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Wide-field Coherent anti-Stokes Raman scattering (CARS)
microscopy offers an attractive means for the rapid and
simultaneous acquisition of vibrationally resolved images
across a large field of view. A major challenge in the
implementation lies in how to achieve sufficiently strong
excitation fields necessary to drive the third-order opti-
cal responses over the large focal region. Here, we report
a new wide-field CARS microscope enabled by a total
internal reflection excitation scheme using a femtosecond
Ti:Sapphire oscillator to generate pump and broadband
near-infrared Stokes pulses. The spectrally broad Stokes
pulse, in combination with its inherent chirp, offers not only
access to a wide range of Raman modes spanning ~1000
to ~3500 cm™~! but also a straightforward means to select
vibrational transitions within this range by simply varying
the time delay between the pulses. The unique capabil-
ities of this wide-field CARS microscope were validated by
acquiring high-quality CARS images from the model and
complex biological samples on conventional microscope
coverslips. © 2020 Optical Society of America

https://doi.org/10.1364/0L.390699

Coherent anti-Stokes Raman scattering (CARS) microscopy
has revolutionized the way by which chemical images of com-
plex and living biological systems are taken, due to its intrinsic
vibrational contrast, high sensitivity, and capability for three-
dimensional (3D) sectioning. As a nonlinear four-wave mixing
phenomenon, the CARS process is driven by a pump pulse at
frequency @, and a Stokes pulse at @;. When the frequency
difference of these pulses @, — @, matches the frequency of a
Raman active molecular vibration, a strong anti-Stokes signal
arises at wg =2w, —, in a well-defined phase-matched
direction [1]. This resonance condition provides a means to
target specific vibrational chromophores in complex media
without the need to label and possibly destroy the sample of
interest. Similarly, the coherent nature of the CARS process

0146-9592/20/100001-01 Journal © 2020 Optical Society of America

allows for high-speed [2,3] and video rate [4] imaging of living
systems through laser scanning methods—thus making it a
powerful tool for 3D noninvasive and nondestructive imaging
atsub-diffraction-limited spatial resolutions.

CARS imaging is typically performed by point-scanning
the sample with a tightly focused collinear pump and Stokes
beams and collecting the generated anti-Stokes light. Despite
its wide applications to a variety of complex systems, this
point-scanning approach can be time-consuming and poses
challenges in isolating processes of interest taking place near
an interface versus those in the bulk. An alternative approach,
wide-field CARS microscopy, has the potential for a more rapid
and simultaneous acquisition of CARS images across an entire
field of view with enhanced signals from interfacial chemical
species below the diffraction limit of light [5-12]. So far, several
wide-field CARS microscopies have been demonstrated using
either a complicated excitation geometry [5,6,11,12] or by
redistributing the excitation light with the structures of the
samples under study to achieve, at least partially, the required
phase-matching condition [7,8,13]. Alternatively, non-phase
matching illumination has been also demonstrated for wide-
field CARS imaging [7—10]. Because a large sample area must be
simultaneously illuminated by the pump and the Stokes beams,
itbecomes challenging to achieve a sufficiently strong excitation
field to generate third-order optical responses across the entire
field of view. This is critical, as the level of the CARS signal
generated ultimately determines the speed of image acquisition
and whether such a wide-field modality is feasible for a given
experiment. Recently, a novel approach of wide-field, surface-
enhanced CARS microscopy was demonstrated by Potma and
coworkers [14,15] by exploiting a total internal reflection (TIR)
beam geometry in combination with the surface plasmon-
polariton mode at the interface of 2 30 nm thick gold film driven
by both the pump beam and the Stokes excitation beam. As the
evanescent excitation fields typically extend to a depth smaller
than the wavelength of the incident light into the sample, this
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makes the TIR-based measurements more sensitive to surface-
localized species while providing field enhancements based on
confinement in the z direction. In fact, surface-enhanced CARS
methods have successfully imaged C-H stretches using four
orders of magnitude lower excitation density than that needed
for the point-scanning CARS microscopy, making it an appeal-
ing method for photosensitive samples or for measurements
requiring time-resolution. These surface-enhanced approaches
are particularly suitable for studying planar samples such as cell
membranes and biofilms.

Because direct contact with a metallic surface may alter
the physiology and functionality of some living cells, and
gold-coated or silver-coated microscope coverslips are not rou-
tinely available, approaches that use conventional substrates to
achieve the same chemical and spatial information are desirable.
However, without the critical enhancement induced by this
plasmonic substrate, the use of the picosecond pump pulse and
the Stokes pulse has proven to provide insufficient intensity to
generate the appreciable CARS signals. An increase in the light
intensity can be achieved by using laser pulses with much shorter
temporal durations, which will provide corresponding higher
peak intensities and signal levels. Here, we report a TIR enabled
wide-field CARS microscope using a femtosecond Ti:Sapphire
oscillator to generate both spectrally asymmetric pump and
broadband near-infrared Stokes pulses. A spectrally broad and
temporally chirped Stokes pulse allows for Raman modes span-
ning ~1000 to ~3500 cm ™" to be imaged by simply varying the
time delay between the pump pulse and the Stokes pulse. The
unique capabilities of the wide-field CARS microscope were
validated through acquiring high-quality CARS images from
a range of model and complex samples placed on conventional
coverslips. Our results demonstrate the feasibility of acquiring
wide-field CARS images in the TIR geometry using rela-
tively common optical components, allowing for widespread
implementation into existing nonlinear microscopes.

Wide-field CARS images were collected using a homebuilt
TIR microscope based on a Nikon Eclipse TE300 body. As
shown in Fig. 1, the optical layout was developed following a
similar design that reported previously [16-18]. Specifically, the
light source was a mode-locked femtosecond Ti:Sapphire laser
(Tsunami, Spectra Physics) producing 50 fs pulses centered at
809 nm ata repetition rate of 82 MHz. A thin-film polarizer was

Oscillator - Tsunami FO \
(~50 fs, 82 MHz, Spectrograph RC
R ~1.3W at 810 nm) with CCD

Fig. 1.  Schematic of TIR-enabled wide-field CARS microscopic
setup. HWP: half-wave plate; AHWP: achromatic half-wave plate;
TFP: thin-film polarizer; CARS-PCF: photonic crystal fiber for
supercontinuum generation optimized for CARS; Objl and Obj2:
objectives for focusing and collimating the input/output light from the
PCE respectively; LP: long pass filter; Pol: polarizer; RC: reflective fiber
collimator; FO: fiber optic bundle; DCM: dichroic mirror.
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used to split the laser output into two portions with a variable
power ratio controlled by a half-waveplate. For this Letter, the
typical power split between the pump and Stokes paths was
4.9:1. After passing through independent prism compressors
(SF10 prisms), the pump beam was temporally delayed using
a step-motor driven optical delay stage (UTM150PP1HL,
Newport). The power of the pump pulse was controlled using
a half-waveplate and polarizer combination. The weaker por-
tion of the laser output was directed to a photonic crystal fiber
(SCG-800-CARS, Newport) for supercontinuum generation;
the broadband near-infrared portion of the radiated spectrum
was used as the Stokes beam. The pump beam and the Stokes
beam were colinearly combined using an 810 nm long pass
filter (LP02-808RU-25, Semrock), polarization purified then
rotated using an achromatic half-waveplate to ensure the inci-
dent light was P-polarized at the sample interface. The beams
were enlarged with a 4 x reflective optical beam expander then
focused on the back focal plane of an oil-immersion TIRF objec-
tive (1.49 NA, Apo 100x, Nikon). The CARS signal in the
epi-direction was then directed through an additional 4 x opti-
cal expander prior to imaging with an intensified CCD camera
with 1024 x 1024 pixels (PI-MAX 7467-0028, Princeton).
The CARS signal was doubly filtered with a 725 nm short-pass
filter (#86-103, Edmund Optics) and a 750 nm short pass
dichroic mirror (FF750-SDi02, Semrock). The resulting field of
view was determined to be 27.9 X 27.9 im using a test target,
and a typical gain of 1 was used for image acquisition.

The time-domain CARS response was used to calibrate the
resonant wavelengths by measuring the radiated light using
a spectrometer. This signal was collected using an objective
(0.30 NA, 10x, Nikon) in the forward direction. After passing
through a 750 nm (#64-322, Edmund Optics) and a 785 nm
short-pass filters (BSP01-785 R-25, Semrock), the signal was
fiber-coupled into a spectrograph and detected with a CCD
camera. A 300-lines-per-mm grating and a central wavelength
of 700 nm were chosen for all the spectral measurements. A key
feature of this instrument is that by measuring the peak wave-
lengths of the radiated CARS spectra as a function of the time
decay, one can map the temporal chirp of the Stokes pulse—this
encodes the spectral information needed in collecting images via
the relative time delay [17]. Note that the spectral measurements
serve to calibrate the peak Raman shift with the time delay.

The representative CARS time-dependent response data
measured from an individual KDP micro crystal is shown in
Fig. 2(a), which consists of data collected over ~200 delay
times. From this data, we identify the peak wavelength of the
radiated CARS signal and the corresponding time delay to
calibrate the temporal chirp of the Stokes beam using the known
central wavelength of the pump pulse (809.27 nm). As such,
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Fig. 2. (a) Heatmap of the radiated CARS signal (log scale) mea-
sured from a KDP microcrystal versus the time delay between the
pump pulse and the Stokes pulse. (b) Dependence of the peak CARS
frequency versus time delay. The solid line is a polynomial fit to the
data.
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Fig. 3.  Brightfield and false color CARS images acquired from
an INN filmon a glass coverslip at 3382 cm™!, 2880 cm™!, and
1693 cm™!, respectively.

different spectral components are mapped directly to the time
delays. The resulting calibration curve is plotted in Fig. 2(b) in
the form of w,; — @,, which is the Raman shift ®, — w;, as a
function of the time delay. A polynomial fit to the results serves
as the calibration between the Raman shift and the time delay,
which was used to tune the time delay to match Raman modes
of interest for imaging. This is a convenient manner to quickly
image complex systems by only needing to tune a delay line to
match a resonance condition for the sample of interest, as will
be shown below. It should be pointed out that because of this
temporal chirp, the CARS spectral bandwidth at a given time
delay is limited by the temporal duration of our pump pulse on
the order of 200 fs (fwhm), making this a wide-field variant of a
spectral focusing instrument [16].

The TIR enabled wide-field CARS microscope was validated
through measurements on a model biological signaling mol-
ecule, indole-3-acetic acid (IAA). A small amount of IAA was
dissolved in methanol directly on a coverslip and allowed to dry
and form a spatially heterogenous film prior to measurements.
Representative CARS images from such an IAA film acquired at
3382, 2880 and 1693 cm™!, respectively, along with a bright-
field image, are shown in Fig. 3. The images have not been
corrected by the spatial profile of the laser beams in an effort
to show as clearly as possible the quality of the raw data. The
only corrections made to the presented images were to remove
the hot pixels and false color the images. The pump fluence at
the sample position was 200 fJ/um?, and the corresponding
Stokes fluences were estimated to be less than 30.9 fJ/um?,
10.1 f]/um?, and 4.2 f]/um?, respectively, based on the power
measurements. All the fluence estimates were made using the
total illuminated area on the sample, which is estimated to be
80 x 80 um [17]. The image acquisition time was typically
30 s to obtain extremely high-quality images without hardware
binning though an exposure time as short as 0.1 s still produced
images with clearly observable features, albeit with a lower
overall signal-to-noise ratio. The observed vibrational features
are assigned to the indole N-H stretch at 3389 cm™" with a
contribution from co-adsorbed water. Similarly, CH-stretches
near 2880 cm™! are imaged, corresponding to aromatic CH
stretches and methylene modes in IAA. The carbonyl stretch is
also imaged at 1693 cm ™! along with contributions from water
bending modes [19]. Separating the nonresonant and resonant
contributions from the CARS signal can be accomplished using
various analytical methods [20].

To validate our measurements on a multicomponent system,
we imaged the edge of a home-made PDMS microfluidic cell
containing acetone. The measurement was performed using a
pump fluence of 200 {J/ m? and an integration time of 30 s.
The corresponding Stokes fluences at 1041 nm and 927 nm
were estimated to be less than 7.2 f]/um” and 4.2 f]/um?,
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Fig. 4. Brightfield (a) and CARS images acquired from a microflu-
idic cell containing acetone at (b) 2750 cm™' and (c) 1571 cm™',
respectively. The scale bar is 5 um, and both ROIs are 100 x 100
pixels.

respectively, based on the power measurements at the sample
position. As shown in Fig. 4, the CARS images acquired at
2750 cm™! and 1571 cm™! exhibit spatial features that corre-
spond nicely to those seen in the brightfield image. The images
taken at 2750 cm ™! show a stronger signal for acetone than for
PDMS; notably, both species should show a strong signal owing
to the presence of methyl stretches in this spectral region. The
difference in the measured intensity is due to the proximity of
the chemical species to the surface: in the case of acetone, the
molecules are in direct contact with the surface and therefore
within the hundreds of nanometers that the evanescent field
extends into the bulk; however, the PDMS walls are only pressed
on the surface and not chemically/thermally bonded, thus
resulting in a distribution of distances away from the surface
and a lowering of the overall response. This highlights one
advantage of the TIR approach in being able to map not only
changes in the sample chemistry, but also the spatial localization
in the z direction [21]. The comparatively reduced overall signal
at 1571 cm™! arises from the smaller spectral intensity of the
Stokes pulse in this region and the off-resonant excitation of the
comparatively narrow carbonyl stretch in acetone. Notably, at
this frequency, only the edge of the CARS bandwidth is resonant
with the acetone C = O stretch. The signals observed on the
PDMS side have comparable intensities and are attributed to
the nonresonant background and trapped water and related
silica hydroxyl modes near the PDMS/glass coverslip inter-
face. A quantitative comparison of the intensities can be made
by calculating the ratio of integrated intensities between two
regions of interest (ROIs) labeled as 1 and 2 in Fig. 4. The ratios
are 5.75 and 1.91 for 2750 cm™! and 1571 cm ™", respectively.
The difference in signal response arises from the number of
species that are vibrationally resonant and demonstrates that the
signals are not purely due to nonresonant contributions [22]. At
2750 cm™ !, the proximity of acetone to the surface yields larger
signals as compared to PDMS, whereas the more comparable
signals at 1571 cm™! arise from a similar number of species of
resonant/near resonant species near the interface.

We further examined the effect of laser power on both the
CARS response and the images. Given the power ratio between
the pump beam and the Stokes beam used in this work, we
only varied the intense pump power and kept the weak Stokes
power unchanged for all the spectral and imaging measurements
described below. Here, we chose fixed Pantoea sp. YR343 cells
as our sample and acquired CARS spectra and images under 11
and 21 different pump fluences, respectively. A 30 s exposure
was used for all image acquisition. These fixed cells of the rhizo-
sphere bacterium Pantoea sp. YR 343 were grown and processed
as previously described [23]. Prior to the imaging experiments,
the cells were washed three times through centrifugation and
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)
Fig. 5.

Brightfield (a) and CARS images acquired from fixed
Pantoea sp. YR343 cells at 2880 cm™" under three different pump
fluences of (b) 184.3 f]/um?, (c) 76.4 ] /um?, and (d) 28.6 f]/um’,
respectively. The scale bar is 5 ptm and both ROIs labeled by the yellow
and cyan rectangles are 128 x 64 pixels.

resuspension in water to remove the organics and the excess
salts in the original growth media. The resulting suspension
was drop-casted on the coverslip and dried before imaging.
We found that when the pump fluence was set to 12.8 {J/ pm’
or below, both the CARS responses and the images were not
observed. As an example, Fig. 5 shows three images measured at
aRaman shift of 2880 cm ™, corresponding to the C-H stretch-
ing modes [23], at the different pump fluences of 184.3 ] / um?,
76.41]/um”, and 28.6 f]/um”, respectively. Clearly, a decrease
of pump fluence leads to a reduced contrast, albeit individual
cells such as those within the yellow rectangles are still visible.
To be more quantitative, we further compare the ratios of inte-
grated intensities between the two ROIs labeled by the yellow
and cyan rectangles in these images, which are selected at equiv-
alent locations in these CARS images. The ratios are 1.52, 1.26,
and 1.07, respectively, which is consistent with the reduced
contrast seen by the eyes. Based on the image acquired ata pump
fluence of 21.0 f] /um?, where the cells are clearly visible and
an integrated contrast ratio of 1.05 was found for the same two
ROIs, we conclude that a total fluence of the combined pump
and Stokes beam of ~28.6f]/um” should be sufficient for
imaging some biological samples such as Pantoea sp. YR343
cells. This is roughly twice lower than the 70 {J/ im? used by
Fast et al. based on a picosecond light source in combination
with plasmonic enhancement [14].

In conclusion, we have developed a TIR enabled wide-field
CARS microscope using a femtosecond Ti:Sapphire oscillator as
the light source. The distinct capabilities of this microscope were
validated through acquiring high-qualicy CARS images from a
wide range of samples on commonly used glass microscope cov-
erslips. Based on successful acquisition of these CARS images,
we showed that the pulse energies of both the fundamental out-
putand the supercontinuum generated from a commercial, high
repetition rate femtosecond oscillator are sufficient for surface-
sensitive, TIR-enabled wide-field CARS imaging. Given that
the spectral characteristics of the Stokes pulse can be readily
controllable by varying the input laser power, such a wide-field
CARS microscope should be easily tailored to promote any
specific vibrational modes in a chosen application.
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