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Abstract

Coherent anti-Stokes Raman scattering (CARS) microscopy is a
label-free imaging technique that is capable of real-time, nonpertur-
bative examination of living cells and organisms based on molecu-
lar vibrational spectroscopy. Recent advances in detection schemes,
understanding of contrast mechanisms, and developments of laser
sources have enabled superb sensitivity and high time resolution.
Emerging applications, such as metabolite and drug imaging and tu-
mor identification, raise many exciting new possibilities for biology
and medicine.
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1. INTRODUCTION

Advances in optical imaging techniques have revolutionized our ability to study the
microscopic world. Simple microscopy techniques, such as bright field and differential
interference contrast microscopy, have played a large role in cellular and molecular
biology experiments but do not provide chemical specificity. Imaging modalities ca-
pable of identifying specific molecules have significantly improved our understanding
of biological processes on the microscopic scale. Many of these techniques, however,
require the use of exogenous labels that often perturb the system of interest. Intrinsic
imaging techniques such as native fluorescence imaging (1) offer molecular specificity,
but the number of endogenous fluorophores are limited.

Vibrational microscopy techniques offer intrinsic chemical selectivity, as different
molecules have specific vibrational frequencies. Infrared microscopy (2) has seen rapid
development, but itis limited by a number of difficulties including low sensitivity due
to non-background-free detection, low spatial resolution associated with the long
infrared wavelengths, and water absorption of the infrared light. Raman microscopy
has been extensively explored and has found biomedical applications in glucose de-
tection (3), tumor diagnostics (4, 5), DNA detection (6), and microendoscopy (7),
among others (Figure 1).

Raman microscopy does, however, have a major limitation. The Raman effect is
extremely weak (typical photon conversion efficiencies for Raman are lower than 1 in
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Figure 1

The Raman spectrum of the P22 virus showing characteristic vibrational frequencies observed
in biological samples. Several vibrational modes of particular interest in vibrational
microscopy are labeled (blue). The O-P-O stretching vibration arises from the vibration of the
DNA backbone. The amide-I band is characteristic of proteins and can be used to map out
protein density. The CH-stretching band is typically used to image lipids in biological
samples. The H;O-stretching vibrations of water are important for following water flow and
density. Adapted with permission from Reference 79.
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(@) Diagram of the coherent anti-Stokes Raman scattering (CARS) process. When the
difference between the pump and Stokes frequencies (v, — ;) matches the molecular
vibrational frequency, 2,5, the anti-Stokes signal is generated at a frequency w,s; = 2w), — ws.
(b) Phase-matching condition for forward-generated CARS. (¢) Phase-matching condition for
backward- (epi-)generated CARS. % is known as the wavevector, and is given by k¥ = 27 / A.
Here, ky, kg, and k,; represent the pump, Stokes, and anti-Stokes wavevectors, respectively.

10'8); therefore, data acquisition times are long. Raman microscopy images require
high laser powers and long integration times of 100 ms to 1 s per pixel (8). These
factors severely limit the application of Raman microscopy to the study of living
systems.

Far stronger vibrational signals can be obtained with coherent anti-Stokes Raman
scattering (CARS), which was first reported by Maker and Terhune at the Ford Motor
Company in 1965 (9). Ironically, it was not named CARS until almost ten years
later (10). In the CARS process, a pump beam at frequency w, and a Stokes beam
at frequency w; interact with a sample via a wave-mixing process. When the beat
frequency w, — w, matches the frequency of a Raman active molecular vibration, the
resonant oscillators are coherently driven by the excitation fields, thereby generating
a strong anti-Stokes signal at w,, = 2w, — o, (Figure 2).

The Reintjes group at the Naval Research Laboratory was the first to use CARS
as a contrast mechanism for microscopy (11). Due to technical difficulties there were
no further developments until 1999, when CARS microscopy was revived at Pacific
Northwest National Laboratory (12) with a new method. Since then, CARS mi-
croscopy has been used to visualize living cells with contrast of different vibrational
modes, including the phosphate stretch vibration (DNA), amide I vibration (protein)
(13), OH stretching vibration (water) (14), and the CH group of stretching vibrations
(lipids) (15, 16). Among these modes, the signal from lipids is so high that single
phospholipid bilayers can be visualized (17, 18). Meanwhile, CARS has proved to be
a powerful imaging modality for studying tissues in vivo (19, 20).

The advantages of CARS are summarized as follows:

1. It provides contrast based on the intrinsic molecular vibrations of a specimen,

circumventing the need for extrinsic labels.

2. It is orders of magnitude more sensitive than spontaneous Raman microscopy

(21-23), permitting video-rate vibrational imaging at moderate excitation
powers.
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3. The nonlinear nature of the CARS process automatically grants it the capability
of three-dimensional sectioning (12), which is essential for imaging thick tissues
or cellular structures.

4. The anti-Stokes signal is blue-shifted from the pump and Stokes frequencies,
and is therefore easily detected in the presence of one-photon fluorescence.

5. When using near-infrared excitation wavelengths, CARS microscopy can pen-
etrate to depths of nearly 0.4 mm, allowing imaging in thick tissues.

6. As the CARS process occurs on the ground electronic state, sample photodam-
age is minimized (19), especially when picosecond pulses are used to reduce
multiphoton effects.

In this article we summarize some of the recent advances in CARS microscopy,
with an emphasis on new applications in the biomedical sciences. In Section 2 we
review the fundamentals of CARS microscopy, and in Section 3 we discuss laser
sources. Sections 4 and 5 focus on recent innovations and applications of CARS to
cellular and biological imaging.

2. CARS SPECTROSCOPY

In CARS, the pump and Stokes fields coherently drive all resonant oscillators in the
excitation volume at w, — w, with a well-defined phase. The coherent superposition
of the microscopic induced dipoles generates a macroscopic third-order polarization
P® at the anti-Stokes frequency. The anti-Stokes field arises from the nonlinear
interactions of the pump and Stokes fields, E, and E,, respectively, and is given by
PO (w,;) < xVE; E;, where the complex proportionality constant x ¥ is known as
the third-order susceptibility. By solving the wave equation, assuming plane pump
and Stokes waves, one obtains the anti-Stokes signal intensity,
. 2
Lo 1O 21 (55 2
where z is the sample thickness, k; = 27/, is the wavevector, and Ak, the wavevector
mismatch, is defined as Ak = k,, — (2k, — k,) and gives the velocity difference of the
three frequencies. The sinc function is maximized when Az is close to zero, which
is known as the phase-matching condition. Figure 2b,c shows the phase-matching
conditions for forward- and backward (epi)-detected CARS signal. Although x©® is
linearly dependent on the number of oscillators, the CARS signal depends upon | x®|?
and is therefore proportional to the square of the number of vibrational oscillators.
This makes CARS different from Raman, which is linearly dependent on the number
of vibrational oscillators (24).

Even when w, — w, is tuned far from vibrational resonances, the pump and
Stokes fields can induce a macroscopic polarization at the anti-Stokes frequency due
to the electronic response of the material. When w, and w; are far from electronic
resonance, this polarization leads to a vibrationally nonresonant contribution to the
CARS signal. When w, — w; is tuned to a particular vibrational frequency, the anti-
Stokes signal is enhanced. Therefore, x® has two terms, one resonant ( XI(;)) and one
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where A is the detuning A = w, —w, — Qr (Raman shift), and where Qg is the center
frequency of a homogenously broadened Raman line with bandwidth T.

2.1. Contributions to the CARS Response

2 . . . .
, the intensity of the anti-Stokes signal

As the CARS intensity is proportional to | x©
can be written as:

2 2
Tears(®) o< [x x|+ [xR(@)] +2x0k Re x (), G)

where Re x4 is the real part of resonant term of x®. The first term is independent
of the Raman shift, and is known as the nonresonant background. The second term
contains only resonant information, and is the dominant contribution when probing
strong and/or concentrated resonant scatterers. Mixing between the nonresonant
and resonant contributions creates the third term, which contains the real part of
the vibrational response. Plotted in Figure 34 is the spectral response of each term,
showing its individual contribution. As the shape of the third term is dispersive, the
addition of the three terms creates a redshift of the maximum of the CARS spectral
peak and causes a negative dip at the blue end (25) (Figure 35). The redshift in peak
position, which depends upon the relative intensity of the resonant and nonresonant
contributions, makes it difficult to apply the wealth of information in Raman literature
to assigning CARS spectra (26).

The nonresonant contribution also introduces an offset that gives CARS mi-
croscopy images a background (Figure 3¢,d). The blue-end dip is not desirable as
it gives negative contrast (Figure 3e). Spectral interference between two or more
resonances can result in distorted line shapes, and precludes an immediate quantita-
tive interpretation of the spectrum, as the neighboring peaks influence one another’s
intensity. In congested spectral regions, this leads to nearly uninterpretable CARS
spectra. It is possible to glean Raman spectra from the CARS signal by extracting the
x® through interferometry (21, 22), although such methods can complicate a CARS
imaging system.

2.2. Imaging versus Spectroscopy

Although it would be ideal to collect a complete spectrum for every object in a CARS
microscopy image, in practice these are difficult to obtain. In recent CARS microspec-
troscopy experiments, a broadband femtosecond laser source is used in conjunction
with a monochromator to collect pixel-by-pixel spectroscopic data (27, 28). This re-
sults in integrations times of milliseconds to seconds per pixel for many samples,
causing significant photodamage. In addition, current detectors used in spectroscopy
experiments have long readout times that limit their acquisition speed. These limits
currently cap CARS microspectroscopy imaging experiments to frame rates of several
minutes for 256 x 256 pixel image (29, 30). Such acquisition rates are too slow for
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Figure 3

(@) Three components of the coherent anti-Stokes Raman scattering (CARS) signal plotted as
a function of detuning. Shown here are the purely resonant term (so/id /ine), the nonresonant

background term (dotted line), and the mixing term (with a dispersive shape) (dashed line). The

plotted curves were calculated for xf]}z =1.2 Xg)(A = 0). (b) The total CARS signal. The solid

line represents the sum of the contributions from panel #, while the dotted line represents the
nonresonant background. (¢-d) Forward-propagating CARS images of 3'T3-L1 cells that
display contrast corresponding to the highlighted regions of Raman shifts in panel 4. Panel ¢
presents a cell imaged off resonance; only nonresonant contrast is observed. Panel d shows a
cell imaged at 2845 cm ™!, the CH; symmetric stretching vibration. Numerous lipid bodies,
including lipid droplets, can be seen. (¢) Cell imaged at the blue dip of the CH-stretching band
at 2950 cm~!. Resonant features appear dark against the nonresonant background.

most biomedical experiments and are prohibitive for studying dynamics in biological
systems. Even when a spectrum can be collected, it cannot immediately be translated
to quantitative information without significant off-line processing (31).

We believe that it is best to utilize a narrowband imaging approach for high-
resolution CARS microscopy. Instead of collecting a spectrum at each point in the
image, one can collect an image for selected points in the spectrum. Doing so capital-
izes on the strength of the CARS response, allowing for vibrationally selective imag-
ing with high time resolution. By tuning in the laser system to only one resonance,
CARS microscopy can be carried out at video-rate speeds (19) with diffraction-limited
resolution. This narrowband approach has far greater applicability as a biomedical
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imaging technique than broadband excitation schemes (29-34). Many specimens, such
as tissues, are highly scattering and easily distort the spectral phase and polarization
properties needed for broadband interferometric techniques. Narrowband CARS mi-
croscopy has been widely applied, is not limited to thin or weakly scattering samples,
and has the capability for future use in clinical settings as an in situ imaging technique.

2.3. Tight Focusing Relaxes the Phase-Matching Condition

The first CARS microscope was built using a nonlinear geometry (11). This cross-
beam arrangement, however, suffered from low spatial resolution and sensitivity,
and its complexity was not ideal for a microscopic imaging modality. It was not
until 1999 that a discovery cleared the way for modern CARS microscopy (12). The
effective axial point spread function for near-infrared (NIR) light used with a high
numerical aperture (NA) lens (>0.8) is about 1 um long. As the NA becomes larger
than 0.2, the sinc? function in Equation 1 asymptotically approaches a maximum,
rendering non-collinear phase-matching geometries, such as BOXCARS unneces-
sary. Therefore, it is possible to use a collinear pump and Stokes beams to generate
anti-Stokes signal at the tight focus. These collinear beams are raster-scanned over
a sample using commercial confocal scanning microscopes (13) (Figure 44).

2.4. Forward- and Epi-CARS Generation Mechanisms

Due to the coherent nature of the signal buildup in CARS, the far-field radiation
pattern is more complicated than those observed in incoherent imaging techniques
such as fluorescence and Raman microscopy, where the signal is emitted in all
directions. The radiation pattern in CARS microcopy is highly dependent on
a number of parameters, including the size and shape of the scattering objects,
the nonlinear susceptibilities of the object, and the local environment (35). Each
vibrationally oscillator can be considered as a Hertzian dipole at the anti-Stokes
frequency (Figure 54). For extremely thin slabs of oscillators, the radiation pattern
becomes more directional, and propagates equally in the forward and epi directions
(Figure 5b). As the sample thickness, z, increases, constructive interference occurs
in the forward direction (36) (Figure 5¢), as Ak is small (Figure 2b), resulting in
forward-propagating CARS (F-CARS). At the same time, destructive interference
occurs in the backward direction as Ak is large (Figure 2¢) (35, 37), leading to no
epi-CARS signal for bulk objects (Figure 54).

It would seem, then, that the CARS signal would be generated in the forward
direction only. This is not the case, however, as epi-directed signal (38) has been
observed in CARS microscopy arising from three different mechanisms. In the first
mechanism, epi-CARS signal is generated from objects whose size is small enough
(2,/3) for incomplete destructive interference to occur in the backward direction. If
the size of scatterer is larger, the epi-directed fields from dipoles across the object
run out of phase with each other, leading to destructive interference of the epi-CARS
signal (Figure 5e). We note that the phase-matching condition still holds for this
mechanism; while Ak is large, the path length, 2, is small enough to maximize the
sinc function of Equation 1. In the second mechanism for epi-CARS generation,
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Figure 4

(@) Diagram of a collinear beam-scanning coherent anti-Stokes Raman scattering (CARS)
microscope. An Nd:Vanadate laser pumps a dual-wavelength optical parametric oscillator
(OPO). The combined pump and Stokes beam from the OPO is raster-scanned over the
sample by an XV scanner, typically a set of galvanometric mirrors. The CARS signal generated
in the forward direction is collimated by a condenser, separated from the excitation beams by a
filter, and focused onto a detector for collection. The epi-CARS signal is detected by a large
area detector placed after a filter, or by a descanned detector in a manner similar to epi-
fluorescence detection (not shown). (») Cavity design for the dual-wavelength OPO. Both
noncritically phase-matched LBO (LiB3Os) and PP-KTP (periodically poled KTiOPO4)
crystals have been successfully used for parametric downconversion. When LBO is used, the
output wavelengths can be simultaneously tuned from 670 nm to 980 nm for the signal and
1100 nm to 1350 nm for the idler. Fine-wavelength tuning is accomplished using a Lyot filter
set at Brewster’s angle. (¢) Signal and idler tuning curves as a function of temperature for a
PP-KTP based OPO. (d) Energy difference between the signal and idler frequencies as a
function of crystal temperature for PP-KTP. Abbreviation: F-CARS, forward-propagating
coherent anti-Stokes Raman scattering.

backward-propagating anti-Stokes signal is generated at sharp discontinuities in x®.
Edges or discontinuities give rise to epi-CARS signal, as they are essentially infinitely
small objects that break the symmetry of the focal volume (35) (Figure 55, f ). There
is a third mechanism for generating epi-directed photons, although it is not related
to coherent signal buildup. In this mechanism, a sample that contains many local
changes in the index of refraction can redirect forward-propagating photons in the
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Figure 5

The effects of coherent signal buildup in the focal volume. (#) The radiation pattern of a single
oscillating dipole sends equal intensities in both the forward and backward (epi) directions.

(0) The fields from a plane of dipoles coherently add to generate equal signal levels in the
forward and epi directions. (¢) A few induced dipoles together generate a forward-propagating
component as well as a weak epi-directed signal. (d) Many dipoles in the focal spot, such as in
bulk material, coherently interfere to generate only a strong forward signal. (¢) As the size of
the scattering object increases, the epi signal generated by Mechanism I drops dramatically
while the forward signal continues to build to an asymptotic level defined by the focal volume.
Adapted from Reference 35 with permission. (f') At an interface, Mechanism II generates an
epi signal that is constant in intensity once the object size exceeds the focal volume.

(2) Mechanism III: Forward-propagating coherent anti-Stokes Raman scattering (F-CARS)
photons can be backscattered by a turbid sample and redirected in the epi direction.

(h) Collection efficiency of epi detection by Mechanism III as a function of sample thickness in
a tissue phantom (intralipid suspension) and mouse skin tissue (19). The focus was placed

1 um deep for both theory and experiment. Shown are the percentage of forward signals
redirected backward as the thickness of the intralipid layer was increased ( gray dots); the results
of a Monte Carlo simulation of the experiment (red squares); and a curve calculated by the same
Monte Carlo simulation, this time using the tissue parameters of mouse skin (4, = 150 cm™!,
ta = 0.1 em™!, and g = 0.85) (blue triangles). Nearly 15% of the F-CARS signal generated in
mouse skin was estimated to scatter backward.

epi direction. In turbid samples such as skin, initially forward-propagating photons
undergo multiple linear scattering events, which redirect a large number of photons
back toward the objective (Figure 5g). This mechanism was found to be the primary
contributor to epi-CARS signal from tissues (19) (Figure 5b). We note that the back-
ward signal collected by the objective, which is often out of focus, is only generated
at the laser excitation volume.

3. LASER SOURCES FOR CARS

Recentadvancesin CARS microscopy have been facilitated by the development of new
light sources. We believe that the ideal sources for CARS microscopy are picosecond
tunable pulsed laser systems operating in the NIR.

www.annualreviews.org o CARS Microscopy

9

60
50
40
30
20
10

0

Percent scattered back

891

1 1 1
0 50 100 150 200 250
Thickness (um)




${journal.abbrev} 2008.1:883-909. Downloaded from arjournals.annualreviews.org
by HARVARD UNIVERSITY on 10/14/08. For personal use only.

892

3.1. Laser Parameters

An important consideration for laser wavelength choice is the nonresonant back-
ground. Nonresonant CARS signal can be generated when the pump wavelength
is near the peak of a two-photon resonance. Sources in the NIR minimize these
two-photon interactions and therefore provide images with better signal-to-noise
ratios. Another advantage of using NIR laser sources is low multiphoton absorption—
induced photodamage. Multiphoton (typically two-photon) absorption is the major
cause of sample damage in most samples (16, 39). CARS sources employing pump
beams shorter than 800 nm can generate a large amount of multiphoton absorption
by ultraviolet electronic resonances. Researchers have found that most multiphoton
damage significantly decreases when the pump wavelength is raised above 800 nm
(19, 39).

Near-infrared excitation has another advantage. Tissue samples are typically
highly scattering, limiting the penetration depth of CARS microscopy. As the pump
and Stokes beams converge in a specimen, scattering in the tissue leads to a loss
of laser intensity accompanied by an increase in the focal spot size (40). This re-
sults in a deteriorated CARS signal due to its nonlinear intensity dependence. The
reduced scattering experienced by NIR pump and Stokes wavelengths maximizes
the sample penetration depth, allowing for deep CARS imaging even in turbid
samples.

Pulsed lasers systems are needed as CARS signal scales cubically with the in-
tensity of the incident laser light. As such, the choice of pulse width is wor-
thy of careful consideration. Vibrational linewidths are typically on the order of
10-20 cm™!, whereas ~100-fs-duration pulses are about 150 cm~! in bandwidth in
the near IR. A femtosecond pulsed system centered on a resonance will, therefore, use
only a small part of its spectral components to pump the narrow Raman line, but will
generate a large nonresonant background signal that often obscures chemically spe-
cific contrast. Moreover, because the nonresonant signal coherently mixes with the
resonant signal of interest, it cannot simply be subtracted from an image. A good com-
promise between signal strength and spectral resolution is to use pulses ~3 ps in dura-
tion (38). Table 1 lists our recommendations for optimum laser parameters for CARS
microscopy.

Table 1 Parameters of laser light sources for CARS microscopy

Parameter Optimal Range
Pump wavelength range 780-980 nm
Stokes wavelength range 1000-1300 nm
Pulse duration 2-7 ps

Spectral bandwidth 3-5 cm™!

Pulse energy 0.1-1nJ

Pulse repetition rate 50-100 MHz
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3.2. Optimum Laser Sources for CARS Microscopy

Our latest CARS source was introduced by Ganikhanov et al. (41) and uses the signal
and idler outputs of an optical parametric oscillator (OPO) as the pump and Stokes
frequencies, respectively, for CARS microscopy. The most recent design (Figure 4b)
is a broadly tunable picosecond OPO (commercialized as the Levante Emerald by
APE-Berlin), based on a noncritically phase-matched crystal for parametric down-
conversion, and is synchronously pumped by the second-harmonic (532 nm) output
of a mode-locked Nd:YVOy laser (HighQ Laser, Austria). The signal and idler fre-
quencies are continuously temperature tunable about the degeneracy point (signal
and idler wavelengths at 1064 nm) to 670 nm for its signal beam and to 2300 nm for
its idler beam, making it possible to cover the entire chemically important vibrational
frequency range of 200-3600 cm~! without cavity adjustment (Figure 4¢,d). Un-
like previous light sources such as synchronized Ti:Sapphire lasers (13, 42, 43), the
pump (signal) and Stokes (idler) pulse trains are inherently optically synchronized and
collinearly overlapped at the output of the OPO. This considerably reduces the com-
plexity of a CARS setup, as the combined output beam can be immediately coupled
into a microscope (Figure 44).

A drawback of the NIR source is the low spatial resolution of ~350 nm. Addition-
ally, anti-Stokes signal can be generated at wavelengths well into the NIR for many
vibrational modes that are not accessible with standard detectors. Fortunately, the
wide tuning range of this source enables it to run at two different wavelength regimes.
In order to achieve higher-resolution imaging or to reach vibrational bands in the
fingerprint region, the signal output of the OPO can be combined with the 1064-nm
output of the Vanadate laser. This optically synchronized wavelength pair can achieve
a microscopic resolution of 300 nm, and the Raman shift can be tuned as low as
800 cm~!. As the OPO essentially delivers the wavelength tunability of two sources,
its extreme flexibility allows the study of samples with a range of resolutions and depth
penetrations.

Lookinginto the future, fiber lasers offer great potential as they are simple, reliable,
and low in cost compared with free-space systems. Fiber lasers could find use as pump
lasers for OPOs, or as sources of pump and Stokes beams directly.

4. INCREASING SENSITIVITY

The first three-dimensional CARS microscope in 1999 (12) required nearly 30 min-
utes to acquire a single image. As of 2008, CARS microscopy systems run at acquisi-
tion rates of 30 frames per second, an improvement in sensitivity of over four orders
of magnitude. Although many improvements to CARS microscopy have been made
over the past few years, it is still limited by the nonresonant background whose
fluctuation due to laser noise can often obscure weak resonant signals. Numer-
ous methods have been developed to decrease this nonresonant contribution.
Polarization-sensitive detection (44) was developed to completely suppress the non-
resonant contribution through polarization control, but the technique significantly
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attenuates the resonant signal of interest. Epi-CARS microscopy (45) eliminates the
nonresonant background from the bulk material, but not the nonresonant contri-
bution from small scatters. Time-resolved CARS (46) has also been used for non-
FM-CARS: frequency o o . .
modulation coherent resonant background rejection, but it is cumbersome to implement. Interferometric
anti-Stokes Raman CARS approaches, although successful in eliminating the nonresonant background
scattering by separating the real and imaginary components of the third-order susceptibility x
(21,22,47), are difficult to use with heterogeneous samples due to index-of-refraction
changes. All of the above approaches are limited in sensitivity as polarization, temporal
phase, spatial phase, and spectral phase can all be influenced by sample heterogeneity
and therefore are not always reliable.
We have developed a more sensitive approach called frequency modulation CARS
(FM-CARS). The nonresonant background, | xf\%z, the first term in Equation 1, is
constant over all Raman shifts and dominates the CARS signal when the resonant sig-
nalisweak, i.e. when the second term in Equation 1 isnegligible. Under this condition,
we exploit the dispersive nature of the mixing term by modulating the Raman shift
(A) around the center frequency Qg. This results in an amplitude modulation of the
CARS signal, which can be detected using a lock-in amplifier. By toggling the Raman
shift, a resonant spectral feature becomes a frequency modulation (FM) to amplitude
modulation (AM) converter (Figure 6a). The spectrally flat nonresonant background
does not contribute to the detected modulated signal, and therefore is suppressed.
This frequency modulation CARS technique is general enough to be applied to ei-
ther forward or backward CARS in any sample. Additionally, if the modulation is
carried out at rates exceeding 500 kHz, the modulated signal can be separated from
laser, mechanical, and most electrical noise sources. Using this approach, FM-CARS
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Figure 6

(@) Schematic of the frequency modulation coherent anti-Stokes Raman scattering
(FM-CARS) process. Represented here are the sum of the contributions from Figure 24 (so/id
line) and the nonresonant background (dotted line). The resonance acts as an FM-to-AM
converter, resulting in an amplitude-modulated signal that can be detected by a lock-in
amplifier. (b)) Forward-CARS image of a fixed A549 human lung cancer cell cultured with
deuterium-labeled oleic acids taken at a Raman shift of 2100 cm~!. () FM-CARS image
obtained when toggling between 2060 cm~! and 2100 cm~!. Nonresonant background
components have been significantly reduced by the FM-CARS method. Abbreviations: FM,
frequency modulation; AM, amplitude modulation.
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systems have been shown to provide sensitivities nearly three orders of magnitude
greater than conventional CARS imaging (23).

As FM-CARS can be easily incorporated into any detection geometry, it can be
immediately applied to biomedical imaging. To demonstrate the capabilities of FM-
CARS, deuterated lipids were isolated from the nonresonant contribution in human
lung cancer cells (23). An F-CARS image of these cells at the CD, stretching fre-
quency shows a number of cellular features, complicating identification of the cel-
lular components that contain the deuterated oleic acid (OA) (Figure 65). When
FM-CARS is used, however, the nonresonant signal is suppressed and the deuterated
components can be easily identified (Figure 6¢). Continued progress in FM-CARS
promises to improve the sensitivity limit, allowing for future applications such as
drug and metabolite imaging that will have significant benefits for cell biology and
biomedicine.

5. APPLICATIONS OF COHERENT ANTI-STOKES RAMAN
SCATTERING MICROSCOPY TO BIOLOGY AND MEDICINE

Developments over the past several years have enabled the application of CARS
microscopy to the chemical, materials, biological, and medical fields. Chemical ap-
plications include many studies on lipid vesicles (31, 48, 49), lipid layers (50), and
the ordering of lipid domains (18, 39). In the materials field, CARS has been used to
examine the dynamics of water in organic environments (51, 52) and has been applied
to the processing of photoresists (51) and the ordering of liquid crystals (53). The
most exciting recent applications of CARS have been in the fields of biological and
medical imaging, and are the focus of this section.

5.1. Imaging Cells with Chemical Selectivity

CARS provides new views into cellular structures. A recent example is the imaging
of plant cells. Plant cell walls are primarily composed of polysaccharides (such as
cellulose), lignin, and glycoproteins. Lignin is largely responsible for the resistance
to chemical/enzymatic degradation of cellulose into short chain sugar molecules in
the process of biomass conversion to biofuel. However, it is difficult to image lignin
using conventional imaging methods. In order to improve the conversion efficiency,
one requires an imaging technique with contrast based on chemical composition for
real-time monitoring. The structure of lignin (Figure 74) gives rise to a Raman
spectrum (Figure 7b) with a band at 1600 cm™! due to the aryl symmetric ring
stretching vibration, which can serve as a sensitive probe for lignin. Figure 7¢ shows
a CARS image of corn stover tuned into the 1600 cm™! stretch, which reveals the
distribution of lignin within the walls of individual cells.

Far more work has been done on mammalian cells, where the cellular organelles
can be imaged by CARS. The strongest observed signal comes from the CH bonds,
which are abundant in lipids. This strong signal allows the observation of dynamic
processes with high time resolution. For example, rapid intracellular transport in
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Figure 7

(@) Chemical structure of the lignin polymer. () Raman spectrum of lignin, with prominent
bands near 1600 cm~! arising from the aryl ring stretching vibrations. (¢) Coherent
anti-Stokes Raman scattering microscope image at 1600 cm™! showing the distribution of
lignin in the cell walls surrounding the plant cells in corn stover.

mammalian cells is driven by molecular motors that bind to and move select cel-
lular organelles along the cellular cytoskeleton (54, 55). Organelle trafficking is an
essential process, and even small changes to the cellular environment can have large
effects on intracellular transport. In particular, the transport of lipid droplets (LDs)
(56-58) can be difficult to selectively visualize, as fluorescent LD labels may have
perturbative effects (59). CARS microscopy, with its exquisite sensitivity to lipids,
has proven to be an excellent tool for LD tracking. In a recent study by Nan et al.
(16), CARS microscopy was used to monitor the transport of LDs in steroidogenic
Y-1 mouse adrenal cortical cells by tuning into the lipid CH, stretching frequency
(2845 cm™!). LDs were observed to undergo caged, subdiffusive motion due to trap-
ping in the cytoskeleton along with the rapid, superdiffusive motion generated by a
molecular motor. In particular, a correlation between cell shape and LD transport
activity was observed, which is thought to increase the collision rate of LDs with mi-
tochondria for steroidogenesis. It is evident that CARS is complementary to existing
microscopy techniques, such as fluorescence microscopy, for interrogating cellular
structure and dynamics.

5.2. Metabolic Imaging

Metabolites are small molecules that are difficult to image using conventional
microscopy techniques. Labels such as fluorophores are typically comparable in
size to most metabolites, and will thus significantly alter their behavior in vivo.
Knowledge of the transport, delivery, and localization of such molecules is critical for
the study of disease and for the development of effective treatments. The vibrational
selectivity of CARS microscopy makes it a powerful tool for such studies. For
example, CARS microscopy’s sensitivity to long-chain hydrocarbons makes it an
ideal method for studying the metabolism of lipids. In an early experiment, CARS
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Figure 8

Lipid metabolism studied with coherent anti-Stokes Raman scattering (CARS) microscopy.
(@) The CARS spectrum of deuterated oleic acid. (b-d) Rat hepatocyte cells were incubated
with both eicosapentaenoic acid and deuterated oleic acid. (/) CARS image taken at the CD;
symmetric stretching vibration at 2090 cem~!. () CARS image taken at the CH, symmetric
stretching vibration at 2845 cm™!. (4) Composite image of panels & and ¢, showing
colocalization along with two-photon fluorescence from monodansylcadayerine, a label for
degradative lysozymes.

was used to follow the differentiation of cells into adipocytes, following the growth
of LDs in cells over the course of several days (15). Two recent studies have used
CARS microscopy to investigate the changes in lipid metabolism caused by the
hepatitis C virus (60, 61). Recent work by Hellerer et al. (62) demonstrates the ability
of CARS microscopy to image lipid metabolism in a living organism by monitoring
lipid storage in different strains of Caenorhabditis elegans.

The above experiments used CH contrast. For many studies, however, a method
is needed for imaging a specific small molecule inside cells. Isotope labeling via
deuterium substitution has recently been demonstrated as a powerful method (63).
The deuterium in a CD bond is heavier than hydrogen, placing CD vibrational
stretching frequencies into an otherwise “silent” region of the biological Raman
spectra near 2100 cm™! (Figure 84). By substituting nonreactive hydrogens with
deuterium to avoid perturbation and tuning into these unique CD stretching
frequencies, it is possible to selectively image a specific molecule using CARS
contrast.

This approach was used to selectively image the metabolism of different lipids in
a study investigating the effects of omega-3 fatty acids. Fish oil is rich in polyunsatu-
rated fats, such as omega-3 fatty acids, and has been found to affect lipid biochemistry
in humans by lowering blood triglyceride levels. To study the effect of omega-3 fatty
acids on cellular lipid metabolism, rat hepatoma cells were treated with a combination
of normal (OA) and omega-3 (eicosapentaenoic acid, EPA) fatty acids. Because the
two molecules have similar CARS spectra, deuterium substitution in OA was used to
specifically image the monounsaturated fatty acid. Cells grown with only oleic acid
in the culture media were found to sequester OA into small LDs. When cells were
cultured only with EPA, the EPA was incorporated into lysosomes (acidic organelles
that digest cellular components). Interestingly, when cells were grown with OA and
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EPA together, both fatty acids were found colocalized in lysosomes (Figure 8b,c,d),
indicating that omega-3 fatty acids such as EPA change the way cells process normal
fatty acids (63). This CARS metabolic study, using deuterium substitution for spe-
cific nonperturbative labeling, is important for understanding the health benefits of
polyunsaturated fatty acids such as omega-3s.

5.3. Biomedical Imaging

Over the past several years, many applications of CARS microscopy to biomedicine
have emerged. CARS imaging is especially useful for in vivo and in situ investiga-
tions, wherein the use of selective labels might be impossible or prohibitive. Com-
pared to techniques such as magnetic resonance imaging, CARS does not have a
large penetration depth; instead, it offers subcellular spatial resolution and high time
resolution.

CARS imaging in vivo was first demonstrated on the skin of a mouse, and utilized
a real-time video-rate CARS imaging system (19). By tuning into the CH, vibra-
tional stretching frequency, CARS microscopy was able to visualize the abundant
lipid structures throughout the 120-um depth of mouse ear skin. At the skin surface,
the bright polygonal stratum corneum was visible due to the presence of the intracel-
lular “mortar” that holds the many surface corneocytes together. This intracellular
material is rich in lipids, ceramides, and cholesterol and gave rise to a strong CARS
signal (Figure 94). Multicellular sebaceous glands appeared 20 um below the surface
of the skin (Figure 95). These glands are packed with micrometer-sized granules
of sebum, a compound rich in triglycerides and wax esters (Figure 9e). At depths
of 60 pm, large adipocytes were clearly visible, many aligned along blood vessels
(Figure 9c¢). At the bottom of the dermis, small adipocytes forming the subcutaneous
fat layer could be seen (Figure 9d). The use of a video-rate CARS imaging sys-
tem allowed for rapid, three-dimensional reconstruction of the entire tissue depth
(Figure 9f). This study was also able to track, in real time, chemical diffusion into
skin by following the application of baby oil.

Recent studies have investigated the transdermal delivery of retinol, a drug that
stimulates collagen growth in skin. The conjugated polyene structure of the drug
(Figure 104) gives rise to a strong vibrational band (Figure 105) that can be used
for specific imaging with CARS. Figure 10c shows the distribution of a 10% retinol
solution applied to mouse ear skin. The drug is seen to localize in the intercellular
space between the corneocytes of the stratum corneum, which is a pathway for entry
into the dermis (64).

As demonstrated by the brightness of the adipocytes in CARS images (Figure 9),
adipose tissue yields strong CARS signal. White adipose tissue of a mouse omen-
tum majus, for example, generates intense CARS signals from the large (>50 pm)
adipocytes (Figure 11a).

CARS microscopy has also been used to visualize the microstructure of excised
mouse lungs (Figure 115). Lung tissue is primarily composed of small air sacs called
alveoli that are coated with a lipid-rich surfactant. CARS images of lung tissue, tuned
into the symmetric CHj stretching vibration, show these alveoli along with numerous
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Figure 9

Coherent anti-Stokes Raman scattering images of mouse skin at the lipid band (2845 cm™!) in
vivo. (#) The surface of hairless mouse skin imaged at the lipid band. The outlines of the
corneocytes are clearly visible due to the lipid-rich intracellular “mortar” of the stratum
corneum. (4) Sebaceous glands imaged at ~30 um deep. (¢) Adipocytes at approximately

~60 pm deep, in the dermis. (4) Subcutaneous fat composed of many small adipocytes, nearly
100 pm deep. (¢) Two-dimensional projection of 60 images from a depth stack taken every

2 um. YZ and XZ cross sections (right and bottom panels, respectively) were constructed from
the depth stack along the white lines. The cross sections are presented in inverse contrast to
show better detail. (f') Three-dimensional rendering of a mouse sebaceous gland. The
crescent-shaped sebaceous gland surrounding a hair shaft is composed of multiple cells, each
filled with numerous micrometer-sized CH;-rich sebum granules.

lipid-rich cells, most likely surfactant cells (type II pneumoctyes), Clara cells, and
macrophages (66, 67).

Tissues of the kidney give excellent contrast when imaged with CARS microscopy.
Adipose tissue, visualized on the surface of the kidney, stands out prominently in
CARS images taken at the lipid band (Figure 11c¢). Beneath the kidney surface, at
depths of approximately 40 um, proximal and distal renal tubules are clearly visible
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Figure 10

(@) Structure of retinol. (/) Raman spectrum of retinol, showing the strong characteristic peak
at 1594 cm~! arising from the conjugated polyene structure. () 620 um x 620 um image of
mouse ear skin treated with a 10% retinol in myritol 318 solution. Myritol 318 is a compound
typically found in skin creams (65).

(Figure 11d). Close examination of the tubule walls shows the many rounded nuclei
of the tubules’ epithelial cells, which appear dark due to their low lipid content.

The retina is composed of multiple layers of lipid-rich neurons, each with a dif-
ferent function and microscopic structure that can be readily identified using CARS
microscopy (Figure 11e). The photoreceptor, inner and outer nuclear, and inner
and outer plexiform layers are easily seen in cross-sectional images. En face CARS
depth stacks (Supplemental Movie 1; follow the Supplemental Material link from
the Annual Reviews home page at http://www.annualreviews.org) allow full three-
dimensional reconstruction of retinal tissue, in which it is possible to visualize the
nerve fiber layer and ganglion cells. Capillaries crossing the retina surface, many
containing red blood cells, are easily seen with lipid contrast (Figure 11f).

Numerous CARS microscopy studies have focused on nerve bundle structure
and function. For example, excised spinal cords have been visualized using the
CH,; stretching vibration (68), and the sciatic nerve of living mice has been im-
aged using minimal surgical techniques (69). Recent studies have even used CARS
contrast to study the breakdown of nerve structures in demyelination disorders
(70).

A new and exciting biomedical application of CARS microscopy is the imaging of
brain tissue (20). Brain tissue is lipid dense as it is composed of billions of neurons
and support cells. Using CH, stretching contrast, CARS microscopy has been used
to visualize a number of brain structures. A coronal section of mouse brain, taken
2.8 mm from the bregma, shows a number of brain structures when imaged with
CARS microscopy. In order to maintain cellular resolution and image the full organ,
the brain mosaics shown were built from individual 700 pm x 700 pm CARS images
(Figure 124). White matter tracts, such as the association fiber bundle in the centrum
semiovale, the corpus callosum, and corticospinal tracts, are rich in myelin and give
rise to intense lipid band CARS signals. The white matter regions in the diencephalon
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Figure 11

Coherent anti-Stokes Raman scattering (CARS) imaging of various tissues ex vivo with CH;
contrast. (#) Epi-CARS image of white adipose tissue of mouse omentum majus. These large
adipose cells are packed with fatty acids and give rise to strong CARS signals. (b)) Epi-CARS
microscopy of mouse lung tissue, showing the individual alveoli. CARS signals are thought to
arise from the lipid-rich surfactant cells, Clara cells, and macrophages. (c) Epi-CARS image of
the surface of the adipocyte-covered mouse kidney. () Epi-CARS image of mouse kidney
taken at a depth of 40 pm reveals many renal tubules. (¢) Forward-propagating CARS image of
a fixed bovine retina in cross section. The first several layers of the retina can be identified.
(f) En face epi-CARS image of a fixed human retina taken at the retinal surface. A capillary
just above the nerve fiber layer contains numerous erythrocytes.

and deep brain nuclei can also be identified by their CARS signal strength. In order
to compare the contrast from lipid band CARS imaging to the gold standard in
biological imaging, hematoxylin and eosin (H&E) histological preparations were
carried out on CARS-visualized brain samples. Figure 126 showsa 700 pm x 700 um
image of the corpus callosum and surrounding structures, which are compared with
the corresponding H& E-stained section (Figure 12¢), demonstrating the gray-white
matter contrast and revealing the microstructural anatomical information available
from CARS microscopy.

"This study also demonstrated the ability of CARS to distinguish healthy and dis-
eased brain tissue (20). A large astrocytoma is readily seen in a lipid band CARS
image due to the lipid-poor nature of the tumor (Figure 12d). Close examina-
tion of the tumor margins (Figure 12e) reveals the highly invasive nature of the
astrocytoma as it infiltrates the surrounding healthy white matter. Such studies open
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Figure 12

Epi-CARS microscopy applied to brain tissue imaging. (#) Mosaic image of a mouse brain
coronal section taken at the lipid band showing numerous brain structures. () A single
zoomed-in image corresponding to the white box in panel 4. (¢) Hematoxylin and eosin (H&E)
image of the same region of the same mouse brain. The structures visible in both images, from
upper left to bottom right, are the cortex, corpus callosum, oriens layer, and pyramidal layer.
The corpus callosum, a myelinated brain structure, gives rise to a strong CARS signal. (4) A
mosaic CARS image of astrocytoma in a mouse sacrificed four weeks after inoculation with
tumor cells. (¢) A zoomed-in image corresponding to the white box in panel 4 shows tumor
infiltration at the margin.

the door to a number of potential clinical applications, wherein CARS microscopy
could one day replace traditional histopathology in brain imaging. In particular, a
CARS microendoscope (71) offers the ability to probe deep into brain tissue for
diagnostic imaging and could reduce the need for brain tissue resectioning in the
future.

6. THE FUTURE OF COHERENT ANTI-STOKES RAMAN
SCATTERING MICROSCOPY

Advances over the past several years have made CARS microscopy a state-of-the-art
technique. Its ability to perform label-free chemical imaging is beginning to make
contributions to biology and medicine. Current FM-CARS systems are capable of
probing several important metabolites. CARS microscopy, specifically the FM-CARS
technique, also has the potential to play a large role in drug research as it enables the
study of drug localization and uptake at the subcellular level.

Another important application of CARS will be in cancer diagnostics. Tumors
often show distinct chemical and morphological differences from their host tissue (72,
73). CARS microscopy is capable of providing chemically specific information along
with tissue morphology to identify and study cancerous lesions. CARS can also be
combined with other intrinsic imaging techniques such as multiphoton fluorescence
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microscopy (74), second harmonic generation microscopy (75), and third harmonic
generation microscopy (76) to provide a multimodal platform for tissue diagnostics.

CARS endoscopy will also be used as an in situ surgical probe for tumor margins.
A CARS microendoscope, as part of a fiber probe or needle biopsy, could provide a
means of sampling a surgical region prior to resection. Such an approach might be
applied to the diagnosis of breast tumors, which are characterized by changes in lipid
content and morphology (77). The sensitivity of CARS to lipids could also be used
to detect and analyze atherosclerotic plaques in situ (78).

In 1999, the use of CARS microscopy to study living systems was just beginning.
There has been a vision to move CARS imaging from the laser lab into the hospital,
where it could provide direct benefits to patients. At this point, CARS microscopy is
well on its way to reaching that goal. Given the creativity and innovation of the ever-
growing community of CARS enthusiasts, CARS microscopy will become a valuable
tool for biomedicine for many years to come.

SUMMARY POINTS

1. CARS microscopy provides chemically selective information by tuning into
characteristic vibrational resonances in samples without the use of labels or
the complication of photobleaching.

2. The stimulated coherent excitation of many vibrational oscillators gives rise
to a much stronger signal than that of conventional Raman microscopy,
allowing for real-time imaging of living cells or organisms at tolerable laser
powers.

3. The CARS signal is only generated at the focal spot, allowing 3D sectioning
of thick tissues.

4. Epi-directed CARS signal is generated via three different mechanisms: in-
complete destructive interference by objects smaller than the wavelength
of light, discontinuity of the third-order nonlinear susceptibility x® at the
interface of two media, and backscattering of initially forward-propagating
photons in turbid specimens.

5. The optimum light source for CARS imaging is a picosecond pulsed laser
that operates in the NIR range, preferably above 800 nm to avoid mul-
tiphoton damage of specimens and to allow for deep penetration in thick
samples.

6. The sensitivity of CARS microscopy has been improved by frequency mod-
ulation CARS detection.

7. Isotope substitution by deuterium offers a well-isolated CD stretching fre-
quency for mapping the distribution of metabolites or drugs.

8. As a medical imaging technique, CARS is capable of whole-organ imaging
at subcellular resolutions in real time.
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FUTURE ISSUES
1. What is the ultimate sensitivity of CARS detection?

2. Can fiber delivery and fiber-based laser sources reduce the cost and com-
plexity of CARS microscopy systems?

3. Can the penetration depth of CARS microscopy be extended through adap-
tive optics?

4. Isitpossible to apply the capabilities of CARS to intraoperative endoscopy?
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