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Biological imaging of chemical bonds by
stimulated Raman scattering microscopy

Fanghao Hu'3, Lixue Shi'® and Wei Min'?*

All molecules consist of chemical bonds, and much can be learned from mapping the spatiotemporal dynamics of these bonds.
Since its invention a decade ago, stimulated Raman scattering (SRS) microscopy has become a powerful modality for imaging
chemical bonds with high sensitivity, resolution, speed and specificity. We introduce the fundamentals of SRS microscopy and
review innovations in SRS microscopes and imaging probes. We highlight examples of exciting biological applications, and
share our vision for potential future breakthroughs for this technology.

quantum mechanics, the vibrations of chemical bonds occur

at discrete frequencies depending on the specific type and
local environment of the chemical bonds. As such, they provide
intrinsic and chemically informative contrasts for molecular science,
and are the very foundation of vibrational spectroscopy and micro-
scopy. As one of the most powerful and fast-evolving vibrational
imaging techniques, stimulated Raman scattering (SRS) microscopy
can map distribution of chemical bonds in three-dimensional space
and real time. SRS as a contrast mechanism for microscopy was first
demonstrated on polystyrene beads with a femtosecond amplifier
laser source and a photodiode array, in 2007'. SRS bio-imaging was
achieved in 2008 by using a high-repetition-rate picosecond laser
source and a high-frequency modulation transfer detection scheme’
to achieve much higher sensitivity and speed, alongside the low
photo-damage needed for biological systems. This work was accom-
panied by two other reports, in 2009, describing similar applications
to biological systems™".

As a nonlinear optical process, SRS uses two synchronized
pulsed lasers, one known as the pump beam and the other as the
Stokes beam, to coherently excite the selected molecular vibration.
When the frequency difference between the pump and the Stokes
lasers matches the vibration (w,) of the chemical bond of interest,
vibrational activation rates can be drastically amplified through
quantum stimulation of photons in the Stokes beam, on top of the
inherently weak spontaneous Raman scattering (Fig. 1a). Quantum
mechanically, this stimulated scattering effect is analogous to stimu-
lated emission’ and has been used in many spectroscopic studies®™.
In SRS microscopy (Fig. 1b), both laser beams are spatially and
temporally overlapped, and focused collinearly into a diffraction-
limit spot inside the sample. The stimulation factor can go up to 10°
at the tight microscope focus'®, which confers high sensitivity and
speed of SRS bio-imaging.

The detection scheme of SRS is unique and different from most
other optical microscopy methods. By virtue of energy conserva-
tion, each vibrational excitation event is accompanied by one photon
loss in the pump beam (stimulated Raman loss, SRL) and one
photon gain in the Stokes beam (stimulated Raman gain, SRG),
respectively. Hence, SRS signal is detected as a relative intensity
change of the incident laser (AI/I ~10= - 1077, Fig. 1c). To achieve
sensitive detection above the low-frequency laser background noise,

( : hemical bonds are the basic units of molecules. Dictated by

a high-frequency (megahertz) modulation is applied to one laser
beam and the modulation transfer to the other beam is measured
to extract SRS signal using a radio-frequency (RF) lock-in amplifier
(Fig. 1c). This removes the noise from the slow laser intensity fluc-
tuation and achieves near shot-noise-limited sensitivity (Fig. 1d).
With the SRS signal being registered at each pixel, three-dimen-
sional images can be readily acquired by raster-scanning the laser
focus across the samples using a laser-scanning microscope in
either transmitted or reflected light directions.

SRS microscopy has emerged as one of the most promising tech-
niques for imaging chemical bonds for biomedicine''"*. Compared
to the conventional spontaneous Raman microscopy, SRS offers
more than 1,000-times faster imaging speed and is free from sample
autofluorescence interference’’. Different from another nonlinear
Raman technique called coherent anti-Stokes Raman scattering
(CARS), SRS offers background-free chemical contrast, strict linear
concentration dependence, and authentic Raman spectra by virtue
of direct detection of energy exchange between chemical bonds and
laser fields, facilitating quantitative and straightforward image anal-
ysis. In addition, SRS is compatible with confocal and two-photon
excited fluorescence microscopy, as well as other nonlinear imag-
ing techniques, such as second harmonic generation, to achieve
multi-modal optical imaging. The last ten years have witnessed
the blossoming of SRS microscopy, where advances in both opti-
cal instruments and imaging probes have found broad applications
in life sciences. For the remainder of this Perspective, we focus on
reviewing the major innovations in SRS microscopy.

Instrument development

Complex biological systems constantly demand higher speed, sen-
sitivity and spatial resolution of imaging techniques, to capture
the fast spatiotemporal dynamics. For this purpose, thanks to the
numerous efforts devoted to developing physical instruments,
SRS microscopy has achieved fast imaging speed up to video rate,
rapid multi-mode excitation, detection sensitivity down to single
molecules, and spatial resolution with potential of breaking the
diffraction limit, as well as volumetric tissue and in vivo animal and
human imaging.

Imaging speed. With strong amplification through stimulated
emission, SRS can achieve imaging speeds comparable to those of
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Fig. 1] Principle of SRS microscopy. a, Energy-level diagrams of
spontaneous (spon.) Raman scattering and SRS. In SRS, highly efficient
vibrational excitation can occur as a result of the stimulated (stim.)
emission by introducing an intense Stokes beam. Vibrational transition
rates can be enhanced by a factor of ngges + 1 (Ngo1es is the number of
photons in a mode of the Stokes beam, which is ~108). b, SRS microscope
setup. Pump and Stokes laser beams are combined and focused into the
sample. SRS signal (SRL or SRG) can be detected in either transmitted or
reflected directions. PD, photodiode; PBS, polarizing beamsplitter.

¢, SRS detection scheme using high-frequency modulation/demodulation.
Temporal profiles of the input and output pump and Stokes pulse trains.
d, High-frequency modulation (>1 MHz) can suppress low-frequency laser
intensity fluctuation noise to approach the shot-noise limit.
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confocal fluorescence microscopy. The typical acquisition time for
SRS is 0.1-10 seconds per frame, with pixel dwell time in 1-100 ps,
depending on the signal size. Using a fast lock-in amplifier and a
resonant galvanometer mirror, video-rate SRS imaging has been
achieved with 25-110 frames s (refs. '*'°). These open up broad
applications for live-cell biology.

Multi-mode excitation schemes. Raman scattering is inherently
a broadband process that contains the entire vibrational spec-
trum of the sample with rich chemical information. Single-mode
SRS excitation using two narrowband picosecond (ps) lasers has
been commonly used for imaging samples with known components
and well-resolved Raman frequencies. To retrieve the full chemi-
cal information, multi-mode excitations across a broad range of
Raman spectrum are needed. Several commercial laser sources are
available for SRS microscopy, including picoEmerald picosecond
laser from Applied Physics & Electronics, Inc. (http://www.ape-
america.com/products/opa-opo-harmonixx/opo-mhz-ghz/pico-
emerald-s) and InSight X3 femtosecond laser from Spectra-Physics
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(https://www.spectra-physics.com/products/ultrafast-lasers/
insight-x3). Invenio Imaging Inc. has produced a commercial SRS
system for tissue histology based on a fiber laser'’, and Leica recently
introduced the first fully integrated SRS research microscope
(https://www.leica-microsystems.com/products/confocal-micro-
scopes/p/leica-tcs-sp8-cars/). Depending on the available laser
source, different excitation and detection schemes have been
developed for SRS microscopy, including the sequential wave-
length tuning scheme, and parallel multi-mode excitation and
detection scheme.

Several methods are available to achieve sequential wavelength
tuning. With two synchronized picosecond lasers, multi-mode
SRS imaging can be readily achieved at high spectral resolution
by wavelength sweeping (Fig. 2a), through temperature control of
nonlinear crystal with large tuning range, or by using an electro-
optical tuneable Lyot filter for fast tuning over a small range'®". A
broadband femtosecond (fs) laser source can also be used to achieve
high-speed multi-mode excitation. Pulse shaping techniques have
been developed to rapidly select narrowband frequency using spec-
tral filters**'. Based on a customized laser system, an impressively
fast imaging rate of 30 frames s has been achieved”, covering a
wide spectral window of ~300 cm™ with fine spectral resolution
at ~4 cm”. Among the sequential wavelength tuning schemes,
the spectral-focusing method is gaining popularity (Fig. 2b) by
linearly chirping two broadband laser pulses and then scanning
the time delays**~*. Using a resonant mirror to rapidly adjust the
time delay, a 200-cm™ SRS spectrum with ~30 cm™! spectral resolu-
tion can be acquired in 83 ps (ref. *°). A larger spectral coverage
of 650 cm™ with higher spectral resolution (~10 cm™) is achiev-
able based on parabolic fiber amplification, albeit at a slower speed
of ~1 ms per spectrum”. On the same spectral-focusing platform,
simultaneous two-color imaging has also been demonstrated
at 8 frames s, by using engineered pulse profile and dual-phase
lock-in detection®.

Parallel SRS imaging over alarge spectral window can be achieved
by using a combination of ps and fs lasers for broadband excitation
(Fig. 2¢). Multi-channel array detections and lock-in demodula-
tions are often required to simultaneously detect the broadband sig-
nal**. A fast complementary metal oxide semiconductor (CMOS)
array detector synchronized to the modulation frequency can be
also applied®’. Moreover, a 16-channel tuned amplifier array was
built to extract SRS signals in a lock-in-free manner, which can
acquire an SRS spectrum of ~200 cm™ in 32 ps (ref. *) and was
reduced to 5 ps with 32 channels®”. Further, if an array detector is
not applicable, a single detector with lock-in amplifier can be used
to extract the multi-mode SRS signals through fast Fourier trans-
form™, when the excitation wavelengths in the broadband pulse are
modulated at different radiofrequencies. High-speed SRS imaging
across a ~200 cm™ window with ~15 cm™ spectral resolution has
been achieved at 60 ps per spectrum™. Lastly, photonic time stretch
technique can be applied to measure broadband SRS signal with a
single detector*’, which covers a window of ~500 cm™ in 400 ps with
spectral resolution of 10 cm™.

Excitation spectroscopy and detection sensitivity. SRS imaging
typically has sensitivity in the pM-mM range for most chemical
bonds. Due to the use of high-frequency modulation transfer and
a lock-in detection scheme, SRS is free from laser fluctuation noise
and the detection sensitivity scales linearly with the square root of
the acquisition time'’. Typically for bio-imaging, the detection sen-
sitivity of AI/I approaches ~1077 at 100-ps acquisition time. This
corresponds to several mM of typical C=C double bonds and ~10°
molecules in the focal volume (~0.1 femtoliter). To further boost the
sensitivity, a series of special vibrational probes can be used, includ-
ing alkyne, diyne and polyynes®*, which achieved sensitive detec-
tion down to pM and are reviewed in detail in the next section.
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Fig. 2 | Instrumental advances. Multi-mode excitation schemes. a, Wavelength tuning of picosecond pump and Stokes with sequential detection of SRG.
b, Delay time tuning of chirped femtosecond pump and Stokes with sequential detection of SRG. ¢, Parallel broadband excitation with fs pump and ps
Stokes for simultaneous detection of SRL. d, Detection limit of epr-SRS can be pushed to 250 nM with 1-ms time constant. e, Energy diagram for non-
resonant and electronic pre-resonant SRS (left). Up to 10° enhancements can be obtained for the vibrational transition rate. Raman cross-section increases
under electronic pre-resonant excitation with the approaching of electronic transition (right). f, epr-SRS imaging of ATTO740 immuno-labelled a-tubulin.
Scale bar, 10 um. g, Stimulated Raman excited fluorescence (SREF) achieves all-far-field single molecule vibrational imaging. Energy diagram of SREF and
representative single-molecule image of rhodamine 800 (Rh800; upper). Single-molecule Raman spectrum for Rh800 isotopologues (lower). h, Plasmon-
enhanced SRS (PESRS) to reach single-molecule sensitivity. Schematic illustration of plasmonic enhancement of adenine on gold nanostructure (upper).

Single-pixel PESRS spectra showing a pure ®N-adenine (*NA) single molecule (SM) event (1), a mix event (2) and a pure “N-adenine single molecule
event (lower). i, Volumetric SRS imaging based on a Raman-tailored tissue-clearing method. Imaging depth can be improved by tenfold with urea and
Triton treatment (left). Volumetric reconstruction of the hippocampus and white matter (right). Scale bar, 50 um. j, Stimulated Raman projection and
tomography based on Bessel beam for high-speed volumetric chemical imaging.

SRS detection sensitivity closely depends on the corresponding
excitation spectroscopy, which can be drastically enhanced by cou-
pling to electronic resonance or localized surface plasmon. While
most SRS imaging does not involve chromophores, electronic pre-
resonance SRS (epr-SRS) has been developed for light-absorbing
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chromophores to push the detection limit to sub-pM (~50 mol-
ecules in the focal volume) with 1 ms acquisition time (Fig. 2d),
while maintaining the sharp vibrational feature with high chemical
selectivity”. By carefully tuning the molecular absorptions of chro-
mophores close to, but not identical to, SRS excitation wavelength,
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epr-SRS can drastically improve the Raman scattering cross-section
by up to 10° times (Fig. 2e). For the first time, protein-specific
immuno-imaging of a-tubulin was demonstrated with high vibra-
tional contrast by epr-SRS (Fig. 2f).

Built on epr-SRS excitation of fluorescent dyes, even higher sen-
sitivity can be achieved by stimulated Raman-excited fluorescence
(SREF) microscopy™ (Fig. 2g). Through up-converting the epr-SRS-
excited vibrational population to electronic excited state for the
subsequent background-free fluorescence detection, this technique
combines the fine chemical specificity of vibrational transition with
the superb molecular sensitivity of fluorescence. This is the first
time that Raman spectroscopy and imaging are achieved at the ulti-
mate single-molecule level without any plasmonic enhancement.

Near-field plasmonic enhancement is also applied to enhance
nonlinear Raman signal*', which was first achieved in time-resolved
CARS microscopy to visualize the vibrational wave packet motion
of a single molecule*’. With ~10” signal enhancement, single-mol-
ecule sensitivity of adenine was recently demonstrated in plasmon-
enhanced SRS with a 10-ps acquisition time* (Fig. 2h), requiring
the use of gold nanostructures and de-noising algorithm.

Spatial resolution. Spatial resolution is another key parameter for
subcellular imaging. As a nonlinear imaging technique, SRS has
intrinsically optical sectioning capability and reaches the same
diffraction-limited resolution as in two-photon excited fluores-
cence microscopy, due to the quadratic dependence on the inten-
sity. Using near-infrared light for excitation (A; ~800-1064 nm),
the typical lateral resolution of SRS microscopy is ~300 nm and the
axial resolution is 1-2 pm. The spatial resolution can be improved
if a shorter excitation wavelength is applicable. By doubling the
frequency of the near-infrared laser to blue wavelength of around
450 nm for SRS excitation, a lateral resolution of ~130 nm (which is
still diffraction-limited) was demonstrated using a high numerical
aperture 1.49 objective*.

Achieving super-resolution Raman imaging with rich chemical
information is an exciting endeavor. Several super-resolution SRS
techniques have been proposed to break the diffraction limit by
adding a third laser beam to suppress SRS signal through either
saturation/depletion or competing SRS process”’, which are
inspired by the stimulated emission depletion (STED) fluorescence
microscopy*. An enhancement factor of ~2 in lateral resolution
can be obtained by using a doughnut-shaped decoherence beam
to achieve nonlinear signal suppression in SRS”. If an additional
laser beam is not available, saturated SRS microscopy has been
demonstrated to reach sub-diffraction resolution of ~250 nm, by
using virtual sinusoidal modulation to extract the second-harmonic
order of the SRS signal™.

Volumetric 3D imaging. Three-dimensional volumetric imaging
allows comprehensive investigation of structures and dynamics in
complex biological systems. With the near-infrared excitation wave-
length and confined probe volume, SRS microscopy has 3D section-
ing capability and deep imaging depth. The typical imaging depth
of SRS is 300-500 pm in less scattering samples, and < 100 pm in
highly scattering samples such as brain tissues, limited by the scat-
tering loss of excitation power and strong surface background.

To achieve volumetric SRS imaging with much greater depth,
urea and low-concentration Triton X-100 can be applied to reduce
refractive index mismatch and tissue scattering in a Raman-tailored
optical clearing technique®, which achieved more than tenfold
increase in imaging depth (~1 mm) in tumor and mouse brain
tissues (Fig. 2i). To increase volumetric imaging speed, Bessel
beam with extended depth of focus (in millimeters) was also
applied to generate stimulated Raman projection (SRP) through
a 2D lateral scan of the entire volume®, which can be combined
with sample rotation and tomography to reconstruct 3D structures
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(Fig. 2j) with identical resolution (~0.83 pm) in all directions in
tens of seconds.

Apparatus for in vivo imaging. Lastly, in vivo imaging with chemi-
cal specificity is valuable in the study of live animal models and
clinical settings, which require epi-detection configuration of SRS
microscopes by using a quarter-wave plate and polarizing beam-
splitter to collect the backward-going photons (Fig. 1b). To enhance
the signal collection in the epi-direction, a large-area ring-shaped
detector can be placed between the objective and the sample, which
collects up to 90% of the signal in the backward direction'. With
the special detector for epi-detected SRS, in vivo imaging with high
sensitivity has been demonstrated in living mice and humans'.
Besides, a fiber-delivered hand-held SRS microscope is also appli-
cable to achieve background-free in situ and in vivo chemical imag-
ing of brain tissues and live human skin®. Further miniaturization
will be desired.

Imaging probe development

SRS microscopy was originally developed as a label-free imaging
technique’. By targeting endogenous chemical bonds including
O-H, C-H, C=C, C=0, $S=0, O-P-0, amide and several ring-
breathing modes in the cellular fingerprint and high-frequency
regions (Fig. 3a), a variety of species have been successfully imaged
by label-free SRS microscopy''. This has produced a great body
of research works, such as visualizing total proteins®>*°, lipids™,
DNA, cholesterol*" and cell walls®-%* in cells, tissues and organ-
isms under both physiological and pathological conditions.

Yet, the development of an imaging modality relies on the com-
bination of physical instruments and imaging probes. Indeed, many
exciting advances in fluorescence microscopy are made possible by
innovations in imaging probes. In this regard, the popular label-free
paradigm has limitations, especially on specificity and sensitivity. To
bring chemistry innovations into the field, a variety of vibrational
probes have been designed for SRS imaging of biological systems,
representing an exciting direction of development. These probes
are mostly based on chemical bonds with characteristic vibrational
frequencies in the cell Raman-silent spectral window (1,800-2,700
cm’!, Fig. 3a), offering desirable detection specificity and sensitivity.
According to their sizes and applications, we divide them into three
categories including vibrational tags (< 1 nm) for small-molecule
imaging, Raman dye palettes (a few nm) for super-multiplexed
imaging, and Raman-active nanomaterials (> 10 nm) (Fig. 3b).

Bioorthogonal chemical imaging. Although many fluorescence
techniques are available for imaging biomacromolecules, such as
proteins and nucleic acids, they are not readily applicable for imag-
ing small biomolecules, which are key players in cell metabolism,
signaling and regulation. This is largely because fluorophores,
including fluorescent proteins and organic dyes, are much larger
than small-molecule targets and thus could alter their native dis-
tribution, activity and interactions in cells. Much smaller, light-
absorbing fluorophores do not exist, as determined by quantum
mechanics (the particle in a box model).

To circumvent this limitation, vibrational tags with a few
atoms—which exhibit a clear size advantage—including isotope-
based and triple-bond based tags, have been actively developed
for SRS imaging in the past decade. Besides reporting the spatial
distribution of the tagged biomolecules, the exogenous tags can
also reveal the metabolic turnover of labeled species in cells and
provide additional temporal information, which is largely absent
in label-free imaging of the steady-state. Therefore, SRS microscopy
coupled with vibrational tags has allowed dynamic visualization
of many small molecules in living systems with minimal pertur-
bation, which has emerged as a new field of bioorthogonal
chemical imaging®*®.
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Fig. 3 | Imaging probe development. a, Typical cell Raman spectrum with the cell spectral-silent window where no Raman peak from endogenous biomolecules
appears. b, lllustration of SRS imaging probes from small chemical bonds, to Raman dyes, to polymer dot, to coded beads. ¢, Chemical structures of small
biomolecules with deuterium isotope labels. d, Imaging incorporation of ds,-palmitic acid into lipid droplets and cell membrane. Scale bar, 5 um. e, Imaging
dss-cholesterol uptake, esterification and storage inside lipid droplets. CD, carbon-deuterium bond; CH, carbon-hydrogen bond. Scale bar, 10 um. f, Imaging of
newly synthesized proteins by d-amino acids. Scale bar, 10 um. g, D,O labeling as a global metabolic tracer for newly synthesized proteins, lipids and DNA in live
cells. Scale bar, 10 um. h, Chemical structures of small biomolecules with triple-bond tags. i, Imaging of newly synthesized proteins by alkyne-tagged methionine
analogue homopropargylglycine (HPG). Scale bar, 10 um. j. Imaging of choline metabolites in neuron by propargylcholine. Scale bar, 10 pm. k, Imaging glucose
uptake activity in live neurons by alkyne-tagged glucose analogue 3-OPG. Scale bar, 20 pm. I, Imaging of cholesterol storage in C. elegans with PhDY-cholesterol.
Scale bar, 10 um. m, Three-color imaging of EdU, EU and 17-ODYA with ®C-edited alkyne probes. Scale bar, 25 um. n, Schematic illustration of Raman dye
structures for super-multiplexed imaging. o, Carbow dye palette with 20 well-resolved Raman peaks. p, Live-cell 16-color SRS-fluorescence tandem imaging
with MARS and commercial dyes. q, Three-color Raman-active polymer dots by using monomers with small vibrational tags. r, Super-multiplexed barcoding by
combinatory encoding of Carbow probes in polystyrene beads. s, Live-cell labeling and identification by SRS imaging of Carbow-coded beads. Scale bar, 10 um.

Stable-isotope based vibrational tags. Stable isotopes, which are  biochemical property of the molecular target. The main stable-
often used in nuclear magnetic resonance spectroscopy and mass isotope label used for SRS imaging is deuterium, which doubles
spectrometry, are minimal labels and introduce little change to the  the mass of hydrogen and significantly modifies the vibrational
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frequency of associated chemical bonds for characteristic detec-
tion. For example, compared to C-H stretching at ~2,900 cm™, the
carbon-deuterium bond (C-D) has a distinct frequency of ~2,100
cm’ in the cell silent region. Deuterium labels have thus been
widely applied in SRS imaging of many species (Fig. 3c), including
drugs®, fatty acids®, amino acids®’, choline®, sterols® and glucose™.
Incorporation of fully deuterated d,,-palmitic acids to lipid droplets
was first visualized by SRS in live cells*® (Fig. 3d). Using d,g-choles-
terol produced from an engineered yeast strain, heterogeneous cho-
lesterol storage and esterification can be imaged in the lipid droplets
of cells® (Fig. 3e). Moreover, SRS imaging of deuterated amino acids
has achieved visualization of newly synthesized proteins in living
cells, tissues and organisms®”’"" (Fig. 3f).

To study cellular activity at a global level, deuterated water, D,0O,
has been applied as a universal and cost-effective source of deute-
rium label to visualize in situ metabolism of proteins, lipids and
DNA in cells, tissues and animals, by DO-SRS (ref. 7%; Fig. 3g). In
addition, glucose metabolism into biosynthesis can be traced using
d,-glucose and spectral tracing of deuterium isotopes (STRIDE)™.
Moreover, with distinct Raman spectra of C-D bonds in proteins,
lipids, DNA and glycogen, multiplexed imaging of biomass turn-
over can be monitored by both DO-SRS and STRIDE. In addition
to deuterium, carbon isotope *C-labeled phenylalanine was also
used to quantify protein synthesis and turnover dynamics by SRS
imaging of the phenyl-ring breathing mode”.

Triple-bond vibrational tags and their derivatives. Stable-isotope-
based vibrational tags have minimal sizes but relatively moderate
Raman intensity, and are suitable for high-abundant species. Triple
bonds, such as alkyne (C=C), diyne and nitrile (C=N), also have
sharp Raman peaks in the cell silent region and exhibit slightly
larger sizes than isotope labels, but have much stronger Raman sig-
nal (1 alkyne is equivalent to ~30 C-D bonds in peak intensity).
They were first utilized for spontaneous Raman microscopy’®”.
Unlike deuterated compounds, which are often commercially avail-
able, alkyne-tagged species usually require custom synthesis. As a
small modification, an alkyne tag can be rationally incorporated
to preserve the function of a target molecule. For SRS imaging of
low abundant species with high specificity and sensitivity, triple-
bond-based vibrational probes are particularly powerful, which has
largely benefitted from the established field of bioorthogonal chem-
istry (mainly alkyne-azide click chemistry)’*”.

A wide-range of small biomolecules have been visualized by
SRS in living cells and tissues using single alkyne tags*®, includ-
ing nucleosides, amino acids, choline, fatty acids, glycans® and
glucose™ (Fig. 3h). Homopropargylglycine (HPG) was developed
as a methionine analogue to image protein synthesis based on the
native translational machinery (Fig. 3i). Replacing a methyl group
with a propargyl group is another approach for alkyne labeling,
and propargylcholine can be used to visualize choline metabolism
(Fig. 3j). 3-O-propargyl glucose (3-OPG), which can be recognized
by glucose transporter, was developed to report glucose uptake
activity in living cells and tissues® (Fig. 3k). To further enhance the
Raman signal of vibrational probes while still maintaining the small
size, diyne tags with two conjugated triple bonds (Fig. 3h) were
applied for SRS imaging of cholesterol® and small-molecule drugs
such as ferrostatin®, and can map their intracellular distributions
and dynamics in live cells (Fig. 31).

In addition, SRS imaging of multiple species can be achieved
with alkyne tags. Given the vibrational frequency is inversely pro-
portional to the square root of the reduced mass of the chemical
bond, *C-edited alkyne tags were developed for three-color imag-
ing of DNA, RNA and lipids in living mammalian cells* (Fig. 3m).
Nitrile and isonitrile tags were also applied in SRS imaging of small
molecules, such as fungicide chlorothalonil®® (Fig. 3h) and bacterial
metabolites rhabduscin®, respectively.
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Super-multiplexed Raman dyes and their palettes. Simultaneously
visualizing a large number of molecules with high spatial and
temporal resolution will allow system-level interrogation of the
structure, function and dynamics of complex systems. Relying
on the excitation and emission of electronic states, fluorescence
spectra have broad linewidths (~50 nm) due to the ultrashort
dephasing time (in fs). Thus, fluorescence imaging is highly lim-
ited in multiplexed detection, allowing no more than 5-6 targets®.
This is often referred as the ‘color barrier. Unlike fluorescence,
Raman scattering probes the vibrational transition, which has a
much longer dephasing time (in ps), with about 50-100-times
narrower peak widths. Hence, in principle, Raman imaging can
achieve much higher multiplexing capability. Leveraging the
high sensitivity of SRS microscopy, super-multiplexed Raman dyes
have been developed recently, breaking the color barrier in fluo-
rescence and achieving direct imaging of tens of species in cells
and tissues®™?”.

Two sets of Raman dyes are available to greatly expand the color
palettes for super-multiplexed vibrational imaging (Fig. 3n-p).
By conjugating alkynes and nitriles to near-infrared-absorbing
xanthene, Manhattan Raman scattering (MARS) dyes achieved
14 well-resolved Raman peaks in the cell spectral-silent region®,
through changing the central atom (from O to C to Si) of xanthene,
expanding the ring size in two-dimensions, and isotopic editing of
alkynes and nitriles (Fig. 3n). Combined with the detection of six
C=C bonds in the fingerprint region of commercial dyes, and four
fluorescent channels, a total of 24 colors are accessible and were
demonstrated in 16-color imaging of live-cell mixtures (Fig. 3p).

Another palette of super-multiplexed Raman dyes was devel-
oped based on the polyyne scaffold®. Polyyne is a linear chain of
conjugated alkynes, which has sharp Raman peaks, large inten-
sity enhancement and natural frequency separation with increas-
ing lengths. Through the chain-length modulation, bond-selective
isotope labeling and end-group substitutions (Fig. 3n), 20 distinct
Raman colors were obtained in the cell-silent window, which were
termed the carbon rainbow (Carbow; Fig. 30). With a neutral scaf-
fold, Carbow probes are suitable for live-cell imaging with high
membrane permeability and little non-specific background, such as
in organelle-specific imaging. In addition, MARS dyes have superb
sensitivity, down to sub-pM, under epr-SRS excitation, which are
well suited for specific imaging of low-abundant molecules such as
protein receptors and transcription factors. Thus, with the advent
of MARS and Carbow palettes, super-multiplexed SRS microscopy
has great potential in high-dimensional cell imaging and profiling
to study complex biological systems.

Raman-active nanomaterials. Nanomaterials are widely used in
biological imaging for sorting, disease diagnostics and drug delivery
applications. Many nanomaterials have been developed, such as
quantum dots, metal nanostructures, rare-earth nanocrystals and
polymer nanoparticles. The hierarchical structures of nanopar-
ticles provide unique benefits, including enhanced signal, tunable
photophysics and versatile surface functionality, as well as physical
carriers for storing substances and information, such as drugs and
identities. Most contrasts in detecting nanomaterials are based on
luminescence, which are limited by photobleaching, self-quenching,
spectral crosstalk and low information content.

To overcome this, several Raman-active nanomaterials that are
based on metal-free organic polymers have been developed for SRS
imaging with high photostability, barcoding capacity and biocom-
patibility. Three-color Raman-active polymer dots (Fig. 3q) are
imaged by SRS through incorporating small vibrational tags onto
styrene monomers for mini-emulsion polymerization®, which
shows high stability, little cytotoxicity and fast endocytosis for live-
cell sorting. Targeting groups, such as aptamers and peptides, can be
further applied to achieve specific imaging of cell surface proteins
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in living cells, tumor tissues and mice, based on poly(methacrylate)
Raman beads™.

Moreover, super-multiplexed optical barcoding can be achieved
through combinatory encoding of Carbow probes in polystyrene
beads*® (Fig. 3r), which can generate roughly 3'°~60,000 distinct
spectral barcodes with little crosstalk for high-capacity cell label-
ing and rapid identification with SRS imaging (Fig. 3s). Thus, with
the high biocompatibility, synthetic robustness and barcoding
capability, Raman-active nanomaterials is useful for cell pheno-
typing in disease diagnostics and targeted drug delivery, as well as
high-throughput in vitro screening and analysis by SRS.

Selected applications in biology and medicine

SRS microscopy has been used to generate important insights in
many branches of biology. Here, we highlight applications in cell
biology, lipid biology, microbiology, tumor biology, neurobiology,
developmental biology and pharmaceuticals.

Cell biology. With both high spatial resolution and live-cell com-
patibility, SRS microscopy has been fruitful in studying cellular
compositions and metabolism, revealing DNA, RNA, protein and
glucose metabolism, and their turnover dynamics. As key genetic
materials, label-free SRS imaging of DNA has been applied to visu-
alize the chromosome dynamics at different stages of cell cycle®®
(Fig. 4a). Using ethynyl deoxyuridine (EdU), newly synthesized
DNA can be directly imaged by SRS as a cell proliferation and divi-
sion marker in tumor cells and neurons in brain tissues”*. RNA
turnover dynamics was studied by SRS imaging of ethynyl uridine
(EU), which showed a short lifetime of ~3 hours® (Fig. 4b).

Proteins are key players of cellular activity. Active sites of protein
synthesis and degradation were identified inside living cells, through
metabolic incorporation of deuterated amino acids®’!. Two-color
pulse-chase protein imaging by SRS further revealed the aggregate
formation dynamics of huntingtin proteins in live cells” (Fig. 4c).
As an energy source for most life, glucose metabolism is also
studied by SRS imaging. Alkyne-tagged glucose analogue (3-OPG)
was developed to visualize uptake activities in tumor cells and
neurons at the single-cell level®”. Using both *C-labeled 3-OPG
and d,-glucose, two-color imaging of glucose metabolism was
achieved, which can report both glucose uptake and incorporation
activities to show the heterogeneous patterns in glucose utilization
between normal and cancerous cells”.

Harnessing the power of super-multiplexed Carbow probes,
10-color imaging of subcellular structures has been demonstrated
in living HeLa cells (Fig. 4d), including mitochondria, lysosomes,
endoplasmic reticulum, lipid droplets, plasma membrane, Golgi
apparatus, microtubules, actins and nucleus®. This technical dem-
onstration can facilitate the study of inter-organelle contacts and
interactions under both physiological and diseased conditions.

Lipid biology. Lipids are one of the most abundant species in cells,
which include fatty acids, sterols and their derivatives. Lipid mol-
ecules, difficult to image by fluorescence due to their small sizes,
have a strong and characteristic Raman signal both in the label-free
approach and the bioorthogonal chemical imaging approach. As
such, applications of SRS microscopy to lipid research have been
particularly early and rich.

Lipid metabolism is closely associated to many metabolic dis-
eases, such as atherosclerosis, obesity and diabetes. Using hyper-
spectral SRS imaging of CH, and C=C-H bonds to quantify neutral
lipids, differential storages of triglycerides and cholesteryl esters in
lipid droplets were found in different cells, tissues and metabolic
disorders” (Fig. 4e). The incorporation of deuterated fatty acids
was tracked to show unsaturated fatty acids preferentially in lipid
droplets, while saturated fatty acids in both membrane structures
and lipid droplets with higher toxicity in hepatic cells. A deeper
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understanding of the lipotoxicity of saturated fatty acids was linked
to the biophysics of the endoplasmic reticulum (ER) membrane®.
By imaging the metabolism of deuterated fatty acids, saturated fatty
acids including palmitic acids were found to induce a phase sepa-
ration in the presumably fluidic ER membrane to form solid-like
domains (Fig. 4f), the first to be observed in living cells, and sug-
gested a role of the ER membrane phase in the onset of lipotoxicity.

In addition, lipid desaturation was found to be a metabolic marker
in ovarian cancer by SRS imaging. An increased level of unsatu-
rated lipids was observed in ovarian cancer stem cells (Fig. 4g),
which was mediated by lipid desaturases and regulated through
the NF-«B survival pathway®”. Inhibition of lipid desaturation was
shown to impair cancer stemness and suppress tumor formation
in vivo. Moreover, by combining SRS imaging of lipids and fluo-
rescent photo-highlighting, a high-throughput genetic screening
method was developed to study lipid metabolism in C. elegans and
identified 57 mutants with altered lipid phenotypes™. Four mutants
showed decreased lipid accumulation in somatic tissues (Fig. 4h),
which was caused by inactivation of the bone morphogenetic pro-
tein (BMP) signaling pathway, and accelerated lipid catabolism
through the induction of mitochondrial f-oxidation and fusion.

SRS imaging of sterol metabolism has also generated insights.
By label-free SRS imaging of cholesterol ring vibration, high accu-
mulation of cholesteryl ester was observed in advanced human
prostate cancer tissues, induced by the loss of tumor suppressor
PTEN, activation of the PI3K-AKT pathway and enhanced uptake
of lipoproteins®. Inhibition of cholesterol esterification was able
to impair cancer aggressiveness. SRS imaging of phenyl-diyne-
tagged cholesterol, an analogue with a stronger Raman signal, was
applied to monitor cholesterol transport from lysosomes to lipid
droplets in a cellular model of Niemann-Pick type C disease with
2-hydroxypropyl-p-cyclodextrin treatment®.

Desmosterol was an important intermediate of cholesterol bio-
synthesis involved in the hepatitis C virus (HCV) replication dur-
ing cell infection. SRS imaging of d6-desmosterol showed that they
accumulated in lipid droplets closely associated with the viral NS5A
protein®, suggesting a direct effect on HCV replication. Squalene,
another cholesterol precursor, was visualized by SRS to accumulate
in the lipid droplets of cholesterol auxotrophic lymphoma cells*®
(Fig. 4i), as a result of the lack of squalene monooxygenase expres-
sion. Squalene accumulation was shown to protect cancer cells
from ferroptotic cell death and provide a growth advantage under
oxidative stress.

Microbiology. Microbiology has gained increasing attention due to
its important roles in human gut microbiota, antibiotic resistance
and biomaterials, such as biofuels. Rhabduscin, a metabolite pro-
duced by Gram-negative bacteria, was visualized by SRS to localize
on the bacterial cell surface®, where it could inhibit melanin-pro-
ducing enzymes in insects as a possible mechanism to combat the
host defense system. Label-free video-rate SRS imaging of Euglena
gracilis was also used to map the intracellular metabolite distribu-
tions under different culture conditions'. Significant metabolic
heterogeneity was observed in the live microalgae cultured under
nitrogen-deficiency stress, with a reduced amount of chlorophyll,
and increased accumulation of paramylon and lipids (Fig. 4j).

SRS imaging has also been applied to study antibiotic responses
in bacterial biofilms, which cause drug-resistant infections in clin-
ics. By tagging antibiotic vancomycin with an aryl-alkyne tag, SRS
imaging can quantitatively monitor its penetration kinetics into bio-
films, which showed a non-uniform diffusion with shallow depth
due to preferential binding to the bacterial cells rather than the
extracellular matrix”. This provides a way to study the pharmaco-
kinetics of antibiotic treatments in biofilms.

Moreover, SRS imaging has provided insights into the antibiotic
tolerance and metabolic heterogeneity of Pseudomonas aeruginosa
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reveals two distinct regions of metabolic activity.

biofilms, which are a major cause of chronic lung infections in cys-
tic fibrosis patients. Through SRS imaging of D,O incorporation,
deep regions of active metabolism were observed for the first time
in biofilms grown on glucose media® (Fig. 4k). In particular, the
metabolic activity in the hypoxic region was linked to the small
metabolites phenazines and Cco terminal oxidases, which support
reduction—oxidation balancing in the oxygen-depleted environment
and promote biofilm tolerance to antibiotics such as ciprofloxacin.

Tumor biology. Tumors are known to have unregulated prolifera-
tion with abnormal metabolism. Tumor heterogeneity further con-
tributes to complications such as metastasis and cancer-therapy
resistance. Studying tumor heterogeneity will allow a better under-
standing of the cause and progression of tumors for more effective
diagnostics and treatments. SRS imaging has been applied to early
characterization of tumors, especially in visualizing tumor bound-
aries and heterogeneity™.

SRS imaging of intrinsic protein CH, and lipid CH, vibrations
was first established as a label-free approach for in situ differen-
tiation of tumor and healthy tissues in mouse models and human
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tissues of glioblastoma (Fig. 5a), and showed a high correlation
with standard hematoxylin and eosin (H&E) staining results™®.
Intraoperative SRS imaging of fresh human brain tumor tissues
was also achieved using a portable fiber-laser-based microscope,
which revealed key structural heterogeneity in gliomas of different
types (Fig. 5b). Moreover, machine-learning approaches were
developed to classify brain tumor subtypes based on SRS images,
with high accuracy'®.

Tumor metabolism was also studied by SRS imaging of vibra-
tional probes. By imaging the metabolic incorporation of deuter-
ated species, increased lipid synthesis was observed in the invasion
front of breast cancer cell spheroids and infiltrating tumor cells in
a mouse xenograft of glioblastoma®. The enhanced lipid incorpo-
ration was likely due to the epithelial-to-mesenchymal transition,
which showed higher accumulation of lipid droplets in mesenchy-
mal cells with bioorthogonal chemical imaging'®'. Furthermore,
SRS imaging of protein and lipid synthesis using a D,O probe can
clearly visualize tumor boundaries and heterogeneity in a mouse
xenograft of colon tumors™ (Fig. 5¢), which was difficult to distin-
guish using the label-free approach.
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d, Direct imaging of local acetylcholine by SRS indicates a strong concentration decrease after electrical excitation at the neuromuscular junction of a frog
cutaneous pectoris muscle. e, Single action potential can be captured by label-free SRS imaging on a patched neuron. Scale bar, 20 um. f, Long-term in vivo
imaging of peripheral nerve degeneration in ALS mouse models with SRS. Significant amounts of lipid ovoids were observed at early time points. Scale
bar, 10 um. g, Pulse-chase super-multiplexed SRS imaging in neuronal system under proteasomal stress. Protein aggregates are mostly found in astrocytes
under proteasomal stress. Scale bar, 10 um. h, Myelination development in pup mice visualized by STRIDE-SRS. M, molecular layer; G, granule cell layer;
W, white matter. i, SRS imaging of active pharmaceutical ingredient (API) and excipients within tablets. Scale bar, 200 um. j, SRS imaging of tyrosine
kinase inhibitors. Quantifications of imatinib and chloroquine intensity indicate that chloroquine treatment reduces the trapping of imatinib in lysosomes.
k, SRS imaging of subcellular distribution of ferrostatin-1 with a diyne tag which shows accumulation in ER, lysosomes and mitochondria. Scale bar, 10 um.

Neurobiology. The nervous system plays several key roles in learning,
memory, motion and behavior. The study of complex nervous systems
in both physiological and degenerative states will help develop a holis-
tic picture of neural functions and uncover the reasons behind neural
disorders, where advanced imaging techniques are in great need.
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SRS microscopy has also been applied to label-free imaging of
neurotransmitters and membrane potentials. Using frequency-
modulated spectral-focusing SRS, and the intrinsic C-N vibrations
of choline, the local concentration of acetylcholine was directly
determined to be ~10 mM at the neuromuscular junction of frog
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cutaneous pectoris muscle'” (Fig. 5d). By label-free SRS imaging
of a protein CH, Fermi resonance peak, puff-induced depolar-
izations of multiple neurons were visualized in live mouse brain
tissues and single action potentials were detected in patched
neurons'” (Fig. 5e).

SRS microscopy has been further applied in studying brain
pathologies, such as myelin degeneration in amyotrophic lateral
sclerosis (ALS)'"* and amyloid plaques in Alzheimer’s disease'®.
Long-term SRS imaging of peripheral nerve degeneration showed
the formation of lipid-rich ovoids at early time points in living ALS
mouse models (Fig. 5f). Drug effects can also be monitored, facili-
tating early detection of ALS and potential interventions. Multicolor
SRS microscopy also demonstrated label-free imaging of amyloid
plaques in Alzheimer’s disease. By utilizing the frequency shift of
protein amide I band in B-sheet structures, misfolded amyloid-f
plaques were visualized in both frozen and fresh brain tissues from
an APP:PS1 mouse model of Alzheimer’s disease, which was con-
sistent with conventional immunohistochemistry and thioflavin S
staining results.

Using alkyne and deuterium tags, bioorthogonal chemical imag-
ing of metabolic activities was also achieved in live rat brain tissues,
showing heterogeneous patterns of DNA, RNA, protein and lipid
metabolisms. In particular, increased lipid synthesis was observed
in the hilus region of the hippocampus after mechanical stretch-
ing in a traumatic brain injury model®. The development of super-
multiplexed MARS probes further allowed 8-color imaging of
complex metabolic activity in neuronal co-culture and mouse brain
tissues® (Fig. 5g). Cell-type-dependent metabolic heterogeneities
were revealed, with astrocytes forming more proteome inclusions
than neurons under proteasomal stress, suggesting an active role by
sequestering misfolded protein species.

Developmental biology. Organism developments involve active
metabolism with enhanced biosynthesis. Several metabolic probes,
such as deuterated amino acids, dy-choline, D,O and d,-glucose,
have been applied in studying protein and lipid metabolism in the
developments of multiple organisms, including Caenorhabditis
elegans, zebrafish and mice®®”' . In C. elegans, label-free imaging
of retinoids showed a previously unknown cytoplasmic reservoir,
which increased with developmental time and was shown to regu-
late fat storage, especially in dauer larvae'®.

To probe development more generally, D,O was applied to study
lipid synthesis in germline development of C. elegans, and myelina-
tion dynamics in developing mouse brain”. Zebrafish embryogen-
esis was also visualized with DO-SRS, which showed a much faster
rate of protein synthesis than lipogenesis during embryonic cell
division. Combined with lineage-specific fluorescent markers, met-
abolic activities of particular cell types can be imaged during lineage
progression. Furthermore, STRIDE-SRS using d,-glucose revealed
strong patterns of lipid turnover in the cerebellum of young mouse
brain (Fig. 5h), which was correlated with the expression of myelin
basic proteins during the myelination process’.

Pharmaceuticals. Visualizing pharmaceutical compounds in the
regulation of cellular activity in living systems is important to under-
stand their mechanism of action. SRS microscopy has been applied
for drug imaging using both a label-free approach and small vibra-
tional tags'”’. The imaging result can contribute to the understand-
ing of the structure-distribution-function relationship, which can
in turn facilitate more effective drug discovery and development.
With intrinsically strong vibrational contrasts, SRS has achieved
imaging of drug formulation in tablets and implants'*>'%, agro-
chemical compounds in antifungal treatments of plants®**'', and
dermal drug delivery””®, as well as subcellular distribution of
small-molecule drugs''’. Epi-SRS microscopy was applied to exam-
ine amlodipine besylate tablets from six commercial sources, and
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showed different compositions and distribution of excipients'®
(Fig. 5i)—information that could be used in formulation screening
for optimized drug release. With hyperspectral SRS microscopy,
several tyrosine kinase inhibitors, including imatinib, nilotinib and
GNF-2/5, were imaged quantitatively inside living cells'!. Both
imatinib and nilotinib were found to be strongly enriched in the
lysosomes, and cotreatment of chloroquine was shown to reduce the
lysosomal trapping of imatinib by more than tenfold (Fig. 5j), which
could contribute to the enhanced drug efficacy.

For drugs without characteristic vibrational features, small
Raman tags were applied for SRS imaging with improved sensitivity
and specificity. Deuterium labels were applied to visualize the
penetration of ibuprofen® and several pharmaceutically relevant
solvents'? in skin and nails, respectively. Triple-bond tags have
also been applied to study the intracellular distribution and
dynamics of small molecule inhibitors, including anisomycin'",
antimycins'** and ferrostatins®. Diyne-tagged ferrostatin-1, a
potent inhibitor of ferroptosis, was imaged by SRS in live cells and
shown to mainly accumulate in lysosomes, mitochondria and ER
(Fig. 5k). Functional experiments using lysosomal targeting and
mitophagy showed that neither organelle was the primary site for
ferroptosis protection, suggesting the ER as a likely site for ferro-
statin action.

Outlook
The field of SRS microscopy has grown tremendously in the last
ten years, and attracted increasingly more attention from the life
sciences community. Continuing developments in spectroscopy
and microscopy will render SRS an even more powerful bio-imag-
ing platform in the foreseeable future. Further improvements in
the detection sensitivity and spatial resolution of SRS are likely to
be important moving forward. A promising direction is to com-
bine the increased hyperpolarizability of conjugated systems with
electronic-resonance, such as including the structure of conjugated
alkynes in chromophores. In addition to signal enhancement, the
electronic-resonance condition can be further modulated, spatially
or temporally, to break the diffraction limit. Moreover, as a highly
efficient way to excite molecular vibration, SRS can be coupled to
other physical processes and observables, such as photothermal
microscopy''>'', optical coherence tomography'", photo-induced
force microscopy'*® and atomic force microscopy'”, which could
offer benefits in terms of sensitivity, penetration or resolution. For
example, SRS has been successfully coupled to fluorescence in SREF
microscopy to achieve vibrational imaging of single molecules®.
Imaging probes serve as critical mediators in light-matter inter-
actions that not only report the spatiotemporal information of the
target of interest but also provide new functions, such as pseudo-
coloring and sensing. While super-multiplexed SRS imaging with
24 colors has been achieved with MARS and Carbow dyes**, more
vibrational colors are accessible by utilizing the entire cell-silent
window, through novel chemical bond engineering or applying
additional criteria to resolve vibrational frequency. For example,
both vibrational and electronic resonances can be harnessed to
define a ‘color’ in a two-dimensional spectrum. In addition, vibra-
tional sensors can be developed by incorporating moieties that
are responsive to external physical and chemical stimuli, includ-
ing light, voltage and reactive species in cells. In fact, a ratiometric
Raman sensor has been recently reported to use SRS to detect H,S in
the mitochondria of living cells'®. Furthermore, genetically encod-
able Raman probes, which will allow in situ protein and nucleic acid
imaging in living cells with genetic specificity, are greatly needed.
A recent report demonstrated SRS imaging of histone proteins in
fixed cells, albeit with limited sensitivity, by using an alkyne-bear-
ing unnatural amino acid and genetic code expansion approach'’'.
Another direction is to engineer genetically encoded proteins and
aptamers that can bind to vibrational probes for in situ imaging.

839


http://www.nature.com/naturemethods

PERSPECTIVE

NATURE METHODS

Lastly, in the era of systems biology, bridging the rich chemical

information in broadband Raman spectrum with genomics, tran-
scriptomics and proteomics, as well as metabolomics, could allow
SRS to achieve large-scale cell profiling in a top-down and cost-
effective way. High-throughput high-speed Raman flow cytometry
has been demonstrated to reach a throughput of ~2,000 cells s
(refs. *»'2212%), The massive amount of Raman data also requires the
development of advanced statistical tools, such as dimension reduc-
tion and correlation, which can benefit from the field of machine
learning. Looking forward, we envision that advanced SRS imaging
and analysis will be a major force in future biological discovery.
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