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ABSTRACT: Surface-enhanced Raman scattering (SERS) spectrosco-
py has been used extensively to study biology, chemistry, and materials.
However, point-by-point SERS mapping is time-consuming, taking
minutes to hours for large-scale imaging. Here, we report a wide-field
surface-enhanced coherent anti-Stokes Raman scattering (WISE-
CARS) microscope for monitoring nanotags in live cells and label- L o i -
free detection of metabolic molecules. The WISE-CARS microscope he
achieves an imaging speed of 120 fps for a field of view of 130 ym X
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WISE-CARS stack of 60 frames can be acquired within 0.5 s, where over 1 million Raman spectra are parallelly recorded with a
spectral resolution of 10 cm™'. As applications, we demonstrate time-lapse, three-dimensional (3D) WISE-CARS imaging of
nanotags in live cells as well as label-free detection of adenine released from S. aureus.
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label-free biomolecular imaging

B INTRODUCTION

Surface-enhanced Raman spectroscopy (SERS) is a powerful
vibrational spectroscopy technique that allows for highly
sensitive detection of low concentration analytes, even down
to a single-molecule level."” Because of the localized surface
plasmon resonance (LSPR), an extremely large local electro-
magnetic field is generated on the metal surface to amplify the
Raman signals of molecules closely associated with the
nanostructure.>* However, most of the instrumentations
used for SERS imaging rely on mechanical scanning.’ For
large-area imaging, the time-consuming point-by-point scan-
ning process with an acquisition time of a few seconds at each
pixel often takes minutes to hours for mapping the SERS
spectra of a sample.’

With high-speed cameras and tunable filters, wide-field SERS
imaging has been developed to meet the need for large-scale
Raman imaging.%10 Among these technologies, wide-field
hyperspectral imaging is achieved by utilizing tunable bandpass
filters, such as liquid crystal tunable filters”' or angle-
dependent filters,”® to scan a Raman spectral window.
However, the spectral resolution of tunable filters is limited
to tens of wavenumbers. In addition, the wavelength tuning
speed per step is about hundreds of milliseconds, which limits
the hyperspectral imaging speed.

Coherent anti-Stokes Raman scattering (CARS) has
demonstrated great potential for biomedical imaging.'' ™"
Compared to sample-scan spontaneous Raman microscopy,
CARS imaging is typically carried out by scanning the lasers
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and collecting the signals with a point detector (a photo-
multiplier tube or an avalanche photodiode). CARS micros-
copy enables high-speed chemical imaging of living systems up
to the video rate.'” To achieve higher sensitivities, surface
plasmon resonance has been employed to enhance CARS
signals'®™" and the single-molecule detection via surface-
enhanced CARS (SECARS) has been verified.”’”>* Thus far,
SECARS imaging has been implemented in the scanning
mode, where the imaging speed for hyperspectral data
acquisition is limited.

To achieve faster CARS imaging, alternative excitation
geometries based on wide-field illumination have been
developed. Early wide-field CARS setup used a dark-field
condenser to focus pump light and to counter-propagate the
Stokes beam to satisfy the phase-matching condition.” Later,
simper illumination geometries such as defocused laser
beams®* and oblique-incidence illumination schemes* ™’
were adopted. Such nonphase-matched illuminations rely on
the strongly scattering samples to redirect the light path. The
video-rate wide-field CARS imaging and even single-shot
imaging of biological samples have been demonstrated.”*”’
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However, all these schemes are based on single-color CARS.”®
High-speed hyperspectral CARS imaging with wide-field
illumination and high detection sensitivity remains to be
explored. Recently, Potma et al. employed wide-field
evanescent illumination in CARS microscopy, where surface
plasmon polariton (SPP) from 30 nm gold film enhanced the
CARS signals of organic films and dried cells.””*° However,
the coherent SPP induces flares and an interfering pattern in
the image and cannot be used for imaging into a live cell.

Here, we demonstrate a wide-field surface-enhanced
coherent anti-Stokes Raman scattering (WISE-CARS) micro-
scope that enables ultrahigh-speed chemical imaging. Our
method takes full advantage of SECARS. First, the power
density in SECARS is 1000 times lower than that in
conventional CARS microscopy without plasmonic enhance-
ment.”" This low power requirement opens the opportunity for
wide-field illumination and parallel data collection. Second, the
main issue in wide-field CARS microscopy, the phase-matching
condition over the whole field of view,” is relaxed in WISE-
CARS. Because SECARS signals are excited by the local
electric fields from nanostructures, the signals can be generated
without controlling the directions of the excitation beams to
match the far-field phase-matching condition. Third, we utilize
a spectral focusing approach for fast-tuning the beating
frequency between pump and Stokes beams, which allows
ultrahigh-speed hyperspectral CARS imaging. Specifically, we
demonstrate hyperspectral SECARS imaging of molecules on a
substrate composed of self-assembled monolayered Au nano-
particles (NPs) at a speed of 120 frames per second (fps). This
speed is faster than typical laser-scanning CARS (~1 fps) by
two orders of magnitude. Then, we illustrate the system’s
capability by WISE-CARS imaging of live cells at 60 fps and
three-dimensional (3D) imaging of nanotags in live cells within
1 s. Furthermore, we demonstrate label-free detection of
adenine, an endogenous biomolecule released from starved S.
aureus, via WISE-CARS microscopy.

B EXPERIMENTAL SECTION

Hyperspectral Wide-Field CARS Microscope. The
schematic is shown in Figure la. In brief, a femtosecond
laser (Spectra-physics, InSight DS) with an 80 MHz repetition
rate provides a tunable pump (680—1350 nm) beam and a
fixed Stokes (1040 nm) beam. The pump and Stokes beams
are combined on a dichroic beam splitter and then both are
chirped by 5 X 15 cm glass rods (SFS7, SCHOTT) for spectral
focusing purposes. For equal stretching, the Stokes pulse is
chirped by an additional 15 cm glass rod (SFS7, SCHOTT)
before combination. Under such a chirping condition, the
spectral resolution of our setup reaches 10 cm™.*” Then,
combined beams are expanded two times by a lens pair for
increasing the field of view. The combined beams are focused
with a 250 mm achromatic lens on the back focal plane of a
20X, 0.4 NA objective (Olympus) to provide wide-field
illumination. The illuminated area at the sample is around 130
pum X 130 pm (Figure 1b). After the sample, the forward
scattered beam is collected by a 60X, 1.2 NA water immersion
objective (Olympus). The sample image is projected onto a
CMOS camera (Grasshopper3, FLIR) through a tube lens with
a focal length of 180 mm. The CMOS camera allows an
imaging speed as high as 120 fps. Each frame contains 1224 X
1024 pixels, with a pixel size of 0.13 ym. Bandpass filters before
the camera block the excitation light and passes the CARS
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Figure 1. Hyperspectral wide-field SECARS microscope. (a)
Schematic. DM: dichroic mirror; FM: flipper mirror. (b) Bright-
field view of the aggregated Au NP substrate. Scale bar: 20 pm.

FM

signal. A light-emitting diode (LED) is used for bright-field
imaging.

To obtain hyperspectral information, a motorized linear
stage is installed in the Stokes beam for tuning the delay
between the chirped pump and Stokes beams. The motorized
stage and the CMOS camera are synchronously triggered.
When the camera is exposed, the motorized stage starts a
uniform linear motion at a specific speed. For example, with a
commonly used delay distance =1.2 mm, the velocity of the
stage is 1.2 mm per second, and the frame rate of the camera is
60 fps. In this condition, the hyperspectral CARS data cube
with 60 Raman channels is obtained within 1 s.

To obtain 3D sections, a piezoelectric objective lens
positioner (MIPOS100 Piezosystem Jena) is used to control
the focus of the collection objective. The piezo positioner and
the camera are also synchronized. The piezo positioner scans
from the bottom to the top at a constant speed when the
camera captures images.

Preparations of Au NPs for WISE-CARS Detection.
The Au nanoparticles (Au NPs) are prepared using the citrate
reduction method,** resulting in particles with diameters of 40
to 50 nm. Three different samples are prepared for WISE-
CARS imaging. The first sample is an aggregated Au NP
substrate for large-area imaging. Au NPs colloidal suspension
(0.5 mL) is concentrated to 2 to 4 uL by centrifuging, which is
then added to 5 pL of analyte solution. The analyte solution
induces the aggregation of Au NPs. The aggregated Au NPs
are dropped on a cover glass, followed by vacuum drying to
obtain the substrate for SECARS imaging of analytes.

Second, 4-mercaptopyridine (Mpy)-modified Au nanotags
are prepared for live-cell imaging. To prepare the nanotags, the
as-prepared 5 mL Au NPs are subsequently functionalized with
Mpy by adding 50 uL of 54 uM Mpy aqueous solution drop-
by-drop under vigorous shaking. To increase the stability of the
Mpy-functionalized Au NPs colloid, 50 yL of 2% bovine serum
albumin aqueous solution is added dropwise under vigorous
stirring and is kept shaking for 15 min.**

Third, as described in our previous study,31 self-assembled,
monolayered substrates of AuNPs are prepared for label-free
detection of biomolecules. In brief, homogeneous Au NPs with
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a diameter of 110 nm are synthesized using a two-step seed-
mediated growing method.”> The cleaned cover glass is
silanized in 10% (v/v) of (3-aminopropyl)-trimethoxysilane
ethanol solution for 24 h and then baked at 110 °C for 2 h.
Finally, the cover glass is immersed in the above 110 nm Au
NP solution for 20 h to assemble the Au NPs.*

Cell Culture for Live-Cell Imaging. T24 cells are cultured
in Dulbecco’s modified eagle medium (DMEM) with 10% fetal
bovine serum and 1% penicillin—streptomycin. The suspended
T24 cells are seeded on a glass-bottom dish and cultured 48 h
for cell attachment. Nanotags (1 mL) are centrifuged, and the
supernatant is removed. The concentrated nanotags are added
into the culture medium to interact with cells for 8 h. After
that, the culture medium is discarded, and the cells are washed
three times by phosphate-buffered saline (PBS) to remove the
free-moving nanoparticles. Finally, 2 mL of PBS is added into
the culture dish again before WISE-CARS imaging.

S. aureus bacteria are cultured in Mueller Hinton broth and
are harvested at the log phase. The bacteria are washed three
times with 1 mL of water. The bacterial pellet is suspended in
20 pL of water, and 2 uL of the resulting bacterial suspension
is dropped and dried onto the self-assembled Au NP substrate.
Samples are dried onto the Au substrate either immediately (0
h) or after 1 h in order to study the cellular response to the
starvation stress.

Data Processing. The camera, motorized stage, and
piezoelectric positioner are controlled by MATLAB (Math-
Works). The data are collected and processed by MATLAB.
BM4D is used to denoise the SECARS data.’® The AirPLS
method is used for background removal.

B RESULTS

Hyperspectral WISE-CARS Imaging of Molecules
Absorbed to Au NPs. To demonstrate hyperspectral
WISE-CARS, we first show the results obtained from the
aggregates of Mpy-modified Au NPs. The pump laser centered
at 891 nm was employed to produce a SECARS spectrum
covering a window ranging from 1520 to 1680 cm™'. The
pump and Stokes laser powers were both set to 150 mW. A
hyperspectral data cube (1224 X 1024 X 60) was recorded at a
speed of 60 fps. Figure 2a shows the SECARS image of Mpy-
modified aggregates of Au NPs at 1577 cm™'. The hyper-
spectral data cube is shown in Video S1. The pattern shows the
heterogeneity of the aggregates of Au NPs. Figure 2b shows
the representative single-pixel SECARS spectra of Mpy and
SERS spectra of Mpy (bottom). The two peaks at 1577 and
1612 cm™! can be observed in single-pixel SECARS spectra.
The relative intensities of these two peaks relate to the
adsorbing conditions of Mpy on Au NPs.*®

To further demonstrate the capability of high-speed
hyperspectral imaging, we prepared an ATTO740-modified
self-assembled Au NP substrate. To cover the desired spectral
window, the pump beam was tuned to 888 nm. The powers of
pump and Stokes lasers were both 120 mW. With 120 fps
imaging speed, it only took us 0.5 s to obtain the hyperspectral
data cube (1224 X 1024 X 60) of ATTO740 on Au NPs. In
this condition, the velocity of the motorized stage was 2.4 mm
per second. The SECARS image at 1640 cm™' is shown in
Figure 2c. Figure 2d presents the representative single-pixel
SECARS spectra and the SERS spectrum (bottom) of
ATTO740 on Au NPs. The single peak at 1640 cm™ is
clearly observed in SECARS spectra and in the SERS
spectrum. Hence, we successfully demonstrate the ability of
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Figure 2. Hyperspectral WISE-CARS imaging of the Au NP substrate.
(a) SECARS image of Mpy adsorbed on aggregated Au NPs. Speed:
60 fps. (b) Single-pixel SECARS spectra of Mpy from indicated
locations and the SERS spectrum of Mpy (bottom). (c) SECARS
image of ATTO740 adsorbed on the self-assembled Au NP substrate.
Speed: 120 fps. (d) Single-pixel SECARS spectra of ATTO740 from
the indicated locations and the SERS spectrum of ATTO740
(bottom). The scale bar is 20 um. The inside labels show the X—Y
pixel coordinates where the spectra were recorded. Red arrows
indicate the corresponding locations in the image.

WISE-CARS to parallelly record over 1 million SECARS
spectra in 0.5 s.

Dynamic WISE-CARS Imaging of Nanotags in Live
Cells. To demonstrate the capability of imaging dynamic live
cells, we incubated T24 cells with Mpy-modified Au nanotags
for 8 h (Figure 3a). The Au NPs were expected to enter cells
by endocytosis and thereafter enclosed within endosomes or
lysosomes.” To record the movements of nanotags, we choose
the Raman signature band of Mpy at 1577 cm™". The frame
rate was 16.6 ms per 1224 X 1024 pixel image. With a frame
acquisition time as short as 16.6 ms, a 60-frame video was
recorded to show the movements of nanotags inside a live cell
during a 1 s period (see Video S2). Figure 3b shows the
SECARS image of live T24 cells at 1577 cm™". The bright
spots indicate the locations of Au nanotags. As shown in Figure
3¢, the time-lapse recording provides spatiotemporal dynamics
of nanotags such as spatial movements and intensity blinking,
suggesting rapid changes of nanoparticles in live cells on the
level of milliseconds. In addition, the SECARS signals of some
nanotags show significant intensity fluctuations while others
rarely show intensity changes. This result suggests the versatile
dynamics of nanoparticles inside a living cell.

To demonstrate hyperspectral SECARS imaging of nanotags
in living cells, we simultaneously scanned the delay stage and
recorded the image stack in 1 s at the speed of 60 fps. The
hyperspectral SECARS imaging stack of live cells is shown in
Video S3. Figure 3d presents the representative single-pixel
SECARS spectra. The two peaks of Mpy located at 1577 and
1612 cm™ are clearly observed. The ratio between the two
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Figure 3. Hyperspectral WISE-CARS imaging of live cells. (a) Bright-
field image of T24 cells illuminated by LED. (b) Corresponding
SECARS image of T24 cells at 1577 cm™. (c) Time-lapse curves of
single clusters. (d) Single-pixel SECARS spectra of nanotags in live
cells. The scale bar is 20 ym. Inside labels show the X—Y pixel
coordinates where the spectra were recorded. Yellow arrows indicate
where time-lapse curves are selected in the image. Red arrows show
the locations where single-pixel spectra are selected.

peaks is different because the Mpy is a pH-sensitive molecule.
The different ratios indicate that the nanotags exist in different
stages of the endocytic process, including early endosomes
(pH 6.0—6.5), late endosomes (pH S5.5), and lysosomes (pH
4.0-5.0).” This result indicates that hyperspectral WISE-
CARS could monitor the cellular environment in live cells.

3D WISE-CARS Imaging of Nanotags in Live Cells. To
demonstrate the 3D imaging ability of WISE-CARS, we treated
live T24 cells with Mpy-modified Au NP nanotags for 8 h. A
piezoelectric objective scanner was used to control the focal
plane. At first, the objective was focused on the bottom (0 xm)
of the glass-bottom dish. The focal plane continuously moved
up to 16 ym in 1 s. At the same time, the camera recorded
bright-field images (Video S4) or the SECARS images (Video
S5) at a speed of 60 fps. Totally, 60 sections were recorded at a
step size of 267 nm. Figure 4a, b shows the bright-field images
and the corresponding WISE-CARS images at three axial
positions: at the bottom (0 ym), in the middle (8 gm), and at
the top (16 pm). At the bottom, the SECARS image shows the
nanotags inside cells and the nanotags attached to the glass
surface. When the focal plane moves up, the SECARS signals
from nanotags outside cells fade away. When the focal plane is
at the center of cells, most of the signals originate from the
nanotags in the cells. The 3D images of WISE-CARS show the
distribution of nanotags at different layers. The 3D projection
(Video S6) shows the 3D distributions of nanotags in live cells.
Our WISE-CARS microscope only takes 1 s to obtain the 3D
images. To estimate the depth resolution of our setup, we
select three small particles in the cells and plot their z-profiles,
as shown in Figure 4c. The width of z-profiles of nanotags are
ca. 2 yum based on Gaussian fitting. This result indicates that
WISE-CARS has the capability to visualize the 3D distribution
of nanotags in a living cell.

Label-Free Biomolecule Detection. Adenine was
selected as a testbed to demonstrate label-free detection of
endogenous biomolecules using our WISE-CARS microscope.
The pump beam was tuned to 967 nm to cover the desired
vibrational region around 724 cm™'. The pump and Stokes
laser powers were both 120 mW. First, hyperspectral data
cubes from the adenine (N'*A) and adenine-1, 3-N, (N'°A)-
modified Au NPs were recorded at a speed of 60 fps. Figure
Sla, b shows the SECARS images of N'A and N'5A. As shown
in Figure Slc, the SERS spectra of N'*A and N'*A showed
different Raman bands centered at 741 and 733 cm™),
respectively. Figure S1d shows that such spectral differences
could be clearly captured by our WISE-CARS system. Single-
pixel SECARS spectra of N'*A and N' A are shown in Figure
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Figure 4. 3D WISE-CARS imaging of nanotags in live cells. (a) Bright-field images of T24 cells at different focal planes. (b) Corresponding
SECARS images of T24 cells at 1577 cm™. (c) Z-profiles of single NP clusters in T24 cells. The scale bar is 20 ym. The inside numbers are the X—

Y pixel coordinates where the spectra were recorded.
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Sle, f. These results collectively indicate that WISE-CARS is
capable of imaging biomolecules at a spectral resolution of ~10
cm™,

We further tested whether WISE-CARS can be used to
probe the response of S. aureus to starvation stress. S. aureus
secretes adenine, a purine degradation product when S. aureus
cells are exposed to a non-nutrient, water-only environment.*®
The bacterial suspensions were dropped on the self-assembled
Au NP substrate and dried within 10 min. SERS results clearly
show that S. aureus cells only release adenine byproducts under
starvation stress (Figure S2a). Prior to detailed analysis, the
SECARS spectra were background-subtracted using the airPLS
method to remove the two-color two-photon luminescence
background induced by Au NPs.”” The pixel-integrated
SECARS spectrum of S. aureus after 1 h starvation shows a
clear signature peak at 741 cm™" (Figure S2b). In contrast, the
SECARS spectrum from the sample without starvation did not
display any adenine-like Raman peak. The results match the
previous results well.”>*’

Because WISE-CARS microscopy can sample millions of
pixels on a substrate in 1 s, we further asked whether adenine
released from bacteria can be detected at the single-pixel level.
Figure Sa shows the spatial distributions of bacteria-secreted
adenine on the self-assembled Au NP substrate. As the control
group, the SECARS image of normal S. aureus cells is shown in
Figure 5b. The raw single-pixel spectra from the bright spots in
Figure Sa, b are plotted in Figure Sc, d, respectively. The
dashed lines in Figure Sc, d are the fitted two-photon
luminescence background. After background fitting and
removal, the adenine peak at 741 cm™ is clearly seen for the
starved bacteria (Figure Se) but is absent for the normal
bacteria (Figure Sf). These “bright spots” we observed in the
control sample originate from the photoluminescence of
aggregated Au NDPs.

B DISCUSSION

We developed a WISE-CARS microscope that allows for real-
time observing the dynamic spatiotemporal distribution of
nanotags in live cells and label-free detection of endogenous
biomolecules. Unlike the scanning-based CARS microscope,
the acquisition time in the wide-field imaging system is
independent of the pixel number. Here, we successfully
achieved 120 fps imaging speed (S times of video rate) with
a large field of view (over 130 ym) and a large pixel number
(1224 X 1024 pixels). In comparison, wide-field SERS needs a
sophisticated tunable filter for the acquisition of hyperspectral
data. The tunable filter limits the tuning speed and spectral
resolutions. Here, with the spectral focusing approach, the
spectral tuning of WISE-CARS could be very fast by simply
changing the time delay between two laser pulses via a
motorized stage. In this way, WISE-CARS can obtain over 1
million spectra within 0.5 s with a 10 cm™" spectral resolution.

Harnessing the plasmonic enhancement, the WISE-CARS
microscope requires ultralow power density to excite the
CARS process. The estimated average laser power density in
WISE-CARS is 0.015 mW/um?, which is 30 times lower than
previous laser-scanning SECARS and four orders lower than
laser-scanning CARS. Such low illumination density opens a
great opportunity to implement wide-field chemical imaging
with a standard laser of high repetition rate and low pulse
energy. The lower pulse energy helps reduce the photodamage
that may occur when illuminating the sample with high-energy
pulses in conventional CARS microscopy.”” Recent literature
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Figure 5. WISE-CARS detection of biomolecules released from
starved bacteria. (a) Background-corrected SECARS image of S.
aureus with 1 h starvation. Raman shift: 741 cm™. (b) Background-
corrected SECARS image of S. aureus without starvation. Raman shift:
741 em™". (¢, d) Raw single-pixel SECARS spectra of S. aureus with (1
h, ¢) and without (0 h, d) starvation. (e, f) Background-corrected
single-pixel SECARS spectra of S. aureus with (1 h, e) and without (0
h, f) starvation. The labels show the X—Y pixel coordinates where the
spectra were recorded. Arrows indicate the locations in the images.

reported wide-field SPP-mediated CARS to image lipid solid
samples and dried cells. Although a gold film was used to
uniformly amplify signal generation, it also introduced imaging
artifacts from the SPP propagations. In addition, SPP only
enhanced the signals from the cell membrane region that is in
close proximity (100 nm) of the gold film.”” Here, we used the
LSPR effect that amplifies the Raman signal inside live cells
and enables 3D imaging. Moreover, the enhancement
performance of LSPR allows for the amplification with a
factor of 10'%>" which is three orders of magnitude stronger
than SPP enhancement.*’

In addition to SECARS, an alternative method that
combined coherent Raman microscopy and the plasmonic
effect is plasmon-enhanced stimulated Raman scattering
(PESRS) microscopy.*”*' However, implementing PESRS in
a wide-field geometry is challenging and complicated. Unlike
CARS, the SRS signals appear at the same wavelength as the
excitation lasers. Thus, optical modulation and lock-in
detection are generally used to extract the signals from the

https://doi.org/10.1021/acsphotonics.1c02015
ACS Photonics XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.1c02015/suppl_file/ph1c02015_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.1c02015/suppl_file/ph1c02015_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.1c02015/suppl_file/ph1c02015_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c02015?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c02015?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c02015?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c02015?fig=fig5&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.1c02015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Photonics

pubs.acs.org/journal/apchd5

laser pulse in SRS measurement. In principle, to achieve wide-
field SRS measurement, one can employ a virtual lock-in
camera approach that has been successfully used in wide-field
photothermal imaging."> In this approach, pump-on and
pump-off images are sequentially recorded using a CMOS
camera, and the difference between on and off images
produces a chemical image. However, implementing wide-
field SRS using this approach is difficult. The main challenge is
camera saturation. The maximum pump power saturating a
typical CMOS camera sensor can be calculated as

P..= % Here, E is the energy per photon (for 888

nm: E = 224 X 107" J), N is the number of pixels 2448 X
2048, S, is the full well capacity 45,000 e™. ¢t is the camera
integration time (1 ms), and QE is the camera quantum
efficiency (40%) at the pump wavelength. Based on our
calculation, the pump power saturating the camera is about 0.1
mW. Considering that only 1/10 pump power passes through
the sample, the maximum power incident on the sample is
around 1 mW. Such power on the sample is too low to
effectively generate SRS signals. To achieve wide-field SRS, a
camera with an ultra-large full well capacity is necessary.
Additionally, PESRS displays dispersive line shapes, and its
enhancement factor is lower than SECARS,”' which
complicates data analysis.

The current proof-of-principle study on WISE-CARS may
serve as a starting point for further investigations using this
plasmon-enhanced nonlinear vibrational imaging technique.
Our method can be further developed toward ultrafast 3D
imaging of spatiotemporal dynamics of small molecules in live
cells. With further substrate development, single-molecule
sensitivity’”*" is expected to allow for the detection of rare
molecules. In addition, by conjugating antibodies or target-
specific ligands to plasmonic nanotags labeled with spectrally
distinct Raman reporters,"” high-speed super-multiplex imag-
ing through our hyperspectral WISE-CARS microscope can be
envisioned.
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