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Bene¯ting from the developments of advanced optical microscopy techniques, the mysteries of
biological functions at the cellular and subcellular levels have been continuously revealed.
Stimulated Raman scattering (SRS) microscopy is a rapidly growing technique that has attracted
broad attentions and become a powerful tool for biology and biomedicine, largely thanks to its
chemical speci¯city, high sensitivity and fast image speed. This review paper introduces the
principles of SRS, discusses the technical developments and implementations of SRS microscopy,
then highlights and summarizes its applications on biological cellular machinery and ¯nally
shares our visions of potential breakthroughs in the future.

Keywords: Nonlinear optical microscopy; vibrational spectral imaging; coherent Raman scat-
tering; biological cells.

1. Introduction

After the discovery of cell via a home-built optical
microscope by Hooke in 1665,1 the unseen mystery
of microscopic world has been uncovered. Since
then, cell as the basic unit for a living organism has
greatly extended our understandings of biology,
especially after the foundation of the cell theory.2–4

Meanwhile, the symbiotic optical microscopy has

been improved signi¯cantly. Historically, the visu-
alization of specimen via Hooke's microscope was
simple with two lenses but accompanied by non-
negligible aberration. One eventful advance to cor-
rect aberration was promoted by Lister in 1830 by
developing the achromatic objective.5 Later, mod-
ern optical microscope with spatial resolution down
to 0.2�m was manufactured by Carl Zeiss, Ernst
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Abbe and Otto Schott in 1857 with the advent of
\Apochromat".6 Notably, Abbe was the ¯rst to
theoretically advance microscopy.7 To enhance the
image contrast, di®erent microscopies were devel-
oped independently, e.g., polarized light microsco-
py, phase contrast microscopy, di®erential
interference contrast microscopy and so on. A
milestone for modern biological investigation was
the invention of optical °uorescence microscopy,8

especially after the discovery of dichromatic beam-
splitting plate and the foundation of immuno°uo-
rescence by Coons and Kaplan in 1950.9 Motivated
by the need to image thick specimen nondestruc-
tively, confocal microscopy was introduced by
Minsky in 1957.10 Actually, the ultimate goal for
microscopists and biologists is to realize \live ima-
ging" noninvasively. Even though modern °uores-
cence microscopy can solve many issues on life
science thanks to its high speci¯city and sensitivity
with the help of °uorescent probes, external labeling
is an inevitable disadvantage of this technique.
After the advent of laser, the concomitant nonlinear
optical microscopy (NLOM) can avoid external la-
beling while showing unprecedented capability for
high-spatial-resolution imaging.11,12 NLOM deci-
phers the nonlinearity between the laser intensity
and the irradiated specimen, thus only occurs in a
con¯ned region in the focal volume.

Among various NLOMs, coherent Raman scat-
tering (CRS) microscopy stands out due to its ex-
cellent chemical speci¯city and high imaging
speed.13–15 As a nonlinear Raman technique, CRS
employs intrinsic molecular vibrational ¯ngerprints
of the investigated targets as imaging contrast and
enhances the weak spontaneous Raman signal by
several orders of magnitudes.13,16,17 CRS micro-
scopy is often considered as a spectral imaging
modality. Compared with another vibrational
spectral imaging technique for biomolecular analy-
sis — infrared (IR) microscopy,18–22 CRS micros-
copy has several advantages: ¯rst, CRS avoids
water interference, which is critical for living sys-
tems; second, CRS o®ers higher spatial resolution at
submicrometer scale with the use of visible/near-
infrared wavelength, allowing chemical imaging of
single cells.23 Generally speaking, CRS microscopy
includes coherent anti-Stokes Raman scattering
(CARS) microscopy and stimulated Raman scat-
tering (SRS) microscopy, with distinct nonlinear
optical properties. CARS was ¯rst reported by

Duncan et al. in 198224 and has attracted worldwide
attention after the improvement by Xie and co-
workers in 1999.25 Despite its gradual developments
during the last two decades, CARS has three major
limitations: nonresonant background issue, spectral
distortion relative to spontaneous Raman spectra
and nonlinear relationship between CARS signal
and molecular concentration. To overcome the
aforementioned shortcomings of CARS, megahertz
(MHz)-rate modulated SRS was exploited in Xie's
lab 10 years after their implementation of CARS.26

Similar idea of SRS microscopy was also proposed
by another two groups independently nearly at the
same time in 2009.27,28 Over the past 10 years,
many e®orts have been contributed to burgeon the
blossoming of SRS, including, but not limited to,
technical improvements (e.g., sensitivity,29–34

speed,35–43 multi-/super-multiplex capability,44–49

spatial resolution,50–60 speci¯city61–65 and appara-
tus miniaturization66,67), biomedical applications
(label-free tissue histopathology,68–76 biological
metabolism,61,77–82 neurodegenerative diseases,83,84

microbiology37,85–90 and pharmacology91–97) and
material sciences applications.98–103

SRS microscopy has shown unique capabilities
for imaging endogenous biochemical components in
biological systems, especially for single cells at mi-
crometer scale. Living cells are essential units
playing vital roles and presenting high heterogene-
ity on their internal structures, as well as external
microenvironments. The better characterization of
cellular systems will undoubtedly deepen our
knowledge in the ¯eld. In this review, we have fo-
cused on and summarized the SRS microscopy
studies of biological cells.

2. Mechanisms of Spontaneous and

Stimulated Raman Scattering

2.1. Spontaneous Raman scattering

Raman scattering was ¯rst reported by Raman and
Krishnan in 1928,104 in which the inelastic interac-
tions between incident photons and target molecu-
lar vibrations were probed [Fig. 1(a)]. Raman e®ect
can be understood by an induced molecular polari-
zation �ðtÞ which occurs through the interaction
between an incident ¯eld EinðtÞ ¼ E0 cosð!0tÞ and a
molecule with varied polarizability �ðqÞ.105–107 �ðqÞ
depends on its molecular coordinate q. The
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polarizability is typically expanded into Taylor se-
ries near the equilibrium position,

�ðqÞ ¼ �0 þ
@�

@q

� � ����
q¼0

qðtÞ þ � � � : ð1Þ

The nuclear oscillation at resonant frequency !R

can be approximated by a harmonic oscillation,
resulting in

qðtÞ ¼ q0 cosð!RtÞ: ð2Þ
Thus, the yielded induced molecular polarization is
delineated as

�ðtÞ ¼ �ðqÞEinðtÞ

¼ �0E0 cosð!0tÞ þ
1

2

@�

@q

� � ����
q¼0

� q0E0 cosð!0 � !RÞt

þ 1

2

@�

@q

� � ����
q¼0

q0E0 cosð!0 þ !RÞt: ð3Þ

From the above description, the induced polariza-
tion plays a role as the source of scattered radiation,
resulting in three di®erent frequencies: the same
frequency !0 as the incident ¯eld known as elastic

Rayleigh scattering, the di®erence frequency
!0 � !R named as Stokes and the sum frequency
!0 þ !R called anti-Stokes, and the latter two with
new frequencies result in inelastic Raman scatter-
ing. It is clear that \Raman-active" modes occur
only when ð@�@q Þ0 6¼ 0. According to Boltzmann dis-
tribution, Stokes scattering is much stronger than
anti-Stokes scattering. Notably, at room tempera-
ture, the scattered Stokes Raman intensity can be
expressed as

IStokes ¼ constant�NI0ð!0 � !RÞ4
@�

@q

� � ����
q¼0

� �
2

;

ð4Þ
where \constant" denotes a constant value, N
indicates the number of molecules and I0 speci¯es
the incident light intensity.106,108

2.2. Stimulated Raman scattering

Even though hitherto spontaneous Raman scatter-
ing is a common analytical technique for biomedical
applications,20,107,109,110 it usually occurs approxi-
mately once in 107 photon–molecule interactions.107

Note: PD: Photodiode and PBS: polarization beam splitter.

Fig. 1. Principle of SRS microscopy. (a) Energy diagram for SRS. (b) Linear dependence of SRL on concentrations of DMSO at
2915 cm�1. (c) Detection schemes for SRL and SRG, Stokes is modulated at MHz. (d) Implementation of SRL microscope with both
forward and EPI detection.
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Such weak inherent signal cannot meet the need of
high-speed biological imaging. One modality to
overcome the low-signal limitation is to utilize
nonlinear coherent Raman scattering e®ect, such as
CARS and SRS. For CRS to occur, two beams co-
incide on the molecules, one supplied as the pump
beam !p, and the other is the Stokes beam !S . In
the presence of two incoming lasers, the nuclear
displacement can be modeled as a damped harmonic
oscillation driven by the beat of the pump and
Stokes waves. When the beat frequency � ¼
!p � !S resonates with the target molecular vibra-
tional mode !R, the Raman signal will be coherently
ampli¯ed.16,17,105,111 In this paper, we focus on the
nascent SRS microscopy, while CARS microscopy
can be referred to in published reviews.112–115

In SRS, the total incident ¯eld is

EinðtÞ ¼ EpðtÞ þESðtÞ; ð5Þ
and the total induced polarization is given by

pðtÞ ¼ N�ðqÞEinðtÞ ¼ N �0 þ
@�

@q

� � ����
q¼0

qðtÞ
� �

� fEpðtÞ þESðtÞg: ð6Þ

The total induced polarization includes four distinct
components: coherent Stokes Raman: !CS ¼
2!S � !p, coherent anti-Stokes Raman:
!AS ¼ 2!p � !S, stimulated Raman loss (SRL):
!SRL ¼ !p and stimulated Raman gain (SRG):
!SRG ¼ !S. Thereby, the intensity of the pump
beam Ip experiences a loss �Ip, and the intensity of
the Stokes beam IS experiences a gain �IS. Hence,
SRS signal is detected as a relative intensity
change of the incident laser [�I

I � 10�3–10�7, see
Fig. 1(b)].116 For example, the induced polarization
at !SRL is given by

pð!SRLÞ ¼ 6"0�
ð3Þ
R ð�ÞEpðtÞjESðtÞj2; ð7Þ

where "0 is the vacuum permittivity, and �
ð3Þ
R is the

third-order nonlinear susceptibility, which is
expressed as

�
ð3Þ
R ð�Þ ¼ N

6m"0

@�

@q

� � ����
q¼0

� �
2 1

!2
R � �2 � 2i��

;

ð8Þ
where m denotes the reduced mass of the nuclear
oscillator, � is the damping constant of the damped
harmonic oscillator.

The intensity of SRL is given by

SSRL / �N jEpðtÞj2jESðtÞj2Imf� ð3Þ
R ð�Þg

/ �N�RamanIpIS; ð9Þ
where �Raman represents the Raman cross-section.
From Eq. (9), it is obvious that SRS intensity is
linearly dependent on molecular concentration
[Fig. 1(c)], which enables SRS to be a powerful tool
for quantitative chemical analysis.

3. SRS Microscope Implementation

Figure 1(d) shows a typical SRS con¯guration with
SRL detection. A dual-output pulsed OPO laser
serves as the source, often the pump pulse is tunable
(690–1300 nm) whereas the Stokes pulse at 1040 nm
is modulated at MHz either via an electro-optic
modulator (EOM) or via an acousto-optic modula-
tor (AOM). The two pulses coincide temporally and
spatially before guiding into a laser scanning mi-
croscope. Then the transmitted pump pulse is
detected by a large-area silicon photodiode (PD)
after ¯ltering out the Stokes pulse. The output of
PD detector is directed to a lock-in ampli¯er (LIA)
for SRL signal demodulation. Actually, one can
modulate the pump pulse then detect and demod-
ulate SRG, but practically SRL detection is more
favored than SRG detection since silicon PD
responses weakly at the Stokes wavelengths
(1040 nm or 1064 nm). The determination of studied
vibrational Raman shift can be realized in many
ways, e.g., by the tuning of a narrowband picosec-
ond (ps) laser, or alternatively using spectral
focusing approach for femtosecond (fs) pulses.

4. Technical Developments

4.1. Imaging speed

SRS enhances Raman signal by a factor of
� 103–105,116,117 making the imaging of live cells in
second time scale possible. A typical acquisition
time for SRS imaging with 2-�s pixel dwell time for
a ¯eld of view with 512� 512 pixels is about 1 s.
With more advanced LIA and resonant galvanom-
eter mirror, video-rate SRS imaging has been
reported with 30–110 frames per second.35–37 One
advantage of SRS microscopy is the chemical
mapping capability, which requires SRS spectral
imaging within the target Raman frequency range.
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Many e®orts have been made to speed up multi-
color/hyperspectral SRS microscopy, including se-
quential and parallel schemes [Fig. 2(a)]. Sequential
wavelength tuning can be realized by wavelength
sweeping on two synchronized narrowband pico-
second lasers,118,119 pulse shaping on a broadband
femtosecond laser120,121 or spectral focusing method
on two broadband femtosecond lasers.122–125 Se-
quential tuning modalities often demand simple
instrumentation but take quite a long time. Among
them, spectral focusing is getting more attention
since it is relatively faster and more reproducible,
the broadband femtosecond pump and Stokes pul-
ses are chirped into picosecond by grating stretchers
or glass rods, the two stretched pulses are time-
dependent therefore the vibrational transitions can

be chosen by changing the temporal \delay" be-
tween the two chirped pulses. A resonant mirror can
rapidly adjust the time delay between the two
chirped lasers and one can collect a 200-cm�1 SRS
spectrum in 83�s.126 In fact, spectral resolution in
spectral focusing implementation (�10–35 cm�1) is
mostly lower than a commercial picosecond laser
(�6 cm�1).117 Parallel SRS imaging can be
accomplished by broadband excitation via the
combination of ps and fs lasers which is detected by
multi-channel PD array either with a lock-in am-
pli¯er41,127 or in a lock-in-free manner.42,128 To
simplify the complexity of common parallel SRS
modality, concurrent two-channel SRS imaging at 8
frames per second has been performed utilizing
engineered pulse and dual-phase lock-in detection.39

Fig. 2. Technical advances. (a) Multi-mode excitation schemes. Figure adapted from Ref. 116. (b) All-far-¯eld single-molecule
vibrational imaging achieved by SREF spectroscopy. Upper: Energy diagram of SREF and a representative single-molecule image of
rhodamine 800 (Rh800). Lower: Single-molecule Raman spectrum for Rh800 isotopologs. Figure adapted from Ref. 116. (c) Three-
color Raman-active polymer dots by using monomers with small vibrational tags. Figure adapted from Ref. 46.
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4.2. Detection sensitivity

Note that originally SRS is a label-free technique
and is far from the high speci¯city and sensitivity
achieved by °uorescence microscopy. In most cases,
the detectability of SRS is in the �M–mM range.
Theoretically, the detection sensitivity can be close
to the shot noise limit bene¯ting from MHz modu-
lation and lock-in detection modality.13 To push the
limit of detection sensitivity, di®erent schemes have
been developed, including the employment of elec-
tronic resonance [Fig. 2(b)] and the development of
Raman tags [Fig. 2(c)]. By tuning the absorption of
chromophores close to SRS excitation, electronic
pre-resonance SRS (epr-SRS) can enhance the
Raman scattering cross-section 105 times higher
and push the detection limit down to sub-�M.45

Further, stimulated Raman-excited °uorescence
(SREF) spectroscopy can achieve single-molecule
detection [Fig. 2(b)] by up-converting the SRS-
excited vibrational state to electronic °uorescence
state followed by °uorescence detection.32 Other-
wise, single-molecule detection can be realized by
plasmon-enhanced SRS (PESRS) combining the use
of gold nanostructures and de-noising algorithm.33

Moreover, the sensitivity and speci¯city can be
boosted by the use of Raman tags which mostly
locate on the cell Raman-silent region (1800–
2700 cm�1). Raman probes contain triple
bonds,62,63,80,85,97,129–133 isotopes,61,64,65,79,82,134–136

Raman dye palettes44,45 and Raman-active nano-
materials.46–49 They exhibit smaller size advantage
than °uorescent probes, which makes them highly
promising for small-molecule targets. Recently, the
usage of squeezed light to break the shot noise
limit of SRS has been demonstrated, opening up
new possibilities of quantum-enhanced optical
imaging.137–139

4.3. Spatial resolution

As a nonlinear optical imaging technique, SRS
has intrinsic sectioning capability similar to two-
photon-excited °uorescence, approaching the dif-
fraction-limited resolution. Typically, when using
near-infrared excitation wavelength, the lateral
resolution is �300 nm and the axial resolution is
�1�m. The lateral spatial resolution can be im-
proved to �130 nm by adopting 450-nm excitation
wavelength with a high numerical aperture
objective (NA ¼ 1:49).50 Super-resolution SRS

modalities motivated by stimulated emission de-
pletion (STED) °uorescence microscopy have been
investigated to exceed the Abbe di®raction limita-
tion, which requires a third laser to suppress SRS
signal by saturation/depletion or competi-
tion.51,53,54 Spatial enhancement using doughnut-
shaped decoherence beam with high laser power52

and adopting STED-FM (frequency modulation)-
SREF with moderate laser power57 has been
reported. Additionally, inspired by RESOLFT,
super-resolution SRS can be realized by devising
photoswitchable Raman probes.58–60

5. Applications on Biological Cellular
Machinery

SRS microscopy has been shown as a powerful
video-rate bioimaging platform with spectroscopic
information. Here, we highlight its applications on
biological cellular machinery, including, but not
limited to, mammalian cellular components,
metabolisms and microbiology.

5.1. Imaging cellular components

The distribution of DNA inside mammalian cells
could be mapped based on its intrinsic high-wave-
number C–H ¯ngerprint, followed by real-time
recoding of the cell division dynamics and tracking
of cell proliferation in drug-induced mouse skin140

[Figs. 3(a) and 3(b)]. Aside from label-free SRS
imaging, alkyne tags o®er new perspective to track
DNA and RNA dynamics in cell division and pro-
liferation [Figs. 3(c) and 3(d)].62,131,141 Protein
synthesis was visualized by incubating live cells
with deuterium-labeled amino acid [Fig. 3(e)].61

Distribution of lipid droplets and the conversion of
retinol to retinoic acids were observed in single live
cells.42 Localization of d6-desmosterol in NS5A-
associated lipid droplets indicated a direct e®ect on
hepatitis C virus replication.142 Squalene was found
to accumulate in the lipid droplets of cholesterol
auxotrophic lymphoma cells, which helps in pro-
tecting cancer cells from ferroptotic cell death
[Fig. 3(f)].143 Visualization of deuterated fatty acids
administered to live cells pinpointed that oleic fatty
acids facilitate the conversion of palmitic fatty acid
into lipid bodies.135 Increased unsaturated lipids in
ovarian cancer stem cells revealed as a metabolic
marker for ovarian cancer, which was mediated by
lipid desaturases and regulated by NF-�B survival
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pathway.144 Unsaturated fatty acid was found to
prefer lipid storage whereas saturated fatty acid
was more likely to exhibit toxicity in cells which
incubated with palmitic and arachidonic acids

[Fig. 3(g)].145 Neutral lipid species between indi-
vidual lipid droplets in a cell was proved to show
heterogeneous incorporation by hyperspectral SRS
imaging of D38-cholesterol.65

Fig. 3. (Color online) Applications of SRS microscopy in cellular components. (a) Time-lapse label-free imaging of DNA in a HeLa
cell undergoing cell division with SRS. Figure adapted from Ref. 140. (b) SRS images of the TPA-treated mouse skin showing
increased numbers of the mitotic ¯gures (yellow arrowheads). Figure adapted from Ref. 140. (c) Time-lapse images of a dividing cell
incubated with 100-�MEdU. Figure adapted from Ref. 62. (d) Pulse-chase imaging of RNA turnover in HeLa cells incubated with 2-
mM EU for 12 h followed by EU-free medium. Figure adapted from Ref. 62. (e) Time-lapse SRS images of a live dividing HeLa cell
during a 25-min time course after 20-h incubation with deuterated all-amino-acid medium. Figure adapted from Ref. 61. (f) SRS
imaging revealing squalene accumulation in lipid droplets in anaplastic large-cell lymphoma (ALCL) cells. Figure adapted from
Ref. 143. (g) Di®erent distributions of neutral lipids in rat hepatic cells McA — cells visualized with hsSRS. R3015/2965 images
reveal predominant storage of cholesteryl esters in macrophage cells and triacylglycerols in hepatic cells. Figure adapted from
Ref. 145.

SRS microscopy on biological cellular machinery

2230010-7

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

02
3.

16
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 F

U
D

A
N

 U
N

IV
E

R
SI

T
Y

 o
n 

04
/0

3/
23

. R
e-

us
e 

an
d 

di
st

ri
bu

tio
n 

is
 s

tr
ic

tly
 n

ot
 p

er
m

itt
ed

, e
xc

ep
t f

or
 O

pe
n 

A
cc

es
s 

ar
tic

le
s.



5.2. Dynamics of cell metabolisms

The dynamics of protein synthesis and degradation
inside live cells were captured with the help of
deuterated amino acids or 13C-phenalalanine,79 the
aggregation dynamics of huntingtin proteins in live
cells was further revealed by two-color pulse-chase
imaging [Figs. 4(a)–4(c)].78 Striking heterogeneity
of lipid uptake dynamics in human macrophages
was observed when incubated with deuterated pal-
mitic acid.146 De novo lipogenesis in pancreatic
cancer cells was visualized directly by tracing the
deuterated glucose metabolism dynamics, which

occurs faster than in immortalized normal pancre-
atic epithelial cells [Fig. 4(d)].136 By tracking the
deuterated fatty acids metabolism, saturated fatty
acids were reported to form solid-like domains by
inducing a phase separation in the endoplasmic re-
ticulum membrane, thus leading to lipotoxicity
[Figs. 4(e) and 4(f)].77 Glucose uptake in tumor cells
and neurons was investigated by following the
alkyne-labeled glucose (3-OPG).80 Further, hetero-
geneous patterns for glucose uptake and incorpo-
ration between normal and cancer cells were
reported by two-color (13C-3-OPG and d7-glucose)
imaging of glucose metabolism [Fig. 4(g)].81 Various

Fig. 4. (Color online) Applications of SRS microscopy on cellular metabolisms. (a) Time-lapse SRS images of protein synthesis
dynamics in the same set of live HeLa cells with continuous incubation in optimized deuteration medium. Figure adapted from
Ref. 78. (b) Time-dependent SRS imaging of protein degradation in live HeLa cells. Figure adapted from Ref. 78. (c) Two-color
pulse-chase imaging of newly synthesized proteins that can be achieved by sequential labeling of group-II and group-I d-amino acids,
which shows the dynamic formation process of mutant huntingtin protein aggregate in HeLa cells. Figure adapted from Ref. 78.
(d) Monitoring de novo lipogenesis in PANC1 cells over time by SRS imaging at C–D and C–H vibrations. Inset of image at 72 h:
zoom-in image of marked area showing the donut-shaped newly synthesized LDs. Figure adapted from Ref. 136. (e) Line pro¯les of
C–D SRS image with overlapping layers of palmitate metabolites. Figure adapted from Ref. 77. (f) C–D SRS images of HeLa cell
sequentially treated with d-stearate (1 h), stearate (1.5 h) and d-stearate (0.5 h). Intensity pro¯les (blue) are measured across the
yellow lines in regions of interest and ¯tted with Gaussian function (gray-dashed). The estimated maximum di®usion coe±cient
(Dmax) is shown below (mean� SEM; n ¼ 21). Figure adapted from Ref. 77. (g) Two-color glucose metabolism imaging of di®erent
cell lines. Figure adapted from Ref. 81.
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metabolic activities of newly synthesized DNA,
protein, lipids and glycogen were visualized by
spectral tracing of d7-glucose metabolism.82 Phenyl-
diyne cholesterol was used to track cholesterol
transport from lysosomes to lipid droplets in a cel-
lular model of Niemann–Pick type-C disease with
HP�CD treatment.130 Choline metabolism at sin-
gle-cell level was traced by deuterated choline.64

5.3. Microbiology

Rhabduscin was found to locate at the bacterial cell

surface where it inhibits phenoloxidases as a potent

mechanism to combat host defense.85 The intracel-

lular metabolite distributions inside Euglena

gracilis under di®erent culture conditions were

video-recorded, where signi¯cant metabolic

Fig. 5. Applications of SRS microscopy on microbiology. (a) Label-free video-rate SRS imaging showing heterogeneous distri-
bution of metabolites in E. gracilis microalgae. Figure adapted from Ref. 37. (b) Left: Magni¯ed SRS images of the extracted
paramylon granules that were incubated under di®erent conditions. Representative granules (A: 12C-rich; B: 13C-localized; and C:
13C-rich) are indicated by arrows. Right: Plots of the 13C ratios of the corresponding granules against the ¯ve segmented regions.
Figure adapted from Ref. 86. (c) C–H frequency (2850-cm�1) SRS images of °uconazole-susceptible and °uconazole-resistant C.
albicans. Figure adapted from Ref. 88. (d) Upper: Time lapse of C–D component concentration map in vancomycin-susceptible
Enterococci (VSE) cultivated in glucose-d7 medium with the presence and absence of 20-�g/mL vancomycin. Lower: Quantitation
of C–D component intensity change. Error bars indicate standard deviation (SD, number of cells > 30). Figure adapted from
Ref. 89. (E) Time-lapse SRS imaging of P. aeruginosa after culture in D2O-containing medium. Figure adapted from Ref. 90.
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heterogeneity with reduced chlorophyll and in-
creased paramylon and lipids was observed under
nitrogen-de¯ciency stress condition [Fig. 5(a)].37

Further, the biosynthetic process of polysaccharide
granules in Euglena gracilis was tracked via 13C
isotope labeling, giving a hint to elucidate carbon
dynamics of storage organelles which could help to
enhance the production e±ciency of valuable com-
pounds and to screen highly photosynthetic strains
[Fig. 5(b)].86 Considering antibiotic responses, the
penetration kinetics of vancomycin into bacterial
bio¯lms was quantitatively monitored by staining
with aryl-alkyne.87 Cellular lipid concentration was
presented as a potential marker for antibiotic re-
sistance in Candida albicans, enabling rapid detec-
tion of antimicrobial susceptibility [Fig. 5(c)].88

Antibiotic susceptibility testing (AST) at single
bacterium level was determined by quantitatively
tracking the metabolic uptake of glucose-d7 in a
single live bacterium [Fig. 5(d)].89 Furthermore, fast
AST with the parameter single-cell metabolism in-
activation concentration (SC-MIC) in a time less
than 2.5 h from colony to results was reported,
which probed the D2O metabolic incorporation into
biomass in single bacterium and the metabolic re-
sponse to antibiotics. Demonstrations of the meta-
bolic activity and susceptibility in urine and whole
blood o®ered the opportunity for rapid single-cell
phenotypic AST towards clinical translation
[Fig. 5(e)].90

6. Conclusion

Since the birth of SRS microscopy, the ¯eld has
grown tremendously and presented signi¯cant con-
tributions to biological and biomedical researches,
including cellular biology, cancer biology, microbi-
ology, neurobiology, pharmaceuticals and so on.
Although SRS microscopy can be preferable to
°uorescence method in many aspects, it has its own
shortcomings and challenges. First, the signal in-
tensity of SRS is relatively low, a far cry from
°uorescence microscopy. Second, the powers used in
SRS are relatively high, which might cause photo-
damage on biological samples in long-term studies.
Third, higher imaging speed is required, especially
when balancing with spectroscopic information. In
spite of its pitfalls, with further developments SRS
is poised to continue paving its way to become a
more powerful and robust microscopy technique.
Miniatured SRS implementation can be promoted

by the development of new ¯ber laser sources and
analysis algorithms, e.g., highly compact, cost-ef-
fective and low-noise ¯ber laser sources and ma-
chine learning can help to translate SRS into
clinics.67,71,147 Imaging sensitivity and speci¯city
can be drastically improved by the development of
Raman tags with electronic resonance.32,148 Super-
resolution SRS could be promoted by breaking the
di®raction limit by a third laser51,53 or photo-
switchable Raman probes.58–60 By bridging spectral
information of SRS with -omics, such as genomics,
transcriptomics, proteomics and metabolomics,
large-scale cell pro¯ling can be realized. Looking in
the foreseeable future, we believe SRS microscopy
will continue its vital role in a myriad of biomedical
applications.
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