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Cancer cells dysregulate lipid metabolism to accelerate energy production and biomolecule
synthesis for rapid growth. Lipid metabolism is highly dynamic and intrinsically heterogeneous
at the single cell level. Although °uorescence microscopy has been commonly used for cancer
research, bulky °uorescent probes can hardly label small lipid molecules without perturbing
their biological activities. Such a challenge can be overcome by coherent Raman scattering
(CRS) microscopy, which is capable of chemically selective, highly sensitive, submicron reso-
lution and high-speed imaging of lipid molecules in single live cells without any labeling.
Recently developed hyperspectral and multiplex CRS microscopy enables quantitative map-
ping of various lipid metabolites in situ. Further incorporation of CRS microscopy with Raman
tags greatly increases molecular selectivity based on the distinct Raman peaks well separated
from the endogenous cellular background. Owing to these unique advantages, CRS microscopy
sheds new insights into the role of lipid metabolism in cancer development and progression.
This review focuses on the latest applications of CRS microscopy in the study of lipid me-
tabolism in cancer.
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1. Introduction

Reprogramming of lipid metabolism has become a
well-known hallmark of human cancers.1,2 Tumor
cells exhibit high rates of lipid metabolic pathways
for energy production, structural components of
cellular membranes and signaling messengers for
rapid survival, proliferation and respondence to
cancer therapy. The dysregulated metabolic path-
ways are adjusted accordingly, which involves
the process of lipid synthesis, uptake, storage and
lipolysis.3,4 Endogenous lipid biosynthesis is in-
creased to promote cancer progression by upregu-
lating the fatty acid (FA) biosynthetic enzymes,
such as acetyl-CoA carboxylase (ACC), ATP cit-
rate lyase (ACLY) and fatty acid synthase
(FASN),5 and the mevalonate pathway for de novo
cholesterol synthesis.6 Stearoyl-CoA desaturase
(SCD), the principal enzyme responsible for cata-
lyzing FA desaturation, has been reported to pro-
tect cancer from lipotoxicity for cell survival.7 A
stronger capacity of exogenous lipid uptake has
been recognized in cancer cells, accompanied by
upregulated levels of transporters in the plasma
membrane, such as FA translocase (FAT/CD36),
FA transport proteins (FATPs), FA binding pro-
teins (FABPs) and lipoprotein receptors.8 In paral-
lel, multiple lipases involved in lipid degradation and
�-oxidation, are necessary for rapid proliferation and
metastasis of cancer cells.9,10 Moreover, excess tri-
glyceride (TG) and cholesteryl ester (CE) storage in
the lipid droplet (LD), a highly dynamic organelle,
has been commonly seen in various types of human
cancers.11 A more comprehensive understanding of
lipid metabolic reprogramming has contributed to
new strategies of cancer treatment.12,13

It's noticeable that lipid metabolism in cancer is
highly dynamic and intrinsically heterogeneous.

Conventionally, biospecimens are broken into
homogenates and then analyzed by chemical assays,
nuclear magnetic resonance (NMR) spectroscopy or
mass spectrometry (MS), to identify lipid species
and their concentrations. However, these methods
lack spatial and temporal information at the cellular
level.14–16 Recently, mass spectrometry imaging
(MSI) has been advanced to analyze both lipid
distribution and composition in situ, but it is in-
trinsically sample-destructive with limited spatial
resolution, which hinders subcellular in situ analysis
and live cell measurement.17 Although °uorescence
microscopy can o®er live imaging of lipid distribu-
tion in single cells, °uorescent lipid probes are so
bulky that likely interfere with the metabolic ac-
tivities of lipids. Moreover, °uorescence detection
is also a®ected by photobleaching and auto-
°uorescence. Furthermore, it also fundamentally
limited by the broad °uorescent spectra, in which
case, just a limited kind of molecules can be labeled
simultaneously because of the associated \color
barrier".18 Thus, in order to promote the under-
standing of lipid metabolism in cancer, there is a
need for a label-free chemical-selective imaging
technique with high temporal and spatial
resolution.

With characteristics of high chemical selectivity
and label-free imaging, Raman scattering micros-
copy is desirable for lipid research.19 Unfortunately,
the cross-section of spontaneous Raman scattering
(shown in Fig. 1) is extremely small (� 10�30 cm2

per molecule),20 in which case, it takes about tens of
minutes per frame of � 240� 100 pixels and
its application of capturing the dynamics in
living systems was limited.21 As one way to enhance
the Raman scattering signal, coherent Raman
scattering (CRS) uses pulse lasers with di®erent

Fig. 1. Energy diagram of spontaneous Raman scattering, SRS and coherent anti-Stokes Raman scattering (CARS).
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frequencies, that is pump (!pÞ and Stokes (!sÞ.
When the frequency di®erence between two exci-
tation ¯elds (!p:� !sÞ is tuned to match the vi-
brational frequency of targeted chemical bonds, the
rate of vibrational transition is greatly ampli¯ed by
about 106�8 times and the Raman scattering signal
can be remarkably boosted, which permits high
speed imaging of biomolecules in living systems.22,23

There are four simultaneous CRS processes: stimu-
lated Raman gain (SRG) and stimulated Raman
loss (SRL) (which both belong to stimulated Raman
scattering (SRS)), coherent Stokes Raman scatter-
ing (CSRS) at the frequency of !s� (!p � !sÞ and
coherent anti-Stokes Raman scattering (CARS) at
the frequency of (!p � !sÞ þ !p.

19,24,25 Compared to
CARS, SRS is not disturbed by nonresonant back-
ground. Meanwhile, SRS signal is a®ected by het-
erodyne optical processes, such as cross-phase
modulations, photothermal e®ects and transient
absorption. SRS signal is linearly dependent on the
molecular concentration, while the signal in CARS
is proportional to the square of its concentra-
tion.26–28 Owing to high temporal and spatial reso-
lution, label-free CRS microscopy has been widely
used for the study of lipid metabolism in living
systems.19,29–32

C–H bond is abundant in living cells and the
detection speci¯city of label-free CRS imaging is
usually limited because molecules with the same
chemical bond will have an overlapping e®ect on the
spectrum of detected targets, in which case, it's
di±cult to distinguish the speci¯c molecule of in-
terest. In contrast, the cell-silent Raman window
(1800–2600 cm�1Þ, without endogenous molecules
vibrate, is suitable for speci¯c detection of interest
by introducing speci¯c chemical bonds to avoid the
endogenous cellular background skillfully.33 Various
Raman tags have been developed to replace the
C–H bonds by speci¯c chemical bonds (such as
carbon-deuterium (C-D) and alkyne probe (C�C))
in molecules to track metabolic processes of speci¯c
biomolecules.18,33,34 Unlike bulky °uorophores for
°uorescence microscopy, Raman tags for CRS are
much smaller in size than °uorophores, rendering
less interference to the intracellular metabolism and
keeping more resistance to photobleaching.35,36 In-
tegration of SRS microscopy with Raman tags
allows visualization of cell metabolism of nucleic
acids, amino acids, glucose, fatty acids and choles-
terol in single cells in vitro and in vivo.23,37–40

In recent decades, CRS microscopy has been
rapidly developed and applied in lipid re-
search.19,20,24,33,41 This review focuses on the latest
applications of CRS imaging of lipid metabolism in
cancer.

2. CRS Imaging of Intracellular Lipid

Droplets (LDs) in Cancer

Intracellular LDs consist of a monolayer of phos-
pholipid and are ¯lled with neutral lipids, primarily
TGs and CEs. As an independent and dynamic
organelle, LDs stores excess FAs and cholesterol to
prevent cells from potential lipotoxicity and endo-
plasmic reticulum stress. By regulating the balance
between storage and release of various lipids, LDs
are directly involved in cell processes of energy
production, membrane °uidity and signaling
transduction, which are essential for cell survival,
growth and proliferation.42,43 In recent years, LD
accumulation has been commonly identi¯ed as a
characteristic for multiple types of cancers and is
associated with cancer prognosis.44–46 The close re-
lationship between carcinogenic pathways and LD
accumulation has also been increasingly recognized,
which suggests LD as a potential biomarker for
cancer diagnosis and treatment.

LDs have a high density of C–H bonds and CRS
imaging shows a su±cient sensitivity to LDs at
2845 cm�1,26,47 which makes CRS a powerful tech-
nique to study the role of LDs in cancer develop-
ment and progression. Cholesterol, as an essential
biomolecule for cell development, plays an impor-
tant role in maintaining signal transduction, mem-
brane structure and providing precursors for
hormone synthesis.48,49 As a rate-limiting enzyme
for cholesterol synthesis, squalene monooxygenase
(SQLE) plays a crucial role in catalyzing the oxi-
dation of squalene to 2,3-oxidosqualene. SRS images
revealed that SQLE loss led to squalene accumula-
tion in LDs in the cholesterol auxotrophic lympho-
mas.50 As the critical enzyme is responsible for
catalyzing the esteri¯cation from free cholesterol
into CEs, sterol O-acyltransferase (SOAT-1) main-
tains intracellular cholesterol homeostasis51 and its
dysregulation has been found in many cancers, such
as prostate, pancreatic, glioblastoma, lung and
colon cancer.52–58 Integrated SRS imaging and
confocal Raman spectroscopy were performed to
analyze LD amount and composition in human
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prostate tissues (shown in Fig. 2(a)). As shown in
Raman spectrum of pure cholesteryl oleate, char-
acteristic bands for cholesterol rings at 702 cm�1

and for ester bond at 1742 cm�1 were also presented

in cancerous tissues, but not in the normal tissues.
In this case, aberrant CE accumulation was found
in the cancerous tissues. Such CE accumulation was
induced by the loss of tumor suppressor PTEN and

(a)

(b)

(c)

Fig. 2. SRS imaging of lipid metabolism in cancer tissues and cells. (a) Representative SRS images of normal prostate, low-grade
PCa, high-grade PCa and metastatic PCa (liver) tissues, respectively. Scale bar = 20�m. The right Raman spectra are repre-
sentative of the auto°uorescent granules in normal prostate, LDs in prostate cancers and pure cholesteryl oleate. Spectral intensity
was normalized by CH2 bending band at 1442 cm�1. Black arrows indicate the characteristic bands of cholesterol rings at 702 cm�1.
Reproduced with permission from Ref. 58. (b) Large-scale hyperspectral SRS images of saturated fat (yellow), unsaturated fat
(green), lipofuscin granules (cyan) and protein (magenta) in liver cancer tissues and adjacent normal tissues. Scale bar = 100�m.
Raman spectra of saturated, unsaturated lipid and protein were shown in the right corner. Reproduced with permission from
Ref. 62. (c) Hyperspectral SRS images and average Raman spectra of non-CSCs (ALDH�/CD133�) and non-CSCs (ALDHþ/
CD133þ) COV362 cells. Scale bars = 10�m. Reproduced with permission from Ref. 63.
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subsequent activation of PI3K/AKT pathway, and
promoted cancer progression and metastasis.58 In
addition, by using SRS microscopy and confocal
Raman spectroscopy, increased CE accumulation
was also found in the pancreatic cancer tissues, but
not in the normal tissues. Inhibition of cholesterol
esteri¯cation with avasimibe, a speci¯c SOAT-1
inhibitor, substantially reduced cancer cells migra-
tion and metastasis both in vitro and in vivo.53,55

More recently, a large number of CE-rich LDs were

found in the advanced melanoma. Reduced pig-
mentation and increased lipid accumulation oc-
curred during the progression from low-grade to
advanced melanoma.59 In addition to regulating
various cellular processes, such as growth and pro-
liferation, SRS imaging revealed CE accumulation
in drug-resistant cancer cells, including gemcita-
bine-resistant pancreatic ductal adenocarcinoma
(PDAC) and imatinib-resistant chronic myeloge-
nous leukemia (CML).60,61

(a)

(b)

Fig. 3. Raman-tagged SRS imaging of lipid metabolism in cancer. (a) Clearing-enhanced SRS images of proteins (magenta), pre-
existing lipids (yellow) and newly synthesized LDs after d-PA treatment (cyan) in 3D tumor spheroids of breast cancer at the depth
of 22�m and 200�m. Scale bar = 50�m. Reproduced with permission from Ref. 66. (b) DO-SRS images (combination deuterium
oxide probing and SRS) at the channels of CDL (2135 cm�1), CHL (2846 cm�1), CDP (2185 cm�1), CHP (2940 cm�1) and ratio
image (CDL/CHL, CDP/CHP ) in the brain slices ex vivo from a glioblastoma mouse drank 25% D2O for 15 days. There was a
contrast boundary between glioblastoma and normal brain tissues (white dashed line). Scale bar = 20�m. Reproduced with
permission from Ref. 68.
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In addition to CEs, the unsaturation level of TGs
in LDs has also been reported to be associated with
cancer progression using hyperspectral SRS mi-
croscopy. For instance, aberrant accumulation of
saturated lipids in LDs was found in cancerous liver
tissues, but not in normal liver tissues (shown in
Fig. 2(b)),62 which o®ers a new understanding of
lipid metabolism in liver cancer. Unlike liver cancer,
MITFlow/AXLhigh melanoma was found to store
unsaturated fatty acids through elevated fatty acid
uptake.59 Ovarian cancer stem cells (CSCs) were
also found to show higher level of unsaturated lipids
in LDs than the non-CSCs by analyzing the ratio
between Raman bands at 3002 cm�1 and 2900 cm�1

(shown in Fig. 2(c)). The degree of unsaturation in
the CSC-enriched spheroids was higher than the 2D
cultures of ovarian cancer. Moreover, such accu-
mulation of unsaturated lipids was induced by
elevated expression of SCD1 and regulated by NF-
�B. Inhibition of lipid desaturation could greatly
reduce ovarian CSCs viability both in vitro and
in vivo.63

Deuterium-labeled fatty acid provides a novel
visualization method for tracking lipid metabolism
dynamics without a®ecting the normal cellular ac-
tivity.34,64 According to the incorporation and me-
tabolism of C-D into lipids in LDs, lipid synthesis
was revealed to be more active in brain tumor tis-
sues compared to normal brain tissues by SRS im-
aging.65 By incorporating optical clearing
techniques, SRS microscopy and deuterated fatty
acid were used to monitor the dynamic distribution
of pre-existing and newly synthesized LDs in 3D
tumor spheroids. Highly active LD synthesis
was presented mainly in the tumor (shown in
Fig. 3(a)).66 In addition, Raman-tagged SRS im-
aging revealed that fatty acid synthesis was more
active in the di®erentiated melanoma cell lines than
the de-di®erentiated melanoma cell lines.67

Deuterium-labeled glucose-d7 was used as a
tracer to directly visualize the de novo lipogenesis in
single cancer cell. SRS images demonstrated that
glucose-d7 was utilized in pancreatic cancer cells for
de novo lipogenesis and were stored into LDs, while
exogenous palmitic acid-d31 uptake was enhanced in
prostate cancer.35 Incorporation of glucose-d7 into
de novo synthesized macromolecules, such as lipids,
DNA, protein and glycogen, was visualized by SRS
imaging of cancer cells.38,65 In addition, by feeding
mice with D2O, heterogeneity of protein and lipid
synthesis was observed in di®erent organs of mice.

Tumors region of glioblastoma and colon cancers
showed stronger metabolic capabilities than normal
tissues based on SRS images of C-D/C-H ratio
(shown in Fig. 3(b)).68

3. CRS Imaging of Lipids on

Membranes in Cancer

Membrane °uidity plays an important role in cell
signaling transduction, invasion and metastasis.
Lipid components on cell membranes, such as cho-
lesterol and lipid unsaturation, are key factors af-
fecting membrane °uidity.69 Lipid rafts on cancer
cells have undergone important changes in response
to the harsh microenvironment of tumors.69–71

Basoapical polarity axis in epithelia is essential
for di®erentiated tissue homeostasis. Epithelial
cancer was reported to be associated with disrup-
tion in basoapical polarity. By integrating CARS
imaging and confocal Raman spectroscopy, the
apical and basal membranes of the acinus in 3D cell
cultures of breast epithelium were analyzed. The
lipids in the apical membranes were more ordered
than those in the basal membranes in polarized
acini.72 Polyunsaturated FFAs could induce mem-
brane phase separation and polarized distribution of
lipids.73 SRS imaging demonstrated that membrane
°uidity was higher in LD-rich melanoma cells than
that in LD-poor cells, and the membrane °uidity
was reduced signi¯cantly by two-fold after serum
deprivation. Fatty acid sapienate rescued this de-
crease e®ectively and promoted melanoma migra-
tion and cancer metastasis.59 SRS imaging was used
to characterize the formation of phase-separated
solid-membrane structures in the undi®erentiated
melanoma cells after desaturase inhibitor treat-
ment, accompanied by an induced apoptosis ac-
cordingly.67 By combining deuterium-labeled fatty
acids with SRS microscopy, saturated fatty acid
was shown to drive the phase-separation of solid
regions from homogeneous °uidized endoplasmic
reticulum (ER) membranes.74 Deuterated fatty acid
was absorbed and converted directly into LDs and
solid-like domains in the liquid ER membrane, while
D2O was used for de novo lipogenesis after being
freely di®used into Hela cells.68,74 Membrane
rounding was caused by FFAs incorporation, which
resulted in reduced cell–cell adhesion and increased
tissue invasion accordingly.73 Alterations of lipid
content and unsaturation degree in cell membrane
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not only change the physical properties of mem-
brane °uidity, but also have an impact on cancer
progression. CRS imaging provides a powerful
platform for studying the role of lipids on cancer cell
membranes.

4. Conclusions

Dysregulated lipid metabolism is a hallmark of
human cancers. Label-free CRS microscopy, capa-
ble of high-speed and high-resolution chemical im-
aging, is a novel platform to study lipid metabolism
in single cells. The integration of CRS microscopy
and Raman tags further promotes sensitive and
speci¯c lipid metabolic imaging in living systems.
Together, the CRS imaging system is promising to
facilitate a better understanding of altered lipid
metabolism in cancer.

We anticipate two promising directions in the
¯eld of CRS imaging of lipid metabolism in cancer.
One direction is to further push the limit of detec-
tion sensitivity. Currently, the detection sensitivity
of CRS is typically �1mM, which extremely pre-
vents its implication in studying the biomolecules
with low concentration.75 Quantum-enhanced SRS
improved the sensitivity without increasing the
power. Moreover, supermultiplexed vibrational im-
aging was up to around 20 resolved colors with
enhancing sensitivity.76 The other direction is to
apply recently developed data processing methods,
such as Adam optimization-based Pointillism
Deconvolution (A-PoD) algorithm77 and Penalized
Reference Matching (PRM) algorithm78 for hyper-
spectral CRS imaging and a relative entropy ap-
proach for Raman spectra,79 to extract more useful
information and identify more lipid biomarkers for
cancer diagnosis and treatment. The spatial reso-
lution of SRS imaging was advanced to 52 nm on
polystyrene beads by the A-PoD algorithm and the
image deconvolution process was shortened from a
few hours to a few seconds.77 The PRM algorithm
has been applied to directly visualize and identify
lipid species with subcellular resolution.78 We ¯rmly
believe that CRS will be of great help in the further
exploration of cancer metabolism.
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