstrating ring enhancement on MRI. (B) Hypercellularity and nuclear atypia of viable tumor is apparent on both SRS
(left) and H&E (right) microscopy. (C) Microvascular proliferation creates tortuous vascular complexes evident on SRS microscopy (left,
arrowheads) and highlighted with periodic acid Schiff staining (right, arrowhead). (D) Mitotic figures are also visible (arrowheads) with SRS
microscopy (left) and H&E staining (right). (E,F) A non-enhancing, low-grade oligodendroglioma (arrowhead, E) consists of hypercellular
tissue with nests of “fried-egg” morphology (arrowheads, F) causing minimal axonal disruption on SRS imaging (left), as confirmed through
neurofilament immunostaining (right). (G,H) “Chicken wire” blood vessels (arrowheads, G) imaged with SRS (left) and H&E (right)
microscopy, and perineuronal satellitosis is visible in both SRS (left) and H&E (right) microscopy (H). (I) Fast SRH using the FM-SRS
modality. Top (left to right): FM-SRS (SRSnuclei = SRS2930cm™ — SRS2845cm™ for nuclei distribution), CARS, and TPEF (for cell body
distribution) and SHG (for collagen distribution) are acquired simultaneously. Combining these four, a composite image can be built: FM-
SRS (blue), TPEF (green) and SHG (magenta). Applying the specific look up tables described in the “Methods” section an SRH image can
be built (bottom). On the right: SRH from raw data, and image smoothed and color adjusted. Left: SRH on a large millimeter-scale region
on healthy (i.e., non-cancerous) human colon tissue. Acquisition time 25 minutes. Scale bar, 100 pm. (J) Human colon adenocarcinoma
imaging. SRH (left) and HES (right) images from the same region (within of a few mm®). On both SRH and HES images signs of
malignancy are present: a strong stroma-fibrosis around the glands (red arrows) as well as necrotic tumor cells (grey arrows) can be visualized
(scale bar, 100 pm). (A,B,C,D,E,EG,H) from (83). Reprinted with permission from AAAS. (I,]) adapted with permission from (65) under the terms
of the Creative Commons Attribution 4.0 International License. SRS, stimulated Raman scattering; SRH, stimulated Raman histology;
GBM, glioblastoma multiforme; MRI, magnetic resonance imaging; FM-SRS, frequency modulated stimulated Raman scattering; CARS,
coherent anti-Stokes Raman scattering; TPEEF, two-photon excited fluorescence; SHG, second harmonic generation; HES, hematoxylin,

eosin, and saffron.
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disease (AD) and amyotrophic lateral sclerosis (ALS). Two
pathological hallmarks of AD are the extracellular plaque
deposition of amyloid-p (AB) peptide and neurofibrillary
tangles. Ji et al. (36) applied multicolor narrowband
SRS microscopy to detect AP plaques in the brain tissue
of APP:PS1 AD mouse model ex vivo (Figure 3). They
differentiated misfolded AP plaques from normal proteins
and lipids in both frozen and fresh brain tissues based on the
spectral shift (~10 cm™) of the amide I band of SRS spectra.
This spectral shift is due to conformational change in the
secondary structure of proteins, which leads to enriched
contents of P sheets that resulting in changes in vibrational
spectra. A broadband hsSRS microscopy with parabolic
pulse amplification was recently developed and employed
to image amyloid plaques in human brain tissue with AD
disease (89). Compared to most existing hsSRS modalities
(bandwidth 300 cm™ and resolution 25 cm™), this approach
achieved a bandwidth over 600 cm™ and resolution of
10 em™.

Tian et al. (41) used SRS microscopy to visualize
peripheral degeneration in ALS mouse models and human
postmortem tissue ex vivo. They found that the earliest
detectable pathology in ALS mouse by SRS was peripheral
nerve degeneration. By performing long-term serial in
vivo SRS imaging, they also monitored disease progression
and drug effects for ALS in living mice. The antibiotic
minocycline was shown to significantly slow the peripheral
nerve degeneration in ALS mice (Figure 3).

Basic neuroscience

Acetylcholine (ACh) is a neurotransmitter released by
motor neurons to activate muscles and plays crucial roles
in the central nervous system. It is highly concentrated
in neuromuscular junctions. Fu et /. (67) reported the
first label-free imaging of ACh in frog muscle ex vivo,
by employing frequency-modulated spectral-focusing
SRS microscopy, and using the vibrational signature of
ACh at 720 em™ (intrinsic C-N bonds stretching). With
this modality, the local concentration of ACh at the
neuromuscular junction of frog cutaneous pectoris muscle
was also quantified.

Cheng group reported real-time 7z vivo SRS imaging
of the dynamic behaviors in the nervous system of living
tadpoles, including myelination in a single Schwann cell,
maturation of a node of Ranvier, and myelin degradation
after nerve transaction (90). Using hsSRS imaging at the
CH3 Fermi resonance peak, they visualized real-time
neuronal depolarization of patched primary neurons in live
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mouse brain slices and detected single action potentials in
neurons (40).

SRS imaging for clinics

For in vivo and in situ imaging of live animals and in the
clinic, miniaturization of the SRS microscopy system is
desired. The advancement of fiber-laser technology (91)
allows for in vivo application of SRS microscopy in clinic.
A fiber-delivered handheld SRS imaging system was
reported (92) recently, and background-free in situ and in
vivo imaging was achieved on normal and tumorigenic dog
brain tissues, and on live human skin. SRS imaging methods
offer substantial diagnostic performance increases compared
to spontaneous fiber-delivered systems, which have already
demonstrated successful performance on nasopharyngeal
carcinoma (NPC) even without deep learning
algorithms (93). However, it is still a challenge to achieve
real-time SRS imaging for intraoperative assessment.

He et al. reported a parallel two-color SRS imaging
design by using a dual-phase lock-in amplifier (94). This
allows for real-time virtual histology and was validated
by imaging mouse coronal tissue ex vivo, as well as in
live zebrafish embryos and mouse ears in vivo. These
were demonstrated in both transmissive and epi modes.
Later that year, Orringer et al. (95) reported the first
application of SRS microscopy in the operation room. They
demonstrated the first intraoperative SRS imaging of fresh
unprocessed brain tumor tissues from neurosurgical patients
and achieved SRH images with high diagnostic accuracy
compared with conventional H&E pathology. Based on
quantified SRH images, a machine learning approach was
also developed to differentiate brain tumors. The same
group next applied SRH for intraoperative diagnosis of
pediatric type brain tumors (96) and demonstrated how
SRH could facilitate accurate brain tumor diagnosis while
preserving the cytologic and histoarchitectural features of
tumor specimens.

SRH has shown comparable accuracy with H&E staining
for pathologic diagnosis of subjects with high cytoplasmic
lipid content since the lipid signal is a primary source of
contrast. However, it was unclear whether SRH is applicable
to entities with less lipid contents such as in some tumor
subtypes. Shin ez 4l. (97) applied SRH for skull base tumors,
which are more complex due to low lipid and high protein
contents in the cytoplasm. By using two 90° phase shifted
Stokes pulses for orthogonal lock-in detection, simultaneous
two-channel SRS imaging was performed on fresh resected
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skull base tumor tissues from patients undergoing operation
and SRH images were produced. In most cases, SRH images
matched well with H&E staining results; however, not all
tumor types were accurately diagnosed, poor diagnosis rates
were shown for chondrosarcoma and schwannoma (0% and
44%, respectively), and the inter-pathologist reliability was
consistently lower with SRH across the board. This may not
only be attributed to the Raman active background from the
proteinaceous microenvironment but may also be attributed
to the nascency of the SRH method and recoloring
scheme. For cases with limited lipid signals to provide
enough contrast, pathologic diagnosis can be improved
with pseudo-H&E recoloring using chemical information
from SRS. Still, a benefit to SRH is that sectioning and
conventional staining may still be performed later. As such,
other non-destructive hyperspectral image (HSI) techniques
may complement SRH and improve diagnostic agreement
and accuracy.

Most recently, by combining hsSRS microscopy and
SHG, Shin et /. (98) studied the association of breast
calcifications with breast changes from benign to neoplastic,
and revealed a close relationship of intra-patient calcification
carbonate content with breast local malignancy (i.e., the
carbonate content decreased as malignancy potential
increased). SRS imaging was also applied to the field of
plastic surgery for detecting silicone debris in tissues from
breast implant capsules (99). SRS images of H&E stained
slides were acquired at 2,905 cm™ (silicone) and 2,933 cm™
(surrounding tissue) for optimal contrast. Co-registered
with bright-field images, SRS imaging could detect and
quantify silicone debris in the tissue. Compared to current
techniques (such as X-ray, atomic absorption spectroscopy,
and IR spectroscopy) based on morphological features, SRS
imaging provides a fast and convenient method with high
molecular specificity and spatial resolution.

SRH products have recently emerged in the commercial
space as well, like the NIO fiber laser SRS Imaging
System by Invenio. This label-free system streamlines
and standardizes fast biopsy squash-sample prep for
SRH intraoperatively. A 16-megapixel image of a 3 mm
x 3 mm biopsy can be acquired in 2-3 minutes, stored,
recolored from the SRS images at protein and lipid
Raman shifts in the C-H stretching region, and displayed
on a high-resolution touchscreen. A continued effort in
miniaturization and portability of SRS systems will pave
the way for further commercialization of the promising
technology for clinical use. Handheld spontaneous Raman
devices abound but are more suited toward spectral
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acquisition than HSI acquisition. Currently, there are no
handheld devices commercially available for large-scale
tissue imaging in vivo. Label-free systems also suffer at
the hands of reproducibility in diagnostic applications. A
system that requires extensive training and supervision in
each instance of use is not robust and inspires little value
in a clinical setting. It is critical to centralize or standardize
classification learners to interpret biological SRS data
from new test sets with the same accuracy and precision
as test sets derived from training set populations. The
reproducibility and robustness of classification learners is
often improved by labeling the tissues with Raman active
tags or stable isotope probes (100), but there has also been
recent development in transformation learners for image
processing (101-103). The incorporation of tailored sample
preparation and analytical methods are prominent research
areas in Raman.

Labeled SRS imaging

Label-free SRS imaging of chemical bond vibration mainly
focuses on the C-H stretching region (2,800-3,100 cm™)
due to the strong signals of lipids and proteins. However,
these chemical bonds are usually shared by different
endogenous molecules, which limits molecular specificity
and sensitivity of label-free SRS imaging. A variety of special
vibrational probes have been developed to replace the C-H
bonds by other bonds (such as C-D, C-N) in molecules,
with characteristic vibrational frequencies in the cell-silent
region (1,800-2,800 cm™). Raman probes include stable
isotope tags, small molecules, and nanomaterials. Although
the typical sensitivity of SRS imaging is at the mM level,
labeled SRS imaging can not only enhance the visualization
and spatial distribution of targeted biomolecules, but
also further visualize the metabolic dynamics of labeled
biomolecules that are impossible with label-free imaging.
Coupling alkyne tags with SRS microscopy could obtain the
detection sensitivity at about 15 mM for typical chemical
bonds (such as C-H) and 200 pM (with pixel dwell time
100 ps) for alkyne bonds (51,52). The advances of labeled
SRS imaging in tissues and animals are reviewed below
according to the type of Raman labels.

Imaging using stable isotope tags

Stable isotopes (such as deuterium and “C) have been
widely used for imaging various biomolecules including
fatty acids (FAs), amino acids, and glucose bio-orthogonally.
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For deuterium-labeling, certain C-H bonds in the molecule
are replaced by C-D bonds, changing the corresponding
characteristic frequencies from ~2,900 to ~2,100 cm™ (falling
in the cell-silent region), allowing SRS microscopy for
metabolic imaging of a variety of biomolecules in tissues,
organisms, and animals, in addition to live cell imaging.

Deuterium can be incorporated in many biomolecules of
interest, either by the researcher to visualize a biomolecule’s
fate and activity, or by the animal subject itself to visualize de
novo synthesis. For instance, with deuterated (trimethyl-D,)-
choline, the distribution of choline in live C. elegans during
embryonic and early larval development was mapped (44).
Most recently, Zhang ez a/. (46) reported an SRS microscopy
technique, spectral tracing of deuterium (STRIDE), for
tracing glucose metabolism by multichannel imaging
of the dynamics of newly synthesized macromolecules
(proteins, lipids, DNA, and glycogen). Using deuterium-
labeled glucose (D;-glucose), STRIDE can distinguish the
enrichment of C-D bonds and their spectral signatures in
glucose-derived macromolecules. Through administration
of D,-glucose in drinking water, glucose metabolism was
visualized in brain and intestine tissues of neonatal mice
during development, and in xenograft tumor mouse models
during tumor progression (Figure 4).

Coupling SRS microscopy with deuterated amino acids
(dAAs), Wei et al. (104) developed a platform for labeling
and imaging complex protein metabolism with high spatial
and temporal resolution. By applying this platform, the
newly synthesized proteins were successfully visualized
in cultured mouse brain tissue, embryonic zebrafish,
and live mouse liver and intestine tissues from mice that
were administered dAA via drinking water (105). To
enhance labeling efficacy and reduce possible organ bias,
Shi er al. (45) further improved and optimized this
technique by iz vive intra-carotid artery injection of dAA
into mice. Intra-artery injection would quickly and more
evenly distribute dAA into every organ with blood vessels.
This fast delivery of dAA also allowed for time dependent
imaging of the dynamics of protein synthesis. Using this
method, they visualized newly synthesized proteins in
more mouse organs (such as pancreas) and tissues (cerebral,
cerebellar cortex, and hippocampus); they also imaged and
quantified the newly synthesized protein in the choroid
plexus and pancreas at different time points. Furthermore,
the metabolic heterogeneity of protein synthesis in liver and
xenograft colon tumor tissues was also observed, proving its
potential for distinguishing tumors (Figure 5).

High throughput screening (HTS) has been frequently
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used for bioimaging, which combines the automated
microscopy with image analysis. However, few studies have
coupled HTS with SRS imaging. Recently, Yu ez 4. (106)
integrated HTS with SRS microscopy to track lipid
synthesis and mobilization in live C. elegans, which were fed
with bacteria co-cultured with deuterated oleic acid. They
revealed that bone morphogenetic protein signaling plays a
crucial role in lipid metabolism.

In addition to the direct use of deuterated labels, Shi
et al. (18) developed a novel platform that uses deuterium
oxide (D,0) probing and SRS microscopy (DO-SRS) to
image metabolic activities of lipids, proteins, and DNA
in animals 7z situ. They visualized de novo lipogenesis in
live C. elegans growing in D,O; further, by adding D,0 in
drinking water for mice, they imaged de novo lipogenesis
and tracked de novo protein biosynthesis in situ without
tissue bias in a variety of mouse organs such as the intestine,
liver, pancreas, hippocampus, and cortex. More importantly,
applying DO-SRS allows for simultaneous visualization
of lipid and protein metabolism in animals, and for
distinguishing tumor margins and metabolic heterogeneity
by tumors’ inherently high metabolic activities (Figure 6).
D,O probing proves more advantageous than deuterium-
labeled carbon substrates in observing metabolic activities.
It is nondestructive, does not perturb native metabolism in
the host organism, and is a non-carbon tracer that allows
for probing de novo biosynthesis. These advantages poise
DO-SRS microscopy as an ideal and powerful imaging
technique for development, aging, and cancer research. In
addition, DO-SRS microscopy shows high sensitivity even
at low D,0O concentrations that are non-toxic to humans,
which allows it to be potentially applied in clinic to track
human metabolism.

Carbon isotope "C-labeling has also been applied for
SRS imaging in tissues. Long et a/. (107) recently reported
a new two-color SRS imaging method, by synthesizing
“C-labeled 3-O-propargyl-D-glucose (3-OPG-"C)
and combining it with deuterium-labeled glucose (D;-
glucose), to study glucose uptake and incorporation activity
simultaneously in mouse choroid plexus ex vivo. This
newly designed 3-OPG-"C probe not only maintained the
same features as the original 3-OPG (49) for visualizing
glucose uptake, but more importantly displayed a new
Raman frequency (at 2,053 cm™) that can be spectrally
resolved from the D;-glucose that is used for visualizing
incorporation activity (at 2,133 cm™).

Isotope-labeled FA probes have also been used to study
metabolism in animals. Lipid signatures are critical to
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Figure 4 STRIDE imaging of protein and lipid biosynthesis in mouse brain. (A) Imaging lipid (CDy) and protein [CD5 synthesis in
cerebrum of pups (P21) and adult mice (P100)]. Pup mice were labelled with 2% [D7]-glucose during the developmental period (E11 to
P21) via the mother’s drinking water. Adult mice were labelled with 2% [D7]-glucose for 30 d. Unlabelled lipid (CH,) and protein (CHy)
are also shown. (B) Magnified images from different areas in (A). Ratiometric images were calculated as CDy/CD;. (C) Imaging lipid
(CDy) synthesis in cerebellum of same pup and adult mice as in (A). (D) Line profiles of lipid synthesis (CD;) and unlabelled lipid (CH;)
shown for the boxed area in (C). Scale bars, 2 mm (A,C) and 50 pm (B). (E) Raman spectra of [D7]-glucose-derived proteins, lipids and
glycogen. Dashed lines indicate imaging frequencies for corresponding macromolecules. (F) Linear unmixing algorithm for proteins, lipids,
and glycogen. (G) Images of a [D7]-glucose-fed mouse liver before and after unmixing. Reprinted by permission from Springer Nature
Customer Service Centre GmbH: Nature, Nature Biomedical Engineering (46), © 2019. CTX, cortex; M, molecular layer; G, granule cell

layer; W, white matter; STRIDE, stimulated Raman scattering microscopy technique, spectral tracing of deuterium.

© Quantitative Imaging in Medicine and Surgery. All rights reserved. Quant Imaging Med Surg 2021;11(3):1078-1101 | http://dx.doi.org/10.21037/qims-20-712



Shi et al. Advances in SRS imaging for tissues and animals

A New C-D CH; proteins CH, C-D/CH; ratio E New C-D proteins ~ CHj proteins CH, lipids C-D/CHj ratio
E 0.1

S
O}
=
=

Tumor
invasion
* front
vy

New C-D proteins CHj, proteins CH, C-D/CH; ratio

2940 cm™ |

0.3

Tumor 12

12 )
Lo Supporting N P
1.0 Tumor 1.0
So mvasionfrontsupporingtz TG tiesue 12 IMVASON frONt gupporting) 0 INVAsion frOnt sy pporting
06 tissue 08 wa/{\/\ﬂ 08 tissue 06 tissue
04 06 ™ 05 el i
02 o3 03 o2
00 a5 o3 00
o s 100 150 200 250

0 50 100 150 200 250 "o 50 100 150 200 250 O 50 100 150 200 250

2
ASES e S
[ S | ET T W)
o o o
n

2940 cm™ |

ﬁo.ﬁ
& [

| 2940 cm™ [ 9940 cmT |

. BD\AEA A

i
i

AP o L . In
0 or [ I e 00 AaWhatdema 05 L TR
0. 02~ 02 v, I}

00 00 0.0 !
0 500 1000 1500 O 500 1000 1500 0 500 1000 1500 o 500 1000 1500

Figure 5 Protein metabolism in mouse brain, liver, and xenograft tumor after intra-arterial injection of dAA. (A,B) Protein metabolism
in the choroid plexus (CP) at the mouse brain ventricular region after dAA incorporation via intra-arterial injection in vive. (A) Protein
metabolism in CP after 2.5 days of dAA labeling. (B) Protein metabolism in CP after 8.5 h of dAA labeling. Active amino acid incorporation
and protein synthesis are imaged in the CP region. The C-D image at 2,133 cm™' shows the newly synthesized protein from dAA. The CH3
2,940 cm™ and CH2 2,845 cm™' channels show the intrinsic distribution of total proteins and lipids in the same region, respectively. The
C-D/CH3 quantitative ratiometric image shows the newly synthesized protein over the intrinsic total proteins. Scale bar, 20 pm. (C,D)
Metabolic heterogeneity of proteins in the mouse liver with quantitative ratiometric images after intra-arterial dAA injection for 2.5 days.
The C-D image at 2,133 cm™' shows the newly synthesized protein from dAA. The CH3 2,940 cm™ and CH2 2,845 cm™' channels show
the intrinsic distribution of the total proteins and lipids in the same region. The quantitative C-D/CH3 ratiometric image shows the newly
synthesized protein over the intrinsic total proteins in the liver. (C) Protein metabolism in mouse liver regions close to the central vein
(CV). (D) Protein metabolism with dAA in regions close to the portal vein (PV), hepatic artery (HA), and bile duct (BD) of the mouse liver.
The region close to the PV has a higher C-D/CH3 ratio compared to the region close to the CV. H: hepatocyte. Scale bar, 20 pm. (E,EG)
"Tumor metabolic heterogeneity of the newly synthesized protein in mice in vivo. The C-D image at 2,133 cm™' shows the newly synthesized
protein from dAA. The CH3 2,940 cm™ and CH2 2,845 cm-1 channels show the intrinsic distribution of total proteins and lipids in the
same region. The C-D/CH3 quantitative ratiometric image shows the newly synthesized protein over the intrinsic total proteins in the
xenografted colon tumor. (E) Protein metabolism images of the xenografted colon tumor in the nude mouse after 2.5 days of dAA injection
via carotid artery in vivo. Active amino acid incorporation and protein synthesis are imaged in the tumor. Second row images are enlarged
regions of the xenografted colon tumor, and the last image of the C-D and CH3 merged image shows that the newly synthesized C-D
protein signal (green) and the intrinsic total protein CH3 (red) in the xenografted colon tumor have different intensity distribution; the
tumor side has more intense new C-D protein synthesized than the stroma side. The tumor-normal tissue boundary is drawn in white
dashed line to separate the stroma and the tumor. (F) Protein metabolism at the tumor boundary. After dAA injection for 2.5 days in vivo,
the C-D image shows the newly synthesized C-D protein signal, which shows metabolic heterogeneity at the tumor edge. The boundary
between the tumor and the supporting tissue is drawn with a white dashed line. The second-row images are intensity profiles as a function
of distance enclosed by dashed rectangular boxes across the intra-tumor region, the tumor front, and the supporting tissues. (G) Intra-tumor
metabolic heterogeneity in a large field of view. The C-D image shows that some regions (circled with white dashed lines) inside the colon
tumor have intense C-D protein signals, but regions other than these have much lower C-D signals. The second-row images are intensity
profiles as a function of distance enclosed by dashed rectangular boxes in the intra-tumor region. Scale bar, 20 pm in (E) and (F), 500 pm in
(G). Reproduced from (45), licensed under a Creative Commons Attribution (CC BY) license. dAAs, deuterated amino acids.
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better understanding several pathologies including cancers
and neurodegenerative diseases (88,108,109). From a
metabolic perspective, however, certain isotope-labeled FAs
have a lower rate of incorporation in the macromolecular
biomass, and their Raman peaks are conserved in the
cell and in solution (100). From a structural perspective,
lipid probes may be used to study membrane dynamics,
microenvironments, and much more. Isotope-labeled FAs
are also incorporated through scavenger pathways, as they
cannot freely diffuse through the cell membrane, and affect
lipid metabolism uniquely as compared to DO-SRS (18).
Other lipid probes are overviewed below.

Imaging using triple-bond based tags and small molecule
probes

Albeit weakly detectable, stable isotope labels are small and
bio-orthogonal making them ideal for imaging small and
highly abundant biomolecules. Compared to isotope labels,
triple-bond labels are larger in size but have stronger signals
even at low concentration (47), allowing for SRS imaging of
less abundant species with high sensitivity and specificity.

Among triple-bond tags, alkyne tags have been
most widely used for SRS imaging of a broad range of
biomolecules and drugs. Alkyne tags were first employed
for spontaneous Raman microscopy by Yamakoshi (47,48),
and were soon applied for SRS imaging. Wei er al. (51)
and Hong et al. (52) both reported first applications of
live-cell SRS imaging using alkyne tags in 2014. By using
synthesized alkyne tagged glucose analogue 3-OPG and
SRS imaging, Hu er al. (49) visualized glucose uptake in
mouse subcutaneous tumor xenograft tissues and ex vivo
mouse hippocampus tissues cultured with 3-OPG. Varied
metabolic activities in tumors were discriminated, and
the heterogeneity of glucose uptake in tumors and mouse
hippocampus tissues were revealed. In their following
study, Hu et al. (50) for the first time developed a platform
that rationally integrated alkyne and deuterium labeling
on the same tissue, and combined this platform with SRS
microscopy for bio-orthogonal imaging of DNA, RNA,
protein, and lipid metabolism in live rat hippocampal tissues
under normal conditions as well as after a traumatic brain
injury (TBI). Heterogeneous metabolic activities of these
biomolecules were observed, and newly synthesized DNA
during cell division was visualized inside the nucleus. In the
TBI model, great increases in protein and lipid syntheses
and metabolism were observed in the hilar region of the
dentate gyrus.
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Diyne tags have been developed by conjugating two
triple bonds to further increase Raman signals. Lee
et al. (110) designed a diyne tagged probe, phenyl-diyne
cholesterol (PhDY-Chol), and coupled it with SRS imaging
to observe cholesterol esterification, storage, and trafficking
in live C. elegans (as well as in live cells). SRS imaging shows
cholesterol uptake and storage in the intestinal cells of C.
elegans.

Simultaneous visualization of many molecular species
in situ is desired but remains challenging. Multiplex
imaging can achieve no more than 9 colors simultaneously
(1,53,54), even by using sophisticated fluorescence imaging
instrumentation and complicated analysis. To overcome this
barrier, Wei et al. (74) developed the EPR-SRS imaging
technology, and created a vibrational palette for super-
multiplex imaging by conjugating alkynes and nitriles to
near-IR dyes, so-called MAnhattan Raman Scattering
(MARS) dyes. They achieved 14 resolvable colors in
the cell-silent Raman region, and combining it with 4
more fluorescent channels, obtained 24 resolvable colors.
Employing this platform for imaging mouse organotypic
cerebellar tissues ex vivo and hippocampal neuronal
cultures, they revealed cell type-dependent heterogeneous
DNA synthesis and protein metabolism. In another study,
Hu er al. (111) developed a supermultiplexed palette based
on polyyne, achieved 20 resolvable Raman frequencies
(named Carbon rainbow, “Carbow”) in the cell-silent
region, and displayed 10-color live-cell imaging. The recent
developments and guidelines for future development of
vibrational probes for super-multiplex SRS imaging have
been timely reviewed and discussed in (112).

A variety of alkyne and diyne tags have been developed
and employed for SRS imaging to track drug distribution
and uptake in live cells, such as N-5-phenyl-2,4-
pentadiyn-1-yl anisomycin (PhDY-ANS) and N-4-(4-
phenyl-1,3-butadiyn-1-yl)benzyl anisomycin (BADY-
ANS) (113) and diyne ferrostatin analog-2 (114). The
applications of SRS imaging in drug delivery are reviewed
in (115).

Imaging using nanomaterials

Polymer-based probes have shown great potential for SRS
imaging with high stability and low cytotoxicity. Vanden-
Hehir et al. (116) appended deuterium and alkyne labels to
poly(lactic acid-co-glycolic acid) (PLGA) and synthesized
them into nanoparticles (NPs) for SRS imaging. They
showed that both NPs could be imaged in rat microglia,
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and alkyne tagged NPs could be visualized in ex vivo mouse
cortical tissue. Hu ez a/. (55) developed a series of polymer
dots by incorporating different vibrational tags (alkyne,
nitrile, and carbon-deuterium) to styrene monomers for
multiplexed live-cell imaging. Based on this study, Jin
et al. (56) synthesized a variety of poly(methacrylate) beads
(Raman beads) for multicolor SRS imaging, and successtully
targeted tumors in living mice by injecting the Raman beads
via the tail vein.

A water soluble and functionalizable master
polydiacetylene, poly(deca-4,6-diynedioic acid) (PDDA),
was reported most recently (57), and showed significant
Raman signal enhancement (up to ~10* fold) compared
with existing alkynes. By modifying the side chains of
PDDA with functional Raman vibrational tags, a variety
of polydiacetylene-based ultra-strong Raman-active
nanomaterials could be obtained. Using the probes, hsSRS
live-cell imaging was achieved with high spatiotemporal
resolution at low laser power.

Volumetric 3D imaging of metabolic activities

The relationship between structure and function in a
biological entity is clearer with volumetric 3D imaging. In
this regard, greater imaging depth is desired for volumetric
SRS imaging since imaging depth of SRS is usually around
100 pm in high scattering tissues and 300-500 pm in less
scattering tissues (64). Most recently, Wei et al. (117)
developed a tissue-clearing recipe (8 M urea with 0.2%
Triton X-100) for SRS imaging and achieved an imaging
depth of 10-fold increase (~1 mm) in mouse brain and
tumor tissues. In addition, a volumetric phasor analysis
method was developed for 3D clustering and segmentation
and was coupled with multispectral SRS imaging to quantify
the distributions of blood vessel, axon fibers, and cell bodies
in a variety of mouse brain regions. Combining this phasor
analysis method and metabolic D,O-SRS imaging, they
successfully delineated tumor margins and revealed 3D
structures of glioblastoma xenograft mouse brains (Figure 7).

Another rapid tissue clearing method was also reported
recently (118) that used formamide for volumetric SRS
imaging. The imaging depth reached ~500 pm in mouse
brain, kidney, liver and lung tissues. Furthermore, 3D
histology-like images of brain tissues were obtained by
applying two-color SRS, demonstrating the potential of
using SRS based 3D tissue histopathology to improve
diagnostic accuracy.

To image blood vessels, off-resonance signal detection
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at 2,700 cm™" may be used. Suo ez /. (119) used this Raman
shift along with the typical protein and lipid C-H stretching
channels to study the 3D structure of mouse lymph nodes.
The group was able to visualize the capsule, subcapsular,
and germinal center regions using SRS imaging.

Conclusion and outlook

The rapid growth of SRS microscopy imaging has seen
numerous applications in life science and warrants
continuing development. Improvements in SRS detection
sensitivity and spatial resolution are always desired, but the
path towards super-resolution SRS is long and rife with
opportunities of exploration. Instrumentation advances in
various filters, modulators, and amplifiers work tirelessly to
improve the resolution of SRS imaging. Gong er a/. (120)
demonstrated a virtual sinusoidal modulation (VSM) as
an experimental method for label-free far-field super-
resolution saturated SRS (SSRS) in biological cells.
Implementing this method in tissues and animals presents
yet another exciting opportunity to explore the tremendous
potential of SRS. Moreover, conjugation of SRS with other
techniques such as fluorescence microscopy, photothermal
microscopy (121), and atomic force microscopy (122) may
also enhance sensitivity and spatial resolution, as well as
improve diagnostic outcomes in clinical applications. These
SRS platforms have afforded unique biomolecular insight
in many fields such as tumor biology, neurodegenerative
diseases, and more. Various labeling techniques have
invaded the biomedical space as well. Isotopes, small
molecules, and NPs have demonstrated comparable, and
in some cases, exceptional utility when compared to other
optical methods such as fluorescence imaging.

Downstream of the spectral acquisition, the processing of
the acquired data is another developmental front. The large
amount of Raman spectral data needs powerful analytical
methods and tools for dimensionality reduction, clustering,
and correlation (31). There are many multivariate analysis
tools available such as principal component analysis,
k-means clustering, spectral phasor analysis, support vector
machines, etc. Machine learning will undoubtedly play an
increasingly important role in these analyses.

For applications, SRS imaging has been coupled with
HTS for imaging cells and multicellular organisms (106).
Multiple platforms have been developed that couple HTS
with Raman spectroscopy for cellomics, drug discovery,
and more (123-126), which can also be translated to SRS.
We envision tremendous demand for employing HTS-
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Figure 7 Clearing-enhanced volumetric chemical imaging of various brain regions and glioblastoma in mouse. (A) Clearing-enhanced
volumetric chemical imaging of various regions in mouse brain tissues. Left: three-dimensional reconstruction of the hippocampus and
white matter. Arrows indicate vasculatures, arrowheads indicate axons, and stars indicate cell bodies. Second column, representative 2D
images at indicated depths in left. Third column, three-dimensional reconstruction and a representative 2D image of the white matter.
Arrows indicate nerve tracts. Right: three-dimensional reconstruction and a representative 2D image of the cerebral cortex. Arrows indicate
vasculatures, arrowheads indicate axons, and stars indicate cell bodies (scale bar, 50 pm). (B,C,D,E) Clearing-enhanced volumetric chemical
imaging of glioblastoma in mouse brain. (B) Representative 2D images of the tumor in the whole coronal slice at increasing imaging depths.
(C) Tumor margins outlined from (B). (D) Zoomed-in 2D images of the white-boxed region in C at increasing imaging depths. (E) Protein/
lipid ratiometric image at 200-pm depth. (F) Plots of protein/lipid signal ratios as a function of imaging depths in tumor and normal tissues.
Error bars indicate SD (n=3 for each data point). Proteins are in magenta and lipids are in green. Infiltrating glioblastoma cells are indicated
by arrows in C and D (scale bars: 1 mm in B, C, and E; 50 pm in D-Left; 20 pm in D-right). (G,H,L,J,K,L) Segmentation and quantification
of brain glioblastoma tissues using volumetric phasor analysis. (G) Volumetric images of segmented tumor cells, vasculature, and axons in
two different regions of brain glioblastoma. Arrows indicate infiltrating tumor cells (scale bars, 50 pm). (H) Phasor plots of infiltrating tumor
cells (n=6 cells) and dense tumor cells (n=6 cells). The plot (right) is a zoom-in of the left. (I) SRS spectra of infiltrating tumor cells (n=6
cells) and dense tumor cells (n=6 cells). Error bars are SD. (J) Histograms of the minimal distances from individual tumor cells (n=2,265)
to vasculature and axons. Mean + SEM are shown near the histograms. (K) Volume fraction of vasculature in tumor (n=5) and normal
(n=3) tissues. Error bars are SEM. (L) Volume fraction of axons in tumor (n=3) and normal (n=3) tissues. Error bars are SEM. Statistical
significance was determined by pair-sample two-tailed 7-test. *, P<0.05 and ***, P<0.001. Adapted with permission from (117). Copyright
2019 National Academy of Sciences. SRS, stimulated Raman scattering; SEM, standard error of the mean.

© Quantitative Imaging in Medicine and Surgery. All rights reserved. Quant Imaging Med Surg 2021;11(3):1078-1101 | http://dx.doi.org/10.21037/qims-20-712



Quantitative Imaging in Medicine and Surgery, Vol 11, No 3 March 2021 1095

SRS in biological imaging in the years to come due to
the convenience of reduced sample preparation, sample
preservation, and demonstrated utility in diagnoses.
Additionally, multicolor SRS imaging has been used to
study NP behavior in cells. We believe by coupling small
labels to nanocarriers, SRS microscopy will show huge
potential in studying nanocarrier dynamics in living
biological systems at subcellular levels. We anticipate more
applications of SRS imaging, coupled with other technology
and methods, in both basic scientific research and clinics
very soon. While several handheld spontaneous Raman
systems have emerged at diagnostic capacities iz vivo, SRS
in the clinic lags slightly. Since SRS has several advantages
over spontaneous Raman in terms of imaging ability, to
capitalize on this would mean the imaging area, depth, and
topography of the subject pose additional hurtles. Fiber-
delivered spontaneous Raman systems allow the direct
spectral acquisition of tissues iz vivo, however, to acquire an
image would be much more difficult 7z vivo. The NIO laser
(Invenio Inc.) used by Hollon et a/. (86) requires sample
excision, which is great at aiding tissue diagnosis in brain
cancer, head and neck cancer, and others, but less suited for
near-real time tumor boundary identification in vive. The
power of SRH in tissue delineation can be a powerful tool
to aid surgical operations, but, the NIO imaging system is
currently outfitted with deep learning diagnostic capabilities
for research purposes only.

Novel approaches, such as laser source and probe
development may allow for deeper SRS imaging
capabilities, allowing for more SRH development in vivo.
This is because certain wavelengths have demonstrated
less scattering in biological tissue, such as the “golden
window” between 1,600-1,870 nm (127). Most recently, a
new nonlinear process, named enhanced stimulated Raman
scattering (ESRS) was reported (128) from resonance
Raman in B-carotene methanol solution, where enhanced
stimulated Raman peaks were observed at the first and
second Stokes. This ESRS effect is due to the energy
transfer from excess vibrations of solute to the solvent.
This novel process proposes a new potential approach for
improving SRS signals in bioimaging.

Along with so many developments and exciting
opportunities comes a counter-intuitive bottleneck. As
many labs around the world begin to furnish their own
Raman systems, the paucity of standardization in the name
of ingenuity poses a cost-prohibitive battle for universal
acceptance. SRS platforms are relatively expensive and
may be outfitted with equipment from numerous suppliers.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Custom parts and unique algorithms abound as well. We
believe that although there is merit, the sheer diversity of
SRS instrumentation, computational algorithms, analytical
software, and experimental methodology slows the
adoption of SRS as a universal tool. Perhaps with continued
demonstration of analytical methods and more affordable
instrumentation, SRS development might converge into a
more combined effort.
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