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Label-free imaging of lipid dynamics using Coherent Anti-stokes
Raman Scattering (CARS) and Stimulated Raman Scattering (SRS)

microscopy
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The recently developed Coherent Anti-stokes Raman
Scattering (CARS) microscopy and Stimulated Raman
Scattering (SRS) microscopy have provided new methods to
visualize the localization and regulation of biological molecules
without the use of invasive and potentially perturbative labels.
They allow rapid imaging of specific molecules with high
resolution and sensitivity. These tools have been effectively
applied to the study of lipid metabolism using Caenorhabditis
elegans as a genetic model, unraveling new lipid storage
phenotypes and their regulatory mechanisms. Here we review
the underlying principle of CARS and SRS microscopy, as well
as their recent applications in lipid biology research in C.
elegans.
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Introduction

The ability to track specific biological molecules follow-
ing their spatial distribution and temporal dynamics 7#
vivo 1s essential for understanding their physiological
impacts and regulatory mechanisms. To this end, fluor-
escence microscopy is currently the most popular imaging
contrast used in biological studies. Various fluorescence-
based techniques have flourished such as confocal laser
scanning, two-photon excited fluorescence and single-
molecule microscopy and super-resolution imaging
[1-6]. However, owing to the physical size and chemical
invasiveness of fluorescent tags, fluorescence microscopy

is not well suited for visualizing many essential biological
molecules 77 vivo, such as lipids.

The worldwide epidemic of obesity is a major cause for
concern with excess adiposity being associated with type
IT diabetes, cardiovascular disease, and some types of
cancer. The prevalence of obesity has spurred increased
interest in the molecular pathways and physiological
mechanisms regulating lipid metabolism [7]. However,
it has been challenging to detect lipid distribution and
dynamics 7z vive at both cellular and organismal levels.
Lipids are intrinsically non-fluorescent and difficult to tag
with fluorophores, which limits the use of fluorescence
microscopy. To better understand the biology of obesity,
new imaging methods are desirable to directly and
specifically visualize lipids and analyze their regulation.

Recently emerged Coherent Anti-stokes Raman Scatter-
ing (CARS) microscopy and Stimulated Raman Scatter-
ing (SRS) microscopy are fundamentally different from
fluorescence microscopy [8°°]. These new chemical ima-
ging techniques capture biological molecules based on
their intrinsic chemical-group vibrational contrast. They
have been utilized to visualize protein, DNA, lipids and
small metabolites /# vivo without any labeling [9,10-
12,13°%,14°,15,16]. Owing to the strongest signal arising
from lipid molecules, one area in which CARS and SRS
have quickly been applied is the study of lipid metab-
olism. CARS and SRS are capable of detecting lipid
molecules directly 7z vivo in a label-free, highly selective
and quantitative manner [13°°,16]. Moreover, their
recent applications in the model organism Caenorhabditis
elegans have also set the stage to uncover the most
important players in lipid metabolism and its regulation
[17,18°,19,20°°]. In this review, the first section intro-
duces the underlying principle of CARS and SRS micro-
scopy, and the second part overviews the recent
applications of these new technologies in lipid biology
research in C. elegans.

The principle of CARS and SRS microscopy

When light interacts with matter, the energy is both
elastically  scattered and inelastically  scattered
(Figure 1a). When a laser beam illuminates a sample
and interacts with individual molecules, most photons
will elastically scatter (Rayleigh scatter), maintaining the
energy of the incident light. However a much smaller
fraction of photons undergo inelastic (i.e. energy
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Principle and diagram of CARS and SRS microscopy systems. (a) Spontaneous Raman scattering. Incident photons interacting with molecules
normally scatter elastically. However, a very small fraction of photons are inelastically scattered. When an incident photon (pump photons) interacts
with a molecule carrying specific chemical bonds in the vibrational ground state (G), the inelastic scattering photon (Stokes photon) will have lower
energy than the incident ones. The energy difference between the pump and Stokes photons is equal to the vibrational energy of the chemical bond,
Tprump — Wistokes = Whib- BY contrast, a scattering photon with a higher energy (Anti-Stokes photons) will generate, by interacting with the chemical
bonds in an excited vibrational state (V), Tanti-stokes — Tpump = Tvib- (b) Coherent anti-Stokes Raman scattering. This multiphoton process is
achieved by using higher energy ‘pump’ photons and lower energy ‘Stokes’ photons, with energy difference being resonant with the vibrational
frequency of specific chemical bonds in a molecule. The non-linear interaction between pump and Stokes photons will excite the vibration coherence
of the chemical bonds in the molecule. This excited vibration coherence will further interact with a second pump photon, resulting in the coherent
emission of an anti-Stokes photon that is more energetic (T anti-stokes = 2T pump — W stokes = Wpump + Tib). Unlike spontaneous Raman scattering,
where inelastic photons scatters in all directions, the anti-Stokes light in CARS emits in a certain specific direction. (c) Stimulated Raman scattering.
When the energy difference between pump and Stokes photons resonant with the vibrational frequency of a type of chemical bonds in a molecule. The
non-linear interaction between two photons stimulates the chemical bonds into excited vibrational state. The energy transfer from the pump beam to
the Stokes beam accompanies this, vibrational excitation, resulting in the disappearance of one pump photon and the creation of a Stokes photon. (d)
Diagram of CARS microscope. The Stokes laser beam has a fixed wavelength at 1064 nm, while the pump laser beam is tunable. Pump beam at
817 nm for lipid imaging is used an example here. The combined pump and Stokes laser beams is scanned over the sample by a XY scanner. CARS
signal is collected using a red-sensitive photomultiplier tube (PMT). In front of the PMT, filters are used to block the pump and Stokes beams and any
induced two-photon fluorescence. (e) Diagram of SRS microscope. The laser set up is very similar to CARS, except that the pump laser beam is
modulated at a high frequency (~10 MHz). The filter is used to block the Stoke beam completely. The transmitted pump beam containing SRL signals
is detected by a photodiode (PD). An electronic device, Lock-in Ampilifier, is used to demodulate the SRL signals carried on the pump beam.

By contrast, by interacting with the chemical bonds in an
excited vibrational state, the scattering photons (anti-

exchange) scattering by interacting with the vibrational
state of molecules. Different vibrational states are dic-

tated by the composition of the molecules and the
chemical bonds that are present. The scattering photons
(normally called Stokes Raman photons) will have less
energy than the incoming photons if the chemical
bonds get excited to a higher energy vibrational level.

Stokes Raman photons) will have higher energy than
the incident ones. The frequency difference (Raman
shifts) between the incoming and scattering light is
determined by the vibrational energy levels of the
chemical bonds. A complex molecule will generate a
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Table 1
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Methods of lipid detection and measurement in C. elegans

Biochemical methods Fixative-based staining CARS SRS
Quantitative Yes No Semi Yes
Spatial resolution - Low High High
Lipid differentiation Yes No Yes Yes
Detection sensitivity Low Low Medium High
Measurement consistency High Low Medium High
Non-invasive analysis No No Yes Yes

Major limitations e No spatial information
e Large number of samples

e Long processing time

e Inconsistency between samples
o Indirect quantification
e No detection specificity

e Non-resonant background
o Autofluorescence interference
e Indirect quantification

complicated Raman spectrum consisting of the combined
Raman shift peaks from all the consisting chemical bonds.
The Raman spectra can be acquired by Raman micro-
scopy, and provides a characteristic fingerprint of specific
molecules in the sample, allowing their identification
without labeling.

In the conventional Raman microscopy, a single fre-
quency of excitation laser beam is utilized to generate
spontaneous Raman scattering. Unfortunately, owing to
signal weakness of the spontaneous vibrational transition
(10 orders of magnitudes weaker than fluorescence),
conventional Raman microscopy images require high
laser power and long data acquisition time, which limit
its application in biomedical studies [21]. Raman signals
can be amplified via using two coherent excitation laser
beams and non-linear interaction between two laser
beams and the molecules. This provides the principle
for coherent non-linear optical imaging techniques in-
cluding CARS and SRS.

l. Coherent Anti-stokes Raman Scattering
microscopy

In CARS microscopy, two laser beams, pump and Stokes,
focus on a common focal spot (Figure 1b and d). One laser
beam has a fixed frequency, while the other is tunable.
When their energy difference matches with the
vibrational frequency of a type of chemical bond, a
dramatically enhanced CARS signal is generated at the
anti-Stokes frequency via a third-order non-linear process
(Figure 1b) [21]. The newly emitted light has a blue-
shifted color that is different from those of the incidence
laser beams and background fluorescence. This spectral
separation makes it easy to detect the CARS signals.
Utilization of near-infrared pump and Stokes laser beams
allows deep penetration in tissues, as well as significantly
reducing photodamage in samples. Moreover, the non-
linear dependence on excitation intensities provides
CARS the inherent capability to generate 3-dimensional
images. Thus CARS microscopy offers a direct and non-
invasive way to image biological samples with chemical
selectivity. In 1999, three-dimensional imaging of living
cells by CARS was achieved in live bacterial and Hela

cells [22]. This work triggered CARS applications in
detection of distinct biological molecules in various living
cells and organisms, including DNA, protein and lipids
using phosphate stretching vibration, amide I vibration
and CH stretching vibration respectively [9-12]. Among
these, the strongest signal arises from the lipid CH
stretching mode (Table 1).

Although the CARS signal is much stronger than the
spontaneous Raman scattering, it has a significant draw-
back. CARS imaging has a non-resonant background at
the anti-Stokes frequency. This non-resonant back-
ground is independent of the laser frequency tuning
and is not derived from the target molecular vibration.
Instead, it has a complicated dependence on the geo-
metrical structure and local concentration of the object,
and can cause image artifacts especially for complex
biological samples [8°%,20°°].

Il. Stimulated Raman Scattering microscopy
Recently, SRS microscopy has emerged as a new label-
free imaging technique, overcoming limitations of CARS
microscopy [13°°]. Similar to CARS, SRS microscopy
relies on two laser beams coincided on the sample. When
their energy difference matches the molecular vibrational
frequency, the molecular vibrational excitation is stimu-
lated after non-linear interaction (Figure 1c¢). This is
accompanied by the energy transfer from the pump beam
to the Stokes beam, and results in the intensity loss of the
pump beam called stimulated Raman loss (SRL), and the
intensity gain of the Stokes beam called stimulated
Raman gain (SRG). When the energy difference between
the two laser beams does not match with the target
molecule vibrational frequency, there is no energy trans-
fer between the pump and Stokes beams, and therefore
no SRG or SRL signals. Thus SRS microscopy is free from
the non-resonant background.

In an SRS microscope (as shown in Figure 1e) [13°°], the
intensity of the incoming Stokes laser beam is temporarily
modulated at a high frequency, whereas the incident pump
beam (before interacting with the sample) remains unmo-
dulated. After interacting with the samples, the pump
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beam intensity change (SRL) is detected and amplified via
a lock-in amplifier. The extracted signals will be utilized
for image construction. Owing to the non-linear depen-
dence, SRS has inherent 3-D sectioning capability. The
SRL signal intensity is linearly associated with the con-
centration of the targeted molecules in the sample [13°°],
which is crucial for quantification. SRS microscopy was first
demonstrated in biological imaging in 2008 [13°°], which
was followed immediately by works from two other groups
in 2009 [23,24]. This new label-free microscopy technique
allows imaging biological molecules in living cells with
high resolution, sensitivity, and speed [8°°]. It has been
broadly applied to lipid measurement, drug delivery
monitoring and tumor cell detection [13°°,20°°,25°°].

In the following section, we will focus on the application
of CARS and SRS microscopy in studying lipid metab-
olism using C. elegans as a model system.

Genetic understanding of lipid metabolism in
C. elegans using CARS and SRS

Lipids contain large amounts of fatty acid side chains that
have abundant C-H bonds and specific CH, stretching
frequency at a Raman shift of 2845 cm™'. CARS and SRS
microscopy can specifically detect the CH, stretching
vibration, and are well suited to analyze lipid molecules
directly iz vivo. C. elegans is a well-established multicellular
organism for high-throughput genetic studies owing to its
small size, rapid development, available genetic tools, and
optical transparency. It also emerged as a promising model
to understand genetic and environmental regulation of fat
storage [26,27]. However, canonical lipid analysis methods
have limited specificity, sensitivity and spatial information.
Recent advances using the power of CARS and SRS
microscopy have overcome these hurdles, and provided
non-invasive, sensitive and quantitative ways to study lipid
metabolism in C. elegans [17,18°,19,20°°].

I. Overview of canonical lipid analysis
methods in C. elegans

Analysis of lipid storage in C. elegans can be performed
using traditional biochemical methods such as thin layer
chromatography (TLC) or solid phase exchange (SPE)
chromatography with gas chromatography/mass spec-
trometry (GC/MS) [28-30]. Using a 13C isotope feeding
assay, these techniques were extended to analysis of fat
synthesis versus dietary absorption [30]. However, bio-
chemical methods are limited by the large number of
worms required and the lack of spatial information
achieved by analysis on whole worms.

Alternatively, simple feeding protocols have led to wide
use of Nile red and C1-C12-BODIPY vital dyes in screen-
ing for and characterizing lipid storage phenotypes in
C. elegans. However, several groups have demonstrated,
by comparison with biochemical quantification, fixative-
based staining, and label-free imaging techniques, that

these vital dyes are poor assays for both localization and
quantification of lipid storage [19,20°°,31-33]. The vital
dyes strongly stain lysosome-related organelles rather than
the main fat stores in neutral lipid droplets in wild-type C.
elegans [31,33]. In addition, with feeding-based protocols,
the vital dyes are dependent on absorption and trafficking
to lipid compartments through intestinal cells, preventing
staining of germline and peripheral hypodermal lipid stores
[17]. Since the vital dyes have been shown to be such poor
markers of lipid storage, fixative-based protocols have been
increasingly relied upon.

Oil red O, Sudan black, and LipidTOX red and green are
fixative-based dyes. Unfortunately, organic solvents used
for fixation often interfere with the lipid storage struc-
tures. Detection of Oil red O and Sudan black staining
uses bright field microscopy under white light illumina-
tion, which greatly reduces spatial resolution. Lipid TOX
green and red suffer from low efficiency in staining and
rapid photobleaching [33]. Fixative-based protocols using
Nile red were also recently developed to localize major
lipid stores [32,34]. However, this lipophilic dye may stain
lipofuscin, a hydrophobic aging-related accumulation of
protein and lipid [19,35]. Moreover, although the inten-
sity of these dyes is correlated with the amount of lipid
molecules, there is no direct linear relationship between
them. Therefore, these methods only reveal the trend of
alterations in lipid levels, but often their results are not
consistent with biochemical quantification [19].

Il. Label-free imaging of lipid dynamics using
CARS and SRS

To overcome the limitations of canonical lipid analysis
methods, several groups have used high-speed CARS
microscopy coupled with fingerprint confocal Raman
analysis to enable label-free imaging of lipids in C. elegans
[17,18°]. These studies have revealed several interesting
phenotypes that were previously unknown.

Dauer is an alternative C. elegans developmental stage that
takes place in stressful conditions, for example, starvation
and overcrowding. Dauer formation is under the control
of several signaling pathways, including insulin/IGF-1
and TGF- signaling [36]. In the dauer mutants, lipid
storage levels are dramatically increased [37]. With the
high resolution of CARS microscopy, Hellerer e al.
observed a more than 4 fold increase in small-sized lipid
droplets in the hypodermis of the dauer mutants. Inter-
estingly, this hypodermal lipid accumulation did not
exhibit a significant reduction even after 3 weeks of dauer
arrest, however the total lipid levels were decreased
substantially [17]. This suggests that energy mobilization
in the intestinal and the hypodermal cells may be differ-
entially regulated.

More fat in general is bad, but not all fat is the
same. Protective effects of unsaturated fat, especially
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polyunsaturated fat are well documented. However
specific analysis of unsaturated fat /z vivo was previously
impossible using the canonical methods. Le eza/. coupled
CARS microscopy with spontaneous Raman microspec-
troscopy to enable quantification of the unsaturation ratio
in single lipid droplets in live worms [18°]. They con-
firmed that lipid unsaturation levels were reduced by half
in the mutants of A9 desaturases that catalyze the first
step in fatty acid unsaturation [38].

Although CARS represents an advance in label-free
imaging of lipid /z vivo, it is still hindered by significant
non-resonant background and autofluorescence [8°%,19,
20°°,25°°]. In addition, CARS signals have a complicated
non-linear relationship to the target molecule concen-
tration [21]. As a result, CARS signals display a partial
overlap with non-lipid-related autofluorescence signals
[18°,19], and are not suited for straightforward quantifi-
cation [20°°].

The use of SRS microscopy has overcome these limitations
[8°°,13%%,23,24]. First, SRS is free from both non-resonant
and autofluorescence backgrounds. Together with strict
linear concentration dependence, SRS avoids most of the
image artifacts and allows direct and reliable quantification
[20°°]. Quantification of lipid levels by SRS iz vive is no
different from that using the #z vitro chromatography
method. However, the SRS method only requires five
worms instead of 5 x 10° in the biochemical analysis,
and the experimental processing time is shortened to a
few minutes [20°°]. Second, SRS is demonstrated to exhibit
much higher detection sensitivity than CARS. The detec-
tion limit is only 50 wM for retinol, corresponding to 3000
molecules in focus [13°°]. Third, like CARS, SRS micro-
scopy is capable of three-dimensional optical sectioning in
a thick biological sample, and its spatial resolution is similar
to two-photon fluorescence microscopy, 200-300 nm in the
x and y-plane and 500-800 nm in the z-axis [13°°]. Finally,
the mostrecent technical advances have raised the imaging
speed of SRS to twenty-five frames (512 x 512 pixels) per
second, and achieved its light collection in the epi direction
[25°°]. These enable fast detection of molecule dynamics
even in non-transparent samples like mouse and human
tissues.

The video-rate imaging speed and label-free nature also
make SRS well-suited for high-throughput genetic
screening. We have applied SRS microscopy in C. élegans
RNA interference (RNAIi) screening [20°°]. At first, SRS
microscopy allowed us to detect neutral lipid distribution
in different tissues, identify lipid droplets at subcellular
levels and accurately quantify lipid levels iz vivo. Next,
we chose about 300 genes that encode cell-surface and
nuclear hormone receptors, and have measured neutral
lipid storage at the organism level upon RNAI inacti-
vation of those genes. This allowed us to identify several
new genetic regulators of lipid storage that are well
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conserved in human. These studies have set the stage
for genome-wide analysis to uncover important genes
regulating lipid metabolism and their underlying mech-
anisms.

Based on the presence of C=C double bonds in unsatu-
rated lipid, SRS microscopy enables to differentiate the
distributions of unsaturated from saturated lipid in living
cells [13°°]. In the unpublished work, we also examined
unsaturated lipid distribution in live C. elegans. Early this
year, Freudiger ez a/. developed spectrally tailored exci-
tation-SRS (STE-SRS) to further improve the selectivity
of SRS for specific chemical molecules [14°]. This
method showed the potential to selectively image differ-
ent types of fatty acids in live C. elegans.

Advancing beyond fluorescence microscopy, CARS and
SRS optical imaging provide new mechanisms to probe
biological molecules in a selective yet non-invasive man-
ner. SRS microscopy overcomes most of the limitations
inherent to CARS. CARS and SRS are flexible method-
ologies that can be utilized to study other molecules,
including DNA, protein, and a number of small molecules
[9,13°%,14°,15,16]. CARS and SRS not only allow scien-
tists to see molecules that were previously invisible, but
also enable mechanistic studies to identify what was
previously unknown about their regulation. They have
broad applications, ranging from tumor detection to
monitoring drug delivery. Recent applications of CARS
and SRS in C. elegans have moved forward the research on
lipid metabolism, and unraveled very important pheno-
types and mechanisms. Further technological advance-
ment is expected to increase the detection sensitivity and
specificity, which will allow 7z vive imaging of low-abun-
dant small molecules and distinct molecules with closely
related chemical structure. Currently, the expensive
instruments and complexity to set up them are the two
major limitations that prevent CARS and SRS from being
used by more groups. We are expecting new technology
development and commercialization will lower the cost
and ease the use, which will accelerate the widespread
use of CARS and SRS microscopy systems in the near
future.
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