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Metabolism is highly dynamic and intrinsically heterogeneous
at the cellular level. Although fluorescence microscopy has
been commonly used for single cell analysis, bulky fluorescent
probes often perturb the biological activities of small
biomolecules such as metabolites. Such challenge can be
overcome by a vibrational imaging technique known as
coherent Raman scattering microscopy, which is capable of
chemically selective, highly sensitive, and high-speed imaging
of biomolecules with submicron resolution. Such capability has
enabled quantitative assessments of metabolic activities of
biomolecules (e.g. lipids, proteins, nucleic acids) in single live
cells in vitro and in vivo. These investigations provide new
insights into the role of cell metabolism in maintenance of
homeostasis and pathogenesis of diseases.
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Introduction

Metabolism is a set of chemical transformations that are
highly dynamic and tightly regulated for maintaining
homeostasis within individual cells of living organisms.
These life-sustaining chemical reactions are organized
into metabolic pathways by which key biomolecules, such
as nucleic acids, amino acids, and lipids, are built up or
broken down. Dysregulation in cell metabolism leads to
many prevalent human diseases [1,2]. Conventional bioa-
nalysis, where biomolecules are extracted from isolated
cells or tissue homogenates, and then analyzed by various
types of assays, can tell the presence and concentrations of
the biomolecules. Nevertheless, due to limited detection
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sensitivity, some important target molecules with small
quantities are often buried in the large background of
dominant species. It has also been increasingly recognized
that metabolic processes are intrinsically heterogeneous at
the cellular level. The traditional population measure-
ment techniques that describe average cell behaviors
cannot investigate variability among cells. More impor-
tantly, without information regarding spatial and temporal
dynamics, it is impossible to elucidate how exactly the
biomolecules are metabolized in single live cells.

For real time imaging of biomolecule dynamics in single
cells, fluorescent labels, especially fluorescent proteins,
have been widely used. Fluorescent probes are, however,
too bulky compared to small biomolecules, so that they
often destroy or significantly perturb the biological activ-
ities of the small biomolecules. By using endogenous
sources of fluorescence contrast, optical microscopic im-
aging offers unique opportunities to assess metabolic
state of cells and tissues in a noninvasive and dynamic
manner. In particular, the autofluorescence of coenzymes
nicotinamide adenine dinucleotide (NADH) and flavin
adenine dinucleotide (FAD) has been widely character-
ized for the study of cell metabolism. For instance, the
Georgakoudi group has studied key metabolic pathways
such as glycolysis, the Krebs cycle, and oxidative phos-
phorylation in the context of cancer, brain function, and
obesity by detecting the endogenous fluorescence from
NADH and FAD [3]. The Skala group has quantitatively
identified glycolytic levels, subtypes, and treatment re-
sponse in various types of human cancers by probing the
fluorescence intensities and lifetimes of reduced NADH
and FAD [4,5].

As an alternative to fluorescence, signals from molecular
vibration offer an attractive way for chemically selective
spectroscopic imaging of cells and tissues. Molecules can
be recognized by their distinctive signature, or produced
by vibrations of chemical bonds. Fingerprint vibrational
spectra of molecules can be recorded through measure-
ments of linear infrared (IR) absorption or inelastic
Raman scattering. The application of IR spectroscopy
to live-cell imaging is largely hindered by strong water
absorption of IR light and low spatial resolution due to
long wavelength of IR light. Raman spectroscopy, which
uses shorter-wavelength visible light for excitation, has
been widely used for analysis of biomolecules in cells and
tissues (reviewed in [6]). However, due to extremely
small cross-section (fle_30 cm? per molecule as com-
pared with the fluorescence cross-section ~10~'¢ cm? per
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molecule), spontaneous Raman scattering (shown in
Figure la) requires a long integration time of at least
tens of minutes per frame, which is unsuitable for imaging
dynamic living systems.

In order to enhance the Raman scattering signal level,
coherent Raman scattering (CRS) microscopy has been
developed [7]. As shown in Figure 1b, in most CRS
imaging experiments, two excitation fields are used,
denoted as pump (w,,) and Stokes (w;). When the beating
frequency (w, — w,) is in resonant with a molecular
vibration frequency, four major CRS processes occur
simultaneously, namely coherent anti-Stokes Raman
scattering (CARS) at (wp — ws) + wp, coherent Stokes
Raman scattering at w; — (@, — @), stimulated Raman
gain (SRG) at w,, and stimulated Raman loss (SRL) at
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Spontaneous versus coherent Raman scattering processes. (a)
Spontaneous Raman scattering generated by a narrowband pump
laser. (b) Single-frequency CRS generated by two narrowband lasers.
(c) Broadband CRS induced by a narrowband pump laser and a
broadband Stokes laser. Multiple Raman transitions were excited
simultaneously. SRG, stimulated Raman gain; SRL, stimulated Raman
loss; CARS, coherent anti-Stokes Raman scattering. wp, ws, and wqs
denote the frequencies of the pump, Stokes, and anti-Stokes beam,
respectively.

wp. SRG and SRL belong to the process of stimulated
Raman scattering (SRS), in which the Stokes beam in-
tensity is increased and the pump beam intensity is
decreased. CARS signal arises from any medium with
nonzero third-order susceptibility, which consists of a
nonresonant part independent of the beating frequency
and a resonant part depending on the beating frequency.
The advantages of SRS over CARS lie in the fact that the
SRS signal is completely free of the non-resonant back-
ground, the spectral profile is identical to the spontaneous
Raman spectrum, and the SRS intensity is linearly de-
pendent on molecular concentration. These advantages
render SRS microscopy a highly sensitive and quantita-
tive method for biochemical imaging (reviewed in [8]). As
a vibrationally enhanced four-wave mixing process, the
CARS signal is generated at a new frequency apart from
input beams and can be detected by a photo multiplier
tube. The modulated SRS signal appears at the same
wavelength of the incident beam and can be extracted by
a lock-in amplifier [9-11] or a tuned amplifier [12].

CRS microscopy offers the following capabilities for live
cell imaging applications. First, the CRS signal is signifi-
cantly enhanced when the beating frequency is in reso-
nance with a molecular vibration frequency, which offers
chemical selectivity for CRS microscopy. Second, the
large signal level in CRS microscopy enables high-speed
imaging, which is ~1000 times faster than a line-scan
Raman microscope and ~10 000 times faster than a point-
scan Raman microscope. Third, signals of CRS microsco-
py are produced by near IR (NIR) excitation, rendering
submicron spatial resolution and minimized photodam-
age. Fourth, the nonlinear optical processes of CRS
microscopy offer inherent three-dimensional sectioning.

Single-frequency excitation has been shown to provide
high spectral resolution and maximize the signal to back-
ground ratio for CARS by Cheng ¢ «/. in 2001 [13]. In
early single-frequency CARS microscopy, the major laser
sources are electronically synchronized twin picosecond
laser systems, which suffer from temporal jitter between
the two pulse trains. Laser pumped optical parametric
oscillator (OPO) was then adopted for high-speed jitter-
free CARS imaging [14-16]. The OPO laser system was
used to demonstrate SRS by the Xie group [9], the
Volkmer group [10], and the Ozeki group [11]. Although
single-frequency CARS and SRS microscopes have
reached a video-rate imaging speed [17,18], such speed
comes with the price of losing spectral information.

In an effort to gain spectral information, it has been
realized that single-frequency CRS microscopy and spon-
taneous Raman spectroscopy are complementary to each
other [19]. While CRS permits high-speed vibrational
imaging of a single Raman band, spontancous Raman
scattering allows full spectral analysis at a specified loca-
tion. It has been demonstrated that integration of CRS
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microscopy and spontaneous Raman spectroscopy on a
single platform permits quantitative compositional anal-
ysis of objects inside single live cells [20]. This method,
however, can only provide compositional information of
certain objects of interest, and not possible to analyze
each pixel on the frame.

With narrowband pulses initially used for single frequen-
cy CRS imaging, hyperspectral CRS microscopy has been
developed based on frame-by-frame wavelength scanning
(Figure 1c). Such wavelength-scanning hyperspectral
CRS imaging was achieved by several ways. The first
was to directly scan the wavelength of one narrowband
excitation beam to match different Raman transitions
[21,22]. The second was to properly chirp the two broad-
band excitation beams and tune the time delay between
them, which is called spectral focusing [23]. The third was
to employ femtosecond pulse-shaping technology [24-
26], which can reach a spectral resolution better than
10 cm ™. In these methods, however, it still takes seconds
to minutes to obtain an entire stack of images for recon-
struction, and spectral scanning over a stack of frames
leads to spectral and spatial distortions.

To avoid such spectral distortions, many research groups
are devoted to developing multiplex CRS microscopy,
where a CRS spectrum is instantancously recorded at
each pixel [27,28,29°°]. As early as 2002, Miiller 7 /. have
developed multiplex CARS microscope to image the
thermodynamic state of lipid membranes at the speed
of 50-200 ms per pixel [30]. Until very recently, the
Cicerone group has demonstrated high speed multiplex
CARS with 3.5 ms dwell times per pixel [29°°]. On the
basis of a tuned amplifier array, the Cheng group demon-
strated a multiplex SRS microscope, where SRS spectra
covering a window of hundreds of wavenumbers can be
recorded in microseconds per pixel [31°°]. It is important
to note that multiplex detection can be performed not
only in the spectral domain, but also in the time domain.
In time-domain measurements, all photons are collected
and the spectrum is recovered by Fourier transformation.
This scheme is useful for 7z vivo imaging where photons
from the specimens are highly scattered. Along this line,
Liao ¢ al. demonstrated an approach where coded
photons are used for microsecond-scale SRS imaging in
a spectrometer free manner [32°]. Hashimoto ez /.
showed Fourier-transform CARS spectroscopy at the
speed of 41 microseconds per spectrum [33°]. Along with
these instrumental advancements, there have been sig-
nificant developments of quantitative methods to decom-
pose the spectroscopic image into chemical maps
[24,26,27,34].

With all these unique features, including label-free, high-
speed, chemically selective, and submicron resolution,
CRS microscopy provides a powerful platform for func-
tional imaging of biomolecules and organelles in single

living cells. Especially, CRS study of cell metabolism has
been pursued in a label-free manner. In 2003, Nan ¢z a/.
published the first CARS study of lipid droplet biology
[35]. Four years later, Hellerer ¢z a/. for the first time
reported CARS analysis of lipid metabolism in model
organism [36]. In 2009, Le ¢t a/. used CARS microscopy to
study the role of lipid accumulation in cancer metastasis
[37]. In 2014, Yue et al. employed SRS microscopy cou-
pled with Raman spectroscopy and revealed altered cho-
lesterol metabolism in prostate cancer [38°°]. Very
recently, Lu e /. has demonstrated label-free DNA
imaging iz vive with SRS microscopy [39°°].

CRS study of cell metabolism has been further facilitated
by Raman tags. Small-size Raman tags, which show dis-
tinct, strong Raman scattering peaks well separated from
endogenous cellular background, offer a great opportunity
to increase molecular selectivity and improve detection
sensitivity of CRS microscopy, without perturbing biolog-
ical activities of small biomolecules. As shown in Figure 1,
a variety of Raman tags, including deuterium [40,41,42°,
43°° 441, C [45°°], alkyne [46°°,47°°,48°° 49°°], and diyne
[50°°], have been developed for fast CRS imaging of
metabolic activities of fatty acids [24,42°,43°°], cholesterol
[50°°], amino acids [41,45°°,47°° 48°° 51], nucleic acids
[46°°,47°°,48°°], glucose [43°°,49°°], glycan [47°°], and
choline [44,45°°,46°°,48°°], in single cells iz vitro and in
vivo, with detection sensitivity at a micromolar level.

We note that technical developments and biological
applications of CRS microscopy have been extensively
discussed in multiple reviews [52°°,53°°,54,55°°,56°°,57].
Here, we focus on applications of CRS microscopy to
understanding lipid, protein and nucleic acid metabolism
in various biological systems.

Single cell metabolism of lipids

Lipid-droplet biology

Lipid droplets (LLDs) are complex proteolipid orga-
nelles that store excessive neutral lipids, like triglyc-
erides (TAGs) and cholesterol esters (CEs) in
mammalian cells. LDs have been long underappreciat-
ed as inert fat storage by cell biologists, partially due to
a lack of readily accessible tools. Until recently, LLDs
have been found to play essential roles in various
aspects of lipid metabolism, and their accumulation
is associated with some of the most widespread human
diseases, such as obesity, diabetes type II, and athero-
sclerosis [58]. With the capability of label-free visuali-
zation of LLDs that generate strong signals from C-H
stretching vibrations, CRS microscopy has shed new
light on the study of LD biology.

Since the first report of CARS imaging of adipogenesis in
live 3T3-L1 cells by the Xie group in 2003 [35], many
studies have been undertaken to understand LD forma-
tion and degradation. Le e/ #/. unraveled that insulin

Current Opinion in Chemical Biology 2016, 33:46-57

www.sciencedirect.com



Deciphering single cell metabolism by coherent Raman scattering microscopy Yue and Cheng 49

accounted for the phenotypic variability in LLDs accumu-
lation among clonal cells [59]. Yamaguchi 7 2/. found that
CGI-58 protein facilitated lipolysis of LDs in cooperation
with perilipin [60]. Paar e7 a/. revealed that LLDs grow by
highly regulated transfer of lipids from one organelle to
another, leading to the heterogeneous LD size distribu-
tion within and between individual cells [61]
(Figure 2a). Since the first CARS study by Zhu ez a/. to
reveal a dynamic, cytoplasmic TAG pool in enterocytes
[62], Buhman and Cheng have extensively assessed the
physiological functions of cytoplasmic LLDs in enterocytes
during dietary fat absorption (reviewed in [63]). The
Walther and Farese groups unraveled that TAG synthesis
enzymes mediated LD growth by relocalizing from the
endoplasmic reticulum (ER) to LD [64].

Not only the content but also the composition of LLDs
may vary with cell type, growth conditions, differentiation
status, and other factors. Unsaturation level and packing
density of lipids in LLDs can be determined by CARS
microscopy alone or coupled with confocal Raman spec-
troscopy [20,65,66]. By SRS imaging of deuterated fatty
acids, Zhang et a/l. found that oleic acids facilitated the
conversion of palmitic acids into neutral lipids stored in
LDs [40] (Figure 2b). Wang ef al. and Fu er al. used
hyperspectral SRS microscopy to quantitatively analyze
the two classes of neutral lipid, TAGs and CEs, in LLDs
[42°,67]. Fu et al. further revealed an increased number
and size of LLDs and enhanced deposition of unsaturated
lipid molecules into LLDs in the adrenal gland of obese
mice [42°]. ER stress was found to induce rapid deposi-
tion of TAG into hepatic LDs. By using isotope labeling,
it was found that unsaturated fatty acid had preferential
uptake into lipid storage while saturated fatty acid exhi-
bits toxicity in hepatic cells [42°].

Moreover, studies have demonstrated that LD is an
organelle with directional intracellular trafficking and
active transport. The Xie group revealed both subdiffu-
sion and active transport of LDs along microtubules in
adrenal cortical cells, and found possible involvement of
LD active transport in steroidogenesis [68]. Pezacki and
coworkers showed hepatitis C virus (HCV) core protein
induced rapid increase in LD size and directed move-
ment of LD on microtubules [69]. They further showed
that core-mediated LD localization involved core slowing
down the rate of movement of LLDs until localization at
the perinuclear region where LD movement ceased [70].

In addition, CRS microscopy is a favored approach for the
characterization of LD associated genes and proteins. Lee
et al. uncovered that adipophilin-coated LLDs located in the
enterocytes of chronic high-fat fed mice, whereas T1P47-
coated L.Ds located in the enterocytes of acute high-fat fed
mice, suggesting the distinct functions of these two proteins
[71]. Given that fluorescent protein-tagged LL.Ds associated
proteins have been made available, simultaneous CRS and

fluorescence imaging would be able to provide new insights
into the LD formation and function in living cells.
Furthermore, it is foreseeable that the application of
high-speed multiplex SRS microscopy and Raman tag-
based metabolic labeling will significantly improve our
understanding of LD biology.

Lipid metabolism in model organism

Although nematode Caenorhabditis elegans is distant from
mammals, the pathways of lipid metabolism in human are
highly conserved in C. elegans. Highly tractable genetics
that are critical in lipid metabolism make C. elegans an
attractive model for the integrative studies of lipid me-
tabolism regulation and related metabolic diseases [72].
T'raditional methods cannot be used to accurately mea-
sure dynamic changes of lipid composition in live C.
elegans. Since 2007 when Enejder and coworkers reported
the first study on CARS imaging of fat storage in live C.
elegans [36], several pilot studies have showcased the
capability of CARS microscopy for elucidating lipid me-
tabolism in C. e/egans. The Cheng and Tissenbaum groups
revealed two distinctive lipid species in (. elegans: a
neutral lipid species in both the intestine and hypodermis
and an autofluorescent particle species only found in the
intestine [73,74]. By coupling CARS microscopy with
confocal Raman spectroscopy, it was found that genetic
mutations on peroxidation and desaturation altered both
the amount and composition of neutral lipids [73]. Yi ez al.
reported that nondroplet-like structure is primarily due to
the accumulation of yolk lipoproteins [75]. With the
development of SRS microscopy, more in-depth studies
have been conducted by several research groups. Xie and
coworkers demonstrated RNA interference screening
based on SRS microscopy and yielded eight new genetic
regulators of lipid storage [76]. The Xie and Wang groups
further traced deuterium-labeled saturated and unsatu-
rated fatty acids simultancously in live C. elegans, and
revealed that there was a lack of interaction between the
two [42°]. The Cheng and Tissenbaum groups demon-
strated a new platform that allowed the quantitative
mapping of fat distribution, unsaturation level, lipid oxi-
dation, and cholesterol-rich lysosomes in living wild-type
and mutant C. ¢/egans by hyperspectral SRS imaging in the
fingerprint vibration [77°°] (Figure 2c). The Cheng group
further performed high-speed mapping of biomolecules
and discriminated LDs from protein-rich organelles in
live worms by the microsecond scale multiplex SRS
microscopy [31°°].

Other than C. elegans, some other model organisms are also
gaining popularity in research of lipid metabolism. Brack-
mann ¢/ @/. and Chien ¢f a/. employed CARS microscopy
to investigate the impact of genetic modification on lipid
storage in yeast cells [78] and Drosophila [79], respec-
tively. Dou er @/. used SRS microscopy to monitor LD
dynamics during the development of early Drosophila
embryos [80]. Taking advantage of highly manageable
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Deciphering single cell metabolism of lipids by CRS microscopy. (a) Time-lapse CARS imaging of LD depletion in 3T3-L1 adipocytes upon
forskolin-stimulated lipolysis. Reprinted with permission from Ref [61]. Copyright 2012 The American Society for Biochemistry and Molecular
Biology, Inc. (b) SRL imaging of deuterated palmitic acid-ds4 in live CHO cells at C-H and C-D stretching vibration, respectively. Reprinted with
permission from Ref [40]. Copyright 2011 American Chemical Society. (c) Quantitative mapping of neutral fat droplets, lysosome-related organelles
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genetics of model organisms and lifelong imaging capa-
bility of microfluidic chamber, it is foreseeable that CRS
microscopy presents an unprecedented opportunity to
study dynamic lipid regulation and the underlying meta-
bolic pathways, which will ultimately promote the under-
standing of human metabolic diseases.

Lipid metabolism in cancer

Altered lipid metabolism is increasingly recognized as a
signature of cancer cells [2]. Although excess intracellular
lipids have been observed in various kinds of cancer, lipid
accumulation has not, to date, been used as a prognostic
factor or therapeutic target of cancer. In particular, the
exact role of lipid accumulation in cancer progression
remains elusive. By coupling CARS with other nonlinear
optical modalities, Le ¢z a/. revealed that excess free fatty
acids not only induced intracellular lipid accumulation in
cancer cells, but also perturbed cancer cell membranes
and increased cancer aggressiveness [37]. Recently, by
integrating SRS microscopy with confocal Raman spec-
troscopy, Yue et al. performed quantitative analysis of
lipogenesis at single-cell level in human patient cancer-
ous tissues [38°°]. The imaging data revealed an unex-
pected, aberrant accumulation of esterified cholesterol in
LDs of high-grade prostate cancer and metastases
(Figure 2d-h). Such CE accumulation was shown to be
a consequence of loss of tumor suppressor PTEN and
subsequent activation of PI3K/AKT pathway in prostate
cancer cells [38°°]. Depletion of CE storage significantly
reduced cancer proliferation, impaired cancer invasion
capability, and suppressed tumor growth in mouse xeno-
graft models with negligible toxicity [38°°]. This work
opens opportunities for diagnosing and treating prostate
cancer by targeting the altered cholesterol metabolism.
By coupling SRS microscopy with isotope labeled glu-
cose, L1 er al. presented the direct observation of e novo
lipogenesis in pancreatic cancer cells, and found glucose
was utilized for lipid synthesis in much higher rate in
cancer cells compared to normal cells [43°°] (Figure 2i).
By using high-speed multiplex SRS microscopy, Liao
et al. quantitatively analyzed LD compositions and dy-
namics in single cancer cells (Figure 2j-m), and observed
the conversion of retinol into retinoic acids [31°°]. Future

studies that take advantages of multiplex SRS microscopy
and Raman tag-based metabolic labeling to map lipid
dynamics in single live cancer cells will not only provide a
better understanding of the roles of lipids in cancer
development, but also promote the discovery of new
diagnostic biomarkers and therapeutic targets.

Cholesterol metabolism

Inside cells, cholesterol is an essential molecule that plays
important roles in the maintenance of membrane struc-
ture, signal transduction, and provision of precursor to
hormone synthesis [81]. Dysregulation of cholesterol
metabolism has been linked to various diseases [82].
By coupling SRS microscopy with Raman spectroscopy,
Yue er al. revealed altered cholesterol metabolism in
human prostate cancer. By using synthesized phenyl-
diyne cholesterol, Lee ¢ /. monitored lysosomal accu-
mulation of cholesterol in cellular model of Niemann—
Pick type C disease, and relocation of cholesterol to LLDs
after HPBCD treatment [50°°]. They further unraveled
that cholesterol uptake was mediated by ChUP-1, and
confirmed that cholesterol was stored in lysosome-related

organelles, but not in LLDs in the intestine in C. elegans
[50°°].

Single cell metabolism of proteins

The proteome of a cell is highly dynamic and tightly
regulated via both protein synthesis and degradation to
actively maintain homeostasis. Despite extensive
efforts devoted to probing proteins via fluorescence
staining, autoradiography, and mass spectrometry, se-
lective visualization of protein synthesis and degrada-
tion in living systems with subcellular resolution
remains challenging. By coupling SRS microscopy with
deuterium-labeled amino acids, Min and coworkers
demonstrated direct visualization and quantification
of newly synthesized proteins in live cancer cells,
embryonic kidney cells, and newly grown neuritis
[41] (Figure 3a). They further used '*C-labeled phe-
nylalanine to quantitatively monitor the process of
protein degradation in live cells under oxidative stress,
cell differentiation, and huntingtin protein aggregation
[45°°]. On the basis of these work, they generalized the

(Figure 2 Legend Continued) (LROs), oxidized lipids, and protein in the whole C. elegans worm with daf-2 mutant, by hyperspectral SRS imaging,
k-means clustering, and multivariate curve resolution analysis. Reprinted with permission from Ref [77°°]. Copyright 2014 Wiley-VCH Verlag GmbH
& Co. KGaA, Weinheim. (d)-(h) Aberrant CE accumulation in human prostate cancer tissues. (d)—(g) SRL and two-photon fluorescence images of
normal prostate, low-grade, high-grade, and metastatic prostate cancers, respectively. Autofluorescent granules and LDs are indicated by red
arrows (gray, SRL; green, two-photon fluorescence). (h) Raman spectra of autofluorescent granules in normal prostate, LDs in prostate cancers,
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™". Reprinted with permission from Ref [38°°]. Copyright 2014 Elsevier Inc. (i) SRS imaging of normal immortalized pancreatic
epithelial HPDEG cells and pancreatic cancer PANC1 cells at C-D and C-H vibrations. Cells were treated with 25 mm glucose-d; in glucose-free
DMEM media supplemented with 10% FBS for three days. The ratio of C-D/C-H was used to analyze the level of de-novo lipogenesis. Reprinted
with permission from Ref [43°°]. Copyright 2014 Macmillan Publishers Limited. (j)—(m) Quantitative mapping and trafficking of lipids in LDs in single
live PC3 cells by multiplex SRS microscopy. Reprinted with permission from Ref [31°°]. Copyright 2015 Macmillan Publishers Limited. (j CE
concentration map. (k) SRL image at 2874 cm~". Enlarged image shows the movement of LDs (as indicated by the arrow). (I)-(m) Time-lapsed
SRL spectra of LDs 1 and 2 shown in (k).
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Deciphering single cell metabolism of proteins by CRS microscopy. (a) SRS imaging of time-dependent de novo protein synthesis in live HelLa
cells incubated in a deuterium-labeled all-amino acid medium. SRS image targeting the central 2133 cm™" vibrational peak of C-D displays a
time-dependent signal increase of the newly synthesized proteins, with nucleoli being gradually highlighted. As a control, the amide | (1655 cm™")
signal remains at a steady state over time. Ratio images between the SRS image at 2133 cm™" (newly synthesized proteins) and the SRS image at
1655 cm™~" (the amide | band from total proteins), representing the relative new protein fraction with subcellular resolution at each time point. The
color bar ranging from black to red represents the ratio ranging from low to high. Reprinted with permission from Ref [41]. Copyright

2013 National Academy of Sciences. (b) SRS imaging of live HeLa cells incubated with 2 mm Hpg alone at 2125 cm™" (alkyne on), 2000 cm™’
(alkyne off), and 1655 cm™" (amide 1), respectively. Reprinted with permission from Ref [46°°]. Copyright 2014 Nature America, Inc.
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platform for time-lapse imaging of complex protein
metabolism in individual live cells iz vitro and in vivo
[51]. In order to further boost the detection sensitivity,
the Min and Huang groups developed alkyne-based
Raman tags [46°°,47°°,48°°]. In their works, homopro-
pargylglycine, an alkyne-tagged analog of methionine,
was imaged to visualize newly synthesized proteomes.
As shown in Figure 3b, newly synthesized proteins
enrich in the nucleoi, which experience rapid protein
exchange. Taken together, integration of CRS micros-
copy with a variety of Raman tags enables sensitive and
specific visualization of amino acids, which will pro-
mote the understanding of protein metabolism in single
live cells.

Figure 4

Single cell metabolism of nucleic acids

Nucleic acids metabolism, including synthesis and deg-
radation of nucleic acids (DNA and RNA), is essential for
maintaining tissue homeostasis. Dysregulated metabo-
lism of nucleic acids leads to many prevalent human
diseases such as cancer. Therefore, live imaging of
nucleic acid dynamics in single cells will greatly contrib-
ute to the fundamentals of cell biology as well as to
applied biomedicine. Multiple studies have shown the
capability of CARS microscopy to map 3D distribution of
chromosomes in individual live cells [83-86]. By using
SRS microscopy in the fingerprint region, Xie and co-
workers observed DNA condensation associated with cell
division in single salivary gland cells of Drosophila larvae
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Deciphering single cell metabolism of nucleic acids by CRS microscopy. (a) SRS images of a live cell in mitotic phase (prophase) at 2967, 2926,
and 2850 cm ™", respectively, and the decomposed distribution of DNA (magenta), protein (blue), lipids (green), and the overlay. SRS images at
three selected Raman shifts in the C-H stretching vibrational band were acquired. Linear decomposition was performed with a premeasured
calibration matrix to retrieve the distribution of DNA, protein, and lipids. (b) Raman spectra of DNA, cellular protein, and cellular lipids extracted
from Hela cells. (c) Time-lapse images of a HelLa cell undergoing cell division. (d) SRS images of a live cell in interphase (the decomposed
distribution of DNA and the overlay). (a)-(d) Reprinted with permission from Ref [39°°]. Copyright 2015 National Academy of Sciences. (e) SRS
images of Hela cells treated with 200 um EdU for 18 hours. Images shown from left to right are the alkyne on-resonance (2120 cm™"), alkyne off-
resonance (2180 cm™"), total lipids (2850 cm™") and merged images of EdU and total lipids. Reprinted with permission from Ref [47°°]. Copyright
2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (f) Pulse-chase imaging of RNA turnover in HelLa cells incubated with 2 mmEU (alkyne on,
2120 cm™") for 12 hours followed by EU-free medium. Reprinted with permission from Ref [46°°]. Copyright 2014 Nature America, Inc.
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and single mammalian cells [87]. Recently, they further
increased imaging sensitivity by retrieving distinct
Raman spectral features of C-H bonds in DNA, and
showed the capability to track chromosome dynamics
of skin cells in live mice [39°°] (Figure 4a—d).

The Min and Huang groups opened a new avenue to
monitor nucleic acids dynamics in single live cells by
metabolic incorporation of alkyne-based Raman tags
[46°°,47°°,48°°] (Figure 4e—f). Specifically, 5-ethynyl-2'-
deoxyuridine (EdU), an alkyne-bearing thymidine analog
is metabolically incorporated into replicating DNA by
partly substituting thymidine. Metabolic uptake of EAU
was imaged during #e novo DNA synthesis. On the basis of
EdU labeling, dividing cells were tracked every 5 min
during mitosis. By metabolic incorporation of the alkyne-
tagged uridine analog 5-ethynyl uridine (EU), the RNA
transcription and turnover were monitored and a short
nuclear RNA lifetime (~3 hours) was found in live Hel.a
cells. Taken together, by coupling with Raman tags, SRS
microscopy offers an effective way to study nucleic acid
metabolism in single live cells.

Single cell metabolism of glucose

Glucose is the primary energy source for most living
organisms. Glucose uptake has been extensively studied
by various methods, such as positron emission tomogra-
phy and magnetic resonance imaging. Because glucose
uptake in many crucial physiological and pathological
processes is intrinsically heterogeneous at the cellular
level, Hu ez a/. developed a new platform to visualize
glucose uptake activity in single live cells by SRS imag-
ing of alkyne-labeled glucose [49°°]. They found hetero-
geneous glucose uptake patterns in tumor xenograft
tissues, neuronal culture, and mouse brain tissues
[49°°]. In order to study the dynamic processes of glucose
metabolism, Li ¢z 4/. employed SRS microscopy to image
deuterium-labeled glucose in individual living cells
[43°°]. Deuterium substitution does not vary the struc-
ture of glucose, nor its physiological functions. As the first
direct visualization, Li ¢ @/. observed that deuterium-
labeled glucose was largely utilized for de #ovo lipogene-
sis in cancer cells [43°°]. This method of imaging single
cell metabolism of glucose could be a valuable tool for
elucidating the reprogrammed metabolic network in
human diseases.

Concluding remarks and future perspectives
With the capability of label-free, highly sensitive, and
high-speed mapping of biomolecules dynamics in indi-
vidual live cells, CRS microscopy offers a novel platform
to study single cell metabolism and has shed new light on
the role of lipid and DNA metabolism in homeostasis
maintenance and disease pathogenesis, in a label-free
manner. The integration of CRS microscopy and Raman
tagging is becoming a fruitful source of innovation for the
toolbox of cell metabolism research.

Looking into the future, we would predict two promising
directions. One is the study of metabolic conversion via
multiplex CRS microscopy, using spectral profile as a
signature. As an example, Liao ¢ 4/ has shown the
conversion of retinol into retinoid acids by using multi-
plex SRS microscopy [31°°]. The other direction is the
study of less concentrated metabolites via further im-
provement of sensitivity, for instance, NAD/NADH,
ATP, glycogen/glucose, metabolism of specific protein,
RNA or DNA modification. These are still difficult but
will be enabled by further technology development.
Eventually our dream is to understand how ‘Waldo’
functions based on intrinsic signature of molecules.
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