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This review highlights the recent applications of non-linear optical (NLO) microscopy to study
obesity-related health risks. A strong emphasis is given to the applications of coherent anti-Stokes
Raman scattering (CARS) microscopy where multiple non-linear optical imaging modalities
including CARS, sum-frequency generation (SFG), and two-photon fluorescence are employed
simultaneously on a single microscope platform. Specific examples on applications of NLO
microscopy to study lipid-droplet biology, obesity-cancer relationship, atherosclerosis, and lipid-
rich biological structures are discussed.
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1. Introduction

Obesity has reached an epidemic proportion in the
United States and many other developed nations.1,2

The adverse effects of obesity on major human dis-
eases including cancer, diabetes, and cardiovascular
diseases are posing significant challenges to global
public health management.1−3 Obesity is a disorder
resulting from an imbalance in energy homeosta-
sis where energy intake exceeds expenditure. When
excess energy stored in the form of adipose tissues
accumulates such that the body fat mass index rises
above 30 kg/m2, an obese condition is diagnosed.2

In addition to the lipid storage role, adipose tissues
also serve as endocrine organs.4,5 As adipose mass
increases, adipocyte-secreted protein hormones,

or adipokines, dominate the body physiological
response and regulation.4,6 Adipokines have been
shown to adversely influence many processes includ-
ing body weight homeostasis, insulin resistance, dia-
betes, inflammation, atherosclerosis, osteoporosis,
and carcinogenesis.2,5,6

Currently, the investigation of obesity and its
impact on other diseases relies on standard histo-
logical evaluation of tissue biopsies or biochemical
profiling of metabolites.6 While serving as power-
ful diagnostic tools for a number of diseases, such
techniques present limitations to the study of obe-
sity. Fixed tissues for light or electron microscopy
examination prevent real-time observation of lipid
absorption, metabolism, storage, and mobilization.7
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Fig. 1. Energy diagrams for NLO imaging modalities. CARS is a four-wave mixing process where molecular vibration fre-
quency Ω is equal to ω1 − ω2. When Ω matches Raman-active band of CH2 at 2840 cm−1, vibrational contrast of lipid-rich
structures is generated. SHG and SFG combine photons of equal energy (SHG) or of different energy (SFG) to generate new
photons with combined energy. SHG and SFG are sensitive to non-centrosymmetric biological structures including collagen
fiber and microtubule. THG combines photons of equal energy to form new photons with triple the energy. THG is dependent
on optical heterogeneities of probed objects which include third-order non-linear susceptibility, refractive index, and refraction.
Two-photon excitation fluorescence (TPEF) combines energy of two photons to excite one molecule to an excited state which
subsequently proceeds along the fluorescence-emission pathway. TPEF is widely used to image fluorescently-labeled molecules.

Standard biochemical assays including Western and
Northern blots describe static population average
behaviors; thus, these are insufficient to study mal-
functions in spatial-temporal control of dynamic
cellular events which trigger the onset of the
disease.8 As a result, investigation of non-mutative
causes of obesity remains inaccessible.9−11 Further-
more, identifying specific type of lipid in tissue
biopsies is not achievable using current imaging
techniques. Unlike many proteins where there are
specific antibodies, most lipid molecules have no
known specific marker.7 Clearly, new methodologies
which allow non-invasive, real-time, compositional,
and single-cell measurement of lipid are needed to
advance our understanding of obesity and related
diseases.

An opportunity for advancing obesity research
can be found with coherent anti-Stokes Raman
scattering (CARS) microscopy.7,12,13 With intrinsic
three-dimensional spatial resolution and relatively
high penetration depth, CARS imaging opens up
a new window for non-invasive visualization of cell
morphology and function in tissues and live ani-
mals. CARS is a four-wave mixing process in which
a pump field Ep(ωp) and a Stokes field Es(ωs) syn-
chronously interact with a sample to generate an
anti-Stokes field Eas at frequency 2ωp −ωs (Fig. 1).
Because the CARS signal is significantly enhanced
when ωp − ωs is tuned to a Raman-active vibra-
tion band, it allows for chemically selective imag-
ing. Furthermore, intrinsic coherent property allows
CARS signal to increase quadratically with respect
to the number of molecular vibrations in the focal
volume. CARS microscopy is particularly sensitive
to lipid-rich structures when ωp − ωs is tuned to
2840 cm−1 which matches the symmetric vibration
of CH2 bonds. Label-free visualization capability for
lipid structures renders CARS an ideal tool for lipid

research. Moreover, label-free visualization capabil-
ity is highly advantageous for in vivo imaging where
labeling can be complicated by inefficient diffusion
and non-specific binding.7

An additional unique advantage of CARS
microscopy is its intrinsic capability for multi-
modal non-linear optical (NLO) imaging.13,14 A
typical CARS microscope with picosecond pulse
excitation is capable of simultaneous CARS,
sum frequency generation (SFG), and two-photon
excitation fluorescence (TPEF) imaging (Fig. 1,
Table 1). TPEF microscopy has been widely used
for molecular imaging due to the versatility of
fluorescent molecules.14 SFG or second harmonic
generation (SHG) microscopy has been used to
probe polarized proteins due to its sensitivity
to non-centrosymmetric structures (Fig. 1).15

Furthermore, SFG and CARS do not require elec-
tronic resonance, thus longer excitation wavelengths
can be used which could minimize multi-
photon absorption-induced photodamage and
increase tissue penetration depth.13,14 Using multi-
modal imaging capability of a CARS microscope,
many biological structures within the tissue biop-
sies and live animals have been simultaneously
visualized.7

With many apparent advantages, CARS
microscopy has been widely applied to study var-
ious aspects relating to lipid storage, metabolism,
and related diseases.7,13 In the following sec-
tions, we will present reviews of current litera-
tures on the applications of CARS microscopy to
lipid research. In addition, we will discuss rele-
vant advances in lipid research using other tech-
niques. Specifically, we will focus this review on
the applications of CARS microscopy to study:
(1) lipid-droplet biology, (2) lipid metabolism in
simple organisms, (3) obesity-cancer relationship,
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Table 1. Comparison of NLO imaging modalities.

Imaging Origin
modality of signal Advantage Limitation

TPEF Fluorescence Versatility of fluorescent probes Photobleaching,
inefficient labeling

SFG/SHG Lack of inversion Label free Limited non-centrosymmetric
symmetry biological structures

THG Optical Simplicity of experimental set-up, High tissue
heterogeneity low tissue excitation scattering emission absorption

CARS Molecular vibration Chemically selective, label-free, highly Expensive complex
sensitive for lipid-rich structures experimental set-up

(4) atherosclerotic lesions, and (5) lipid-rich struc-
tures including myelin sheath, skin, and brain.

2. Lipid-Droplet Biology

As energy storage depots, adipose tissues play cru-
cial roles in the regulation of energy homeostasis.4

In animals, as in humans, increased and decreased
adiposity in times of nutritional abundance and
famine are observed, respectively. Under normal
physiological conditions, adipose tissues serve as
highly dynamic organs whose functions include
storing or dispensing energy according to the energy
demand of the body.4 However, perturbations
including genetic adaptations have been shown to
disrupt the regulation of energy homeostasis.3,4 A
typical example of such perturbations can be found
in Ossabaw swine of Ossabaw Island, Georgia.16

Abandoned by Spanish explorers more than 500
years ago, Ossabaw swine evolved an adaptive
genetic mutation in the AMP-activated kinase gene
which allows it to store massive amount of fat dur-
ing time of abundance and survive during long peri-
ods of famine.16,17 While such a genotype favors the
survival of Ossabaw swine on the island where living
conditions are harsh, it is the cause of obesity, dia-
betes, and cardiovascular diseases in domesticated
Ossabaw swine when food is plentiful and exercise
is scarce.16 Similar occurrences have been observed
in many human ethnic groups where the conve-
nience and nutritional abundance of modern living
are strongly associated with the steady rise in severe
obesity and diabetes conditions over last century.3

Nonetheless, the cause for obesity in human beings
remains less clearly understood.

To study the cause of obesity, significant
research efforts have focused on lipid-droplet bio-
logy of fat cells or adipocytes.4,18 An in vitro

cell culture model was developed by Green and
Kehinde19 in 1974 to study the differentiation of
3T3-L1 cells into adipocytes. Using this model sys-
tem, transcriptional regulation of adipocyte differ-
entiation has been extensively studied.18 In-depth
knowledge of adipocyte differentiation has been
thoroughly discussed in many recent reviews.4,18

In general, adipocyte differentiation has been mea-
sured in terms of adipogenic genes expression and
intracellular lipid droplets (LDs) accumulation. The
commitment to differentiation is indicated by the
activation of a nuclear transcription factor, PPARγ,
which controls the expression of terminally differ-
entiated genes including genes encoding for lipid
synthesis enzymes.18 And the degree of differen-
tiation is indicated by the quantity of intracellu-
lar LDs. However, current measurement techniques
are inadequate to describe the dynamic nature
of lipid metabolism within adipocytes. Adipogenic
gene expression profiling using Northern blots or
real-time PCR provides average population mea-
surements of extracted mRNA transcripts. And
the measurement of LDs, which relies on oil red
O (ORO) or red Nile staining of fixed cells, pro-
vides static snapshots of the intracellular lipid
pool. Such static measurements are insufficient to
investigate the dynamic control of LDs mobiliza-
tion during increased cellular energy demand. As
a result, the dynamic process including lipolysis
remains understudied. Furthermore, population
measurements hinder the investigation of cell-to-cell
variability during drug-induced differentiation of
3T3-L1 cells.20 Consequently, heterogeneity in
drug response of adipocytes remains a well-
observed but poorly understood phenomenon.19

Such drug-response heterogeneity poses signifi-
cant challenges to the evaluation of drugs aim-
ing at interfering with fat cell differentiation.20
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 2. The CARS and THG imaging of LDs. (a) and (b) Evidence of ORO staining induced LD fusion in fixed 3T3-L1
cells. (a) 5 min and (b) 15 min after ORO addition. (c) CARS imaging of LDs and TPEF imaging of labeled mitochondria in
adrenal cortical Y-1 cells. (d) and (e) CARS imaging of LD lipolysis at 1 min (d) and 60 min (e) after lipolysis stimulation.
(f) THG imaging of a liver tissue. (g) to (i) Multiplex CARS spectral imaging of LD composition and packing within a single
3T3-L1 cell. (g) Integrated intensity of LDs. Mapping the degree of unsaturation (h) and acyl chain order, and (i) within LDs.
Images reproduced from Nan et al., Yamguchi et al., Debarre et al., and Rinia et al. with permission.

Using CARS microscopy, the dynamics of
lipid droplets synthesis and transport have been
monitored in live cells. Taking advantage of the
label-free imaging capability of a CARS microscope,
Nan et al.21 described the dynamics of lipid syn-
thesis in live 3T3-L1 cells over time.4 After the
addition of adipogenic stimulants, the CARS imag-
ing showed an initial clearance of small LDs fol-
lowed by an eventual accumulation of large LDs.
The CARS imaging of unstained LDs was nonper-
turbative; whereas, the fluorescent imaging of ORO
and red Nile stained LDs required cell fixation.
Moreover, ORO staining induced LDs aggregations
and perturbed LD structures (Figs. 2(a) and (b)).21

CARS imaging also allowed Nan et al.21 to track
lipid-droplet transport in adrenal cortical Y-1 cells.
Simultaneous CARS imaging of LDs and TPEF of
stained mitochondria revealed possible interaction
between LDs and cellular organelle (Fig. 2(c)).22

Taken together, Nan et al. demonstrated the pos-
sible applications of CARS microscopy to monitor
LDs in living cells.

Furthermore, CARS microscopy has been
applied to study lipolysis of LDs in living cells.
Yamaguchi et al.23 combined CARS imaging of
LDs with standard molecular biology techniques
to mechanistically elucidate the role of a LD
surface protein, CGI-58, in lipolysis. Using RNA
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interference (RNAi) to knock down CGI-58 gene did
not interfere with adipocyte differentiation. How-
ever, excess LD accumulation and reduced lipolysis
activity were observed. By itself, CGI-58 did not
exhibit lipase activity, but its expression enhanced
the activity of adipose triglyceride lipase. CGI-58
interacts with perilipin, another LD surface protein
critical for lipolysis in adipocytes. Phosphorylation
of perilipin disrupts interaction with CGI-58 lead-
ing to a dispersal of CGI-58 away from LDs and
into cytoplasm. The CARS imaging of micro-LDs
formation during lipolysis in CGI-58 knock-down
cells revealed that CGI-58 was not required for
micro-LDs formation. Yamaguchi et al. concluded
that CGI-58 plays a role in LD lipolysis in cooper-
ation with perilipin and lipases. Yamaguchi et al.
demonstrated a limited role of CARS microscopy
in the functional studies of CGI-58 where it was
primarily used to image the vesiculation of micro-
LDs from large LDs upon hormonal stimulation
(Figs. 2(d) and (e)). Nonetheless, future CARS
application to the studies of LDs dynamics should
bring new understanding on a significant but under-
studied field of LD biology.24

In addition to CARS microscopy, the third har-
monic generation (THG) microscopy has recently
been demonstrated to be a non-perturbative imag-
ing method for LDs.25 The THG signal generation
mechanism is highly dependent on optical hetero-
geneities of objects in the probed medium which
include third-order non-linear susceptibility, refrac-
tive index, and refractive index refraction. Because
the optical properties of lipid and water are highly
different from one another, LDs in aqueous envi-
ronment of cell cytoplasm generate strong optical
contrast with THG imaging. Debarre et al.25 suc-
cessfully applied THG to visualize LDs in hepato-
cytes, insect embryos, plant seeds, and intact rat
lung tissues (Fig. 2(f)). The THG signals emanat-
ing from LDs were 20 to 100 folds higher than other
cellular components. Thus, Debarre et al.25 argued
that THG could be an alternative to CARS for LDs
imaging.

While THG has undoubtedly proven to be
a powerful imaging method for LDs, several lim-
itations intrinsic to THG could render it less
attractive than CARS for lipid research. First,
THG does not have chemical selectivity, which
is an intrinsic property to CARS microscopy.12,25

This drawback limits the capability of THG
in visualizing LDs and tracking LDs movement.
THG cannot distinguish the composition of one

LD from another. On the contrary, CARS sig-
nals arise from molecular vibration, thus CARS
can resolve different chemical bonds in the same
focal volume. Cheng et al.26 employed multi-
plex CARS to resolve symmetric and asymmet-
ric –CH2 and –CH3 stretch vibration in a lipid
vesicle. Muller and Schins27 employed multiplex
CARS to distinguish liquid from gel phase of a
lipid membrane based on hydration and satura-
tion degree of lipid. Li et al. sequentially and
Burkacky et al. simultaneously resolved lipid species
based on the difference in molecular vibration of
–CD2 at 2100 cm−1 from –CH2 at 2845 cm−1.28,29

Most recently, Rinia et al.30 resolved the composi-
tion and packing of LDs using multiplex CARS
microscopy (Figs. 2(g) to (i)). Thus, CARS pro-
vides composition information not accessible by
THG. Second, THG strong signals from LDs would
be significantly diminished in thick tissue environ-
ment. THG signals induced with ∼1200 nm pulse
laser excitation would emit photons at ∼400 nm
which falls into the absorption region of many tis-
sue components including vasculature and blood
cells. Consequently, THG emission photons would
fail to escape thick tissues, thus, reducing the THG
detection sensitivity. Currently, THG has not been
applied for LDs imaging in complex tissue envi-
ronments or in living animals.25 On the other
hand, CARS has been widely applied to image
adipocytes, lipid-rich sebaceous glands, and axonal
myelin sheaths in living animals with high sensitiv-
ity and with penetration depth of up to 130µm.31,32

With such apparent advantages, CARS microscopy
would continue to be an attractive method for lipid
research.

Nonetheless, CARS imaging of LDs should
be combined with the analysis of other cellu-
lar processes to advance LD biology research.
Using genome-wide RNAi screen in Drosophila S2
cells, Guo et al.33 identified genes encoding for
enzymes of phospholipid biosynthesis which deter-
mine the LDs size and number. This observa-
tion suggests that phospholipid composition affects
LD morphology and utilization. With the capac-
ity to analyze lipid composition, CARS imaging
would complement genetic studies to provide
in-depth functional analysis of the relationship
between genotype and LD phenotypic expression.
In addition, a wide range of fluorescent gene
activity and kinase activity reporter systems have
recently been made available.34,35 Advances in
imaging and spectroscopy techniques have also
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enabled the analysis of protein-DNA, protein-RNA,
and protein-protein interaction in living cells.36−39

Combining label-free lipid imaging capability of
CARS microscopy with the versatility of fluores-
cent reporter and analysis systems, LD biology can
be investigated in real-time at the level of a sin-
gle cell. Such capability would provide dynamic
information not accessible by population measure-
ments. Single-cell studies would also circumvent
intrinsic cell-to-cell variability and allow direct eval-
uation of drug effect in adipocyte differentiation.20

Most importantly, a number of lipid-associated pro-
teins, whose functions are critical for LD formation
and mobilization, have been identified and char-
acterized in recent years.24,40 Real-time and non-
perturbative CARS imaging of LDs and TPEF
imaging of lipid-associated protein fused to fluores-
cent proteins would allow spatio-temporal studies of
LD-protein interaction to provide in-depth under-
standing of LD dynamics.

Moreover, to maximize the impact of CARS
imaging on LD biology, adipogenesis should be
studied in living animals. Taking advantage of
high penetration depth intrinsic to TPEF imag-
ing, Fukumura et al.41 studied angiogenesis during
adipocyte differentiation in vivo using implanted
3T3-F442A cells. However, without the capability
to visualize LDs in vivo, Fukumura et al. turned to
ORO staining of LDs in 3T3-F442A cell cultures
to complement their observation of angiogenesis in
vivo. The employment of CARS for in vivo imag-
ing would allow visualization of adipocyte differen-
tiation in native environments. Using multimodal
imaging capability of a typical CARS microscope,
multiple biological processes could be visualized
simultaneously. On the same microscope plat-
form, angiogenesis could be monitored using TPEF
imaging of dye-labeled vasculatures,42 extracellular
matrix remodeling could be monitored using SHG
imaging of collagen fibrils,43 and adipocyte differ-
entiation could be monitored using CARS imaging
of LDs formation. CARS imaging of adipogenesis
in vivo would provide a rapid means to validate the
existing understanding of LD biology as well as pro-
vide new opportunity to study LD biology in native
environments.

3. Lipid Metabolism in Simple
Organisms

The ability to store energy in the form of cytoplas-
mic LDs is observed from simple organisms such

as Saccharomyces cerevisiae to complex organisms
such as humans.40,44 In addition, there is a remark-
able gene sequence and function conservation of
many proteins involved in lipid synthesis and stor-
age pathways.44 Due to such conservation, studies
of lipid metabolism in simple organisms can provide
insights into the same process in complex organ-
isms. Indeed, Drosophila melanogaster, Caenorhab-
ditis elegans, and zebrafish have been proven to
be ideal models for developmental studies due to
their rapid breeding, easy maintenance, and highly
amenable genetics.45−47 In recent years, these sim-
ple organisms have been employed as models for
in vivo NLO imaging due to their intrinsic opti-
cal accessibility.36,48,49 It is conceivable that their
employment for real-time in vivo imaging of gene
and protein network interaction, cell-cell commu-
nication, or genotype-phenotype relationship will
increase exponentially in the near future.

The first CARS applications to lipid metabolism
studies in simple organisms were demonstrated
by Burkacky et al. and Hellerer et al. on C.
elegans.29,49 Burkacky et al.29 employed dual-CARS
to simultaneously image symmetric CH2 vibration
at 2845 cm−1 and CD2 vibration at 2115 cm−1 of
LD in C. elegans which allowed removal of non-
resonance background and improvement in image
sensitivity and contrast. Hellerer et al.49 used CARS
imaging to screen how genetic variations in lipid
metabolism pathway influence size, distribution,
and lipid order state of LDs during development of
C. elegans larvae (Fig. 3). In addition to LDs visu-
alization, Hellerer et al. simultaneously monitored
symmetric CH2 vibration at 2845 cm−1 and asym-
metric CH2 vibration at 2880 cm−1 (Fig. 3(a)). A
high ratio of asymmetric to symmetric CH2 vibra-
tion is associated with gel phase. LDs storage in
early-stage and late-stage larvae development had
low and high ratio of asymmetric to symmetric
CH2 vibration, respectively. This observation sug-
gests a transition from liquid phase to gel phase of
LDs with age. Conversely, the promotion of lipid
storage in a genetic mutant was associated with a
shift from gel phase to liquid phase. By monitoring
changes in lipid phase (Fig. 3(a)) and the abundance
of LDs (Figs. 3(b) and (c)), Hellerer et al. argued
that the state of lipid metabolism of C. elegans can
be inferred. These initial works demonstrated that
combining CARS imaging with optically accessible
C. elegans could provide a rapid platform for in vivo
studies of the mechanisms underlying obesity and
metabolic diseases.
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(b)

(a) (c)

Fig. 3. CARS imaging of lipid metabolism in Caenorhabditis elegans. (a) CARS spectra of LDs in wild type and mutant
C. elegans. Symmetric and asymmetric CH2 peaks at 2845 cm−1 and 2880 cm−1, respectively. N1 L1 and N1 L4 represent
wild type at early and late larvae stage, respectively. Mutant pha-3 has a feeding-defective phenotype. Mutant daf-4 dauer
has deficiencies in insulin and TGF-β signaling pathway. Tissue matrix spectrum indicates sampling frequency and standard
deviation. CARS images of wild type (b) and pha-3 mutant (c) show reduced LDs accumulation in feeding-defective nematode.
Images reproduced from Hellerer et al. with permission.

4. Impact of Obesity on Mammary
Tumor Stroma

Obesity is an established risk factor for many types
of cancer including colon, breast, endometrium, kid-
ney, esophagus, pancreas, gallbladder, and liver.1

However, significant bodies of current literature
on the relationship between obesity and cancer
development are focused on breast cancer due
to the microenvironment rich in adipocytes sur-
rounding mammary epithelial cells.50 Systematic
studies of the impact of adipokines on malignant
breast ductal epithelial cells showed that adipokines
promote tumorigenesis by inducing the expres-
sion of genes regulating cancer cell proliferation,
invasion, survival, and angiogenesis.51,52 In addi-
tion, adipokines increased the activity of pro-
oncogenic factors including β-catenin and CDK6
by reducing the expression of their inhibitors.51

Nonetheless, tumor development is dependent not
only on intrinsic factors such as gene mutation or
activation of pro-oncogenes but also on extrinsic
factors including extracellular matrix remodeling
and stromal cells interaction.53,54 Indeed, a number
of stromal cells have been shown to assist tumor
cell escape into bloodstream including fibroblasts,
macrophages, and mesenchymal stem cells.55−57

Rearrangement of collagen fibrils around tumor
mass has been shown to facilitate tumor invasion
into neighboring tissues.58 Furthermore, extensive
angiogenesis has been observed in primary and
metastasized tumors to supply nutrients to the
growing colonies.59,60

In recent years, our laboratory has employed
multimodal imaging capability of a CARS micro-
scope to evaluate the impact of obesity on mam-
mary tumor stroma.61 To describe the effects of
obesity on the composition and 3D architecture of
mammary tumor stroma, we imaged tissue biop-
sies of a Sprague-Dawley rat model. A unique
feature of this animal model is that lean and
obese rats exhibit predictable methylnitrosourea-
induced tumorigenesis in benign and aggressive
mammary tumors, respectively.62 Thus, the differ-
ence in tumor stromal architecture and composi-
tion can be directly correlated to tumor grades.
Simultaneous CARS and SHG imaging revealed sig-
nificant tumor and stromal components including
mammary adipocytes, blood capillaries, collagen
fibrils, and tumor cells which can be visualized
without labeling (Figs. 4(a)–(c)).61 Expectedly, the
adipocytes of obese rat mammary gland exhibited
LDs with an average diameter of approximately
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Fig. 4. The NLO imaging of mammary tumor stromal composition. (a) CARS imaging of mammary tumor cells. (b) CARS
(orange) imaging of mammary adipocytes and SHG (blue) imaging of collagen fibrils. (c) CARS (orange) imaging of mammary
blood vessels and SHG (blue) imaging of collagen fibrils. (d) TPEF (green) imaging of FITC-IB4-labeled microvessels and
macrophages and SHG (blue) imaging of collagen fibrils. (e) Average LD diameter of adipocytes of 3 lean and 3 obese mammary
glands. Error bars represent distribution of LD diameters. (f) Total collagen density, as determined by SHG signal intensity,
of mammary glands and tumor stroma of lean and obese Sprague-Dawley rats. Lean and obese rats were fed with Rat Chow
and Western diet, respectively. Samples from three rats of each diet group were analyzed. Images adapted from Le et al.

2 folds higher than those of lean rat mammary gland
(Fig. 4(e)). Correspondingly, stromal collagen fib-
ril density was higher in obese rats with aggressive
tumors as compared to lean rats with benign tumors
(Fig. 4(f)). Thus, a correlation between obesity
and cancer aggressiveness was observed based on
increased collagen density of tumor stromal extra-
cellular matrix. Independent studies by Provenzano
et al.63 also associate increased collagen fibrils with
cancer aggressiveness.

Most significantly, CARS microscopy is an ideal
imaging tool to study the impact of obesity on
tumor stromal organization and remodeling due to
its ability for 3D visualization of significant tumor
components. CARS and SHG imaging revealed col-
lagen fibrils wrapping around blood vessels in tumor
stroma (Figs. 5(a)–(c)). This observation supports
a proposed role of collagen fibrils in guiding and
promoting angiogenesis.64 Thus, increased colla-
gen density in obese tumor stroma could poten-
tially support increased angiogenesis. Additionally,
CARS imaging of cancer cells and SHG imag-
ing of collagen fibrils surrounding tumors allowed
the identification and location of the boundary
of tumors (Figs. 5(d)–(f)).61,65 Combining label-
free imaging capability of CARS and SHG with

fluorescent imaging of TPEF, antibodies-labeled
macrophages in tumor stroma can also be identified
(Fig. 4(d)).61,66 Macrophages have been shown to
be present in significant number in obese adipose
tissues.67 Moreover, the escape of the macrophage-
assisted tumor into the bloodstream has been well
documented.57 Together, multimodal imaging capa-
bility of a CARS microscope is well suited for
the investigation of how obesity perturbs tumor-
stromal interaction in mammary cancer.

As endocrine organs, adipose tissues are
likely to exert influence on distant tumor sites
through the action of secreted adipokines and free
fatty acids.5,6,68,69 Indeed, an adipocyte-derived
hormone, leptin, has been shown to promote tumor
growth in a number of cancer types including
prostate and endometrial cancer.70 In addition,
many cancer types exhibited lipid-rich pheno-
types including brain, adrenal, lung, and mam-
mary cancer.71–73 In mammary cancer, lipid-rich
carcinoma is associated with early death and
aggressive clinical behaviors.71 Despite such well-
observed lipid-rich phenotypes, the role of lipid
in cancer development remains poorly understood.
Being highly sensitive to lipid, CARS microscopy
would be an ideal tool to investigate the negative
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(a) (b) (c)

(d) (e) (f)

Fig. 5. The NLO imaging of mammary tumor stromal organization. (a)–(c) CARS (orange) imaging of blood vessels and SHG
(blue) imaging of collagen fibrils along the vertical z axis. Arrows point to the representative blood vessels. Depth imaging
reveals evidence of collagen fibrils wrapping around blood vessels. (d)–(f) CARS (orange) imaging of tumor mass and SHG
(blue) imaging of collagen fibrils along the vertical z axis. Arrows point to 2 tumor areas. Depth imaging reveals the lack of
collagen fibrils within the tumor mass. z = 0 µm represents the interface of mammary tumor tissues and glass surface. Images
adapted from Le et al.

impact of obesity on cancer development. Further-
more, recent advances in other optical imaging
modalities including optical coherent tomography
(OCT) and diffuse optical imaging demonstrate suc-
cesses in cancer detection.74−76 Translational devel-
opment of a multifunctional endoscope which allows
multimodal imaging capability would significantly
enhance clinical cancer detection, diagnosis, and
evaluation of tumor-stromal interaction in response
to drug or nutritional intervention.

5. Composition Analysis of
Atherosclerotic Plaques

Obesity and diabetes are major risk factors
for cardiovascular diseases.2,3 Approximately
16 million Americans are having pre-diabetic con-
ditions, such as increased blood glucose, high
blood cholesterol and triglycerides, and high blood
pressure.3 When these conditions are prolonged,
diabetes type 2 will eventually develop. The
incidence of cardiovascular diseases in diabetic
individuals is four times higher than those with-
out diabetes.3 In 2003, cardiovascular diseases
accounted for 37% of all deaths in the United
States. The direct and indirect treatment cost for

cardiovascular diseases was estimated to exceed
US$400 billion in 2008.77 As the trend of childhood
obesity and diabetes is on the rise, the negative
impact on cardiovascular diseases will be a major
public health concern in the near future.

Cardiovascular diseases such as stroke, myocar-
dial infarction, and ischemia are commonly
perceived as aging diseases.78−80 However, the pro-
cess leading to such catastrophic events takes place
very early in life and progressively develops over
time.79 Symptoms of cardiovascular diseases are
associated with hypercholesterolemia, high blood
cholesterol level, and atherosclerosis or build-up of
plaques in the arterial walls.81,82 Familial hyper-
cholesterolemia is observed in patients as early as
5-years old and atherosclerotic lesions are detected
in post-mortem autopsies as early as the second
decade of life.79,81 Early stage of atherosclerosis
is initiated by the deposition of low density lipo-
protein (LDL), infiltration of monocytes, and mat-
uration of monocytes into macrophages in the
intima.82 Then, smooth muscle cells infiltrate the
intima and collagen fibrils and lipid particles begin
to deposit in the extracellular matrix. Advanced
stage of atherosclerosis is associated with lipid-rich
necrotic cores and calcium deposits in the thickened
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intima. Clinical manifestation of atherosclerosis
comes from plaque rupture and thrombosis which
could lead to myocardial infarction and stroke.82

Previous histological examination of tissue biop-
sies showed that plaque stability is dependent
on its composition which includes foam cells,
collagen fibrils, extracellular lipid particles, and
others.83

Current clinical evaluation of atherosclerotic
plaques are performed using non-invasive tech-
niques such as magnetic resonance imaging and
X-ray angiography, or invasive techniques such
as intravenous ultrasound (IVUS) and (OCT).84

Although these techniques provide useful cross-
sectional mapping of plaque morphology and
thickness, they lack both resolution and specificity
necessary to analyze plaque structural organization
and composition. The progression of atherosclero-
sis is both complex and lengthy.82 However, current
imaging technologies are only capable of detecting
advanced-stage lesions.84 Thus, early detection and
prevention of atherosclerosis remains an attractive
yet unrealized opportunity.

In recent years, optical imaging of atheroscle-
rotic plaques emerges as a viable means for early-
stage lesion detection and composition analysis.
Optical spectroscopy techniques including fluo-
rescence spectroscopy, Raman spectroscopy, and
laser speckle spectroscopy have been used to
describe composition changes associated with
atherogenesis.85−87 Most notably, Motz et al.86

applied real-time in vivo Raman spectroscopy to
identify vulnerable plaques in human with high
sensitivity and specificity. Additionally, linear and
NLO imaging has been employed to visualize signi-
ficant components of arterial walls and atheroscle-
rotic plaques in tissue biopsies and in living small
animals.15,88−92 Eriksson et al.88 and Huo et al.89

employed wide-field fluorescence imaging to study
blood components-vessel walls interaction during
atherogenesis in living mice. Yu et al.91 and van
Zandvoort et al.92 employed NLO imaging to
describe the composition of labeled components of
vascular walls and atherosclerotic plaques in living
mice. NLO imaging has several intrinsic advantages
over linear optical imaging including 3D resolu-
tion, deep-tissue penetration, and SHG visualiza-
tion of collagen fibrils.14 Given such advantages,
NLO imaging of tissues and animals is becoming
an increasingly favored option.

Furthermore, our laboratory has recently
demonstrated the capability of multimodal NLO

imaging on a CARS microscope platform for
label-free imaging of vascular wall and plaque
composition.93,94 Using multimodal NLO imaging,
we examined arterial tissue biopsies of Ossabaw
swine bearing metabolic syndrome-induced
atherosclerotic plaques. CARS imaging allowed
label-free visualization of smooth muscle cells,
endothelial cells, foam cells, and extracellular LDs
deposit based on vibrational contrast of CH2

at 2845 cm−1 of lipid-rich cell membrane and
LDs (Figs. 6(a)–(f)).93 TPEF imaging allowed
label-free visualization of elastin fibers of arterial
walls, smooth muscle cells, and oxidized low den-
sity lipoproteins (LDL) within foam cells due to
their intrinsic autofluorescence (Fig. 6(d)–(f)).93

Additionally, SHG allows label-free visualization of
collagen fibrils of both arterial walls and plaques
due to its sensitivity to non-centrosymmetric struc-
tures (Figs. 6(d)–(h)).90

Most importantly, combined CARS, TPEF,
and SHG imaging enable unprecedented analy-
sis of both composition and organization of arte-
rial walls and plaques.93,94 First, multimodal NLO
imaging of plaque increases accuracy of plaque
detection. SHG imaging of collagen fibrils orien-
tation showed that a plaque region where colla-
gen fibrils appear disorganized can be distinguished
from an unaffected arterial wall where collagen fib-
rils are organized into highly ordered and paral-
lel fashion (Figs. 6(d)–(h)). Simultaneous TPEF
and SHG imaging of healthy arterial wall revealed
an appearance of TPEF signal from internal elas-
tic lamina first, then SHG signal from arterial
collagen fibrils (Fig. 6(d)); whereas, TPEF and
SHG signals appeared together in the plaque due
to the presence of smooth muscle cells, oxidized
LDL, and collagen fibrils (Figs. 6(e), (f)). CARS
imaging is highly sensitive to plaque region due
to strong signals arising from extracellular LD
deposits and lipid-rich foam cells (Figs. 6(c), (i)).
Thus, combined CARS, TPEF, and SHG imag-
ing would allow identification of plaque with high
degree of certainty. Second, simultaneous CARS
and SHG imaging of plaques revealed an inverse
relationship between the number of foam cells and
collagen density. Previous histological analysis asso-
ciated plaque instability with thin fibrous cap,
increased extracellular LDs, and increased foam
cells. Thus, simultaneous CARS or TPEF and
SHG imaging would allow identification of vulner-
able plaques (Fig. 6(f)). Third, a primary function
of macrophage in atherosclerotic lesions is to
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(a) (d) (g)

(b) (e) (h)

(c) (f) (i)

Fig. 6. NLO imaging of atherosclerotic lesion’s composition and organization. Luminal CARS imaging of (a) vascular smooth
muscle cells, (b) vascular endothelial cells, and (c) lipid-rich foam cells. (d) Cross-sectional SHG (blue) imaging of collagen
fibrils and TPEF (yellow) imaging of elastin fibers of a normal iliac artery. (e) Cross-sectional SHG (blue) and TPEF (yellow)
imaging of an atherosclerotic lesion. Plaque components extended into the lumen beyond an interrupted internal elastic lamina.
(f) TPEF (yellow) signals arise from both elastin fiber and lipid-rich foam cells. Luminal SHG imaging of collagen fibers of an
iliac artery (g) without and (h) with an atherosclerotic lesion. (i) CARS (orange) imaging of lipid and TPEF (yellow) imaging
of oxidized LDL within foam cells. Images adapted from Wang et al. and Le et al.

neutralize oxidized LDL into neutral lipid and high
density lipoprotein (HDL). Simultaneous CARS
imaging of lipid and TPEF imaging of oxidized
LDL within foam cells could serve as an indication
of foam cell functional activity (Fig. 6(i)). Taken
together, combined CARS, SHG, and TPEF imag-
ing demonstrate a powerful capability for composi-
tional analysis of atherosclerotic lesions.93

Given such significant advances in optical
imaging of atherosclerotic lesions, the future

development of multimodal optical endoscopy
should hold tremendous promise for clinical
diagnosis of cardiovascular diseases. Label-free
compositional imaging capability of multimodal
NLO microscopy eliminates the need for mole-
cular targeting in complex in vivo environment.
Additionally, SHG and CARS imaging do not
require electronic resonance.14 Thus, longer wave-
length could be used to minimize multiphoton
absorption-induced damage to vascular tissues.
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A multifunctional endoscope which combines capa-
bility for NLO imaging and OCT and IVUS analysis
on the same catheter-based platform would enable
simultaneous plaque detection, morphology map-
ping, and composition analysis.84 Such capability
would advance the opportunity for early clinical
detection and prevention of atherosclerosis.

6. Lipid-Rich Structures

In addition to obesity-related diseases afore-
mentioned, CARS imaging has also been
applied to study myelin sheaths of the cen-
tral nervous system (CNS).95 Myelin sheaths
are extended membrane of oligodendro-
cytes in CNS or Schwann cells in periphe-
ral nervous system.96 Myelin sheaths wrap around
axons and facilitate high-speed impulse conduc-
tion. Damages to myelin sheaths can be attributed
to hereditary neurodegenerative disorders such as
leukodystrophies or to acquired diseases such as
multiple sclerosis.97 Currently, demyelinating dis-
eases affect more than two million people world-
wide. A typical myelin sheath comprises 70% lipid
and 30% protein. Due to such high lipid density,
Wang et al.95 successfully imaged intact myelin
sheath in live spinal cord tissues using CARS signal
arising from CH2 molecular vibration. Label-free
visualization of myelin sheaths further allowed Fu
et al.98 to study chemical-induced demyelination of
sciatic nerves in real time in living animals. Such
capability renders CARS microscopy as a potential,
powerful imaging tool for diagnosis and mechanistic
studies of myelin diseases.

More recently, CARS microscopy has
been applied to study brain structure and
pathology.99,100 CARS signal from brain arises
mainly from myelin-rich white matter. Evans
et al.99 employed CARS imaging to visualize normal
brain structures and glioma in tissue biopsies. Lipid
deficient glioma was clearly distinguished from nor-
mal brain due to negative and positive CARS con-
trast, respectively. Thus, the boundary of a brain
tumor can be clearly visualized with CARS imag-
ing. Fu et al.100 further employed CARS microscopy
for ex vivo and in vivo imaging of mouse brain.
The anatomy of brain axons including myelinated
fiber volume, density and orientation was described
in detail.100 Taken together, preliminary applica-
tions of CARS microscopy to brain imaging suggest
exciting opportunity for future studies of brain
connectivity and diseases.

Furthermore, CARS imaging has been applied
to visualize significant components of skin
structures.31 Superficial location of skin renders
it ideal for optical imaging due to its limited pen-
etration depth. Indeed, Evans et al.31 employed
CARS microscopy to image corneocytes, sebaceous
glands, and adipocytes at depth of less than 100 µm
from the surface of the ear skin in a live mouse.
Previous linear optical imaging also showed the
capability for sebaceous gland imaging and Raman
spectroscopic analysis in human skin.101 While the
function of sebaceous glands is not clearly under-
stood, it is hypothesized to play protective roles
including antioxidant and antibacterial.102 Human
diseases relating to sebaceous glands include acne,
seborrhea or oily skin, sebaceoma and sebaceous
carcinoma or benign and malignant tumors of the
sebaceous gland, respectively. Sebaceous glands also
transport pheromones and produce lipid, particu-
larly wax ester and squalene.102 Given the capacity
of multiplex CARS imaging for visualization and
compositional analysis of lipid structures, it is con-
ceivable that multiplex CARS would be an ideal
tool to study the function and diseases of sebaceous
glands.26,27,30

7. Outlook

The ubiquity of lipid in biological structures
and human diseases strongly suggests that CARS
microscopy will play a vital role in biological
research. Applications of CARS imaging to a wide
range of diseases in recent years demonstrated
powerful capability of CARS microscopy for diag-
nosis and mechanistic studies of diseases. How-
ever, there are several major drawbacks which
might hinder further CARS application. First, a
typical CARS microscope set-up is both complex
and expensive.12 The use of multiple laser sources
demands builders to have extensive expertise in
optics. Moreover, the high cost of pulsed lasers is
prohibitive to many research laboratories. As a con-
sequence, CARS microscopy remains accessible to a
small number of physical scientists. This drawback
limits the discovery of CARS potential and impedes
the integration of CARS microscopy into the arse-
nal of indispensible tools for biologists. Second,
limited penetration depth poses significant chal-
lenges to clinical application of CARS microscopy.7

Using near-infrared output of a picosecond laser,
synchronously pumped optical parametric oscilla-
tor (OPO), for CARS imaging, Ganikhanov et al.103
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achieved a penetration depth of 130 µm. This pene-
tration depth is sufficient for optically accessible
organisms or skin imaging, but inadequate for deep
tissue imaging of mice or human. This drawback
could limit CARS microscopy to laboratory benches
for basic science research rather than hospital bed-
sides for clinical application.

Fortunately, many recent CARS improvements
could simplify the set-up, advance its capabil-
ity, and allow possible clinical application. First,
Ganikhanov et al. and Evans et al. reported the
use of OPO CARS where both laser beams came
from a single laser source.31,103 The configura-
tion of OPO CARS eliminates the difficulty com-
monly associated with synchronization of laser
beams coming from two different laser sources.
Second, Evans et al.31 employed video-rate OPO
CARS with scanning speed of 20 frames per sec-
ond. Fast scanning rate overcame image distor-
tion arising from respiration motion. Third, Wright
et al.104 developed adaptive optics CARS which
enhanced CARS signal and increased penetration
depth to 260 µm in tissue samples. Most impor-
tantly, advances in fiber-delivered CARS and NLO
endoscopy strongly suggest an eventual success-
ful development of CARS endoscopy.105,106 Success-
ful integration of NLO modalities including CARS,
SHG, and TPEF with other techniques including
OCT on the same catheter-based platform would
signal the arrival of optical imaging for clinical
diagnosis of diseases.
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