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Coherent Anti-Stokes
Raman Scattering

Microscopy
INTRODUCTION

Breakthroughs in biology often
arise from the development
of new microscopy tools. Our

understanding of biological systems
has greatly benefited from the stud-
ies with electron microscopy, phase
contrast microscopy, confocal fluo-
rescence microscopy, scanning probe
microscopy, and other imaging tools.
In recent years, the coupling of non-
linear optics with scanning micros-
copy opened up a new window
through which to watch the biologi-
cal world. The tight focusing condi-
tion in microscopy allows an effi-
cient generation of nonlinear optical
(NLO) signals even with low pulse
energies. Meanwhile, the nonlinear
dependence on excitation intensity
ensures that the NLO signal is only
generated in the focal center, provid-
ing an inherent three-dimensional
(3D) spatial resolution. In this sense,
nonlinear optics was ‘‘born’’ for im-
aging use.

The earliest development of NLO
microscopy can be traced back to the
1970s when second-harmonic imag-
ing of crystals was reported as a

proof-of-principle of second-har-
monic generation (SHG) microsco-
py.1,2 In 1982, Duncan and co-work-
ers reported coherent anti-Stokes Ra-
man scattering (CARS) imaging of
D2O in onion cells using a dye laser
system.3 However, these early papers
did not prompt a lot activity in the
1980s. The prosperity of the multi-
photon and NLO microscopy field
was triggered by the demonstration
of two-photon excitation fluores-
cence (TPEF) imaging with a mode-
locked femtosecond dye laser in
1990,4 followed by demonstrations
of high-quality third harmonic gen-
eration (THG) imaging5 and CARS
imaging6 in the late 1990s. Nowa-
days, TPEF and SHG microscopy
have become powerful tools for bi-
ological research.7,8

The first systematic study of the
CARS phenomenon was published
in 1965 by two scientists from the
Ford Motor company.9 CARS spec-
troscopy emerged in the early
1970s10 and has been one of the most
important coherent Raman spectros-
copy techniques.11–13 In a CARS pro-
cess, three laser fields at the pump
(�p), Stokes (�s), and probe (� ) fre-�p
quencies interact with a medium to

generate a new field at the anti-
Stokes frequency �as � (�p � �s) �
� . In most experiments, the pump�p
field Ep and probe field E come�p
from the same laser beam. The
CARS signal arises from the third-
order-induced polarization, P(3) �
�(3)EpE Ep. CARS occurs in any me-*

s

dium with nonzero susceptibility �(3).
Importantly, the CARS signal can be
significantly enhanced when the
beating frequency, (�p � �s), is in
resonance with a molecular vibration
(Fig. 1A). By scanning (�p � �s),
one can acquire a CARS spectrum
that carries essentially the same in-
formation as the spontaneous Raman
spectrum of the same sample. How-
ever, because of the interference be-
tween the Raman component and the
nonresonant component, the CARS
line profile is dispersed, with a shift
of the peak to lower frequency and
appearance of a dip at higher fre-
quency (Fig. 1B).

In a CARS experiment, other co-
herent Raman processes occur si-
multaneously, including coherent
Stokes Raman scattering (CSRS),
stimulated Raman gain (SRG), stim-
ulated Raman loss (SRL), and Ra-
man-induced Kerr effect (RIKE).11,14
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FIG. 1. (A) Energy diagram of CARS. (B) CARS and Raman spectra of polystyrene in
the 1550 to 1650 cm�1 region. The nonresonant background is indicated by the
dashed line. The red shift of the CARS peaks and the dip at 1608 cm�1 result from the
interference between the resonant signal and the nonresonant background.

In CSRS, a new field at frequency �s

� (�p � �s) is generated. In SRG,
the �s field experiences a gain while
in SRL the �p field experiences a
loss. In RIKE, new polarization
components of the excitation fields
are generated. In most CARS imag-
ing experiments, two parallel-polar-
ized beams are used, where RIKE is
negligible (�2111 � 0 for an isotropic
medium). In contrast to SRG, SRL,
and RIKE, the CARS signal is spec-
trally separated from the excitation

beams, making it easy to filter out
the linear scattering from a hetero-
geneous biological system. Com-
pared with CSRS, the CARS signal
appears at a wavelength shorter than
excitation wavelengths, usually in
the visible region where detectors of
high quantum efficiency are avail-
able.

In CARS microscopy,15–18 the
pump and Stokes beams are tightly
focused into a sample and a CARS
image is generated by scanning ei-

ther the sample or the laser beams.
Besides the 3D sectioning capability,
CARS microscopy offers several
unique advantages.

(1) CARS microscopy permits
nondestructive molecular imaging
without any labeling. This advantage
is important for imaging small mol-
ecules such as lipids or drugs for
which the labeling may significantly
affect the molecular properties.

(2) The coherent addition of
CARS fields results in a quadratic
signal increase with respect to the
number of molecular oscillators, ver-
sus the linear increase of spontane-
ous Raman signal. The coherent ad-
dition also results in a highly direc-
tional output, which greatly facili-
tates the signal collection. The large
CARS signal allows high-speed vi-
brational imaging, which is not pos-
sible with Raman microscopy.

(3) CARS signals appear at a
wavelength that is shorter than ex-
citation wavelengths, spectrally sep-
arated from the one-photon fluores-
cence background.

The major disadvantage of CARS
is the existence of a nonresonant
background which arises from the
electronic contribution to �(3). This
nonresonant background is coherent-
ly mixed with the vibrationally res-
onant signal, which limits the sensi-
tivity of CARS in detecting weak
Raman bands. Additionally, the res-
onant CARS signal decreases qua-
dratically with the molecular concen-
tration, making the detection of low-
concentration molecules difficult. In
the past few years, tremendous ef-
forts have been spent on suppressing
the nonresonant background and
pushing the detection sensitivity lim-
it.

This paper aims to evaluate the
potential and limitations of CARS
microscopy through a review of re-
cent advances. The rest of the paper
will discuss the technical develop-
ments, summarize the biological and
biomedical applications, and finally
present an outlook.

TECHNICAL DEVELOPMENTS

The first attempt toward using
CARS as a microscopy technique
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FIG. 2. Schematic of a laser-scanning CARS microscope that allows imaging with for-
ward-detected CARS (F-CARS), epi-detected CARS (E-CARS), two-photon excitation fluo-
rescence (TPEF), and sum frequency generation (SFG) signals produced by two syn-
chronized pulsed lasers at frequencies �p and �s. D.M, dichroic mirror.

was made by Duncan and co-work-
ers in the 1980s.3,19,20 Using visible
dye lasers, non-collinear beam ge-
ometry, and a charge-coupled device
(CCD) detector to record the signal
at the phase matching direction, the
authors acquired CARS images of
D2O distribution in onion cells. Xie
and co-workers revived CARS mi-
croscopy in 1999 using near-infrared
laser pulses and a collinear beam ge-
ometry.6 Significant advances in the
last few years have matured CARS
microscopy, as summarized below.

Construction of a Robust Co-
herent Anti-Stokes Raman Scat-
tering Microscope. The combined
use of the following strategies has
produced a CARS microscope for
imaging highly dynamic systems
with repeatable results. A schematic
of such a microscope is shown in
Fig. 2. It is notable that most of these
strategies involved the breakdown of
conventional wisdoms rooted from
CARS spectroscopy.

Near-Infrared Laser Excitation.
The use of a near-infrared laser pulse
first by Zumbusch et al. avoided
two-photon electronic enhancement
of the nonresonant contribution.6 Be-
cause the generation of CARS does
not need one-photon or two-photon
electronic resonance, even longer ex-
citation wavelengths (i.e., 1.2 �m)
can be used to reduce tissue scatter-
ing and increase the optical penetra-
tion depth accordingly.21 The use of
longer wavelengths could also re-
duce the photo-damage induced by
multiphoton absorption.22

Collinear Beam Geometry. As a
four-wave-mixing process, the gen-
eration of CARS needs to fulfill the
phase matching condition, �kas �
(2kp � ks)�L 	 
, where L is the
light–sample interaction length. kp,
ks, and kas are wave vectors of the
pump, Stokes, and CARS fields, re-
spectively. With a collinear beam ge-
ometry, dispersion of the refractive
index (nj, j � p, s, and as) introduces
a wave vector mismatch of (nas�as �
2np�p � ns�s)/c. In order to maxi-
mize the interaction length, non-col-
linear beam geometries were used in
CARS spectroscopy to minimize the
wave vector mismatch. This method

was also used in the 1982 CARS mi-
croscope.3 Xie and co-workers real-
ized that the phase mismatch could
be relaxed with a tight focus using a
high numerical aperture objective in
microscopy.6 Because the interaction
length is around several micrometers
or less under the tight focusing con-
dition, the phase matching condition
can be fulfilled with a collinear beam
geometry for forward detection. The
collinear beam geometry greatly
simplified the implementation and
has been a key step in producing
high-quality CARS images.

Picosecond Pulse Excitation. It is
generally valid that femtosecond
pulses provide a high peak intensity
that is needed for NLO processes.

However, this wisdom becomes in-
valid in CARS microscopy.23 In the
spectral domain, the spectral width
of a femtosecond pulse is much
broader than the width of most Ra-
man lines. As a result, most of the
energy only contributes to the gen-
eration of nonresonant background.
Instead, the spectral width of a pi-
cosecond pulse matches the Raman
line width, so that the excitation en-
ergy can be focused on a single Ra-
man band. Thus, the use of picosec-
ond pulse excitation not only pro-
vides sufficient spectral resolution,24

but also increases the ratio of reso-
nant signal to non-resonant back-
ground.23 Currently picosecond pulse
excitation can be realized by using
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two synchronized Ti:sapphire la-
sers23 or using an optical parametric
oscillator pumped by a pulsed la-
ser.21,25

Epi- (i.e., Backward-) Detection.
For isotropic bulk samples studied in
CARS spectroscopy, the signal goes
forward in the phase matching direc-
tion. Unlike spectroscopy, micros-
copy studies heterogeneous samples.
For objects that are much smaller
than the excitation wavelengths, the
phase matching condition is relaxed
and the CARS radiation pattern be-
comes symmetrical forward and back-
ward.23,26 Systematic study showed
that epi-detected CARS (E-CARS)
could arise from objects of small in-
teraction length, discontinuity of �(3)

at an interface, and back-reflection
of forward CARS.27 Because the
CARS signal from the surrounding
solvent goes forward, E-CARS pro-
vided a means to detect small objects
embedded in a bulk medium.23,26 An-
other significant application of
E-CARS is live animal imaging for
which it is impossible for the for-
ward CARS signal to pass through a
thick tissue.28,29

Laser Scanning. In early papers,
CARS images were generated by us-
ing low repetition rate (in KHz)
pulses that had a high peak power in
order to ensure a large signal level.
However, the use of low repetition
rate pulses necessitated minutes for
recording an image on a sample
scanning platform, which was not
suitable for live cell or in vivo im-
aging. Later, using a confocal micro-
scope (Olympus, FV300/IX71), it
was shown that the same sensitivity
could be achieved by scanning pi-
cosecond lasers of high repetition
rates (in MHz), with an image ac-
quisition speed of a frame per sec-
ond.30 More recently, video-rate
scanning CARS has been demon-
strated.28 The implementation of
CARS imaging on a laser-scanning
microscope platform not only en-
sures high-speed imaging of highly
dynamic systems, but also makes
CARS microscopy compatible with
a common confocal fluorescence mi-
croscope and other NLO imaging
modalities. Similar to TPEF micros-

copy, the confocal pinhole is not
used for laser-scanning CARS im-
aging. Additionally, non-descanned
large area detectors can be used to
increase the detection sensitivity for
tissue imaging. A major difference
between CARS and TPEF is that
CARS utilizes two excitation laser
beams at different wavelengths.
Therefore, microscope objectives
with minimal chromatic aberrations
should be used to ensure effective
signal generation as well as collec-
tion.

Suppression of Nonresonant
Background. For fingerprint Raman
bands such as the amide I band, the
resonant CARS signal could be bur-
ied in the large nonresonant back-
ground from the object of interest as
well as the surrounding medium.
Several strategies were used to im-
prove the signal to background ratio
in CARS spectroscopy, including
polarization-sensitive detection,31,32

time-resolved detection,33 electronic
resonance excitation,34,35 and inter-
ferometry.36 Except for resonance
CARS, which may induce serious
damage under the tight focusing con-
dition, these methods have been
demonstrated on the microscope
platform for background-free vibra-
tional imaging, as summarized be-
low.

Polarization-Sensitive Detection.
Polarization-sensitive detection37,38

utilizes the different polarization
properties of the resonant and non-
resonant components of �(3). Away
from one-photon electronic reso-
nance, the depolarization ratio of the
nonresonant CARS field equals 1/3
following the Kleinman’s symme-
try.39 The depolarization ratio of the
resonant CARS field equals the Ra-
man depolarization ratio and varies
in the range of 0 to 0.75. The non-
resonant background can be rejected
by placing an analyzer before the de-
tector while a projection of the res-
onant signal along the analyzer po-
larization can be detected.

Time-Resolved Detection. Time-
resolved detection40 makes use of the
different free-induction decay rates
of the resonant and nonresonant con-
tributions. With a flat profile in the

spectral domain, the nonresonant
background contributes to an instan-
taneous spike in the time domain due
to electronic dephasing. The reso-
nant part involves a vibrational tran-
sition and has a longer dephasing
time (on the order of one picosec-
ond) that is related to the spectral
width of the corresponding Raman
line. Thus, the nonresonant back-
ground can be eliminated by intro-
ducing a suitable time delay between
the femtosecond pump/Stokes pulses
and the probe pulse.

Spectral and Spatial Phase Con-
trol. In spectral phase control,41,42 the
pulse shaping technique was applied
to modulate the phase of different
spectral components in a femtosec-
ond pulse with a periodic function
(period �m). As a result, a Raman-
resonant signal with vibrational fre-
quency of N�m (N is an integer) gets
constructive interference, while the
nonresonant signal is canceled by
destructive interference. This meth-
od allowed CARS imaging with a
single femtosecond beam.41 Recent-
ly, spatial phase shaping of focus
was implemented to cancel the co-
herent addition of the nonresonant
signal from a bulk medium, which
permitted the visualization of inter-
faces.43,44 It should be noted that the
nonresonant signal from bulk solvent
can also be canceled by using coun-
ter-propagating pump and Stokes la-
ser beams to introduce a large spatial
phase mismatch inside the focal vol-
ume.27

Interferometric Coherent Anti-
Stokes Raman Scattering. Interfer-
ometric coherent anti-Stokes Raman
scattering45–52 separates the real and
imaginary parts of �(3) by using a lo-
cal oscillator to interfere with the
CARS signal from a sample. More-
over, this approach amplifies the sig-
nal level because the detected signal
is the interference term between the
resonant signal and the local oscil-
lator.

Despite nice proof-of-principle
demonstrations using standard sam-
ples such as polymer beads or sol-
vents, the complexity of these ad-
vanced techniques may hamper their
use as an analytical tool to study real
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tissue samples in which the laser in-
tensity, phase, and polarization can
be significantly changed. Time-re-
solved detection is not affected by
tissue scattering, but its ultimate sen-
sitivity is limited by the use of fem-
tosecond pulses, which increases the
nonresonant background in the first
place.

The simplest and most robust
method for background removal is to
digitally subtract the off-resonance
CARS image from the on-resonance
one. This method was first used by
Duncan et al. in CARS imaging of
deuterated liposomes.20 By compar-
ing the difference between the two
images acquired at the peak and dip
positions of a CARS band, quanti-
tative detection of a specific deuter-
ated lipid in a single bilayer was re-
cently demonstrated.53 To facilitate
the study of more dynamic systems,
the on- and off-resonance signals can
be acquired simultaneously or in a
frequency modulation manner by us-
ing three pulsed lasers.21,25

For C–H stretch vibrations, the
Raman-resonance enhancement of
�(3) is significant because of the high
density of C–H bonds in biological
molecules, particularly in lipids. A
resonant signal to nonresonant back-
ground ratio of more than 10:1 was
obtained through multiplex CARS
spectral analysis of multilamellar lip-
id membranes.38 With the large sig-
nal from C–H vibration, CARS im-
aging of lipid bodies,28,54–56 single
cell membranes,30,57 myelin sheath in
central and peripheral nervous sys-
tems,29,58 and drug molecules59 has
been demonstrated. Virtually no so-
phisticated background reduction
schemes are needed for imaging
C–H abundant objects.

Improving the Detection Sensi-
tivity. In CARS, the coherent addi-
tion of anti-Stokes Raman scattering
photons results in a large and direc-
tional signal. For a bulk liquid, the
CARS signal was estimated to be
larger than the spontaneous Raman
signal by nine orders of magnitude.12

Thus, CARS microscopy is naturally
sensitive to molecular assemblies
such as lipid membranes. On the oth-
er hand, the resonant CARS signal

drops quadratically with the reduc-
tion of the concentration of target
molecules and can be buried in the
nonresonant background. The sensi-
tivity of CARS microscopy was sig-
nificantly improved by using pico-
second pulse excitation to focus all
the energy on a single Raman band.23

The use of epi-detection to reject the
solvent background allowed detec-
tion of 100 nm polystyrene bead that
contains 106 aromatic C–H oscilla-
tors.30 The sensitivity of epi-detec-
tion was further enhanced by mixing
the epi-scattered resonant CARS
field with the back-reflected nonres-
onant CARS field.57 For a d62-DPPC
bilayer supported by a cover glass,
such coherent mixing caused a high-
ly dispersed spectral profile super-
imposed on a flat nonresonant back-
ground. By measuring the E-CARS
intensity acquired at the peak and
dip frequencies, Li et al. was able to
probe 10% d62-DPPC in a single bi-
layer,53 which corresponded to 2 �
104 DPPC molecules inside the focal
area of 0.25 �m2.

For forward detection, frequency-
modulation CARS allowed the de-
tection of 5 � 105 methanol mole-
cules in the excitation volume of 0.1
fL, where the CARS intensities on-
and off-resonance with the CH3

stretch vibration were used.60 It is
worth noting that the detection sen-
sitivity depends on the target mole-
cule and the vibrational mode as
well. For CARS imaging of natural
paclitaxel molecules, the forward
CARS signal from the aromatic CH
vibration was used for detecting pac-
litaxel dissolved in N,N,-dimethyl-
formamide solution. The detection
limit was 1.8 attomole paclitaxel in
the excitation volume of 0.06 fL,
corresponding to 29 mM.59 Such a
sensitivity allowed imaging of pac-
litaxel dispersed in a polymer film59

but is still inadequate for imaging the
drug distribution inside of a paclitax-
el-treated mammalian cell.

Multimodal Nonlinear Optical
Imaging on a Coherent Anti-
Stokes Raman Scattering Micro-
scope. Multimodality is important
because different NLO imaging
methods each have their distinctive

advantages: TPEF can be used to vi-
sualize proteins, ions with fluores-
cent labeling or specific auto-fluores-
cent structures; SHG and sum-fre-
quency generation (SFG) are selective
to non-centrosymmetric molecular as-
semblies such as collagen fibrils; and
CARS is naturally sensitive to lipid-
enriched structures such as adipo-
cytes. Fu et al. realized that the two
picosecond laser beams for CARS
imaging could also be used for elec-
tronic SFG imaging.61 The authors
demonstrated multimodal NLO im-
aging of ex vivo spinal tissues by
CARS imaging of myelin sheath,
SFG imaging of astrocyte processes,
and TPEF imaging of calcium indi-
cators on the same platform.61 At the
single cell level, Nan et al. combined
CARS with TPEF to characterize the
relationship between lipid droplets
and mitochondria.55 Multimodal
NLO imaging has recently been used
to map the molecular composition of
atheroma62 and to evaluate the im-
pact of obesity on adipocyte size and
collagen fibril density in mammary
tumor stroma.56

Integrating Coherent Anti-
Stokes Raman Scattering Micros-
copy with Spectroscopy. Spectral
analysis provides important infor-
mation that is not available in a sin-
gle-frequency CARS image. The
high-speed imaging on a laser-scan-
ning CARS microscope was achieved
by using picosecond pulses to focus
all the excitation power on a single
Raman band. In this configuration, a
CARS spectrum has to be recorded
in a time-consuming manner by tun-
ing the Stokes laser frequency point
by point. The past few years saw a
great interest in the development of
multiplex CARS microscopy and
microspectroscopy with pico/femto
excitation,38,63 chirped pulse,64,65 fi-
ber-based super-continuum,66–70 and
single broadband pulses.41,48,71 Re-
cently hyper-Raman microspectros-
copy has also been coupled with
CARS imaging using picosecond
pulses.72

Multiplex CARS microscopy is
usually implemented by raster-scan-
ning a sample with a pixel dwell
time on the order of milliseconds,
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limiting its application to dynamic
biological systems. On the other
hand, if one only needs to record the
spectrum at a point of interest, mi-
crospectrometry can be implemented
with the point-scan mode of a laser-
scanning microscope,62 where high-
speed imaging and spectral record-
ing could be obtained from the same
sample. It should be noted that in-
terpretation of CARS spectra is com-
plicated by the nonresonant back-
ground. Recently, the maximum en-
tropy method was successfully used
to fit the CARS spectra and extract
the imaginary part of the suscepti-
bility without prior knowledge of the
sample composition.73

In Vivo Coherent Anti-Stokes
Raman Scattering Imaging. In
comparison to imaging of cultured
cells or extracted tissues, in vivo op-
tical imaging provides a much better
means to monitor cells over time
without significant change or pertur-
bation of their environment. CARS
microscopy allows label-free molec-
ular imaging. This advantage is par-
ticularly important for in vivo studies
for which the labeling is complicated
by inefficient diffusion and non-spe-
cific binding in the tissue environ-
ment. Evans et al. demonstrated
E-CARS imaging of sebaceous
glands, corneocytes, and adipocytes
in the skin of a live mouse.28 By us-
ing minimal surgery to cut open the
skin, Huff et al. demonstrated in vivo
E-CARS imaging of sciatic nerve
and surrounding adipocytes.29 The
contrast mechanisms for in vivo
CARS have been carefully investi-
gated. The E-CARS signals from the
sciatic nerve tissues were found to
arise from interfaces as well as back
reflection of forward CARS. For the
densely packed skin tissue, the for-
ward-propagating photons would ex-
perience a significantly greater num-
ber of scattering events. The skin
could also distort the point spread
function at the foci,74 which elimi-
nates the E-CARS signal from inter-
faces. In such a case, multiple reflec-
tion of forward CARS becomes the
major source of E-CARS.28

Analysis and Interpretation of a
Coherent Anti-Stokes Raman

Scattering Image. The quantitative
information that can be extracted
from a CARS image is the intensity
at each pixel. Converting the CARS
intensity into the information of mo-
lecular composition is, however, not
straightforward because of the non-
resonant background that depends on
the sample property at each pixel.
Only in well-defined samples such as
supported lipid bilayers was quanti-
tative CARS imaging demonstrat-
ed.53 Because the generation of
CARS critically depends on the tight
overlap of the pump and Stokes laser
foci, it is suggested to routinely
check the spatial overlap of the two
laser beams using the transmission
channel of the microscope. Calibra-
tion of the system using the nonres-
onant signal from a standard sample
such as a cover glass is also recom-
mended when recording a CARS
spectrum or quantitatively compar-
ing the CARS intensities between
different samples. It is important to
mention that for a complex biologi-
cal sample, the tightness of the foci
may be deteriorated by objects in the
focusing path. For instance, when
the foci were above a lipid droplet,
the forward CARS signal was sig-
nificantly reduced and a dark hole
was observed in the image.30 For the
same reason, the efficiency of CARS
generation also highly depends on
the optical penetration depth. Thus,
careful attention must be paid when
interpreting the depth intensity pro-
file.

The CARS intensity is also af-
fected by the interference of two ad-
jacent Raman bands. For this reason,
when parallel-polarized pump and
Stokes beams were used, the CARS
peak for the symmetric CH2 stretch
vibration was much more pro-
nounced than that for the asymmetric
CH2 vibration in lipids.38 Special at-
tention should be paid to the CARS
signal from OH vibration, which was
shown to be 40 times smaller than
that from CH vibration.75 In lipo-
somes, the CARS contrast at 3200
cm�1, originally assigned to the in-
terlamellar water,76 was later shown
to be overwhelmed by the destruc-
tive interference term between the

CH vibration and the nonresonant
background.77

The dependence of CARS inten-
sity on excitation beam polarization
provides a means to determine the
orientation of the oscillators. For the
symmetric CH2 stretch vibration, the
CARS intensity is maximized when
the excitation beams are polarized
along the dipole of the CH2

group.57,76 This method has been
used to determine the ordering de-
gree of lipids in myelin sheath,58

where standard samples were used to
calibrate the microscope response to
different excitation polarization. For
a homogeneous sample, the CARS
signal was shown to be linearly po-
larized along the excitation laser po-
larization.37 In contrast, the CARS
polarization was significantly scram-
bled when generated from a tissue
sample.58

Cell and Tissue Damage During
Coherent Anti-Stokes Raman
Scattering Imaging. In general, be-
cause CARS does not need one-pho-
ton or two-photon electronic reso-
nance, multi-photon absorption in-
duced damage is diminished in
CARS microscopy with near-infra-
red picosecond pulse excitation.
Nondestructive CARS imaging of
live cells over a period of 300 s has
been demonstrated.55 The mecha-
nisms underlying the photo-damage
in CARS microscopy have been
studied using high excitation power
and scanning over a small area.22,55

The damage to cultured cells was
found to be nonlinear, featured by
cell membrane blebbing22 or cell re-
traction.55 The damage to compact
myelin sheath involved both linear
and nonlinear mechanisms, depend-
ing on the peak power and pulse rep-
etition rate applied.22 It was also
found that the damage mainly arose
from the pump laser beam, which
has a shorter laser wavelength.22

Therefore, the use of a higher ratio
of Stokes to pump power or longer
excitation wavelengths helps the re-
duction of damage. Besides linear
and nonlinear absorption of the in-
cident photons, an extra source of
photo-damage during CARS imag-
ing arises from vibrational excita-
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FIG. 3. E-CARS imaging of lipid domains in a supported bilayer. (A) E-CARS spectral
profile (solid line with solid circles) of a single supported bilayer of d62-DPPC in the
C–D stretch vibration region. The peak and dip of the CARS band appeared at 2080
cm�1 and 2125 cm�1, respectively. The Raman spectrum (dashed line) of bulk d62-
DPPC is also shown as a reference. (B) Fluorescence image of a DOPC/d62-DPPC (1:1)
bilayer patch. Image was acquired at 23 �C. The liquid phase was labeled by BODIPY
PC. (C) The (peak � dip) CARS image of the same sample, obtained by subtracting the
CARS image at 2125 cm�1 from that at 2080 cm�1. The gel phase that is enriched in
d62-DPPC exhibited a bright CARS contrast. Bar length � 10 �m. Data adapted from
the paper by Li et al.53

tion. Theoretical analysis by Wang et
al. showed that such vibrational ex-
citation is due to the concomitant
Raman gain and Raman loss pro-
cesses, which contribute to an effi-
cient light–matter energy transfer un-
der the tight focusing condition.78

BIOLOGICAL AND
BIOMEDICAL APPLICATIONS

The ultimate goal of developing
CARS microscopy is to use it as an
imaging tool to address scientific
questions. Encouragingly, the num-
ber of application publications is ris-
ing and several significant applica-
tions to biology and medicine have
been demonstrated, as summarized
below.

Lipid Domains in Model Mem-
branes. Lateral heterogeneity of lip-
id distribution in biological mem-
branes plays a critical role in signal
transduction, membrane traffic, and
diseases.79 Using the CARS signal
from the CH2 stretch vibration, de-
tection of single bilayers was dem-
onstrated.57,80 Potma et al. showed
CARS imaging of lipid domains in
giant unilamellar vesicles.81 Li et al.
demonstrated quantitative E-CARS
imaging of specific lipids in a sup-
ported bilayer.53 Molecular specifici-
ty was achieved by using lipids with
deuterated acyl chains (i.e., d62-
DPPC). The effect of deuteration on
phase segregation was explored by
comparing d62-DPPC-containing
and DPPC-containing bilayers, with
the same domain patterns being ob-
served.53 An example of using
E-CARS to study lipid domains is
described below.

The E-CARS spectrum for the
CD2 stretch vibration band of a sin-
gle supported d62-DPPC bilayer is
shown in Fig. 3A. Coherent mixing
of the resonant signal from the bilay-
er and the non-resonant signal from
the glass–water interface resulted in
a peak at 2080 cm�1 and a dip at
2125 cm�1. The nonresonant back-
ground was removed by subtracting
the dip CARS intensity from the
peak CARS intensity. The (peak �
dip) signal contained the cross term
between the resonant and nonreso-
nant CARS fields, which enhanced

the detection sensitivity. As a result,
a clear vibrational contrast was ob-
tained from 10% d62-DPPC in a sin-
gle bilayer. Moreover, Li et al. de-
veloped a theoretical model to con-
vert the (peak � dip) intensity into
molecular concentration.53 These ef-

forts allowed quantitative measure-
ment of the partition of d62-DPPC
between coexisting domains, as
shown in Figs. 3B and 3C. In sum-
mary, the ability to probe molecular
compositions of lipid domains
makes CARS microscopy a useful
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FIG. 4. CARS imaging of intact myelin sheath. (A) Schematic showing the procedure
of extracting spinal cord white matter from a guinea pig. (B) CARS spectral profile of
myelin. (C) Forward detected CARS (F-CARS) image of myelin sheath surrounding par-
allel axons in an ex vivo spinal tissue. (D) F-CARS image of a node of Ranvier. (E)
F-CARS image of nodal myelin swelling induced by lysophosphatidylcholine. For all
images, (�p � �s) was tuned to 2845 cm�1.

tool for the study of membrane or-
ganization.

Cellular Analysis. Laser-scanning
CARS microscopy has been applied
to vibrational imaging of cellular
processes. By line-scanning the laser
beams and using the resonant CARS
signal from water, Potma et al. mea-
sured the intracellular water diffu-
sion coefficient.82 By using a laser-
scanning CARS microscope with si-
multaneous forward and backward
detection, Cheng et al. characterized
the morphology of mitosis and apo-
ptosis in unstained NIH3T3 cells.30

Of all the cellular organelles, the lip-
id droplets produce the strongest
CARS signal at the frequency of the
C–H stretch vibration. Using the
CARS signal, Nan et al. monitored
adipogenesis in 3T3-L1 cells and
also explored intracellular trafficking
of lipid droplets in Y-1 cells.54,55

These studies showed the potential
of CARS microscopy in character-
ization of 3D cell morphology as
well as the study of intracellular lipid
bodies.

Myelin Sheath and Demyelin-
ation. The myelin sheath, an extend-
ed plasma membrane wrapping
around an axon, is crucial for high-
speed impulse conduction. Numer-
ous neurological diseases specifical-
ly attack the myelin sheath with dis-
abling and often fatal results.83 The
lamellar structure of myelin sheath
has been well characterized by po-
larized light microscopy, electron
microscopy, and X-ray diffraction.
However, visualizing intact myelin
in live tissues and in vivo cannot be
accessed with these techniques.

The myelin membrane contains a
high lipid to protein ratio with 70%
lipid and 30% protein by weight.
Wang et al. demonstrated CARS im-
aging of intact myelin sheath using
the resonant CARS signal from the
high-density CH2 groups in the my-
elin membrane.58 In their work, the
spinal cord white matter strips were
isolated from guinea pigs as illus-
trated in Fig. 4A. The CARS spec-
trum of a single axonal myelin is
shown in Fig. 4B. The peak for the
symmetric CH2 stretch vibration ap-
peared at 2840 cm�1, with a resonant

signal to nonresonant background ra-
tio of 10:1. Additionally, a weak
band at 2930 cm�1 was observed and
assigned to the CH3 stretch mode of
the myelin proteins. CARS images
of myelin sheath surrounding the
parallel axons and myelin around a
node of Ranvier are shown in Figs.
4C and 4D, respectively. Important-
ly, the CARS intensity strongly de-
pends on the excitation polarization
because of the lamellar structure of
the myelin membranes. Such polari-
zation dependence as well as the
CARS intensity provides means to
distinguish healthy myelin from de-
graded myelin. Upon the treatment
of lysophosphatidylcholine, a widely
used demyelination agent, the mye-
lin became swelled (Fig. 4E), char-

acterized by a three-fold decrease of
CARS intensity and loss of polari-
zation dependence.84 These capabil-
ities open up exciting opportunities
to the pathological study of demye-
linating diseases such as multiple
sclerosis.

Native Drug Molecules in a
Polymeric Delivery System. Visu-
alization of three-dimensional distri-
bution of drug molecules and sub-
sequent changes during the release
process is critical for understanding
drug delivery mechanisms as well as
designing tailor-made release pro-
files. Kang et al. demonstrated that
CARS microscopy could be effec-
tively utilized to examine paclitaxel
distribution in various polymer films
with lateral resolution of 0.3 �m and
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FIG. 5. CARS imaging of paclitaxel (PTX) distribution in a PEG/PLGA blend film. (A)
CARS spectral profiles of PEG, PLGA, and PTX in the CH stretch vibration region. The
molecular structures are shown on the right side. (B, C) Distribution of PEG and PLGA
based on the CARS signals from CH2, CH3, and aromatic CH vibration bands, respec-
tively. (D) PTX distribution. Image was obtained by subtracting the CARS image at
3090 cm�1 from that at 3060 cm�1. Bar � 5 �m. Data adapted from the paper by
Kang et al.85

depth resolution of 0.9 �m.59 In a
more recent study, Kang et al. stud-
ied the distribution of paclitaxel in
the blend of poly(ethylene glycol)/
poly(lactide-co-glycolic acid) (PEG/
PLGA).85 As shown in Fig. 5A,
CARS signals from the aromatic
CH, CH2, and CH3 stretch vibration
bands allowed selective imaging of
paclitaxel, PEG, and PLGA.85 CARS
imaging revealed that PTX prefer-
entially partitioned into the PEG do-
mains in the phase-segregated PLGA/
PEG film (Figs. 5B–5D). This result
provided the first visual evidence of
PTX dissolution in the PEG matrix.
The re-distribution of PTX inside the
films during the release process was
also visualized by time-lapse CARS
microscopy.85 These studies demon-
strate the potential of CARS micros-

copy in drug delivery formulation
research.

Obesity and Cardiovascular
Disease. With a strong signal from
lipid bodies that are enriched in C–H
bonds, CARS microscopy allowed
selective imaging of adipocytes in
vivo.28,29 By integrating TPEF and
SHG imaging modalities into a
CARS microscope, Le et al. dem-
onstrated label-free molecular imag-
ing of atheroma induced by a high-
fat diet.62 As shown in Fig. 6, an ath-
erosclerotic plaque in an iliac artery
was identified by the strong CARS
signal from lipids. The lipid core
also showed a two-photon autofluo-
rescence signal, but a lack of colla-
gen fibrils based on SFG imaging re-
sults. The observed degradation of
collagen fibrils is consistent with the

increased activity of matrix metallo-
proteinases in an atheroma.86 Multi-
modal NLO imaging was also uti-
lized to evaluate the impact of obe-
sity on molecular composition of
mammary tumors in a rat model,56

where obesity was found to increase
the diameter of adipocytes by two-
fold and collagen fibril content by
five-fold. These studies showcase the
potential of NLO microscopy in un-
derstanding the impact of obesity on
cancer and cardiovascular disease.

Skin and Cosmetics. The skin is
the largest organ of the body and is
an important target of the cosmetics
industry. CARS imaging of skin in a
hairless mouse ear has been demon-
strated on a video-rate scanning mi-
croscope.28 The resonant CARS sig-
nal for the CH2 stretch vibration al-
lowed the visualization of polygonal
corneocytes in stratum corneum,87

sebaceous gland, and adipocytes
within the depth of 
100 �m under-
neath the skin surface.28 In combi-
nation with TPEF imaging of elastin
and SFG imaging of collagen,88 one
should be able to visualize both cells
and extracellular matrix in the skin
tissue. These capabilities promise to
provide new knowledge about skin
and to help evaluate the efficacy of
cosmetic agents.

OUTLOOK FOR COHERENT
ANTI-STOKES RAMAN
SCATTERING MICROSCOPY

With chemical selectivity, inherent
3D resolution, and capability for
high-speed data acquisition, CARS
microscopy is poised to become a
potent tool for biological imaging.
Additionally, the ability to couple
CARS with other modalities such as
TPEF, SFG, and electrophysiological
recording provides a powerful mul-
timodal platform to spread the range
of applications. Although biomedical
applications of CARS microscopy
are still in their infancy, initial works
have shown great potential for this
technique in medicine, especially in
understanding the roles of lipids in
health and diseases. One area of high
impact would be obesity and asso-
ciated health risks. Obesity is reach-
ing epidemic proportions worldwide
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FIG. 6. Cross-section view of an atherosclerotic plaque in an iliac artery imaged by
(top) E-CARS, (middle) TPEF, and (bottom) SFG on the same platform. The plaque is en-
riched in lipids (grey) and elastin (green) but devoid of collagen fibrils (blue).

and is associated with an increased
risk of premature death89 and cardio-
vascular diseases.90 CARS is ex-
tremely sensitive to lipid bodies that
are enriched in triglyceride.54 This
capability can be used to study adi-
pogenesis in single cells91 and die-
tary fat absorption in the intestine.
Multimodal CARS microscopy has
been used to evaluate the impact of
obesity on mammary tumor stroma
composition56 and to map the com-
position of atheroma induced by a
high-fat diet.62 Another high-impact
area lies in ex vivo and in vivo im-
aging of the nervous system, where
the abundant lipids exist in the form
of myelin sheath. The large and po-
larization-dependent CARS signal
from the lamellar myelin mem-
brane58 opens up a new avenue to the
study of multiple sclerosis,84 a hu-
man demyelinating disease that af-
fects 2.5 million people worldwide.
Other important systems include

polymer materials, drug delivery
systems, skin, and cosmetic materi-
als. Additionally, CARS microscopy
has shown unique advantages for
biophysical study of lipid membrane
organization.53,81,92 Along with the
above areas, in which CARS mi-
croscopy has shown great promise,
the applications of CARS imaging
are expected to continue to grow
during the years to come. For in-
stance, development of CARS probes
would be attractive because they do
not undergo photobleaching with
proper laser power.93

The availability of an affordable,
easy-to-operate multimodal CARS
microscope will accelerate the de-
velopment of new applications. A
prohibitive factor in CARS imaging
remains the cost and complexity as-
sociated with synchronizing two
pulsed lasers and coupling them into
a scanning microscope. The devel-
opment of compact, cost-effective

laser sources and alternatives to free-
space coupling such as by fiber de-
livery94 will make the CARS imag-
ing system more attractive to re-
searchers in biological and biomed-
ical areas. Meanwhile, there is still a
vast amount of space for pushing the
fundamental limits of the technique,
e.g., increasing the sensitivity by sur-
face-enhanced CARS,95 the spatial
resolution by near-field CARS,96 and
the imaging speed by wide-field
CARS microscopy.97

One area in which CARS will
prove greatly useful would be label-
free in vivo imaging of live animals.
Cellular structure and functions are
best preserved in the in vivo envi-
ronment. In vivo imaging also avoids
trauma injuries to the tissue during
the extraction process. As magnetic
resonance imaging lacks single-cell
resolution, in vivo CARS imaging
will fill an important niche for study
of disease processes. Although in
vivo CARS imaging of skin tissues28

and peripheral nerves29 has been
demonstrated, several technical hur-
dles such as minimizing surgery,
compensating for animal motion,
and increasing imaging depth have
to be overcome. The development of
new technologies such as miniatur-
ized microscope objectives,98 video-
rate scanning,28 and longer wave-
length excitation21 will help to facil-
itate CARS imaging of live animals.

The demonstrated capability of
CARS microscopy in ex vivo tissue
imaging is expected to stir interests
in the development of CARS endos-
copy for in vivo diagnosis. The ad-
vantages of label-free chemical im-
aging of CARS endoscopy are abun-
dantly obvious. First, label-free im-
aging overcomes the challenges of
inefficient diffusion and non-specific
targeting of exogenous fluorophores
in the complex in vivo environment.
Second, because CARS does not re-
quire electronic resonance, longer
excitation wavelengths can be used
to minimize multiphoton absorption
induced photo-damage. Third, the
intrinsic 3D sectioning capability of
CARS imaging enables the analysis
of spatial organization of bio-struc-
tures with molecular details. The
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preliminary work on fiber-based
CARS imaging94,99 implied the pos-
sibilities of ‘‘driving’’ CARS into
hospitals. CARS endoscopy holds
great promise for rapid identification
of malignancy in vivo. For diagnosis
of cardiovascular diseases, it is an-
ticipated that CARS endoscopy can
be coupled with existing imaging
modalities such as optical coherent
tomography and intravascular ultra-
sound on the same catheter-based
platform. This combination would
create a multimodal imaging tool
that is capable of two-dimensional
(2D) mapping of morphology with
optical coherent tomography and in-
travascular ultrasound and 3D sub-
micrometric imaging of molecular
composition with CARS endoscopy.
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