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Coherent anti-Stokes Raman scattering (CARS) microscopy permits vibrational imaging with high-sensitivity,
high speed, and three-dimensional spatial resolution. We review recent advances in CARS microscopy, including
experimental design, theoretical understanding of contrast mechanisms, and applications to chemical and
biological systems. We also review the development of multiplex CARS microspectroscopy, which allows
high-speed characterization of microscopic samples, and CARS correlation spectroscopy, which probes fast
diffusion dynamics with vibrational selectivity.

1. Introduction Phase matching condition Electronically
excited state
Investigation of molecular properties in complex systems such S —
as living cells is a subject of wide interest. For a heterogeneous k, K
system, one needs spatial resolution to focus on the object of " n o |9
interest, and chemical selectivity to probe particular species. ’ b P
The combination of optical spectroscopy and microscopy
provides a direct and noninvasive approach to visualizing nucleic
acids, proteins, and other molecules at work in living cells. "
Chemically selective imaging can be implemented with fluo- K Oas
rescence or vibrational microscopy. The development of various wp| |05 |0 [0as  Op| |05 O |Oa ©p
fluorescent probég and realization of three-dimensional (3D) v=1 v=1
resolution by confocal detectidrhas made fluorescence mi- o v=0 v=0
croscopy a powerful and widely used imaging method. Two- (#) Resonant (B) Nonresonant  (C) Two-photon enhanced
contribution contribution nonresonant contribution

photon fluorescence microscopy offers an alternative way to
achieve 3D spatial resolution because the nonlinear signal isFigure 1. Energy diagram of CARS. (A) Resonant CARS characterized
only generated at the tight focus of a femtosecond laser Beam. Y AR[©2 = (0p = @9 — iTR]. (B) Nonresonant CARS from an
The use of laser wavelengths in the near-IR region reduces€lectronic contribution;&fw)), where the dotted lines indicate virtual
Rayleigh scattering and increases the penetration depth in a thiciStates: (C) Electronic contributiod{[w: = 2w, — iI']) enhanced by

| ki h fl . ful a two-photon resonance of the pump beam associated with an excited
sample, making two-photon fluorescence microscopy a useful gjecironic state.
tool for in vivo imaging.

.Chemicall imaging by use of.inherent molecular vibratipn Such a long exposure time limits the application of Raman
signals avoids the photobleaching problem and perturbanonsmiCrOSCOpy to the study of dynamic living systems.

to cell functions induced by fluorophore labeling. Vibrational The above difficulties in spontaneous Raman microscopy can
microscopy based on spontaneous Raman scattering and infrarefly ojrcymyented by multiphoton vibrational microscopy based
(IR) absorption permits direct chemical imaging of unstained on coherent anti-Stokes Raman scattering (CARS). CARS is a
samples$:® The spatial resolution of IR microscopy is, however, four-wave mixing process in which a pump fieEh(w;), a
limited by the long excitation wavelength (several micrometers) giqres fieldE(ws), and a probe fieldEy(wh) interact V\Zth a

and the .IR absorption of water hinders its application to live sample and generate an anti-Stokes figldat the frequency
cell studies. The use of a shorter wavelength in spontaneous of was = wp — ws + wh. The energy diagrams of CARS are

R"?‘”‘a” microscopy avoids t_hese prot_)lems. Confocal Ramangy,qn i Figure 1. In most experiments, the pump and the probe
mmroscpp? p_rowdes 3D_spat|a| re_solutlon. On the other hand, o145 derive from the same laser beam. The CARS intensity
Raman imaging necessitates a high average power because Qk 5 gqiared modulus of the induced nonlinear polarization

the small cross section of Raman scattering. As a result, it takesps) — 7PE2E 7@ is the third-order susceptibility, for which '
several hours to acquire a Raman image of cells and ti€sues. a general gxpsr.ession was given by Lotem et@l '
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Q in eq 1 is the vibrational frequenc¥r andI’; are the half- Rapid development in the past few years has pushed the state
width at half-maximum of the Raman line and that of the two- of the art of CARS microscopy to the next level. The
photon electronic transition, respectivedy andA; are constants ~ femtosecond pulses used in the 1999 work are not optimal for
representing the Raman scattering and the two-photon absorptiorvibrational spectroscopy because their spectral widths are
cross sections. The first term is a vibrationally resonant broader than Raman bandwidths. In 2001, Cheng et al.
contribution (Figure 1A). The second term is a nonresonant constructed a new CARS microscope with two synchronized
contribution that is independent of Raman shift (Figure 1B). picosecond Ti:Sapphire lasers, which not only provided high
The third term is an enhanced nonresonant contribution due tospectral resolution but also improved the signal background
two-photon electronic resonance (Figure 1C). CARS signal ratio??Volkmer et al. demonstrated that epi-detection (backward
generation needs to fulfill the phase-matching condition,|l. detection) permits efficient rejection of the solvent back-
= 7/|AK| = 7tl|kas — (2kp — kg)|, Wherek, ks, andkas are ground?223 QOther methods including polarization-sensitive
wave vectors of the pump, Stokes, and CARS fields, respec- detectior?* pulse sequenced detecti&nand phase control of
tively, and Ak is the wave vector mismatch. Constructive €xcitation pulse®¥ were also developed. Another advance
interference of CARS occurs when the field-sample interaction involved the improvement of the image acquisition speed. Cheng
lengthl is less than the coherent lendthat which the CARS et al. developed a laser-scanning CARS microscope with two
signal reaches the first maximutit.24 Since the first systematic ~ hear-IR picosecond pulse trains and achieved a rapid acquisition
study of CARS carried out by Maker and Terhune at Ford Motor rate?’ allowing visualization of fast cellular processes. A

Co.15 CARS spectroscopy has become the most extensively combination of CARS microscopy and correlation spectroscopy
used nonlinear Raman technigtlel permits investigation of even faster dynamical processes in a

chemically selective and noninvasive manffe¥ By use of a
picosecond and a femtosecond Ti:sapphire laser, multiplex
CARS imaging®3! and microspectroscopy with polarization-
sensitive detectio? were also demonstrated. A combination
of CARS with near-field scanning optical microscopy was
[eporteoﬁ3 Two major improvements of laser sources for CARS
microscopy have come about recently, including reduction of
temporal jitter between two synchronized Ti:sapphire oscilla-
tors3435 and demonstration of a passive picosecond pulse

The application of the CARS process to microscopy opens
up a new method for chemical imaging. In CARS microscopy,
the temporally and spatially overlapped pump and Stokes laser
pulses are tightly focused into a sample to generate a signal in
a small excitation volume<1 umq®). A CARS image is acquired
by raster scanning the sample or the laser beams. The vibrationa
contrast in CARS microscopy arises from the signal enhance-
ment whernw, — wsis tuned to a Raman-active vibrational band.
Because the CARS intensity has a quadratic dependence on th

&mplifier 36
pump field intensity and a linear dependence on the Stokes field P o o .
intensity, the signal is generated from a small volume in the CARS microscopy is intrinsically different from fluorescence

central focal region, providing CARS microscopy with a high an(_:i spontaneous Raman miz_:ros;c_)py. Thgoretica_ll understa_nding
3D sectioning capability. The coherent summation of the CARS of its contrast mechanisms is critical for image interpretation.
fields from a sizable sample results in a large and directional Chelf‘g et al.hdevetlopetc_i al ge_neral theogetlcal_ forg:ulztlon f?r
signal, which permits low excitation powers and fast scanning noniinear conerent optical microscopy by using the oreens

rates accordingly. Another advantage of CARS is that its signal ;ugcgobnegewgg’ ('jnemggh :rr;?ncﬁﬂzre:;r:ﬁ:éa;og f't?gglfr\?vrgvg
frequency is blue-shifted from the excitation frequencies; thus, 2 738 : P
. . . equation?”38 The contrast mechanisms of the forward and
the CARS signal can be easily detected in the presence of the . . h
backward detected CARS microscopy with copropagating and
one-photon fluorescence background. - -
. . . counterpropagating pump and Stokes beams were systematically
It must be noted that CARS microscopy is not without inyestigated? Using other methods, Mier et al. studied CARS

shortcomings. First, the intrinsically weak induced nonlinear gjqgna| generation from a bulk sample under the plane wave
polarizability requires sophisticated laser excitation sources with approximatior? Potma et al. calculated the CARS intensity
high peak power and moderate average power. Second, unlik&rom a slab sample under the tight focusing condif®n.

fluorescence imaging, CARS measurement is not backgroundyashimoto et al. derived the optical transfer function of CARS
free. The nonresonant background, the second and third termsyjcroscopyA

in eq 1, from any objects of interest and surrounding solvent
limits the image contrast and spectral selectivity. Fortunately,
as shown below, the continuous developments of ultrafast laser

sources and methods for suppressing the nonresonant backz; lipids because of the large number of-8 bonds in a lipid

ground have circumvented these difficulties. molecule. Detection sensitivity of single lipid bilayers or single
Duncan et al. reported the first CARS microscope in 1$82.  cellular membranes has been achieved by using the resonant
Using two picosecond dye lasers with a noncollinear beam CARS signal from the symmetric GHstretching mod@é’41
geometry and detecting the signal in the phase matching Chemical mapping of proteins in live cells has been carried out
direction, they acquired CARS images of onion skin cells in by using the CARS signals from the protein amide | b&hd.
D-0 and of deuterated liposom&sHowever, the noncollinear  Besides chemical mapping of molecular distribution, CARS
beam geometry used in their work limited the image quality microscopy has proved useful in probing orientation of localized
and the excitation with visible wavelengths resulted in a large molecules or functional groups based on its polarization
nonresonant background. By using near-infrared laser beamssensitivity. One example is the demonstration of ordering of
that avoid two-photon electronic enhancement of the nonreso-water molecules at the phospholipid bilayer membr&rghe
nant background, Zumbusch et al. revived CARS microscopy high sensitivity and consequently high imaging speed of a CARS
in 199918 This work demonstrated 3D CARS imaging by using microscope permits real time monitoring of intracellular dynam-
tightly focused collinear-propagating pump and Stokes beams.ics with chemical selectivity. Potma et al. measured the water
This advance immediately triggered interest within several diffusion rate in living cell$! Cheng et al. monitored the
research group$2! morphology evolution of membranes in NIH3T3 cells undergo-

Because of the above advances, CARS microscopy is
becoming a powerful technique for vibrational imaging of
unstained samples. CARS microscopy is a highly sensitive probe
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ing apoptosig’ Nan et al. followed the growth of triglyceride
droplets during the differentiation of 3T3-L1 cells into adipo-
cytes®® CARS microscopy has also been used for mapping
chemical composition in emulsiotfsand visualizing water
evaporation in a silica gel systeth.These applications in
chemical and biological systems demonstrated the unique
advantages of CARS microscopy over spontaneous Raman
microscopy: high sensitivity, high-speed, and low photodamage.
In addition to CARS microscopy, other nonlinear optical
processes, including second-harmonic generation (S&&),
sum frequency generation (SFE)55 and third-harmonic
generation (THGY856-5° have also been incorporated with
scanning microscopy. High-harmonic microscopy (SHG and
THG) is advantageous in that it uses one laser beam and can
be easily implemented on a two-photon fluorescence micro-
scope?25° SHG arises from scatterers lacking inversion sym- ol ol T
metry. SHG microscopy has been used for imaging biological 0 2z 4 8 8 10 0 2z 4 5 810
membranes labeled with styryl dy&§° and endogenous ° ’
structural proteins such as collag8THG arises from electronic ~ Figure 2. (A) Intensity distribution on a log scale and (B) axial
contributions to the third-order susceptibility and has essentially intensity and phase shift in the focal region of a fundamental Gaussian
no chemical specificity. CARS microscopy is more informative beam focused by an objective lens of NAL4. p = vX’+y’. (C)
than SHG and THG microscopy in that it contains rich Forward-detected CARS and_ (D) forward-dgtected THG signals
informatiorj abput molecular vibrat!on. SEG micrqspopy also g?lt(;]uelaftggua;afunctlon of the diameleof a spherical sample centered
provides vibrational contrast but it is surface-sensitive instead

of bulk-sensitive. . _ function of the excitation field. However, CARS microscopy
In this article, we review the recent advances in CARS js 3 coherent imaging method in which the induced polarization
microscopy. Sections 2 through 5 discuss the fundamental 3ssumes a well-defined phase relation with the excitation fields.
properties of CARS microscopy. Sections 6 and 7 present itS The image intensity is a squared modulus of the coherently
applications to model systems and live cells. Sections 8 and 9syperimposed radiation fields from different parts of the sample
describe multiplex CARS microspectroscopy and CARS cor- in the focal volume. Consequently, the standard deconvolution
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relation spectroscopy. Section 10 presents the summary. method for fluorescence microscopy is no longer valid. Signal

generation in CARS and THG microscopy has been formulated
2. New Features of CARS under the Tight Focusing using the Green'’s function method, in which the CARS signal
Condition is calculated as a coherent addition of the radiation fields from

the induced dipoles in the focal regiéh3® This model permits
calculation of nonlinear optical signals from a 3D sample of
arbitrary size and shape under the assumption that the scatterer
and the surrounding medium are index-matched.

The tightly focused excitation fields were described by
Richards and Wolf using the diffraction thed®The intensity
distribution in the focal region of a Gaussian beam at wavelength
A focused by a NA= 1.4 objective lens is depicted in Figure
2A. The fwhm (full width at half-maximum) of the lateral profile
atz = 0 and of the axial profile is 0M4and 1.Q, respectively.

A negative phase shift along the axial direction can be seen
from Figure 2B. It is known as the Gouy phase sffift.

The Gouy phase shift generates a phase delay around the foci
of the excitation fields and thus plays an important role in
nonlinear coherent optical microscopy. A revised phase match-
ing condition is useful for interpretation of signal generation
under the tight focusing condition. The revised phase matching
condition for CARS and THG microscopy is

CARS microscopy is distinguished from CARS spectroscopy
in that the laser beams are tightly focused with a high numerical
aperture (NA) objective lens. In CARS spectroscopy with a
forward-detected collinear beam geometry, the dispersion of the
refractive index iy, j = p, S, and as) introduces a wave vector
mismatch of Qagwas — 2nywp + nwg)/c. Noncollinear beam
geometries such as BOXCARS geométryvere used to
minimize the wave vector mismatch and thus maximize the
interaction length. Under the tight focusing condition, however,
the phase matching condition is relaxed and fulfilled in the
collinear beam geometry because of the small interaction volume
and the large cone angles of the wave vectors of the excitation
beams. Improvement of CARS signal generation efficiency upon
tight focusing in the collinear beam geometry was realized
theoretically®? Experimentally, CARS microscopy has been
implemented using the collinear beam geomiétrgnd two
different noncollinear beam geometri€s2The collinear beam
geometry provides superior spatial resolution and imaging
quality and has been widely adap®d?-252739The noncol-
linear beam geometry is difficult to implement and results in Kas = 2(kp + Akp g + (ks + Ak Il < and
poor lateral resolution. The tight focusing condition is also lks — (3kp + 3Ak, Il <7
advantageous for multiplex CARS microspectroscopy imple-
mented with a narrow band pump beam and a broadband Stokesespectively. Here\k, g and Ak g are the contributions to the
beam. For tightly focused beams, the phase matching conditionwave vector mismatch by the Gouy phase shift of the pump
is no longer sensitive to the Raman shift so that CARS spectraand Stokes beam, respectively.is the wave vector of the third
can be recorded using the collinear beam geometry in a broadharmonic fieldEg, that is generated by a single pump fiélgl
spectral region without changing the alignm@&hit?63 The accumulation of the CARS and THG signals with the

For incoherent imaging methods including fluorescence and increasing size of a spherical sample centered at the focus is
spontaneous Raman microscopy, the image profile is the displayed in Figure 2C,D, respectivé§/Although both CARS
convolution of the objects with the intensity point-spread and THG are four-wave mixing processes, the effect of the Gouy
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phase shift orEas = }®EE; is partially canceled through the Pulse temporal width (fs)
interaction of the pump fieldH,) and the conjugate Stokes field 103000 300 150 100
(EZ). On the other hand, the effect of the Gouy phase shift on N
Es, = X(3)Eg is much larger. The large wave vector mismatch ° 0.8+ onresonant =
of THG results in a coherence length much smaller than the 3 8
focal size. Consequently, THG signal from an isotropic bulk £ 064 -2
sample is zero because of destructive interferéh@mn the other 3 Resonant | g
hand, constructive interference of CARS generated in the focal E 041 I 5
volume within a bulk sample results in a large signal. Details 2 £
about the effect of the Gouy phase shift on SHG, CARS, and 0.21 r©
THG microscopy can be found elsewhé&rfés8:50 00 o
3 50 100 150

3. Wavelength, Width, Energy, and Synchronization of Pulse spectral width (cm)
Excitation Pulses

800 T T T T

CARS microscopy has been implemented with visible excita-

tion beams from dye lasers and near-IR beams from Ti:sapphire (B)

lasers. It is known that the nonresonant electronic contribution = 600 puise FWHM

can be enhanced by two-photon electronic resonéfitiee use ;; 200 fs (75 cm™)

of near-IR laser beams avoided the two-photon enhancement ,‘2;*400_

of ¥ and improved the image contrast accordini§2 For 5 2ps (7.5cm'’)

example, it was found that CARS images of liposomes taken UE)

with visible dye lasers were dominated by the nonresonant P 200~10ps (1.5 cm™)

background® The CARS band of the lipid CHstretching o

vibration recorded with near-IR beams exhibits a high signal- ol man promt e M
to-background ratid? Additionally, heating is minimized by -150  -100  -50 0 50 100
near-IR excitation because water has little absorption in the near- (0,-0)-Q (em™)

IR wavelength regiorf? On the other hand, excitation with  Figure 3. (A) Resonant and nonresonant CARS signals and their ratio
visible laser beams can take advantage of electronically resonanks a function of the transform-limited pulse width. The resonant and
CARS-7 for chemical species with absorption in the visible the nonresonant CARS intensities were calculated based on the first
wavelength range, such as cytochrom& 76 g-caroteneg’274 and second term in eq 1, respectivelfr2ndAr/y were chosen as
bateriorhodopsir® and haemoglobif? Electronically resonant 9.2 and 4.0 cm, respectively according to the 1601 thband of
CARS provides a way to beat the nonresonant solvent back- polystyrene?.fsgB) CARS line profile as a functlc_)n of the pulse quth.
ground by enhancement of the signal from the scatterer. The 2l r andAr/y,’ was set as 10 and 5 cry respectively. The theoretical
signal enhancement and the photodamage associated with oner-mdeI can be found elsewhefe.
photon electronically resonant CARS has yet to be investigated. efficiency. Given the same average power, the signal intensity
The dependence of CARS signals on the excitation pulse can theoretically be enhanced by a factornafif the pulse
widths is depicted in Figure 3. The vibrationally nonresonant energies are increased by a factomofind the repetition rate
CARS signal increases quadratically with the pulse spectral is lowered by the same factor. On the other hand, a high
width Aw (Figure 3A). The vibrationally resonant signal also repetition rate is beneficial for fast image acquisition. Amplified
increases witlAw but is gradually saturated wheéxw becomes femtosecond Ti:sapphire laser systems that produce microjoule-
larger than the Raman line width~@0 cnT?! in condensed scale pulse energies can be used for CARS microscopy, but
phasef? This has been experimentally demonstrated by using the pulse energy needs to be significantly lowered in practice
the CARS signal from the 883 crh band of ethandi® As a to avoid nonlinear photodamage of the sampfeRicosecond
result, the ratio of the resonant signal to the nonresonantpulses from a Ti:sapphire oscillator typically have an energy
background decreases witfw. Figure 3B displays the CARS  of several nanojoules at a repetition rate of around 80 MHz.
line profiles at different pulse widths. The use of two 200 fs Such laser pulses have been successfully applied for high-speed
pump and Stokes beams results in a broad CARS bandCARS imaging?’ Pulses with higher energies can be obtained
superimposed on a large nonresonant background. With two 2from the oscillator through long-cavity designs and cavity
ps beams, the signal-to-background ratio is significantly im- dumping. Cavity dumping of a Ti:sapphire laser can boost pulse
proved. Further increasing the pulse width to 10 ps does not energies by up to 10 timé3.A long-cavity laser has been
improve the signal-to-background ratio obviously but reduces reported that provides pulse energies of 90 nJ at a repetition
the signal level by more than 10 times. As a balance betweenrate of 4 MHz8 Recently, Jones and Ye have shown that
the absolute signal level and the signal-to-background ratio, theenhancement of pulse energy can be realized through coherent
optimal pulse spectral width is2 ps for a typical Raman band.  storage of radiation in a high finesse cavity without a gain
The residual background can be suppressed by other methodsnedium®* Using a high finesse cavity equipped with a cavity
that will be discussed later. Experimentally, CARS imaging with  dumper, Potma et al. demonstrated amplification of mode-locked
high spectral resolution and high sensitivity has been demon- picosecond pulses that is greater than a factor of 30 at a
strated by use of two synchronized near-IR picosecond pulserepetition rate of 253 kH# These new sources provide exciting
trains?22427.34Because two-photon fluorescence imaging has possibilities for improving the CARS imaging speed and
been demonstrated with picosecond pufdesmultaneous two- sensitivity.
photon fluorescence and CARS imaging with the same pico- Because CARS is a multicolor process, its signal strength
second pulses is feasible. depends on the temporal overlap of the incident pulses. The
Because CARS is a third-order nonlinear process, sufficient timing jitter between the pump and the Stokes pulses introduces
pulse energies are necessary to ensure a high conversiorluctuation of the CARS intensity and limits the image acquisi-
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tion rate. In a CARS microscope using two synchronized Ti:
sapphire oscillators, the repetition rate difference between the
two pulses trains is measured with fast photodiodes and used
to minimize the laser cavity length difference via a feedback
control scheme. In practice, the temporal jitter is around 700 fs
by locking onto the fundamental repetition frequeRgiight
synchronization with a jitter of 20 fs has been demonstrated by
use of a high-harmonic locking technig#€2in which one laser
serves as the “master” and the other “slave” laser is synchronized
to the “master”. The jitter was reduced to less than 100 fs by
use of the ninth harmonic of the pulse repetition frequency,
which permits acquisition of high-quality CARS images with

2 ps excitation pulses.

F-CARS detector

Bandpass filter
Condenser
Sample

Objective lens

Dichroic mirror

Bandpass filter

E-CARS detector

4. Forward and Backward Detection Figure 4. CARS microscope with both forward and backward
Figure 4 shows the schematic of a CARS microscope with detection.

simultaneous forward and epi-detection. The collinearly over- (A) Sphere (x1.9 x104) (B) Sphere (x800) (C) Sphere (x1.0)

lapped pump and Stokes laser beams are tightly focused into a b=01%, b=o02, b=30%

sample using a high-NA objective. A condenser lens (or
objective lens) is used to collect the forward CARS signal. The
forward signal is an addition of the CARS radiation from the

scatterers and that from the solvent and is always highly
directional. Therefore, an air condenser is enough for efficient
signal collectior?’” The large working distance of the air

condenser facilitates handling of live cell samples grown on a

chambered coverglass. The CARS signal is separated from the (D)Rod (x2.2)  (E) Sphere (x1.0)
excitation beams using band-pass filters. The backward CARS . N
signal is collected with the same objective used for focusing . .

the laser beams. For epi-detection, a dichroic beam splitter is \
used to reflect the excitation beams and transmit the signal.
Unlike fluorescence emission and spontaneous Raman scat-
tering, the radiation pattern of CARS is dependent on both the
size and the shape of a scatterer as a consequence of the - : . . - :
summation of the CARS radiation from an ensemble of Yo R oy ik
coherently induced Hertzian dipoles inside the scatf@naten Figure 5. (A)—(C) Calculated far-field CARS radiation pattern from
the diameter of the scatterer is much smaller than the pumpspherlcal scatterers of different diameters. (I[fj) Far-field CARS

. o radiation pattern from scatterers of the same volume but different
wavelength, the phase matching condition is relaxed and theshapes. The rod sample has a diameter of,(a2d an axial length of

CARS radiation goes forward c'_;md baCkWE_lrd SYmmetriC‘_a”y 2.0%,. The sphere sample has a diameter of 0.Z8he disk sample
(Figure 5A), as that from a single Hertzian dipole. With has a diameter of 0.89 and an axial length of 04}. All the scatters
increasing sample size, the CARS radiation is confined to a are assumed to be centered at the focus. Shown in parentheses are the
small cone propagating in the forward direction (Figure 5B). coefficients for intensity normalization.

The CARS signal from the bulk goes forward with a radiation

pattern depicted in Figure 5C. For a scatterer with the same S0 Forward
volume, the CARS radiation pattern is dependent on its shape. = 10" - - = -forward
When shaped like a long rod along the axil direction, the 510" — backward
signal predominantly goes forward (Figure 5D). When shaped @ 40°]
like a thin disk, the signal goes in both forward and backward S 10° e e
directions with a smaller cone angle than the rod-shaped scatterer 0 2 4 6 8 O O
(Figure 5F). The shape dependence can in principle be used to D12
monitor the tumbling motions or conformation changes of a - 10° B
scatterer. Sl T
Figure 5 indicates that forward and backward CARS signals g ’
provide complementary information about a sample. Forward- 210" - - - -forward
detected CARS (F-CARS) microscopy is suitable for imaging g . backward
objects of a size comparable to or larger than the excitation e IARRPARAS AR ARS ©p 0

wavelength. For smaller objects, the F-CARS contrast is 04;% ® 8 Backward

:'Em.'tgd by tzeéfgg ngncr:i\ssgant_background fr_c:jm the solv_e_nt. Figure 6. (A) Forward- and backward-detected CARS signals as a
pi-detecte (E- ) microscopy provides a sensitive function of the diametebD of a spherical sample centered at the focus.

means of imaging Pbi?CtS having an axial Ie.ngth .much (B) The same as in (A) but for a hemispherical sample located in the
smaller than the excitation wavelength because it avoids thez > 0 region.

large background from the solvefit?337Figure 6 displays the

calculated F-CARS and E-CARS signals from two different the epi-detected signal only appears in the region of a small
kinds of samples generated with parallel-polarized pump and sample size (Figure 6A). The first maximum is reached
Stokes beams. For a spherical scatterer centered in the focuswhen the diameteD equals 0.3,. The intensity oscillation
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results from the large wave vector mismatch in the backward (A) E- and F-CARS XZ images of 1-um beads
direction. AtD = 8.01,, the epi-detected signal is 1@mes g 1
smaller than the forward-detected signal. For a scatterer with
%2 embedded in a solvent witg), the epi-detected signal
exhibits the same behavior but with a modified sample
susceptibility ofy&), — 4&).

Figure 6B shows the second source of the epi-detected CARS
signal that arises from an interface perpendicular to the optical
axis. In this case thg® discontinuity between two media breaks
the symmetry regarding the focal plane and thus blocks the
cancellation of backward CARS. It should be mentioned that
the back-reflection of the forward signal at an index-mismatched
interface also contributes to the contrast in an epi-detected CARS (B) E-CARS XZ image of 0.2-um beads
image. In practice, the back-reflected signal can be minimized
with confocal detection.

Both F- and E-CARS images can be recorded by raster
scanning either the sample with a 3D scanner or the laser beams
with a pair of galvanometer mirrors. With the collinear beam
geometry, both sample-scannt&g’2225 and laser-scannirig?’
schemes have been implemented. In the sample-scanning
scheme, laser pulses at a repetition rate of several hundred
kilohertz are used. The imaging speed is principally limited by
the scanning rate. When an avalanche photodiode (APD) is used

as the detect.or, the imaging speed is also limited byothe low Figure 7. (A) Laser-scanning E-CARS (left) and F-CARS (right) depth
photon counting rate, which needs to be kept below 5% of the iz qeq of 1,m melamine beads embedded in an agarose gel (2% in

laser repetition raté By raster scanning a sample, the acquisi- weight). The pump frequency was 10450 dmand the Stokes
tion time for a cell image of 51% 512 pixels is about 10 min  frequency was 11 177 crh Shown beside the images are the intensity
using two near-IR picosecond pulses with a total average powerprofiles along the depth lines. The dashed line indicates the position
of about 2 m\W2224\\jith a laser-scanning CARS microscope of the glass/water interface. The dotted line marks the peak position of
using two near-IR laser beams of high repetition Pate, the E-CARS intensity profile, which is higher than that of the F-CARS

; _ . - intensity profile. (B) Laser-scanning E-CARS depkyj image of 0.1
simultaneously forward- and epi-detected images (51212 um polystyrene beads embedded in an agarose gel. The pump frequency

pixels) from the same sample can be taken in less than 1 s. INya5 14 054 cmt and the Stokes frequency was 11 009 &mAll the

the laser-scanning scheme, the depth scan was realized bymages were acquired in 49.3 s. The average pump and Stokes powers

moving the focusing objective lens with a stepping motor. were 20 and 10 mW, respectively, at a pulse repetition rate of 80 MHz.
The imaging properties of F-CARS and E-CARS have been Shown below and beside the images are the intensity profiles along

characterized by use of the laser-scanning CARS images ofthe lines indicated in the images.

polymer beads embedded in agarose®g€ligure 7A displays . . . .

the E-CARS and F-CARS depth image qirh melamine beads. _E-CARS signal is rt_aac_hed (cf. Figure 6A). Flgure 7B characte_r-

The water background is effectively rejected and the scatterers'?€S th? CARS excitation volume that determlnes the 3D spatial

exhibit a high contrast in the E-CARS image. The F-CARS resolution of .CA.RS MICTOSCOpy. The typical fwhms of the

signal is an addition of the CARS radiation from the bead and lateral dar(1)d7aX|aI |nten5|t)t/_ prlofll_er?] folr ? Oyli.?rlet;]eadf art(e) 0.28

from the water. The different E-CARS and F-CARS intensity /gm gn_ O. Zﬁum, rt;_sphe_c "ée Y. he ahera Eﬂ or ;an1 |

profiles highlight the difference of coherent microscopy from ea Ist!s : f%rg whic IISI (:ttgrt 3nt fzplipb oton confoca

incoherent microscopy and indicate that the convolution method ;es?cl; éon 0 dglilr;]\ C? iuzgse as 0.a1(1. ) by assuming

is not suitable for interpretation of CARS images. From the ol D.oum and NA of 1.7 .

images and the intensity profiles, one can see that the peak _The I_E-(;ARS(;lgn_al can arise from an interface becausg ofa

position for the E-CARS signal is higher than that for the dlscqntmwtyln;q (Elgure GB).Ar) expenmental demonstrf';\tlon

F-CARS signal long the axis. This reveals the insights into of this mechanism is displayed In Figure 8. Wmﬂ_ Ws 1S

the signal contrast mechanisms for a sizable object: The funed to 2843 cm, the symmetric Chistretching vibrational

E-CARS signal is maximized when the beams are focused onT€dUeNcy, a strong E-CARS signal is generated from the

the upper bead/water interface, whereas the F-CARS signal iscovgrglass/on mterface. The axial intensity profile is pgaked at

attenuated because of the backward scattering of the excitatio he interface _W'th an fwhm of 1'J‘m: The E-CARS S'g?al

beams and the blurring of the foci by the bead. Figure 7A also 2¢0mes 15 times weaker whep — ws is tuned to 2748 crt,

shows that laser-scanning CARS microscopy has an imagingaway from any Raman resonance. The back-reflected forward

depth of more than 10@m. The separation of the two foci CARS signal because of the index difference between the oll

with increasing imaging depth occurs because of the index (n = 1'48)_ and the coverglass & 1.52) is peaked 2.2m

mismatch between water and the coverslip, and results in P€loW the interface.

attenuation of the E-CARS signal. This effect is more pro- .

nounced for E-CARS than for F-CARS signal and can be 5. Suppression of Nonresonant Background

reduced by adjusting the collimation of the two input laser beams  The key to improving the detection sensitivity and spectral
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separately. selectivity of CARS microscopy lies in the suppression of both
Figure 7B displays the E-CARS depth image of @u2 the nonresonant background from the solvent and that from the
polystyrene beads. The diameter of @18 is near 0.3, (1, = scatterers. Several schemes for background suppression are

0.71um in this experiment), where the first maximum of the summarized as follows.
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(Ey) fields, the vibrationally resonanPg) and nonresonanPgr) CARS

| s signals, and the polarizer analyzer. (B) Schematic of a P-CARS
microscope: P, polarizer; HW, half-wave plate; D, dichroic beam
splitter; S, sample; OL, objective lens.

Back-reflected
“TCARS signal

difference (angle) is adjustable with a half-wave plate in the
pump (or Stokes) beam. It was shown that the highest signal-

. ) _ to-background ratio could be obtained whemequals 71.688
Figure 8. (A) E-CARS depth image of an interface between an . - -
imgmersion (()il)(CargiIIe Lab,FI):F-typeg)J and a coverglass. The image of P-CARS microscopy with collinear beam geometry has been
256 x 256 pixels was acquired by raster scanning the sample at a demonstrateé!
acquisition rate of 1 ms/pixel. The average pump and Stokes powers Figure 10 exemplifies the advantage of polarization-sensitive
were 1.4 and 0.8 mW, respectively, at a pulse repetition rate of 400 detection in CARS microscopy. For the CARS images phi
kHz. The pump and the Stokes frequencies were 14 048 and 11 205q6|ystyrene beads acquired with parallel-polarized beams, the
cm ", respectively. Shown on the right side of the image is the depth ¢0.ya| selectivity is limited by the nonresonant background
intensity profile. (B) The same as (A) except that the Stokes frequency from water and the beads. This can be seen from the similar
was tuned to 11 300 cmh. ~ .
contrast in Figure 10A,B. With P-CARS, the two Raman bands
Detection with Large Wave Vector Mismatch.This method at 1600 and 1582 cm display a high signal-to-background ratio
introduces a large wave vector mismatch, which acts as a sizejn the P-CARS spectrum (Figure 10). Accordingly, the P-CARS
filter that rejects the signal from the bulk solvent and allows image of the same polystyrene beads with — s tuned to
high-sensitivity imaging of small objects. E-CARS microscopy 1601 cnt? displays a signal-to-background ratio of 50:1 (Figure
has been demonstrated as an effective way to reject solvent backioc), Whenw, — ws was tuned to 1652 cm, the contrast
ground?223Another way to reject the solvent signal is counter- was reduced by 20 times (Figure 10D), indicating an effective
propagating CARS (C-CARS), in which the pump and the suppression of the nonresonant background from both the beads
Stokes beams propagate collinearly but in opposite directfons. and water. The P-CARS signal from the bending vibration of
For C-CARS, destructive interference occurs for the bulk solvent water is not detectable in our experiment. We attribute the
in both directions and the signal is only generated from a small residual contrast to the limited extinction ratio (600:1 for the
scatterer or at an interface as in E-CARS. Both E-CARS and nonresonant CARS signal in this experiment) that results from
C-CARS are suitable for imaging small dense particles in a non- scrambling of the excitation polarization at the focus and to
linear medium. E-CARS has been successfully applied to imagethe polarization variation due to the index mismatch at the bead/
the lipid-rich features in unstained ceffsFor weak resonant  water interface. Another possibility for such residual contrast
signals (e.g., from the protein amide | band), the vibrational could be the birefringence of the sample, which is the contrast
selectivity of E-CARS and C-CARS is restricted by the non- mechanism of linear polarization microscopy. This contrast,
resonant background from the scatterer. For example, E-CARShowever, is frequency independent and can be distinguished
images of cells in the fingerprint region were limited by the from the vibrational contrast by tuning the laser wavelength.
nonresonant background from the cytoplasmic organdli€s.  Polarization-sensitive detection potentially can be combined with
Polarization-Sensitive DetectionThis method is based on  epi-detection as a method for detecting small objects with a

0 ———————
0 5 10 15 20 25
Intensity (kcps)

the different polarization properties of the electronR$3NR) high spectral selectivity.

and resonanR®R) portions of the third-order polarizatict. 8 Detection by Time-Resolved CARS.With femtosecond
Away from one-photon electronic resonance, the depolarization pulse excitation, the vibrationally resonant signal can be
ratio of the nonresonant CARS fielthng = X(lsz)le/X(f’fﬁR, separated from the nonresonant electronic contribution by use
equals 1/3 following the Kleinman's symmetry conjectét&he of pulse-sequenced detecti®?*In this method, the temporally

depolarization ratio of the vibrationally resonant CARS field, overlapped pump and Stokes beams interact with a sample and
pr = 1 8HIR is equal to the spontaneous Raman depolar- generate a signal that contains both electronic and vibrational
ization ratio of the same band and is in the rang®J5. By contributions. With a flat response in the frequency domain,
use of linearly polarized pump and Stokes beams whose the nonresonant background has a zero dephasing time and an
polarization differs by angle (Figure 9A), the polarization instantaneous spike in time domain. The resonant part involves
direction of P@NR and PR is given bya = tan(pnr tan ¢) a transition to a vibrational state and has a longer dephasing
andf = tanm!(pr tan ¢), respectively. Figure 9B depicts the time that is related to the spectral width of the corresponding
schematic of a polarization CARS (P-CARS) microscope. An spontaneous Raman band. The dephasing time for a vibrational
analyzer polarizer is placed before the detector to reject the state in condensed phase is usually several hundred femto-
linearly polarized nonresonant background. The polarization second$? The nonresonant background can be eliminated by
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)
.-"*\ 200 Figure 11. (A) E-CARS image taken in thez plane of a giant

£ I ~
§ 200 _-' “ H ‘-.__ unilamellar phospholipid vesicle close to a supported lipid bilayer with
i S wp — ws tuned to 2849 cm'. The image contains 224 120 pixels
0 1 2 2 4 06 1 2 é 4 and the_ pixel dwell time is 2 ms. (B)_ F-CARS image taken in the
Distance (um) Distance (um) equatorial plane of an grythrocyte veslcle With — ws tyned to 28_45
cm™L. The image contains 256 256 pixels and the pixel dwell time

(C) P-CARS, 1600 cm~' (D) P-CARS, 1652 cm-1 is 1 ms. Adapted from a paper by Potma et'al.

tion of phase and polarization shaping for background-free single
pulse CARS spectroscofy.
6. CARS Imaging of Model Systems
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CARS microscopy provides a powerful tool for visualizing
molecular distribution, diffusion dynamics, and orientation in
a composite sample with high 3D spatial resolution. CARS

¥ 0 microscopy was applied to map the chemical composition of
0 1 2 3 4 01 2 3 4 hospholinid “onions” that tai itinl tric linid

Distance (um) Distance (um) phospholipid “onions” that contain multiple concentric lipi

bilayers?* These “onions” were spontaneously formed in the

Figure 10. (A), (B) Forward-detected CARS images of polystyrene . - - o
beads embedded in agarose gel (2% in weight) by use of parallel- oil phase when a water droplet was injected into phospholipid-

polarized pump and Stokes beams. The average pump and the Stoke§0Ntaining dodecane. The aliphatic CH stretching vibration at
powers were 1.2 and 0.6 mW, respectively, with a pulse width of 5 ps 2845 cn! and the OH stretching vibration in the range 3300

and pulse repetition rate of 400 kHz. (C), (D) P-CARS images of the 3600 cnt! were used to map the distribution of phospholipids
same beads. The pump and the Stokes powers were 0.6 and 0.3 mWand water. The aliphatic-€D stretching vibration at 2125 crh
respectively. The acquisition time was 160 s for each image. Shown \y,5< ysed to image the distribution of the deuterated dodecane

below each image is the intensity profile along the lines indicated by 2 . -
arrows. Shown above the images is the P-CARS spectrum gfra 1 solvent?* Although the multilamellar structure of the onions

polystyrene bead spin coated on a coverslip and covered with water.c&n b€ confirmed by polarization microscopy studies, its
The CARS spectrum with parallel-polarized beams and the spontaneousformation mechanism was still not clear because the chemical
Raman spectrum of a polystyrene film are also shown. The two Raman composition could not be derived from bright field images. With
bands at 1600 and 1582 cincorrespond to the quadrant stretching CARS microscopy, it was found that the core of the “onions”
vibration of the monosubstituted benzene ring in polystyrene. was filled with oil, indicating that they were not formed by
introducing a suitable time delay between the femtosecond diffusion of water into the oil phas®.In another work, CARS
pump/Stokes pulses and the probe pulse. Using pump, Stokesmicroscopy was used to visualize directional water evaporation
and probe beams of three different colors, Volkmer et al. inasilica colloidal gel sample. The CARS images clearly show
demonstrated elimination of the nonresonant background andthat water does not evaporate through the cracks in the sédmple.
improvement of the vibrational contra®8t.This approach is With the significant improvement of detection sensitivity
suitable for vibrational imaging of an isolated Raman line. In achieved via the use of tightly synchronized picosecond Ti:
the case of multiple Raman bands in the laser bandwidth, a time-sapphire lasers, Potma et al. acquired CARS images (Figure
resolved trace needs to be recorded at each pixel. Then thell) of single lipid membranes based on the resonant signals
contribution from different Raman bands can be resolved via from the symmetric CH stretching vibratiort! For a lipid
Fourier transformation of the traces into the frequency domain. bilayer perpendicular to the optical (z) axis (Figure 11A), the
Phase Control of Excitation Pulses.With femtosecond CARS emission from the bilayer equally goes forward and
lasers, another way to reduce the electronic contribution is phasebackward whereas the solvent background is dominant in the
shaping of the pulses. Phase shaping of femtosecond pump andorward direction. Epi-detection provides high sensitivity in this
Stokes pulses introduces a phase mismatch in the coherentase. The number of GHjroups in the excitation volume was
addition of different spectral components, which suppresses theestimated to be 4.4 1(P. For a lipid membrane parallel with
nonresonant backgroudd.The phase shaping method was the optical axis (Figure 11B), constructive interference of the
applied for CARS spectroscopy and microscopy with single CARS radiations builds up a large signal in the forward
femtosecond pulse&§.Recently, Oron et al. reported a combina- direction, and thus F-CARS provides a high contrast. With the
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sensitivity to image a single lipid bilayer, CARS microscopy (A) 2845 cm-1 (B) 3445 cm-1
opens up a new way of investigating segregated phase domains
in biological membranes.

Because of its polarization sensitivity, CARS microscopy
provides a unique means for visualizing the orientation of
specific molecules or functional groups, complimentary to SHG
and SFG spectroscod® In a CARS imaging study of
phospholipid onions containing multiple concentric lipid bilayers
with water molecules residing between adjacent bilayers, the
relation between the excitation field polarization and the Raman
tensor (t) was used to characterize the orientation of a
symmetric molecule such as,® or a symmetric functional
group such as Ck2 With the pump and Stokes beams polarized
parallel or perpendicular to the molecular symmetry axis, the
Raman signal arises from tlg or ap; components (1 and 2

o

RV

/H
o

denote the direction along and perpendicular to the molecular Q,; ::O
symmetry axis, respectively), wheeog; is usually much larger £ o o A = 9~
ATATATA
than(lzz.
Combining the polarization sensitivity and the vibrational
specificity of CARS microscopy, the orientation of the inter-
lamellar water molecules relative to that of the Odfoups in
the lipid hydrocarbon chains is determined. Parts A and B of KR v

Figure 12 display the lateral CARS images of two POPS Eigre 12. (A), (B) CARS images of POPS (1-palmitoyl-2-oleoyl-
“onions” with the x-polarized laser beams focused into the snglycero-3-phospha-serine) multilamellar onions prepared atZ7.
equatorial plane. Withv, — ws tuned to the symmetric CH wp — ws Was tuned to 2845 cm (A) and 3445 cm* (B). The number
stretching vibration, a strong contrast from lipid molecules is of bilayers was estimated to be around 500. Each image 062860
observed and is maximized along thexis (Figure 12A). For PIXG|S was acquired at a dwell time of 13 per'plx'el anq thg final
the symmetric CH stretching mode, the CARS signal is image was an average of 5 scans. The polarization direction of the

7. . L parallel-polarized pump and Stokes beams is marked above each image.
maximized when the excitation polarization is along the;,CH  Ty,o pump frequency was fixed at 14 212 dmThe average powers

group symmetry axis that is perpendicular to the lipid hydro- of the pump and the Stokes beam were 100 and 50 mW, respectively,
carbon chain (Figure 12C). Witlh, — ws tuned to the HO at a repetition rate of 80 MHz. The onion core is composed of deuterated
stretching vibration, the maximum direction of the water contrast dedecane on the basis of the CARS images wih- ws tuned to the

is perpendicular to that of the GHontrast under the same C—D stretching vibration at 2125 cm (not shown). (C) Schematic of
excitation condition (Figure 12B). These results demonstrate a multilamellar vesicle in an equatorial plane. Note that the orientation

) . . of O—H symmetric stretching vibrational mode is perpendicular to the
that water molecules confined between adjacent lipid bilayers polarization direction ok, andE;s for the top and bottom parts of the

are highly ordered with the symmetry axis along the direction jmage, and parallel to the polarization direction for the left and right
normal to the bilayers, which is consistent with the presence of parts of the image. In contrast, the orientation of K& symmetric

a hydration force between two contacting membraiékhis stretching vibrational mode is parallel with the polarization direction
work can be extended to study the properties of protein/lipid of E,andEsfor the top and bottom parts of the image, and perpendicular
and DNA/lipid complexes. to the polarization direction for the left and right parts of the image.

Orientation of the water molecule and the GQifoup in the hydrocarbon
chain is illustrated.

7. CARS Imaging of Lipids, Proteins, and DNA in Live
Cells is that other cytoplasmic organelles rich in lipids were also
CARS imaging of various types of cells by using the signal detected.in the CARS.i.mage.. The other is that the mitotracker
from the aliphatic G-H vibrational band has been demon- dye localized to a specific region of a mitochondridfwhereas
strated'8279%8 Parts A-D of Figure 13 display CARS images CARS microscopy detects the entire organelle.
of NIH3T3 cells at different depths with, — ws tuned to the Lipid droplets, typically found in adipocytes and hepatocytes
symmetric CH stretching vibrational band. The nuclear enve- as energy reservoirs, are being considered to play important roles
lope membrane can be clearly seen because its long axial lengttin cellular processe¥?! Traditionally, lipid droplets can be
(approximately several microns) builds up a large CARS signal labeled with Oil Red O in fixed cells and imaged with
in the forward direction. The asymmetric shape of the envelope fluorescence microscopy. Because lipid droplets are aggregates
membrane indicates that the nucleus is not parallel with the glassof neutral lipids, mainly triglycerides and some sterol esters,
substrate. Instead, it is lower on one side (Figure 13A) and they are rich in G-H bonds. Consequently, CARS microscopy
higher by 2-3 um on the other side (Figure 13C and D). In the allows selective imaging of lipid droplets in unstained live cells
cytoplasm surrounding the nucleus, one can see many connectesbith a very high contrast. In a recent study, Nan et al. applied
rod-shaped features, which we assigned as the network of CARS microscopy to monitor the growth of triglyceride droplets
mitochondria®® In a control experiment, we carried out simul-  during the differentiation process of 3T3-L1 celfdn addition
taneous CARS and confocal fluorescence imaging of an to the traditional picture of lipid accumulation in the differentia-
interphase NIH3T3 cell with mitochondria fluorescently labeled tion process, the P-CARS images shown in Figure 14 indicate
with mitotracker Red. The similarity in the cytoplasm in the an intermediate stage, i.e., the removal of cytoplasmic lipid
CARS (Figure 13E) and fluorescence images (Figure 13F) droplets after addition of the induction medium. This reduction
indicates that mitochondria were clearly detected with CARS of lipid droplets was attributed to an increased activity of
microscopy. Meanwhile, more features are visible in the CARS hormone sensitive lipase, the enzyme responsible for hydrolyz-
image. There are two possible reasons for this observation. Oneng intracellular triglyceride and sterol estéfs.
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(A) Z+0 um (B) Z+1 um (A} z+0 pm (B) z+2 pm

Figure 15. Laser-scanning CARS images of a mitotic NIH3T3 cell at
two different depths. The acquisition time was 16.9 s for each image.
The pump and Stokes beams were tuned 15 393 and 12 503with
average powers of 40 and 20 mW, respectively.
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Figure 13. (A)—(D) Laser-scanning CARS images of live, unstained
NIH3T3 cells at different depths. The 5 ps pump and Stokes beams
were at frequencies of 14 050 and 11 202 &nwith average powers

of 50 and 25 mW, respectively. The acquisition time was 13.4 s for
each image. (E) Laser-scanning CARS image of a live NIH3T3 cell
labeled with MitoTracker Red 594 (Molecular Probe). The pump and
Stokes beams were tuned to 14 062 and 11 178*cmith average
powers of 40 and 20 mW, respectively. The acquisition time was 22 s.

200+

(F) Confocal fluorescence image of the same cell in (E) acquired with ~g15°i gm
a 542 nm HeNe laser at an excitation power ofM@. The acquisition 31004 | 3100
time was 5 s. © 504 L_ O 50

oS . ; ; 0t ; . :
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Figure 16. (A) P-CARS and spontaneous Raman spectra of pure
N-methylacetamide liquid recorded at room temperature. (B), (C)
Polarization CARS images of an unstained epithelial cell wigh—
wstuned to 1650 and 1745 cr respectively. Each image was acquired
by raster scanning the sample with an acquisition time of 8 min. The
pump and Stokes powers were 1.8 and 1.0 mW, respectively, at a
repetition rate of 400 kHz.

10 um R '
- i - Og® .
Figure 14. P-CARS images of 3T3-L1 cells at different stages of Raman spectrum arises because P-CARS band intensities have
differentiation, (A 0 h (growth stage), (B) 48 h, and (C) 192 h, after a quadratic dependence on the number of vibrational oscillators
adding the induction media. All the images were taken at 2845.cm  and are determined by different Raman depolarization ratios of
The scale bar is 10m. Adapted from a paper by Nan et*l. the bands. The amide | band at 1652 érshows a high signal-

When cells enter mitosis, the chromatin is condensed into to-background ratio. Parts B and C of Figure 16 show the
well-defined chromosomes. CARS images of a rounded NIH3T3 P-CARS images of an unstained epithelial cell. The nonresonant
cell in metaphase are shown in Figure &f.— ws was tuned background was effectively diminished. Some cytoplasmic
to the DNA backbone vibrational band, the PGsymmetric features that are rich in proteins exhibit a high contrast with
stretching vibration at 1090 crh.1%3 The chromosomes at two  — ws tuned to the amide | band (Figure 16B). Tuning — ws
different depths display a high contrast. The cytoplasmic away from the amide | band to 1745 chresulted in a faint
organelles are also visible because of their nonresonant CARScontrast (Figure 16C), proving that the image contrast was
signals. contributed by the resonant CARS sig/al.

Cheng et al. demonstrated that P-CARS microscopy permits In the above examples, the-E&l stretching band, the amide
vibrational imaging of intracellular proteins via an effective | band, and the phosphate stretching band were used to image
suppression of nonresonant backgro&h&igure 16A shows aggregates of lipids (membranes and droplets), proteins, and
the P-CARS spectrum df-methylacetamide, a model com- DNA (chromosomes) in cells. To follow the distribution and
pound containing the characteristic amide vibration of peptides diffusion of specific molecules in live cells, isotopic substitution
and proteins. The P-CARS band positions coincide with the provides a good strategy to enhance molecular selectivity. For
corresponding Raman band positions, which allows assignmentexample, the Raman shift of the aliphatic and the aromati®C
of the P-CARS bands based on Raman literature. The differencevibration bands lies in the region 21:6@300 cnt?, isolated
in relative band intensities in the P-CARS spectrum and the from the Raman bands of endogenous molecules. In an early
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Figure 17. (A) Laser-scanning E-CARS images of apoptotic NIH3T3 l Sample
cells in the early stage. (B) Laser-scanning F-CARS images of apoptotic
NIH3T3 cells in the later stage. The pump and Stokes beams were Objective
tuned to 14 054 crt and 11 184 cmt, with average powers of 40 .
and 20 mW, respectively. The acquisition time was 8.5 s per image.
(C) Confocal fluorescence image of fixed apoptotic NIH3T3 cells with
nuclei counterstained with propidium iodide. The excitation wavelength . ‘.
was 543 nm, and the excitation power was8&. The acquisition Dichroic
time was 2.8 s. For all images, the cells were treated with -asparaginase
5 1U/ml) for 24 h prior to observation. 3 0.08
(& 1UmD P ~1® (©)
work using picosecond dye lasers, Duncan et al. showed that 8
CARS microscopy could distinguish deuterated liposomes from 2 24
nondeuterated oné8The deuteration method has been applied % 0.04
to living cells by Holtom et al. who demonstrated selective = '
mapping of deuterated lipid vesicles in a macrophage®&ell. @ Ly
The large signal level in CARS microscopy permits high- <
. . . . (3]
speed imaging of intracellular dynamics. Potma et al. used the
resonant CARS signal from water to visualize intracellular 0 g0 2900 3000 %2800 2900 3000
hydrodynamicg! By line scanning the laser beams, they W=, (cm™) wy—0, (cm™)

measured the intracellular water diffusion coefficient and the

miir;;bsrfge Fg:g]neazit”z' Ciér;c?tirig(fe dlza;se;-?ggir;nii;]% ncs:té\lliflse dtroscopy using a pump beam with a narrow spectral profile and Stokes
Py, g ’ pop beam with a broad spectral profile. (B) Multiplex CARS spectrum of

NIH3T3 fibroblasts induced by-asparaginast. They tuned 5 pspc (1,2-distearogrglycero-3-phosphocholine) liposome. The

wp — ws'to the aliphatic G-H vibrational frequency. Two stages  pump and Stokes beam were centered at 713 and 900 nm, with average

of apoptosis were identified from the images at two different powers of 0.6 and 0.3 mW at a repetition rate of 400 kHz. The

focal planes. In the earlier stage (Figure 17A), the cells were integration time was 2 S. (C) Polarization-sensitive multiplex CARS

still flat and the nuclei kept the original shape. Numerous bright Spec””mdc’{]thg Si‘meb"posome 53{“5"9- JgeGaV‘\?Ar/ age powers OthEe

spots rich in lipid membranes showed up in the cytoplasm. They PUMP and the Stokes beams were 1.2 and 0.6 mW, respectively. The
. . . other parameters are the same as in (B).

were assigned to membrane-enclosed compaction of cytoplasmic

organelles% In the Iater_stage (Figure 17B), the cells becam_e overlap between the pump pulse and the frequency components
rounded and the nuclei were shrunken. On can see a hlghaway from the central carrier frequency in the Stokes pulse.
contrast frpm the envelope plasm_a _membrane of_the rounded owever, the chirp induces little distortion to the CARS
cells (cf. Figure 11B). The apoptosis in the asparaginase- treateoEpectrum of a sample normalized with the nonresonant CARS
NIT3T3 cells was yerlfled by the confocal _fluorescence IMage gnectrum recorded with the same laser pulses. The chirped pulses
of shru7nken nuclei (Figure 17C) taken with the same micro- pe gesirable because of the reduced sample damage. Cheng et
SCOpE: al. have demonstrated that polarization-sensitive detection can
be incorporated into a M-CARS microscope to suppress the
nonresonant background. Parts B and C of Figure 18 show the

While CARS microscopy allows high-sensitivity vibrational M-CARS spectra of the €H stretching vibrational bands in a
imaging of particular molecules, CARS microspectroscopy DSPC liposome recorded with parallel-polarized beams and with
provides molecular structure information about microscopic polarization-sensitive detection, respectively. The symmetric
samples. Although picosecond excitation permits high-sensitivity CH, vibrational band at 2847 cm displays a high signal-to-
CARS imaging based on a particular band, it is time-consuming background ratio and has been used for CARS imaging of lipids
to record a CARS spectrum by tuning the Stokes frequency pointin vesicles and in live cells, as shown in Figures-14.
by point20-22.24Multiplex CARS (M-CARS) spectroscopy first M-CARS microspectroscopy has been applied to distinguish
demonstrated by Akhamnov et'&P permits fast data acquisi-  the gel and the liquid crystalline phases in liposomeslidiu
tion. In previous work, a narrowband and a broadband dye laseret al. have shown that it is possible to distinguish the two
were used for the pump and the Stokes beams, respec-different phases by use of the CARS spectra of theCC
tively.”8106.107Recently, M-CARS microspectroscopy has been stretching vibratiof® Cheng et al. have shown the CARS
developed for fast spectral characterization of microscopic spectral difference in the -€H stretching vibration region for
samples0.32.63 liposomes in the gel and the liquid crystalline pha%es.

Figure 18A shows the schematic of a M-CARS microscope  Miller et al. reported multiplex CARS imaging by fitting the
using a picosecond and a femtosecond laser. In a theoreticamultiplex CARS spectrum for each pixel of an ima§elhis
investigation by Cheng et &&,it was shown that the frequency  method is able to identify two or more chemical species in one
chirp in the femtosecond Stokes pulse slightly reduces the width scan using their Raman band lines in the CARS spectral
of the nonresonant CARS spectral profile. In the time domain, profile3! Multiplex CARS permits ratio imaging with one
the chirp effect can be explained as a reduction of temporal wavelength tuned to a Raman resonance and the other off

Figure 18. (A) Schematic of the setup for multiplex CARS microspec-

8. Multiplex CARS Microspectroscopy
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264 —e—CARS A) t_he intensity autocorrelation was clearly detec_ted wit_h a diff_usion

& | —— Spontaneous time of 27.3+ 0.7 and 28.6t 1.0 ms, respectively, fitted with

2, Raman a CARS-CS mode® Tuningw, — wsto 3146 cnit, away from

2 any Raman resonance, resulted in an autocorrelation curve that

g is smaller by 16 times in amplitude than the curve at 3050%cm

2 The residual intensity autocorrelation with a diffusion time of

< 160&6) ms was attributed to the water signal back reflected

© by the diffusing beads. It has been demonstrated that CARS-
2800 2900 3000 3100 3200 CS can provide quantitative information about the diffusion

Raman shift (cm™) coefficient, particle concentration, and viscosity of a medium
81 (B) in a chemically selective and noninvasive marifer.

The autocorrelation amplitude in FCS is inversely propor-

§ tional to the average number of diffusing particles in the
3050 em excitation volume, making it difficult to probe high-concentra-
tion particles. The intensity autocorrelation function of CARS-

2843 cm’' CS is distinctively different from that of FCS because of the

coherent property of CARS. The E-CARS autocorrelation

0
2 : ; : o
§ A A At WA e 3146 cm’” function contains two contributior?s,

T T T T T T T T T T
0 50 100 150 200 250 300 350

CARS signal (kcps)
» O

0 - 2_\—1/2
10- Time (s) G(r)=2ﬁ1+2i7 11+2ror 1 .
8 1 3050 cm™ (C) N T 202 ™
— 64 2ka52r021/tD T -2 rozr -1
=, 2843 om-" exg——— — |1t |1+ (2)
O 4 1+ "tz T ™o ZyTp
2] 3146 om-' whereNCis the average number of particles in the excitation
0L : , I - I volume.tp is the lateral diffusion timerg andz are the lateral
10" 10° 10" 102 10° 10* and axiale~2 widths of the excitation profile, respectively. The
t(ms) first contribution assumes the same form as the fluorescence

Figure 19. (A) CARS and spontaneous Raman spectra of a polystyrene COrTelation function. The second contribution arises from
film coated on a coverslip. The CARS spectrum was recorded with interference of CARS signals from different particles in the focal

parallel-polarized pump and Stokes beams. The pump frequency wasvolume and contains an exponential decay factor because of
fixed at 14 047 cm'. The average pump power was 140/ and the the large wave vector mismatch in E-CARS. Such an exponen-
average Stokes power was around 8. (B) Epi-detected CARS i3] decay component was observed when the average number

signal traces of a diluted aqueous suspension of Quh7polystyrene of 0.1 um polvstyrene beads in the focal volume was increased
spheres{Cr 0.04). The average pump and Stokes powers measureolfrorﬁ (;lOGﬁo )ézg¥l'he independence of the coherence contribu-
after the beam combiner were 1.3 and 0.6 mW, respectively. (C) Epi- ' ' p

detected CARS intensity autocorrelation curves corresponding to the ti_on on [NDP"OV?deS a way of probing diffusion of objects at
signal traces in (B). high concentratiof?

resonance. This is an approach that allows subtraction of the10. Conclusions and Perspectives
nonresonant background and a concomitant improvement in CARS microscopy is a new approach for chemical imaging

imaging sensitivity. of unstained samples with vibrational selectivity and 3D spatial
resolution. On the method development side, various schemes
including picosecond excitation, epi-detection, and polarization-

Fast dynamical processes can be probed by optical intensitysensitive detection significantly improved the ratio of the
correlation spectroscopy. Fluorescence correlation spectroscopyesonant signal to the nonresonant background. High imaging
(FCS) measures the concentration fluctuation of specific fluo- speed has been achieved with a laser-scanning microscope. New
rescent molecule®¥®19°9FCS has found wide applications with  developments in laser technologies including jitter reduction and
the development of confocal detecti&f.11! For probing the picosecond amplifier are pushing the imaging sensitivity to
diffusion processes with vibrational selectivity, CARS correla- the next stage. Meanwhile, a rigorous theoretical model based
tion spectroscopy (CARS-CS) has been developed rec&fly.  on the Green’s function method interprets the contrast mech-
This technique measures the fluctuation of the CARS signal anisms of nonlinear coherent microscopy. Multiplex CARS
from a sub-femtoliter excitation volume. CARS-CS was carried microspectroscopy for localized structure characterization and
out with epi-detection and/or polarization-sensitive detection that CARS correlation spectroscopy for probing fast diffusion
suppresses the nonresonant background and improves detectiodynamics have also been developed. On the application side,
sensitivity. Figure 19 shows the epi-detected CARS intensity CARS microscopy has been used for mapping the distribution,
fluctuations and autocorrelation curves that characterize theorientation, and diffusion of specific molecules in dynamic
diffusion of 0.175um polystyrene beads in water. The spectral samples, for imaging lipids, proteins, and chromosomes in
selectivity is illustrated by the CARS spectrum of polystyrene, unstained live cells, and for monitoring cellular processes such
in which the aromatic €H (3052 cntl), the symmetric as apoptosis and lipogenesis.

9. CARS Correlation Spectroscopy

aliphatic G-H (2852 cn1?), and the asymmetric aliphatic-GH Looking into the future, CARS microscopy provides exciting
(2907 cntl) stretching bands display a high signal-to- possibilities for tackling a broad range of problems in chemical
background ratio. Withw, — ws tuned to the aromatic -€H and biological systems. CARS microscopy is especially advan-

band at 3050 cmt and the aliphatic €H band at 2843 crt, tageous in imaging small molecules such as lipids, hormones,



Feature Article
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