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ABSTRACT:. A lipid droplet (LD) is a .dynamic organelle clos.ely associated_l with / Aging and \
cellular functions and energy homeostasis. Dysregulated LD biology underlies an longevity

increasing number of human diseases, including metabolic disease, cancer, and Development Metabolic disease
neurodegenerative disorder. Commonly used lipid staining and analytical tools have

difficulty providing the information regarding LD distribution and composition at | Pump

the same time. To address this problem, stimulated Raman scattering (SRS) | ——= Lipid ———= stimulated
microscopy uses the intrinsic chemical contrast of biomolecules to achieve both :g Droplet > Raman
direct visualization of LD dynamics and quantitative analysis of LD composition | =— ——— Scattering
with high molecular selectivity at the subcellular level. Recent developments of | Stokes

Raman tags have further enhanced sensitivity and specificity of SRS imaging without Cancer Microbiology

perturbing molecular activity. With these advantages, SRS microscopy has offered Degenerative

great promise for deciphering LD metabolism in single live cells. This article k disorder j
overviews and discusses the latest applications of SRS microscopy as an emerging

platform to dissect LD biology in health and disease.

Bl INTRODUCTION Traditionally, LDs are visualized through staining with

hydrophobic dyes or fluorescent probes, which lacks composi-
tional information. For analysis of lipid composition, mass
spectrometry and nuclear magnetic resonance spectroscopy are
commonly used but lack spatial information. Mass spectrom-
etry imaging has been developed to map the distribution of
various lipid species in situ but cannot study live biological
samples because of invasive nature and could hardly analyze
individual LDs due to limited spatial resolution.”” As an
alternative, Raman scattering offers the contrast specific to
molecules from vibrations of chemical bonds in a label-free
manner.®™"° Owing to high chemical selectivity, subcellular
spatial resolution, and noninvasiveness, spontaneous Raman
microscopy has been used to examine the intracellular lipids in
single cells.'”'” Particularly, Raman imaging of lipids has
demonstrated a great advantage over the use of fluorescence
because the label-free manner preserves the hydrophobicity of
the lipid molecule, which essentially underlies all aspects of
lipid biology. Unfortunately, due to weak signals, spontaneous

Lipid droplets (LDs) are composed of a hydrophobic core of
neutral lipids, predominantly triglycerides (TGs) and choles-
teryl esters (CEs), encircled by a phospholipid monolayer with
various LD-associated proteins." As a hub in cellular
metabolism, LDs act as reservoirs for excess fatty acids and
cholesterol, which can be released for energy production,
membrane synthesis, and signaling when needed, to maintain
metabolic homeostasis and support cellular processes.” LD
dysregulation has been frequently observed in human diseases,
including development, aging and longevity, metabolic
diseases, cancers, degenerative disorder, microbiology, and so
on. Therefore, it is essential to improve the understanding of
the role of LDs in physiology and pathology.

An LD is a highly dynamic organelle that needs to balance
deposition and mobilization of diverse lipid species to maintain
crucial cellular functions. Despite their ubiquitous presence,
the number, size, and composition of LDs vary remarkably
from one to anther and change dynamically along with various
cellular processes.” An LD pool within a single cell consists of

distinct LD subpopulations with different distribution and Received: January 3, 2023
composition, which may contribute to cellular lipid homeo- Revised:  February §, 2023
stasis.”> Such dramatic spatiotemporal heterogeneity of LDs Published: March 10, 2023

highlights an urgent need to develop novel analytical methods
with high spatiotemporal resolution to study LD biology in
situ.
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Figure 1. Stimulated Raman scattering (SRS) imaging of lipid droplets (LDs). (a) Principle of coherent Raman scattering (CRS). In CRS, the
synchronized pump and Stokes photons can generate enhanced anti-Stokes fluorescence and transfer energy between each other mediated by the
molecules. CARS, coherent anti-Stokes Raman scattering; SRL, stimulated Raman loss; SRG, stimulated Raman gain, CSRS, coherent Stokes
Raman scattering. (b) Two narrowband lasers generate single-frequency CRS. (c) A narrowband laser and a broadband laser simultaneously excite

multiple Raman transitions. w,,

@, and @,, denote the frequencies of the pump, Stokes beam, and anti-Stokes beam, respectively; €2 is the

fundamental. (d) Two types of vibrational contrast are explained on a Raman spectrum. Gray line shows the typical Raman spectrum of a HeLa cell
from 900 cm™' to 3,000 cm™' wavenumbers. Intrinsic contrast originates from the vibration of intrinsic chemical bonds (blue). Vibrational tags
(green) show distinct Raman bands in the cell-silent window. Panel a adapted with permission from ref 22. Copyright 2022 The Company of
Biologists. Panels b and ¢ adapted with permission from ref 16 . Copyright 2015 AAAS. Panel d adapted with permission from ref 47. Copyright

2019 Annual Reviews.

Raman microscopy has limited imaging speed, which hinders
its application in LD research. Taken together, without enough
information regarding spatial and temporal dynamics, these
methods have difficulty elucidating how exactly the LDs are
formed and metabolized, and how they function in single live
cells.

In order to address the problem of slow imaging speed in
spontaneous Raman microscopy, coherent Raman scattering
(CRS) microscopy has been developed by extraordinarily
enhancing Raman signals.l3_l6 As shown in Figure la, when
the frequency difference between the pump beam (@,) and the
Stokes beam (w,) is resonant to the vibration frequency of a
molecule, four major CRS processes occur simultaneously,
namely coherent anti-Stokes Raman scattering (CARS),
stimulated Raman loss (SRL), stimulated Raman gain
(SRG), and coherent Stokes Raman scattering (CSRS). Both
SRL and SRG belong to a stimulated Raman scattering (SRS)
process. As nonlinear optical processes of coherent excitation,
vibrational activation rates of CRS can be drastically
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accelerated by 10° that of the inherently weak spontaneous
Raman scattering. The large signal level of CRS microscopy
enables it to achieve fast imaging speed, which makes real time
imaging available for living biological systems. CARS is a
vibrationally enhanced four-wave mixing process, and the
signal is generated at a new frequency apart from input beams.
Although CARS microscopy has promoted the study of LD
biology in the past two decades,”'’*° its nonresonant
background limits applications to some extent. Specifically,
the nonresonant background leads to distortion of the CARS
spectrum relative to the spontaneous Raman spectrum of the
target biomolecule, which not only complicates the quantifi-
cation process but also makes it difficult to image biomolecules
specifically. In addition, for weaker Raman bands, the CARS
signal is often buried in a large nonresonant background
contributed by the medium. To further enhance sensitivity and
specificity, SRS microscopy was developed in 2008 and for the
first time applied to label-free biomedical imaging.”' In
contrast to CARS, the SRS signal is intrinsically free of

https://doi.org/10.1021/acs.jpcb.3c00038
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Figure 2. Stimulated Raman scattering (SRS) imaging of lipid droplets (LDs) in development, aging, and longevity. (a) SRS (1580 cm™") imaging
of retinoids in WT L2, L4, and adult worms and dauer induced from daf-2(e1370). Scale bar: 20 ym. (b) Quantitative analysis of retinoids in panel
a, * denotes P < 0.05. (¢, d) DO-SRS imaging of lipid metabolism in the fat body of mutant flies at (c) 7-day and (d) 30-day posteclosion. The
ratiometric images (CD,/CH,) display the ratio of CD signal at 2143 cm™" (newly synthesized lipids) to the signal at 2850 cm™"' (CH, stretching
of lipids). The genetic downregulation of the InR/PI3K pathway (Pten, ppl-Gal4 > UAS-Pten; InR DN, ppl-Gal4 > UAS-InR DN) showed higher
lipid metabolism than control, and upregulation of the InR/PI3K pathway (InR del, ppl-Gal4 > UAS-InR del) led to reduced lipid metabolism in
both young and old flies. Scale bar: 10 gm. Panels a and b adapted with permission from ref 59. Copyright 2018 European Chemical Societies
Publishing. Panels c and d adapted with permission from ref 66 licensed under https://creativecommons.org/licenses/by/4.0/.

nonresonant background and provides spectral profiles that are
nearly identical to spontaneous Raman spectrum. Moreover,
the SRS intensity is linearly dependent on molecular
concentration, which enables straightforward interpretations
of chemical mapping to generate quantitative concentration
maps of targeted biomolecules. Since then, SRS microscopy
has been widely used to improve current understanding of the
role of LD in health and disease.

We note that technical developments and biological
applications of SRS microscopy have been extensively
discussed in multiple reviews.””~>> Here, we will focus on
the applications of SRS microscopy to understanding LD
biology in various physiological and pathological conditions.

SRS Microscopy: Technical Advancements Favorable
for LD Analysis. The first implementation of SRS microscopy
was reported in 2008." Since then, SRS microscopy has been
widely used for visualization of specific biomolecules, such as
lipids, nucleic acids, and proteins inside single live cells. For
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example, by tuning the pump wavelength to be resonant with
the CH, band at 2850 cm™, SRS signals arose mainly from
intracellular LDs. Thus, with high spatiotemporal resolution,
label-free SRS microscopy has been applied not only to map
the distribution but also to monitor the dynamics of LDs in
living cells and orgelnisms.26_29 However, single-color SRS that
can only obtain morphological information on LDs has limited
capability to quantitatively analyze multiple chemical compo-
sitions.

To quantitatively measure multiple components with
overlapping Raman bands, multicolor SRS microscopy (e.g.,
two-color and three-color SRS microscopy) has been
developed by tuning laser wavelengths to match multiple
vibrational frequencies.’”>* Based on linear decomposition of
the multicolor SRS images, several molecular signatures can be
obtained simultaneously, for instance including CH,, CHj;, and
=C—H vibrational bands which represent total lipids,
proteins, and unsaturated lipids, respectively.””™*> Never-

https://doi.org/10.1021/acs.jpcb.3c00038
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theless, it remains difficult for multicolor SRS microscopy to
resolve complex biological components.

To address this challenge, hyperspectral SRS and multiplex
SRS microscopy have been developed to unravel chemical
species in complex biological environments. The spectra
acquired by hyperspectral or multiplex SRS can cover the
C—H or fingerprint vibrational regions, providing rich
molecular information (Figure 1b,c). Hyperspectral or multi-
plex SRS can be implemented with a narrowband and a
broadband laser by different detection manners**™’ or two
chirped broadband lasers by spectral focusing.""~** These
modalities offer the potential for providing more abundant
chemical information on subcellular compartments, which are
desirable for use to investigate the heterogeneous distribution
of LDs with different compositions across different systems,
track the dynamic interactions between LDs and other
organelles, elucidate the underlying metabolic signaling
pathways, and ultimately uncover novel diagnostic marker or
therapeutic target for diseases.

To further enhance sensitivity and specificity, a variety of
Raman tags have been incorporated into SRS microscopy.
Small-size Raman tags, with distinct and strong Raman peaks
well separated from endogenous cellular background, offer a
great opportunity to increase molecular selectivity and improve
detection sensitivity of SRS microscopy without perturbing
biological activities of small biomolecules (Figure 1d). The
commonly used Raman tags include stable isotopes (e.g.,
deuterium and *C) and biorthogonal tags (e.g., alkyne, nitrile,
diyne).”~** SRS imaging of Raman tags has been used to
study LD accumulation,” de novo synthesis, and exogeneous
uptake as the source of lipids stored in LDs.”””" Together, SRS
microscopy incorporated with small Raman tags has opened
new doors for the study of LD biology.

Taking advantage of the above technical advancements, SRS
microscopy has shed new light on LD biology in development,
aging and longevity, metabolic disease, cancer, degenerative
disorder, and microbiology, which are reviewed as below.

SRS Imaging of LDs in Development. LD plays an
essential role in embryo development. During preimplantation
development, early mammalian embryos have been reported to
actively uptake, synthesize, and accumulate lipids in LDs.”*™>*
In contrast, only scarce LDs are found in early post-
implantation embryonic tissues,”> implying active mobilization
of LDs during the transition from naive to primed pluripotent
states. LDs vary in size and number in different species and
also at different developmental stages. Whereas LDs in mouse
oocytes at germinal vesicle and metaphase II stages and
embryos at early developmental stages (2-, 4-cell embryos) are
of a uniform small size, LDs in cells of the 8-cell blastocyst-
embryo stage are heterogeneous and large in size.’”® LD
distribution also reflects the metabolic state of oocyte and
embryo; that is, a wide dispersion of LDs appears to be
associated with increased p-oxidation at an early devel-
opmental stage while fusion of LDs coincides with glycolysis
at the morula stage.

With chemical specificity, SRS microscopy has been used to
detect the LD dynamics during development. Based on SRS
microscopy, Dou et al. developed a mathematical model of
velocity-jump process to simulate LD bulk displacement during
early embryogenesis, which will improve our quantitative
understanding of many mechanisms during development.”’ By
integrating SRS microscopy with gene screening, Han et al.
unveiled that C13C4.5, a negative gene regulator of lipid
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content, could interferewith lysosome morphology and
function by changing the size and fat content of LDs, thus
regulating the number of offspring in C. elegans.>®

Besides size and amount, composition of LD also impacts
development. Particularly, retinoids stored in LDs play crucial
roles in lipid metabolism and development. Due to the small
molecule size that limits labeling with bulky fluorescent dyes,
retinoids are invisible to conventional fluorescence microscopy.
To address this problem, Chen et al. developed a label-free
hyperspectral SRS microscope to map retinoids inside LDs
based on molecular signatures in the fingerprint region.
Enabled by this method, the authors discovered that
spatiotemporal dynamic storage of retinoids in C. elegans is
tightly associated with developmental stages.” Specifically,
retinoid levels increase with developmental time, and
surprisingly exhibit a dramatic induction in dauer larvae
(Figure 2a,b), suggesting that retinoid accumulation is a
general phenomenon associated with dauer formation and
maintenance but not restricted to a specific dauer inducing
mechanism.

Collectively, owing to its high sensitivity, negligible photo-
damage, and label-free capability, SRS microscopy currently
permits quantitative analysis of content, composition, and
distribution of highly dynamic LDs throughout oocyte
maturation and embryonic development. Nevertheless, the
comprehensive crosstalk and mechanisms of lipid metabolism
from maternal and embryonic origin remain unclear.”” In the
future, we expect that SRS microscopy can make more
contributions to deeper understanding of lipid metabolism in
the physiological context of early embryo development, which
may further improve early embryo survival.

SRS Imaging of LDs in Aging and Longevity. As most
organisms age, the metabolism slows down, which results in a
gradual accumulation of neutral lipid in LDs.”” Such LD
accumulation has been shown to protect aging cells against
cold stress.”" Besides, biosynthesis and mobilization of LDs are
also associated with longevity regulation.”> The increased LD
mobilization promotes a metabolic shift toward fatty acid f-
oxidation, which has been linked with longevity mechanisms.®

SRS microscopy allows quantitative study of LD mobi-
lization during aging and longevity. By using SRS microscopy
and other molecular biology analytical methods, Ramachan-
dran et al. demonstrated that the induction of specific
lysosomal signaling, mediated by a LIPL-4 lysosomal acid
lipase and its lipid chaperone LBP-8, increases mitochondrial
P-oxidation, which further reduces LD storage and promotes
longevity in C. elegans.”* The authors discover a crucial role for
lysosomal lipid messenger signaling to actively trigger adjust-
ments in mitochondrial activity that in turn coordinates lipid
metabolism, redox homeostasis, and longevity. By integrating
heavy water (D,0) probing with SRS (DO-SRS) microscopy,
Li et al. directly visualized metabolic activities in the fat body
of Drosophila melanogaster during aging in situ.’>°° The
authors discovered a dramatic decrease in lipid turnover in 35-
day-old flies. In contrast, the decrease of the protein turnover
rate occurred earlier than for the lipid (25-day vs 3S-day);
moreover, they observed many proteins localized on the cell
and LD membrane, suggesting that protein metabolism may
play an important role as a prerequisite for the changing lipid
metabolism during the aging process.”” They subsequently
found that calorie restriction, low protein diet, and
(moderately) high protein and high sucrose diets enhanced
lipid turnover in flies at all ages, while (moderately) high

https://doi.org/10.1021/acs.jpcb.3c00038
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Figure 3. Stimulated Raman scattering (SRS) imaging of lipid droplets (LDs) in metabolic diseases. (a, b) RNAi screening of new fat storage
regulatory genes based on in vivo lipid quantification using label-free SRS microscopy. (a) SRS images of three candidate worms and the control
group. Control, worms fed with bacteria containing empty vectors. Scale bars, SO ym. (b) SRS signal increase compared to the control for genes
that resulted in a fat content increase of more than 25% when inactivated by RNAi (P < 0.0001, n = S worms). All the experiments were performed
twice independently. Results from one experiment are shown. Error bars, s.d. (c) Compositional analysis of intracellular compartments in whole C.
elegans worms by hyperspectral SRS imaging. MCR concentration maps of neutral fat droplets, lysosome-related organelles (LROs), oxidized lipids,
and protein in the body of whole wild-type worms and daf-2 mutants. Scale bar: SO ym. (d) Live macrophages incubated with 400 M 17-
octadecynoic acid (alkyne on). Scale bar: 10 um. (e, f) Tracking incorporation dynamics of different fatty acid molecules in hepatic cells with
deuterium-labeling-coupled hyperspectral SRS. (e) Hyperspectral SRS images of hepatic cells (McA-RH7777) labeled with either PA-D5; or OA-
D, for 7 h. The incorporation of deuterated fatty acids was imaged at 2110 cm™’, and the total lipid level was imaged at 2850 cm™". The ratio
between the C—D and the C—H signal intensities was used to measure the level of fatty acid incorporation into LDs. Arrowheads indicate abnormal
membrane-like structures caused by PA feeding. Scale bar = 10 ym. (f) The incorporation rate of OA-Dj, is 24% faster than PA-Dj;, in hepatic cells.
n =93 for PA-Dy;; n = 244 for OA-Ds,. ¥**p < 0.001. Panels a and b adapted with permission from ref 71. Copyright 2011 Springer Nature. Panel
c adapted with permission from ref 74. Copyright 2014 Wiley. Panel d adapted with permission from ref 73. Copyright 2014 Springer Nature.
Panels e and f adapted with permission from ref 26. Copyright 2014 American Chemical Society.”

fructose and glucose diets only promoted lipid turnover in nism underlying aging and more discovery of novel health-
aged flies. Meanwhile, downregulating the insulin signaling promoting and lifespan-extending lipid metabolic targets.
pathway enhanced lipid turnover, which is likely related to SRS Imaging of LDs in Metabolic Diseases. LD
lifespan increase, while upregulating insulin signaling pathway accumulation has been recognized as a hallmark of various
decreased lipid turnover that would shorten the lifespan. These metabolic diseases, including obesity and atherosclerosis.””**
results investigated the impacts of diet composition on lipid Obesity is a state of excess lipid storage in LDs of adipose
metabolism and life span, as well as the insulin pathway on tissues, or even nonadipose tissue. The excessive LD
lipid metabolism, for a better understanding of the roles lipid accumulation may cause lipotoxicity or tissue dysfunction.
metabolism plays in aging and life span®® (Figure 2¢,d). Like obesity, atherosclerosis is associated with excessive
Although lipid metabolism potently regulates aging and deposition of lipids in tissues; in this instance, CEs are stored
lifespan, the lipid metabolic dynamics during the aging process in LDs until they can be mobilized. Therefore, it is essential to
is still unclear. SRS microscopy enables direct visualization and understand the biological mechanisms and clinical implications
quantification of the spatiotemporal changes of LDs as well as of LD accumulation in metabolic diseases.
metabolic turnover of other biomolecules in live animal in situ Obesity can be commonly characterized as a disorder in LD
at the subcellular level, providing a better understanding of the homeostasis. Thus, research on the identification of LD
impact of LD homeostasis on aging and longevity. In the dysregulation could greatly facilitate the prevention and
future, we expect SRS microscopy will focus more on aging and treatment of obesity. To this end, C. elegans is a great model
age-related diseases in live animals in situ, which may for exploring LD storage.”” Like mammals, C. elegans store
contribute to better understanding of the molecular mecha- lipids in LDs, and the synthesis and degradation pathways of
2385 https://doi.org/10.1021/acs.jpcb.3c00038
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Figure 4. Stimulated Raman scattering (SRS) imaging of lipid droplets (LDs) in cancer research. (a, b) Aberrant cholesteryl ester accumulation in
human prostate cancer (PCa) tissues. (a) SRS images of benign prostate, low-grade PCa, high-grade PCa, and metastatic PCa (liver), respectively.
Scale bar, 100 ym. (b) Raman spectra of autofluorescent granules in normal prostate, LDs in PCa, and pure cholesteryl oleate. Spectral intensity
was normalized by CH, bending band at 1442 cm™. Black arrows indicate the bands of cholesterol rings at 702 cm™". (c) SRS image of single live
PC3 cells or avasimibe-treated PC3 cells at 2874 cm™ and the corresponding cholesteryl ester (CE) percentage map. Scale bar, 10 ym. TG,
triglyceride. (d) Representative lipid channel SRS images from the same set of M381 cells in control (CT) or S uM CAY treatment. Normalized (to
2908 cm™') hyperspectral SRS spectra of LDs in M381 cells without (CT) and with treatment of 1, 5, and 10 uM CAY for 3 days. Scale bar, 20 um.
(e) Representative SRS images of SKOV3 and SKOV3-cisR cells fed with glucose-d, for 3 days, palmitic acid-d;; (PA-d,) for 6 h, or oleic acid-d;,
(OA-d,,) for 6 h and quantitative analysis of SRS signal of C—D bonds by mean intensity, respectively. Scale bar, 20 ym. Panels a and b adapted
with permission from ref 87. Copyright 2014 Elsevier. Panel ¢ adapted with permission from ref 39. Copyright 2015 Springer Nature. Panel d
adapted with permission from ref 98 licensed under https://creativecommons.org/licenses/by/4.0/. Panel e adapted with permission from ref 100
licensed under https://creativecommons.org/licenses/by/4.0/.

searching for genes regulating LD accumulation.”" Out of 36
receptor tyrosine kinases (RTKs) and 236 nuclear hormone
receptors (NHRs), eight genes were identified whose
inactivation increases LD content levels (Figure 3a,b),
suggesting SRS imaging is a reliable and quantitative method

lipid molecules are highly conserved.”’ In addition, the whole-
body transparency of C. elegans throughout all life stages allows
most optical microscopies for phenotyping at cell, tissue, and
organism levels. Taking advantage of SRS microscopy in lipid
imaging, a reverse genetic screen was conducted in C. elegans,

2386 https://doi.org/10.1021/acs.jpcb.3c00038

J. Phys. Chem. B 2023, 127, 2381-2394


https://pubs.acs.org/doi/10.1021/acs.jpcb.3c00038?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c00038?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c00038?fig=fig4&ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c00038?fig=fig4&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.3c00038?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

for assaying LD phenotypes of obesity. By coupling SRS
microscopy with Raman tags, Cheng et al. found that not only
the newly uptake fatty acids but also cholesterol appeared
mainly inside LDs in C. elegans.*””>”* Such LD accumulation
in C. elegans opens new opportunities to study lipid
metabolism in other animal models such as zebrafish and
mice. By combining the hyperspectral SRS microscopy in the
fingerprint region and quantitative multivariate curve reso-
lution (MCR) analysis, Wang et al. demonstrated the
quantitative mapping of lysosome-related organelles (LROs),
LDs, oxidized lipids, and protein-rich organelles in distinct sites
of intestinal cells in wild-type N2 C. elegans and daf-2 (e1370)
mutants, which bear a mutation of insulin-like growth factor 1
(IGF-1) receptor’* (Figure 3c). Compared to the wild-type,
the daf-2 insulin/IGF-1 receptor mutants show significantly
increased LROs, LD storages, and oxidized lipids, suggesting
that the insulin/IGF-1 signaling pathway regulates not only the
LD storage but also lipid oxidation. With the capability of
quantitative mapping of specific lipid species in LDs, SRS
microscopy has been promised to give new insight into the
impact of signaling pathway on obesity from C. elegans to
mammals. Besides, the lipid metabolism exhibits significant
intercellular variability, including the LD number, size, and
composition. Lipid accumulation in nonadipocyte cells is
mainly reflected in the increase of LD number, as opposed to
an increase in LD size or average intensity of LDs during
adipocyte differentiation.”>’® As adipose tissue is the major
organ for lipid storage, Zhu et al. explored the formation of
LDs during adipogenesis and demonstrated that acyl-
coenzyme A (CoA): cholesterol acyltransferases (ACATS)
are required for storage of both TG and CE in adipocytes.”’
Taken together, SRS microscopy opens new opportunities to
elucidate the essential role of LD in obesity.

Abnormal lipid metabolism plays a prominent role in
atherosclerotic disease progression. Excessive CE storage in
LDs of foam cells has been recognized as a hallmark of
atherosclerotic cardiovascular diseases. By combining hyper-
spectral SRS microscopy with MCR analysis, Wang et al.
developed a label-free quantitative imaging method of
cholesterol storage in intact atherosclerotic arterial tissues
based on the fingerprint Raman bands, indicating that
cholesteryl oleate is the major component inside the lipid
droplets of atherosclerotic arteries.’”® In particular, they
employed the sterol C=C band at 1669 cm™ as a
characteristic band of cholesterol. Other significant Raman
bands in the same spectral window, including the acyl C=C
band, the ester C=O band, and the amide I band, were
recorded simultaneously. By integrating hyperspectral SRS
microscopy and second harmonic generation (SHG) micros-
copy on the same platform, Suhalim et al. discriminated
cholesterol monohydrate crystals from condensed CEs in
atherosclerotic plaques.”” SHG is exclusively sensitive to
noncentrosymmetric materials such as chiral crystals, and
thus can be used to complement hyperspectral SRS in
discriminating cholesterol crystals from other amorphous
lipids, like CEs. However, the nonvanishing SHG activity of
other structures in the tissue indicates that SHG microscopy
alone is insufficient for identifying cholesterol crystal materials
in atherosclerotic plaques, underlining the merits of a
combined hyperspectral SRS and SHG approach. With alkyne
tags, Wei et al. depicted the formation of numerous LDs that
indicates transformation into foam cells (Figure 3d),” a
hallmark of early atherosclerosis. To summarize, SRS
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microscopy opens new opportunities for identifying the
atherosclerotic diseases through the study of CE accumulation
in LDs.

The composition, spatial distribution, and temporal
dynamics of LDs vary in different metabolic pathology. It
was found that unsaturated fatty acid has preferential uptake
into LD while saturated fatty acid exhibits toxicity in hepatic
cells®® (Figure 3e,f). The abnormal membrane-like structures
were observed in saturated fatty acid labeled cells, while these
structures were decreased by incorporation of unsaturated fatty
acids. Those phenotypic changes in saturated fatty acids
labeled cells may be due to alterations in membrane fluidity
and/or structure as a result of increased saturation of
membrane lipids, which is likely associated with the
cytotoxicity of saturated fatty acids.

Taken together, SRS microscopy is a desirable approach to
study LD biology in obesity and atherosclerosis, providing
great potential in early diagnosis of disease, monitoring of
therapy efficacy, and investigation of disease pathogenesis.
Notably, many other metabolic diseases, e.g. fatty liver
disease”® and diabetes,”" are also closely related to abnormal
accumulation of LDs. In the future, we expect SRS microscopy
can be used to decipher the processes of LD formation,
budding, lipolysis, and secretion in liver pathologies and
diabetes, which may ultimately lead to novel molecular
therapies.

SRS Imaging of LDs in Cancer. Lipid metabolic
reprogramming is critically involved in the development and
progression of cancer.””® As a reservoir for lipids, LD has
been commonly seen in various cancers to store excessive
newly synthesized lipids on one hand and provide lipids for
hydrolysis and subsequent energy supply on the other hand. As
early as the 1970s, LDs were observed in human breast
cancer.®* Since then, LD accumulation has been reported in
many types of human cancers, including colon, brain, and
others.>®® Nevertheless, the exact role of LD in cancer
development and progression remains elusive.

In recent years, SRS microscopy has been used to study LD
biology in human cancers. By integrating SRS microscopy with
spontaneous Raman spectroscopy on the same platform, Yue
et al. performed quantitative analysis of LD amount and
composition at the single-cell level in intact human cancerous
tissues. Enabled by such unique compositional analysis of LD
in situ, the authors revealed an unexpected, aberrant
accumulation of esterified cholesterol in LDs of high-grade
prostate cancer and metastases®’ (Figure 4a,b). Further studies
collectively revealed that cholesterol esterification could
become a novel metabolic target for treating advanced prostate
cancer.®®%’ Following these studies, elevated cholesterol
esterification and CE accumulation have also been found in
other types of aggressive human cancers, such as pancreatic
cancer,”’ anaplastic large cell lymphoma,” and metastatic
melanoma,”” suggesting that CE in LD may be an universal
metabolic vulnerability of human cancers.

Multicolor SRS microscopy has been used to readily detect
many diagnostic signatures that are essential for brain tumor
identification and classification. Through correlating large-scale
SRS imaging with histopathology, Lu et al. revealed abundant
intracellular LDs within the glioma cells, a feature that is not
detectable by standard hematoxylin and eosin (H&E)-stained
sections.” Subsequently, Bae et al. reported the biochemical
variations and morphological differences between proneural
and mesenchymal subtypes of glioblastomas (GBMs) by using
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hyperspectral SRS microscopy.”* Compared to the abundance
of cellular proteins in proneural GBMs, the mesenchymal
GBM is characterized by LD accumulation.

Multiplex and hyperspectral SRS microscopy with advan-
tages in complex compositional analysis has tremendously
improved understanding of the role of LD in cancer
progression. Liao et al. developed a new multiplex SRS
microscope with a pixel dwell time down to tens of
microseconds, which permits fast and quantitative analysis of
LD composition, e.g, percentage of TG and CE in individual
LDs (Figure 4c), in single live cancer cells.”” Huang et al.
subsequently developed a multiplex SRS imaging cytometry,
which enabled acquisition of a Raman spectrum covering 200
wavenumbers at a speed of S s in 32 spectral channels with a
throughput of 30—50 cells per second.”> Based on this
technique, the authors distinguished 260 morphological and
metabolic features in thousands of individual cells and unveiled
that LDs actively transport from the cell body to protrusions,
which might promote cancer cell survival under stress by
enhancing their nutrient uptake capacity. Taking advantage of
SRS imaging cytometry, LD-enriched protrusions were
discovered to serve as a metabolic marker for cancer cells
under stresses. By using hyperspectral SRS microscopy, Li et al.
unraveled a significant increase of unsaturated lipids in LDs in
ovarian cancer stem cells (CSCs) as compared to non-CSCs
and demonstrated that lipid desaturation could be an effective
metabolic target for ovarian therapy.”® Interestingly, different
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from ovarian cancer, Yan et al. found a substantial amount of
saturated lipid accumulation in LDs in human hepatocellular
carcinoma tissues, but not in their adjacent normal tissues,
suggesting that the aberrantly accumulated saturated lipids may
have great potential to be a metabolic marker for human liver
More recently, by integrating hyperspectral SRS
microscopy and transcriptomics analysis, Du et al. established a
transcriptional relationship between cellular dedifferentiation
and metabolic reprogramming among distinct BRAF mutant
melanoma cancer cell phenotypes.”® Then, the authors
identified a previously unknown susceptibility of lipid
monounsaturation within dedifferentiated mesenchymal cells
with innate resistance to BRAF inhibition (Figure 4d), which
validates the ability of SRS imaging to identify specific targeted
metabolites.

Deuterated molecules have been used as Raman probes to
study lipid metabolism in cancer. Both lipid synthesis via the de
novo lipogenesis pathway and direct uptake of fatty acids can
be stored in LDs. For example, SRS imaging has extensively
demonstrated the incorporation of deuterated-glucose (glu-
cose-d;) and uptake of deuterated-fatty acids into LDs through
either de novo lipogenesis or direct uptake. By coupling SRS
microscopy with glucose-d, Li et al. revealed that lipids stored
in LDs largely arose from de novo lipid synthesis in pancreatic
cancer cells but not prostate cancer cells, which primarily relied
on fatty acid uptake.”® By using SRS microscopy to track
deuterated-palmitate acid (PA-d;;)/deuterated-oleate acid

97
cancer.
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(OA-ds,), Zhao et al. investigated how the dynamics between
saturated fatty acids and unsaturated fatty acids regulated by
stearoyl Co-A desaturase (SCD) impacted on ovarian cancer
cell survival and tumor progression. The authors demonstrated
that SCD was a key regulator of the cancer cell fate under
metabolic stress and offered new treatment strategies by
adjusting the lipid balance.”” More recently, through high-
throughput SRS imaging of glucose-d;, PA-d;;, and OA-ds,,
Tan et al. identified a stable metabolic switch from glucose and
glycolysis dependent on fatty acid uptake and fatty acid f-
oxidation dependent anabolic and energy metabolism in
cisplatin-resistant ovarian cancer cells'” (Figure 4e). In
addition, blocking B-oxidation by a small molecule inhibitor
suppresses ovarian cancer proliferation in vitro and growth of
patient-derived xenografts in vivo, which provides promising
treatment options for patients with cisplatin-resistant tumors
by targeting the FAO pathway.

Taken together, SRS microscopy offers a novel platform to
monitor dynamics of essential biomolecules and drug
molecules in individual cancer cells and discover hidden
signatures underlying LD accumulation, such as the cholesterol
esterification, lipid desaturation, and lipid oxidation. Consid-
ering cell heterogeneity in a complex tumor microenvironment,
it has become increasingly important to achieve quantitative,
selective, and rapid screening of anticancer drug activity with
an intact microenvironment at the subcellular level.'”" In the
future, through more complex preclinical models, e.g. organo-
ids and tissues, SRS microscopy is expected to elucidate the
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complex roles of LDs in modulation of anticancer drug
sensitivity and discover more potential therapeutic targets for
human cancers.

SRS Imaging of LDs in Neurodegenerative Disorder.
Lipid metabolism plays a crucial role in maintenance of
membrane functions and signaling events in the nervous
system.'?> More recently, studies have identified the presence
of LDs in neurons under certain disease conditions and
demonstrated that disruption of LD function contributes to
degenerative disorder.'”>'** Amyotrophic lateral sclerosis
(ALS), a progressive neurodegenerative neuromuscular disease
that progresses fast and is fatal, has also been found to be
associated with abnormal LDs accumulation.'” By SRS
microscopy, Tian et al. revealed that lipid ovoid (ovoid
structures with high lipid content) accumulation in the
peripheral nerves of presymptomatic ALS animals were most
likely lipids derived from degenerating myelinating cells.'"’
The authors further demonstrated that SRS imaging could be
employed to evaluate candidate therapeutics (Figure Sa),
confirming that the compound minocycline significantly slows
peripheral nerve degeneration in the SODIG93A end-stage
paralysis mouse. As a group of neurodegenerative disorders,
polyglutamine (polyQ) diseases involve the deposition of
aggregation-prone proteins with long polyQ expansions. By
coupling SRS microscopy with deuterium-labeled glutamine,
Miao et al. achieved imaging of native polyQ aggregates
without the need of large fusion proteins and developed a
ratiometric strategy for quantitative analysis of different
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structures in aggregates of varying sizes, including nucleoli and
LDs,"”” which could help unequivocally differentiate aggre-
gates from other puncta-like structures. More recently, Mutlu
et al. discovered that 2-butanone and its responding olfactory
neuron act through a selective neural circuit and downstream
neuroendocrine pathway to directly regulate peripheral fat
metabolism without affecting eating behaviors (Figure Sb—g),
supporting the high selectivity of the olfactory sense in fine-
tuning metabolic physiology.'”® Collectively, SRS microscopy
is a sensitive and quantitative means of measuring LD
alteration during neurodegenerative disorders. Notably, there
are more neurodegenerative diseases related to LD dysregu-
lation, such as Alzheimer’s disease'® and Parkinson’s
disease.'” In the future, SRS microscopy is expected to
extend the study of LD biology to a wider range of
degenerative diseases, which may provide new therapeutic
strategies.

SRS Imaging of LDs in Microbiology. Antimicrobial
resistance threatens the effective treatment of infectious
diseases caused by bacteria and fungi. Rapid antimicrobial
susceptibility testing (AST) plays a major role in suppressing
the emergence of antimicrobial resistance and consequently
reduces the deaths caused by drug-resistant infections. Due to
the high imaging speed capability, SRS microscopy incorpo-
rated with glucose-d,''” or D,O has been used for the rapid
determination of antimicrobial susceptibility.''"''> Beyond
SRS-based AST, Karanja et al. used SRS imaging to reveal
aberrant LD accumulation in fluconazole-resistant but not
fluconazole-susceptible C. albicans'"® (Figure 6a—c), opening a
new way to detect and treat resistant fungal infections. Using
multicolor SRS microscopy, a recent work reported by
Wakisaka et al. demonstrated the intracellular metabolite
distributions of paramylon, lipids, and chlorophyll’’ under
different culture conditions in live E. gracilis (Figure 6d,e),
providing insights into understanding microalgal heterogeneity,
optimizing culture methods, and screening mutant microalgae.
Taken together, SRS microscopy not only is a feasible platform
for rapid detection of antimicrobial susceptibility by direct
imaging of LD activity, but also provides further insights into
microbial heterogeneity. Due to the wide variety of micro-
organisms and severe drug resistance problems, SRS
microscopy is expected to focus more on the role of LD in
microbiology, which may lead to novel AST methods and
antimicrobial agents.

B CONCLUSION

As a critical hub of intracellular lipid metabolism, LD maintains
dynamic homeostasis, and its dysregulation may promote
pathogenetic mechanisms. Deeper understanding of LD
biology, such as biogenesis, mobility, and heterogeneity, will
provide new opportunities for therapeutic intervention. Owing
to the capability of high detection sensitivity, high molecular
specificity, and high spatiotemporal resolution, SRS micros-
copy has become a versatile and robust characterization
platform for the study of the distribution, composition, and
dynamics of LDs in a wide range of living biological species.
Development of hyperspectral and multiplex SRS microscopy
enables extraction of quantitative concentration maps of
specific lipid species in complex biological systems. Incorpo-
ration of Raman tags makes SRS microscopy further gain
superb chemical selectivity and sensitivity to pinpoint
molecules of interest in complex living systems, which offers
the possibility of yielding new understanding for LD biology.
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Moreover, we believe technical advancements in SRS
microscopy would further promote the research field of LD
biology. First, super resolution SRS microscopy, e.g. near-
resonance enhanced label-free SRS microscopy approaching
130 nm,'** may allow direct visualization of small-sized LDs
and the whole dynamic process of LD biogenesis, which is
fundamental for the understanding of LD biology. Second,
ultrafast SRS microscopy, e.g. video-rate SRS microscopy at
100 ns/pixel'”® and SRS microscope based on collinear
multiple beams (COMB-SRS) at 2000 frames/s,"'® may
permit monitoring of LD trafficking and interaction of LD
with other organelles (endoplasmic reticulum, mitochondria,
etc.) three-dimensionally in living organisms during develop-
ment. Third, novel hyperspectral image analysis meth-
ods”"?¥M 71 can be incorporated to existing spectral
unmixing frameworks to further improve its performance in
several aspects, including higher sensitivity to unknown species
and better distinguishability to specific components. It is also
expected that deep learning-based classification will further
improve performance such as higher accuracy, less training
sample size, and faster training time for identification of more
LD biomarkers in various diseases. Fourth, the SRS imaging
flow cytometry”'"” and sorting'* are expected to provide
high-throughput and high-content information regarding LD at
the single cell level, which may be useful for label-free sorting
of well-differentiated adipocytes, cell/microbe subtyping, and
in vitro diagnostics. Looking into the future, SRS microscopy
will further improve our understanding of LD biology and
promote a wider range of life science and medical translations.
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