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A simple scheme for multimodal coherent anti-Stokes
Raman scattering (CARS) microscopy is based on the
spectral focusing of ultrafast-oscillator-derived pump/
probe light and synchronous photonic crystal fiber
(PCF) fiber-generated broadband Stokes light. To date,
such schemes allowed rapid hyperspectral imaging
throughout the CH/OH high frequency region (2700—
4000 cm™"). Here we extend this approach to the middle
(1640-3300cm~!) and fingerprint regions (850—
1800 cm™!') of the Raman spectrum. Our simple inte-
grated approach to rapid hyperspectral CARS micro-
scopy in the fingerprint region is demonstrated by appli-
cations to label-free multimodal imaging of cellulose and
bulk bone, including use of the phosphate resonance at
960 cm~!.

1. Introduction

Coherent anti-Stokes Raman scattering (CARS) mi-
croscopy allows for label-free imaging of a wide
range of molecular assemblies based on the resonant
vibrational spectra of their constituents [1, 2]. Be-
cause of the stimulated nature of this nonlinear opti-
cal (NLO) process, CARS often yields signals that
are orders of magnitude stronger than those ob-
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Label-free hyperspectral multimodal imaging of bulk
bone. SHG (green) shows organization of collagen and
CARS (red) contrast is obtained at the phosphate
stretch, 960 cm~!. Regions of varying phosphate density
are confirmed by spectra.

tained using conventional Raman scattering. This al-
lows for dramatically faster signal acquisition, a
property that has transformed CARS from a strictly
spectroscopic method to a burgeoning microscopy
[1, 2]. Despite the utility of CARS for both micro-
spectroscopy and rapid 3D imaging, often a given
implementation trades off one capability for another.
Emphasis is often placed on one of the following:
1) rapid imaging at fixed Raman shift, 2) recording a
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broad Raman spectrum, or 3), combining CARS
with other techniques to achieve multimodal imaging
[1, 3-9]. Spectral-focusing-based CARS microscopy
(SF-CARS) [10-16] is a particularly simple and flex-
ible implementation that permits balancing of these
different features. It allows for both rapid contrast-
based imaging and for the rapid scanning of the Ra-
man shift, allowing facile recording of the Raman
spectrum over the entire image. Such “hyperspectral
imaging” has been used to study live cells and tissues
[10-16] and has yielded spectra comparable to those
obtained using multiplex CARS where emphasis is
placed on acquiring broad, detailed CARS spectra at
a few points, rather than on rapid imaging. Further-
more, because SF-CARS relies on standard fem-
tosecond lasers and, in our implementation [12],
photonic crystal fiber (PCF) sources, it allows for
straightforward integration with existing nonlinear
microscopes, and provides additional multimodal
imaging options including second harmonic genera-
tion (SHG) and two-photon excitation fluorescence
(TPEF) [12-14].

CARS is a vibrationally-resonant four-wave-mix-
ing process that requires the input of (at least) two
coherent laser pulses with frequency difference equal
to that of the Raman mode under study [1, 2]. In SF-
CARS microscopy, the first of these two beams (the
pump/probe) is typically generated by a Ti: Sapphire
oscillator. The need for a second beam - the Stokes —
often requires additional elements such as an optical
parametric oscillator or a second (synchronized) laser
oscillator [10, 11]. Alternatively, SF-CARS can be im-
plemented with a single ultrafast laser source, obtain-
ing the Stokes pulse from either intra-pulse filtering
(for ultrabroadband ~10 fs oscillators) [13, 15, 16], or
from supercontinuum generation (SCG) in a com-
mercial PCF module [12, 14, 16]. Such single-laser ap-
proaches feature simplicity of design, fast spectral
scanning capability and low cost. However, SF-CARS
has yet to demonstrate facile spectral scanning of
both the fingerprint (500-1800 cm™~!) and the CH/
OH regions (2700-4000 cm~!) using a single setup.
We note that some multiplex CARS implementations
can record a wide CARS spectrum, however, image
acquisition rates tend to be much lower [4-6].

Hyperspectral imaging in the congested finger-
print region is key to the expanded use of CARS mi-
croscopy in the biomedical and biomaterials imaging
communities [17, 18]. To date, implementations of
SF-CARS in both spectral regions have relied on a
dual setup that alternately utilizes intra-pulse filter-
ing or SCG [16]. Ideally, a single source of Stokes
light should be used to scan the full Raman spec-
trum (intra-pulse filtering is unlikely, as this would
require a high-power sub-2-fs laser source). There
exist PCF-based SCG sources well-suited to imaging
in the high frequency region [12, 19-22], but these
have not been utilized for fingerprint region SF-

CARS, although new fibers may extend the effective
spectral range [23]. Here we describe the extension
of a simple multimodal SF-CARS technique to the
fingerprint (850-1800 cm™') region. We demonstrate
the utility of this approach with examples of hyper-
spectral multimodal imaging, here in bulk bone and
cellulose biomaterials.

2. Experimental

For hyperspectral imaging in the fingerprint region,
we modified an established multimodal CARS micro-
scopy system based on a single Ti:Sapphire source
and PCF-SCG, as described elsewhere [12]. A dia-
gram of the setup is shown in Figure 1. Briefly, 60 fs
pulses at a repetition rate of 80 MHz were generated
by a Ti: Sapphire oscillator (Mira900, Coherent) and
compressed by a prism-pair so that they were trans-
form limited at the entrance to the PCF. A portion of
this pump/probe beam was then directed to a PCF
module (FemtoWhite-CARS, NKT Photonics) for
SCG. The output of the PCF (Stokes) was filtered to
remove <950 nm light, and recombined with the re-
maining pump/probe light which passed through a
variable delay line. Two fixed blocks of high-disper-
sion SF-6 glass were used to match the linear chirp
rates of the Stokes and pump/probe beams, with
a 5-cm-long block inserted in the Stokes arm be-
tween the PCF and beam combiner and a 10-cm-long
block inserted in the combined arm. By matching the
chirp rates of these overlapping pulses, one controls
their interaction bandwidth, allowing optimization of
both spectral resolution and signal efficiency in the
CARS process. This is known as spectral focusing
[10-12]. Furthermore, by simply scanning the delay
time between the pump and Stokes pulses, the CARS
resonant frequency may be easily and rapidly tuned
without adjusting any other components or requiring
any realignment of the setup. This allows subsequent
images to be taken at different effective Raman
shifts. An example calibration curve is shown in Fig-
ure 1b, wherein absolute delay stage positions are
correlated to the probed Raman shift. The Stokes is
much broader spectrally and temporally than the
pump and the calibration curve is largely a measure
of the relative temporal distribution of the different
spectral components of the Stokes. The calibration is
linear in stage position, thus indicating that (at the
very least) the Stokes is predominantly linearly
chirped, even taking into account the higher order
dispersion from of glass blocks.

If the entire CARS spectrum of a specific field of
view (FOV) is of interest for hyperspectral imaging,
many subsequent images can be acquired, allowing a
CARS spectrum to be retrieved from the time stack
of images for any pixel in the FOV. In practice, the
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Figure 1 (a) Hyperspectral SF-CARS optical layout.
Pulses from the Ti:Sa oscillator are sent through a prism
compressor to ensure transform-limited behavior at the
PCF. A variable beam splitter composed of a half-wave
plate (HWP) followed by a polarizing beam splitter (PBS)
was used to divide the beam. One arm was sent through a
PCEF, bandpass filter (BP), then a HWP before being sent
through a 5cm block of SF6. The other arm was sent
through a longpass filter (LP) and a variable attenuator.
The pump and Stokes were recombined on a second band-
pass filter (BP). The angle of the BP in the diagram has
been increased relative to the experimental conditions for
clarity. After recombination, both beams were sent
through a 10-cm block of SF6 glass. Depending on the wa-
velength used and the Raman mode probed, additional
bandpass filters were inserted before the microscope. (b)
CARS frequency calibration curve for spectral scans. The
effective Raman shift between the pump and Stokes as a
function of stage position can be measured at the micro-
scope focus using four-wave mixing (i.e. nonresonant
CARS signal) and/or sum frequency generation (in KDP
powder, for example) signals collected with a spectrometer
allowing the center wavelength of the signal to be me-
asured. Despite passing broadband pulses through a fixed
amount of high-dispersion glass, the resulting chirps are
linear. Measured data points and their linear fit
(R? = 0.9985) are shown.

speed of this process is limited by the pixel dwell-
time and not by the scan speed of the delay stage.
Spectral scanning also allows for the spectral resolu-
tion to be easily measured by scanning a known nar-
row linewidth feature and then deconvolving the in-
strument spectral response from the recorded

spectral width. For the data presented here, the spec-
tral resolution was 27 cm~! £2cm~! and was me-
asured by recording the CARS spectrum of the
C—C bond in diamond at 1335cm™' (~2cm™!
FWHM) which can be easily deconvolved to allow
an accurate measurement of the spectral resolution.
While this spectral resolution is not ideal for all Ra-
man modes studied in the fingerprint region, it re-
presents a compromise between resolution and sig-
nal strength that has been found effective when
working in the CH region [12]. As in previous work,
the spectral resolution is presently but not funda-
mentally limited by the availability and selection of
high dispersion glass blocks.

A FV300 Fluoview Olympus microscope was
modified to allow for non-descanned CARS and
SHG signal collection in the forward-direction via a
multimodal optical fiber coupled to separate off-
board PMT detectors, as described elsewhere [24].
The TPEF signal was simultaneously recorded via
on-board descanned epi-detection. For most CARS
experiments utilizing this setup, 15-22mW of
>950 nm broadband Stokes light and 80-200 mW of
pump/probe light were measured at the entrance
port of the microscope. Typically, a 40 x 1.15 NA
water-immersion lens with cover-slip correction was
used for multimodal imaging (Olympus UAPON
40XW340). The pixel dwell times used for acquisi-
tion ranged from 6.3 us to 8.3 us, depending on the
application. For some images, a live average was
used, increasing the effective pixel dwell time. With-
out averaging, a single 256 x 256 frame could be ac-
quired in 0.45-0.58 s, which is also the time step be-
tween images during hyperspectral imaging. As an
example, in data presented here, images spann-
ing a 1000 cm~! spectral window were recorded with
1.6 cm™! spectral steps between images. The total ac-
quisition time for the full hyperspectral 3D data set
was 280 seconds. In comparison with multiplex
CARS microscopy where the entire CARS spectrum
is acquired at a single pixel with pixel dwell times of
several milliseconds, the hyperspectral data pre-
sented here had an effective pixel dwell time of
4.3 ms: Importantly, this is easily reduced by simply
increasing the spectral scan step size between
images. It is worth noting that the present hyper-
spectral CARS implementation is considerably faster
than was demonstrated using commercial, tempera-
ture tuned OPOs [25].

We used a PCF with two zero-dispersion-points
(ZDPs). This feature alters the spectral characteris-
tics of the supercontinuum compared to more stan-
dard single-ZDP fibers used for multiplex CARS
imaging [26-28]. The generated light has two sepa-
rated continua, with two broad peaks residing on
either side of the anomalous dispersion regime be-
tween the two ZDPs. The near-IR portion of the
output of such a fiber is a spectrally-narrower conti-
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nuum than is generated using a typical single ZDP
fiber. This means that it contains relatively more
spectral intensity at the relevant Stokes wavelengths,
more efficiently generating the CARS signal. We
used the FemtoWhite-CARS (NKT Photonics),
which is a packaged SCG fiber module having ZDPs
at 775 nm and 945 nm. The output of the PCF was
shown to be relatively insensitive to an input wave-
length between 775-945 nm, if the pulse duration
and average power were kept constant [19, 22].
Thus, by simply tuning the centre wavelength of the
Ti: Sapphire oscillator, the accessible CARS spectral
window can be changed. Under typical conditions,
150-200 mW of post-compressor transform-limited
pulses was split off for SCG: the emerging low-
energy Stokes continuum extended from ~960 nm to
1200 nm, with a prominent peak at 1030-1050 nm,
as shown in Figure 2a. As previously described [12],
Stokes generation with 800 nm light allows efficient
access to the CH/OH vibrational region; the energy
difference between the pump/probe and Stokes

spans the 2400-4100cm~! region, with intensity
maximum near 2880 cm ™.

By tuning the Ti:Sapphire laser to longer wave-
lengths, the pump wavelength can be brought closer
to that of the Stokes supercontinuum, and the
CARS spectral window can therefore be shifted to
lower frequencies into the fingerprint region. Four
spectral windows are shown in Figure 2a-d. It is
important to note that within a given spectral win-
dow, the CARS spectrum was routinely and rapidly
recorded via time delay scans, as described above,
requiring no active realignment or laser frequency
tuning. To switch between spectral windows in hy-
perspectral CARS imaging, the Ti:Sapphire center
wavelength must be changed along with the filters in
the detection arm. The amount of dispersive glass
can be changed, if needed.

For example, as shown in Figure 2b, generating a
supercontinuum with 850 nm pump allowed for effi-
cient access to Raman shifts of 1650—-3300 cm™?,
spanning the “silent” spectral region, yet including
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Figure 2 Stokes generation and CARS spectral regions accessible with the PCF module as a function of pump central
wavelength and power. (a) With 150 mW of 805 nm pump, the Stokes continuum covers the CH— and OH— vibrational
regions. 2;, Qc, and Qy correspond to approximate CARS frequencies 2400 cm ™!, 2900 cm~!, and 3800 cm™, respectively.
(b) With 150 mW of 850 nm pump, the Stokes continuum allows access across the 2; = 1650 cm™! to Qy= 3300 cm™!,
with considerable intensity in the Q¢ = 2240 cm~! (C=N stretch) frequency. (¢) With 150 mW of 900 nm pump, the Stokes
continuum allows access a large portion of the fingerprint region. 27, ¢, and Qy correspond to approximate CARS
frequencies 1150 cm™!, 1550 cm™!, and 2550 cm™!, respectively. (d) With a nominal pump wavelength at 915 nm, using
150 mW of SCG power yields a Stokes spectrum that covers most of the fingerprint region, with a main peak around to
Q¢ =1300 cm™" (Stokes 1). Lowering the pump power to 40 mW generates a narrower Stokes continuum (Stokes 2) with
efficient access to the phosphate resonance around Qp = 960 cm~!. For comparison, the peak power densities of the
150 mW and 40 mW generated supercontinua are estimated to be 76 uW/nm and 55 wW/nm, respectively.

© 2012 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.biophotonics-journal.org



J. Biophotonics (2012)

FULL
ARTICLE

both the CH-stretch resonance and the higher en-
ergy part of the fingerprint region. Likewise, most of
the fingerprint region was accessed by tuning the
Ti: Sapphire to 900 nm or beyond, where, as shown
in Figure 2c, d, we accessed, for example, the 1100-
2700 cm ™! region.

While part of the fingerprint region was easily ac-
cessed in this manner, it was challenging to reach
lower CARS frequencies such as the phosphate
(v1 ~ 960 cm™!) or carbonate (v; ~ 1075 cm™!) reso-
nances in bone. This is largely due to detection is-
sues: under typical conditions for imaging the CH-
stretch at 2880 cm™!, the pump wavelength would be
at 800 nm, with the anti-Stokes signal at 650 nm.
However, as the pump laser is tuned to longer wave-
lengths, accessing smaller Raman shifts, the gener-
ated anti-Stokes signal likewise appears at longer
wavelengths. At a pump wavelength of 900 nm, the
anti-Stokes wavelength corresponding to a CARS
resonance at 1100 cm~! is at 818 nm, near the limit
of detection for a typical red-sensitivity-enhanced
PMT (e.g. Hamamatsu R3896). In our arrangement,
there was sufficient spectral intensity in the Stokes
pulse at 1015 nm to allow for imaging via the phos-
phate resonance at 960 cm™! by using a pump wave-
length of 925 nm. However, in this case the gener-
ated anti-Stokes signal was at 850 nm, where the
red-enhanced PMT has 2.8% of the radiant sensitiv-
ity that it has at 650 nm.

To access the sub-1000 cm™ region, we take ad-
vantage of the fact that the spectrum generated by
the SCG module both narrows and experiences less
red-shifting as the pump intensity is decreased. Be-
cause the generated signal in SF-CARS is typically
limited by the available spectral intensity in the
Stokes beam, one typically pumps the PCF with as
much power as possible, limited by damage to the
PCF. However, by lowering the pump intensity used
for SCQG, it is possible to bring the Stokes spectrum
closer in frequency to that of the pump while main-
taining a similar spectral intensity at the target wave-
lengths. Specifically, we found that by pumping the
FemtoWhite-CARS module with as little as 40 mW of
915 nm light (rather than the typical 150-200 mW),
we shift the Stokes spectrum below 1010 nm. While
the resulting Stokes spectrum, shown in Figure 2d, is
considerably narrower than typically used in our
CARS experiments, it had nonetheless sufficient
power and spectral bandwidth to span most of the fin-
gerprint region — from 850-1850 cm~!. This is de-
monstrated by a simple spectral scan of neat nitro-
benzene, shown in Figure 3. A pump wavelength of
915 nm and a Stokes wavelength of 1000 nm gener-
ated the collected anti-Stokes signal at 840 nm. This
wavelength is near the detection limit of our PMT
which retains a sensitivity approximately 3 times
greater than at 850 nm. In this case, 8 mW of Stokes
power reached the microscope scan head. Thus, sim-

1

ply by tuning the Ti:Sapphire laser to longer wave-
lengths and significantly lowering the power for
Stokes generation, we extended hyperspectral SF-
CARS microscopy down to 850 cm~! Raman shifts
using our simple oscillator-PCF combination.

The coherent addition of vibrationally-resonant
and (electronically) nonresonant CARS signals leads
to significant differences between CARS and sponta-
neous Raman spectra [1, 2], thus complicating their
direct comparison. The disparity between CARS and
Raman spectra becomes glaring as the spectral den-
sity of resonances increases, and thus becomes acutely
manifested in the fingerprint region. Stimulated Ra-
man Scattering (SRS) is an alternative to CARS mi-
croscopy which is spectrally insensitive to the non-re-
sonant background and which has recently been used
for PCF-based spectral focusing in the fingerprint re-
gion [29]. However, for rapid imaging, SRS requires
exceptionally low source noise, as well as additional
optics and electronics [30]. An alternative approach is
to use fast retrieval algorithms which convert CARS
spectra to truer representations of spontaneous Ra-
man spectra. These have been shown effective for re-
trieving Raman-like spectra from experimental
CARS spectra in the fingerprint region [5, 6].

For the data presented here, we used a nonlinear
Hilbert transform algorithm modified from that of
Ref. [6]. This approach requires that the non-reso-
nant background (NRB) spectrum associated with
the CARS signal be accurately measured. To re-
trieve the most faithful spectrum, it is important to
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Figure 3 CARS spectrum from neat nitrobenzene ob-
tained using SCG condition “Stokes 2” displayed in Fig-
ure 2d. Despite a relatively narrow Stokes continuum and
low SCG output power, the entire fingerprint region from
850 cm~! to 1800 cm™! can be spanned at once. NR is the
nonresonant background as simultaneously obtained from
glass and used in the Hilbert transform retrieval algorithm
that converts the CARS spectrum to a retrieved spectrum
which closely resembles that measured via spontaneous
Raman spectroscopy (see supplemental information).
These spectra were retrieved from an image of glass in ni-
trobenzene, recorded with a pixel dwell time of 6.3 us then
smoothed (three frames running average).
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obtain the NRB spectrum simultaneously with the
CARS image. This is particularly simple using the
setup presented here because the CARS spectrum
was typically recorded at every pixel in the FOV.
Thus, we acquired the NRB by measuring the spec-
tral response in a region of interest (ROI) within
our FOV that was relatively free of resonant mate-
rial and used an average spectrum over this ROI
for input into the retrieval algorithm. This simulta-
neous acquisition of NRB and CARS had the ad-
vantage of compensating for any medium-to-long-
term drifts in the system. For comparison, in Fig-
ure 3 we show characteristic CARS and NRB spec-
tra together with the retrieved Raman-like spectrum
of pure nitrobenzene. In the supplementary materi-
al, we compare this retrieved Raman spectrum with
a spontaneous Raman spectrum. It should be noted
that the absolute magnitude of the NRB is not rele-
vant for the retrieval algorithm; only the form of
the spectral response is needed [6]. Thus, the retrie-
val algorithm works even in the presence of a rela-
tively strong NRB as long as it is measured in the
same FOV.

In the following, we demonstrate the utility of
this approach to hyperspectral multimodal CARS
imaging in the fingerprint region via studies of cellu-
lose and bovine rib bones. Cellulose was taken from
lab-grade cotton swabs (Puritan Medical) and hy-
drated in tap water on a microscope slide and cov-
ered with a coverslip. Bone samples were sliced with
a scalpel or cut into thin wedges with a diamond
saw, rinsed with ethanol for sterilization, and hy-
drated on a microscope well-slide with coverslip.

3. Results and discussion

Cellulose is a biologically inert carbohydrate polymer
that is important for many industrial sectors and is
used in artificial tissue engineering [31, 32]. Natural
and synthetic (or processed) cellulosic fibers organize
into aligned crystalline manifolds with varying de-
grees of organization and crystallinity leading to vary-
ing material properties. Traditionally, X-ray crystal-
lography and Raman spectroscopy have been used
for characterizing cellulose crystallinity and structure
[33-35]. In particular, polarization-resolved vibra-
tional spectroscopy has proven to be a powerful tool
for discerning bond orientation directions in cellulose
[35-39]. However, due to relatively low signal levels,
Raman micro-spectroscopy is still largely a spectro-
scopic technique and remains challenging for use in a
full-fledged 3D microscopic imaging capacity. The ap-
plication of nonlinear microscopy to cellulose re-
search is largely confined to the use of second harmo-
nic generation, as the quasi-crystalline fibers generate
strong polarization-dependant signals [40-42]. The

utility of SHG as an imaging modality for cellulose,
combined with the need for rapid chemically-selec-
tive imaging motivated the combination of CARS
and SHG for the imaging of cellulose and other struc-
tured carbohydrate biopolymers, where CARS was
either used to show polarization-resolved bond orien-
tation based on contrast at the CH— [14, 43] and
OH- stretch resonances [14], or simply to provide
general CH-stretch contrast for non-cellulose compo-
nents such as cells [44]. From Raman studies, it is ac-
knowledged that the best discrimination for orienta-
tion alignment exists in the fingerprint region [35, 39].
Furthermore, different native and artificial cellulose
fibers demonstrate different polarization anisotropies
in their Raman spectra in the fingerprint region, but
show very little differences in the CH— and OH—
spectral ranges [32]. We demonstrate here that polar-
ization-resolved CARS spectra in the fingerprint are
highly sensitive to bond-orientation in cotton cellu-
lose fibers by acquiring hyperspectral images of cellu-
lose and using the Hilbert transform to recover the
Raman spectrum. An example raw hyperspectral im-
age stack may be seen in the supplementary material
(Media 1) where a movie shows the entire CARS
spectral scan from ~1000-2000 cm~'. These spectral
scan results are summarized in Figure 4 where it can
be seen that the retrieved CARS signals at
1130 cm™ !, 1340 cm ™!, and 1420 cm™! are consider-
ably stronger when all CARS fields are polarized
along the fiber axis, compared to being polarized
orthogonal to the fiber axis. Furthermore, a moderate
peak at 1460 cm~! shows reversal of this behavior,
and is more intense when the polarization is orthogo-
nal to the fiber axis. This is in excellent agreement
with the known Raman spectral trends [35, 39], and
highlights the utility of rapid label-free multimodal
imaging for such biomaterial systems.

Ratiometric analysis of vibrational spectra is a
useful indicator of internal stresses in cellulose fibers
[37]. Fingerprint hyperspectral CARS imaging
should find use in the non-destructive monitoring of
cellulose biomaterial growth, where it can provide
more rapid imaging than can Raman microscopy
and simultaneously offers the additional modalities
of SHG and TPEF imaging.

Cellulose scaffolds are of particular interest in
bone genesis tissue engineering applications, where
they act as functional substrates that promote the
synthesis of collagen and subsequent mineralization
of bone in osteocytes [45]. This process of osteogen-
esis and mineralization of hydroxyapatite, both in
vivo and in vitro, is of considerable research interest,
and the precise roles of collagen, lipids and choles-
terol, and osteoblasts are actively under study [46—
49]. Spontaneous Raman microspectroscopy has pro-
ven a valuable tool for chemical analysis of bone
[50-52], but has rarely been utilized for detailed
imaging due to relatively long pixel dwell-times and
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Figure 4 (online color at: www.biophotonics-journal.org)
Polarization-dependent CARS + SHG imaging of cellulose
(cotton) fibers in water. (a) Overlaid CARS image taken
at 1090 cm™! (red), and SHG (blue) taken simultaneously.
Both images are an average of two frames (effective pixel
dwell time 12.6 us). The CARS image is an unprocessed,
false-colored frame from a hyperspectral stack (see the
movie Media 1 in the supplemental material). Pump and
Stokes beams were polarized along the fiber’s long axis
(horizontal). (b) CARS-retrieved-Raman spectrum aver-
aged from the indicated ROI in (a), obtained with polari-
zations both parallel (<) and perpendicular (]) to the fi-
ber axis. For each case, the CARS spectrum was acquired
for the entire image in 280 s (626 frames, 0.45 s per frame,
1.6 cm~! change in effective Raman shift per frame). Spec-
tra were smoothed using a three frame running average.

1650

poor spatial resolution [53]. The desire to follow the
processes of osteogenesis and mineralization in a
label-free manner has motivated the application of
multimodal microscopy to bone imaging, where
SHG is used to image collagen [45] (and/or cellulose
[45, 52, 53]), endogenous TPEF visualizes calcified
cartilage [53], and CARS monitors either general
cellular architecture (via CH-stretch at 2800 cm~!—
2950 cm™!) [45, 53] or the phosphate signal from
bone in the fingerprint region [49, 55, 56].

We illustrate the potential of our simple multimo-
dal CARS technique for hyperspectral imaging of
bone in the fingerprint region in Figure 5, where

CARS + TPEF + SHG microscopy is applied to
bulk bovine rib bones. Here, SHG visualizes the col-
lagen matrix swirling around an osteon, the centre
of which provides endogenous TPEF from blood.
The surrounding cortical bone is imaged with CARS,
with contrast via the phosphate peak at 960 cm~!. A
hyperspectral image set is also recorded (533 frames,
0.89 s per frame, 800—1800 cm~!) from which we re-
cover the CARS-retrieved-Raman spectrum from
the cortical bone tissue showing a well-resolved pair
of peaks for phosphate (960 cm™!) and carbonate
(1075 cm™!). Furthermore, other Raman peaks asso-
ciated with bulk bone are visible, including the peaks
associated with amide III (~1275 cm™!), C—H bend-
ing (~1425 cm™'), and amide I (~1650 cm™') modes
[50]. Besides applications to biomaterial research
and live-cell imaging, this demonstration of label-
free CARS microscopy of bulk bone promises to
find clinical applications in bone cancer and osteo-
perosis diagnosis. However, such applications will re-
quire the demonstration of hyperspectral imaging in
the backwards (epi-) direction. While epi-CARS sig-
nals are notoriously weaker than forward-CARS, the
signal at 960 cm~! was found to be sufficiently strong
that, with a proper red-enhanced PMT or APD de-
tector [56], we believe that backwards-detection
should be feasible. Nonetheless, the use of this tech-
nique for monitoring osteogenesis (or even osteo-
perosis) would strongly benefit from an ability to
quantify bone mineral density. In Figure 6 we show
an image overlay of CARS (at 960 cm~') and SHG
in bone where increased SHG from collagen is
broadly anti-correlated with the CARS signal from
phosphate, as seen from a quasi-quantitative spectral
analysis. Again, hyperspectral imaging is performed
(474 frames, 1.34s per frame, 800-1800cm~!) to
further characterize this apparent anti-correlation.
Here, two nearby regions of interest are shown to
yield the same (but independently retrieved) spectra
for the organic matrix, but large differences in the re-
lative amount of mineral material as indicated by the
phosphate (960 cm™') and carbonate (1075 cm™')
peaks. The change in mineral content is strongly anti-
correlated with the SHG measured from the same
ROL. This result shows the power of combining SHG
with hyperspectral CARS imaging. This technique is
sensitive to differences in phosphate concentration,
and, with improved quantification, holds strong po-
tential for microscopic measurements of bone den-
sity. A key aspect of our SF-CARS technique is that
we can choose to operate either in a fixed-fre-
quency-contrast rapid imaging modality, or can ra-
pidly scan the Raman shift to obtain the CARS spec-
trum, as needed. The ability to monitor the CARS
spectrum is an important feature for future quantita-
tive work because “on-peak” signal contrast moni-
toring cannot distinguish between reduction of signal
due to density fluctuations or due to slight spectral

www.biophotonics-journal.org
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Figure 5 (online color at: www.biophotonics-journal.org)
Label-free multimodal imaging of osteon in cortical bone.
(a) Simultaneously obtained epi-TPEF (green) and SHG
(blue), and forward-collected hyperspectral CARS imaging
(red), with chemical contrast at the 960 cm™' phosphate
peak of hydroxyapatite. Endogenous TPEF from blood
within the Haversian canal is surrounded by SHG from
the collagen matrix. Sample thickness is 100 um. (b) A
CARS-retrieved spectrum from the highlighted ROI in (a)
reproduces the Raman spectrum from bulk bone [50], in-
cluding sharp phosphate and carbonate peaks at the lower
frequencies, and organic peaks between 1200 cm~!-
1800 cm~!. The 533-frame hyperspectral image stack was
collected in 0.89 s per frame, and spans a CARS frequency
range of 800-1800cm~'. The spectrum was smoothed
using a three frame running average. For clarity, the three
channel image has been separated into three grey-scale
images which are included in the supplementary material.

Intensity (Arb. Units)

shifts of the vibrational resonances. Such shifts in the
phosphate peak are known to be a function of
mineral deposition age and bone maturity [57].

4. Summary

Implementations of CARS microscopy based on
spectral focusing can be easily integrated with other
nonlinear optical imaging modalities such as SHG
and TPEF, providing a simple yet powerful technolo-

800 1000 1200 1400 1600 1800
Raman Shift (cm™1)

Figure 6 (online color at: www.biophotonics-journal.org)
Bone density and collagen SHG. (a) Simultaneously ob-
tained SHG (green) and hyperspectral CARS (red; con-
trast at 960 cm~!) images of bovine rib bone. Within the
field of view, regions of high collagen content (bright
green, ROI B) and lower collagen content (ROI A) are
identified. Sample thickness is 100 um. (b) CARS-re-
trieved-Raman spectra from ROI A and B demonstrate
that in the regions of high SHG signal, a lower bone
mineral density is found compared to regions with lower
SHG signal. Spectra from ROI A and ROI B are retrieved
independently but indicate almost identical amounts of or-
ganic material (see peak at 1625 cm™!) yet drastically dif-
ferent amounts of hydroxyapatite (see peak at 960 cm™').
The 475-frame hyperspectral image stack was collected in
1.34 s per frame, and spans a CARS frequency range of
800-1800 cm~!. Spectra were smoothed using a three
frame running average.

gical solution to label-free hyperspectral imaging
needs. In this article, we described how a particular
implementation based on a single femtosecond oscil-
lator source, with subsequent Stokes generation in a
PCEF, can be extended continuously from the CH/OH
vibrational frequency range to the fingerprint region.
Specifically, we show that reducing the pump power
for PCF-based Stokes generation allows for imaging
down at 850 cm~!, using a standard red-enhanced
PMT. As a demonstration of the utility and capabil-
ities of this simple approach, we presented the hyper-

© 2012 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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spectral multimodal CARS imaging of biomaterials
such as cellulose fibers and biological samples such as
bulk bone. We find that the combination of polariza-
tion-controlled CARS in the fingerprint region with
SHG imaging provides straightforward indications of
bond orientations in cellulose. We furthermore de-
monstrated the utility of this technique to monitor
bone mineral density in relatively thick tissue sam-
ples, motivating the application of this method to
live-cell imaging in future osteogenesis experiments.
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