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ABSTRACT: Surface-enhanced Raman scattering (SERS) spec-
troscopy has been used extensively to study biology, chemistry, and
materials. However, a point-by-point SERS mapping is time-con-
suming, taking minutes to hours for large-scale imaging. Here, we
report a wide-field surface-enhanced coherent anti-Stokes Raman
scattering (WISE-CARS) microscopy for monitoring nanotags in
live cells and label-free detection of metabolic molecules. The
WISE-CARS microscope achieves an imaging speed as fast as 120
frames per second for a large field of view of 130 um x 130 pm.
By spectral focusing of femtosecond lasers, a hyperspectral WISE-
CARS stack of 120 frames can be acquired with a spectral resolu-
tion of 10 cm™, where over 1 million Raman spectra are parallelly
recorded within 0.5 seconds. As applications, we demonstrate time-
lapse, 3D WISE-CARS imaging of nanotags in live cells as well as
label-free detection of adenine released from S. aureus.

1. INTRODUCTION

Surface-enhanced Raman spectroscopy (SERS) is a powerful vi-
brational spectroscopy technique that allows for highly sensitive
structural detection of low concentration analytes even down to sin-
gle molecule level.I*2 Due to the localized surface plasmon reso-
nance (LSPR), an extremely large local electromagnetic field is
generated on the metal surface to amplify the Raman signals of
molecules which closely associated with the nanostructure.[4
However, most of the instrumentations used for SERS imaging are
equipped with a CCD detector which typically operates with acqui-
sition rate on the order of 1 Hz and rely on the mechanical scanning
process.”! For large-area imaging, the time-consuming point-by-
point scanning process with an acquisition time of few seconds of-
ten takes minutes to hours for mapping the SERS spectra of a sam-
p|e.[6]

With high-speed cameras and tunable filters, wide-field SERS
imaging has been developed to meet the need for large-scale Ra-
man imaging.[-?%1 Among these technologies, wide-field hyper-
spectral imaging is achieved by utilizing tunable band-pass filters,
such as liquid crystal tunable filters 11 or angle-dependent fil-
tersl81, to scan a Raman spectral window. Yet, the spectral resolu-
tion of tunable filters is limited at tens of wavenumbers. In addition,
the wavelength tuning speed per wavelength step is about hundreds
of milliseconds which limits the hyperspectral imaging speed.

Coherent anti-Stokes Raman scattering (CARS) has already
demonstrated great potentials for biomedical imaging.['*-*! Com-
pared with spontaneous Raman microscopy, CARS microscope is
typically carried out by point-scanning the sample with a point de-
tector (photomultiplier tubes and avalanche photodiode) which can
achieve much faster acquisition rate (1 MHz). Thus, CARS micros-
copy enables high-speed chemical imaging of living systems at
video rate.['®! To achieve higher sensitivities, surface plasmon

resonance effect has been employed to enhance CARS signals!*7-20]
and the single molecule detection has been verified via surface-en-
hanced CARS (SECARS).[?:-%31 While most of SECARS imaging
were achieved in scanning mode, where the imaging speed is lim-
ited, especially for the hyperspectral data acquisition.

To achieve a faster imaging speed, alternative excitation geom-
etries based on wide-field illumination have been developed. Early
wide-field CARS setup used a dark-field condenser to focus pump
light and counterpropagating Stokes beam to satisfy phase-match-
ing condition.? Later, simper illumination geometries were
adapted such as defocused laser beams!?! and high-incidence illu-
mination schemes!?6-281, Such non-phase matched illuminations
rely on the strongly scattering samples to redirect the light path.
The video-rate wide-field CARS imaging and even single-shot im-
aging of biological samples have been demonstrated.?> 281 How-
ever, all their schemes are based on single-color CARS.[?% High-
speed hyperspectral CARS imaging with wide-field illumination
was not fully demonstrated. Recently, to further increase the detec-
tion sensitivity, Potma et. al. employed wide-field evanescent illu-
mination in CARS microscopy, where surface plasmon polariton
(SPP) from 30 nm gold film enhanced the CARS signal of organic
films and dried cells.3%31 However, the coherent SPP induces
flares and 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) microscope that ena-
bles ultra-high-speed imaging of living cells. Our method takes full
advantages of SECARS. First, the power density in SECARS is
1000 times lower than that in conventional CARS microscopy
without plasmonic enhancement.®2 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,?4 is
relaxed in WISE-CARS. Because SECARS is excited by the local
electric fields from nanostructures, the signal can be generated
without controlling the direction of the excitation beams to match
the far-field phase matching condition. Third, we utilize a spectral
focus approach for fast tuning the beating frequency between pump
and Stokes beams, which allows ultra-high-speed hyperspectral
CARS imaging. As applications, we demonstrate hyperspectral
SECARS imaging of an aggregated Au NPs substrate with 120
frames per second (fps). Then, we illustrate the system'’s capability
by WISE-CARS imaging of live cells at 60 fps and 3D imaging of
nanotags in live cells within 1 second. Furthermore, we demon-
strate a label-free detection of adenine, an endogenous biomolecule
released from S. aureus bacteria, via WISE-CARS microscopy.

2. EXPERIMENTAL SECTION



2.1. Hyperspectral wide-field CARS microscope. The sche-
matic of the hyperspectral wide-field CARS microscope is shown
in Figure la. In brief, a femtosecond laser (Spectra-physics, In-
Sight DS) with 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 SF glass rods for spectral
focusing purpose. For equally stretching, the Stokes pulse is
chirped by an additional 15 cm SF glass rod before combination.
Using such chirping condition, the spectral resolution of our setup
is 10 cm.[33 Then combined beams are expand 2 times by a lens
pair for increasing the field of view. The combined beams are fo-
cused with a 250 mm achromatic lens on the back focal plane of a
20 x 0.4 NA objective (Olympus) to provid wide field illumination.
The illuminate area at the sample is around 130 pm x 130 um (Fig-
ure 1b). After the sample, the forward scattered beam is collected
by a 60 x 1.2 NA water immersion objective (Olympus). The sam-
ple image is projected onto the CMOS camera (Grasshopper3,
FLIR) through a tube lens with a focal length of 180 mm. The
CMOS camera allows imaging speeds as high as 120 fps at a reso-
lution of 1224x1024 pixels, with a pixel size of 0.13 um. Bandpass
filters before the camera blocks the excitation light, while the
CARS signal passes through. A LED light is used for a bright view
imaging.
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Figure 1. The hyperspectral wide-field SECARS micro-
scope. a) Schematic. DM: dichroic mirror; FM: flipper mirror. b)
The brightfield view of the aggregated Au NPs substrate illumi-
nated by the pump laser.

To obtain hyperspectral information, a motorized linear stage is
installed in the Stokes beam for tuning the delay between chirped
pump and Stokes beams. The motorized stage and the CMOS cam-
era 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 stage is 1.2 mm per second and the framerate of camera
is 60 fps. In this condition, the hyperspectral CARS data cube with
60 Raman channels can be obtained in 1 second.

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 camera also synchro-
nized. The piezo positioner scans from bottom to top at a uniform
speed when the camera captures images.

2.2. Preparations of Au NPs for WISE-CARS detection. The
Au NPs colloid is prepared by the citrate reduction method, result-
ing in particles with a diameter of 40 to 50 nm. Three different sam-
ples are prepared for WISE-CARS imaging. The first sample is an
aggregated Au NPs substrate for larger area imaging. The 0.5 mL
of Au NPs colloidal suspension is concentrated to 2—4 pL by cen-
trifuging, which is then added to the 5 pL analyte solution. The an-
alyte 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. Second, 4-mercapto-
pyridine (Mpy)-modified Au nanotags for live cells imaging. The
as-prepared 5 mL Au NPs are subsequently functionalized with
Mpy by adding 50 uL of 54 uM Mpy aqueous solution under vig-
orous shaking. To increase the stability of Mpy-functionalized Au
NPs colloid, 50 uL of 2 % bovine serum albumin aqueous solution
is added dropwise under vigorous stirring and is kept shaking for
15 min.[34 Third, as described in our previous paper,® an self-as-
sembled Au NPs substrate is prepared for bacterial measurement.
In brief, homogeneous Au NPs with a diameter of 60 nm are syn-
thesized by two-step seed-mediated growing method. The cleaned
cover glass is silanized in 10% (v/v) of (3-aminopropyl)- tri-
methoxysilane ethanol solution for 24 hrs and then baked at 110 °C
for 2 hrs. Finally, the cover glass is immersed in the above 60 nm
Au NPs solution for 20 hrs to assembled Au NPs.[*]

2.3 Cell culture and sample preparation for live cell imaging.
T24 cells are cultured in DMEM medium with 10 % fetal bovine
serum and 1 % penicillin-streptomycin. The suspended T24 cells
are seeded on a glass bottom dish and cultured 48 hours for the
attachment. 1 mL of nanotags are centrifuged and the supernatant
is removed. The concentrated nanotags are added into the culture
medium to interact with cells for 8 hours. After that, the culture
medium is discarded, and the cells are washed three times by phos-
phate-buffered saline (PBS) to remove the free nanoparticles. Fi-
nally, 2 mL of PBS is added into the culture dish again before
WISE-CARS imaging.

S. aureus cells are cultured in Mueller Hinton broth and are har-
vested at the log phase. The bacteria are washed 3 times with 1 mL
water. The bacterial pellet is suspended in 20 pL of water and 5 puL
of the resulting bacterial suspension is dropped and dried onto the
self-assembled Au NPs substrate. Samples are dried onto the Au
substrate either immediately (0 h) or after 1 hr in order to demon-
strate the effect of the starvation stress response.

2.4. Data processing. The camera, motorized stage, and piezoe-
lectric positioner are controlled by Matlab (MathWorks). The data
are collected and processed by Matlab. BM4D is used to denoise
the SECARS data.[30]

3. RESULTS

3.1. Hyperspectral WISE-CARS imaging of gold nanosub-
strate. To demonstrate the hyperspectral WISE-CARS, we first
show the results obtained from the Mpy-modified aggregated Au
NPs substrate. The pump laser centered at 891 nm was employed
to induce a SECARS spectra covering a window ranging from 1520
cm? to 1680 cm™. The pump and Stokes laser power both were
both set to 150 mW. A hyperspectral data cube (1224x1024x120)
was recorded with 60 fps. Figure 2a shows an SECARS image of
Mpy-modified aggregated Au NPs substrate at 1577 cm™. The
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Figure 2. Hyperspectral WISE-CARS imaging of Au NPs
substrate. a) The SECARS image of Mpy adsorbed on aggregated
Au NPs substrate. b) The single-pixel SECARS spectra of Mpy and
the SERS spectrum of Mpy (bottom). ¢) The SECARS image of
ATTO740 adsorbed on aggregated Au NPs substrate. d) The single-
pixel SECARS spectra of ATTO740 and the SERS spectrum of
ATTO740 (bottom). The scale bar is 20 um. The inside labels show
the X-Y pixel coordinate where the spectra were recorded

hyperspectral data cube was shown as in Video 1. The signal orig-
inated from total image area. The pattern shows the heterogeneity
of Au NPs substrate. Figure 2b shows representative single pixel
SECARS spectra of Mpy and SERS spectrum of Mpy (bottom).
The two peaks at 1577 cm™ and 1612 cm™* can be observed in single
pixel SECARS spectra. The relative intensity of these two peaks
relates with the adsorbed conditions of Mpy on Au NPs. [

To further demonstrate the capability of high-speed hyperspec-
tral imaging, we prepared the ATTO740 modified aggregated Au
NPs substrate. To cover the desired spectral window, the pump
beam was tuned to 888 nm. The power of pump and Stokes lasers
both were 120 mW. With 120 fps imaging speed, we only took 0.5
s to obtain the hyperspectral data cube (1224x1024x60) of
ATTO740 on Au NPs. In this condition, the the velocity of motor-
ized stage was 2.4 mm per second. The SECARS imaging at 1637
cm* are 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 1637 cm™ is clearly ob-
served in SECARS spectra and the SERS spectrum. Hence, we suc-
cessfully demonstrate the capability of WISE-CARS to parallelly
record over 1 million SECARS spectra in 0.5 s.

3.2. Dynamic WISE-CARS imaging of live cells. To demon-
strate the capability of dynamic live cells imaging, we incubated
Mpy-modified Au nanotags with T24 cells for 8 hours (Figure 3a).
After 8 hrs incubation, the Au NPs were expected to be uptaked by
endocytosis process and thereafter enclosed within endosomes or
lysosomes.l¥1 To record the movements of nanotags, we choose the
Raman signature band of Mpy molecules at 1577 cmas a
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Figure 3. Hyperspectral WISE-CARS imaging of live cells. a)
The bright view of T24 cells illuminated by LED. b) Corresponding
SECARS imaging of T24 cells at 1577 cm™. ¢) The time-lapse of sin-
gle cluster. d) the single-pixel SECARS spectra of nanotags in live
cells. The scale bar is 20 pm The inside labels show the X-Y pixel
coordinate where the spectra were recorded.

demonstration. The frame rate was 16.6 ms per a 1224 x 1024-pixel
image. With 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 1 s period (see Video 2). Figure 3b shows an
SECARS image of live T24 cells at 1577 cm™. The bright spots
indicate the location of Au nanotags. As shown Figure 3c, the time-
lapse observation provides spatiotemporal dynamic of nanotags
such as spatial movements and intensity blinking, suggesting that
rapid changes of nanoparticles in live cells at millisecond level. In
addition, the SECARS signals of a part nanotags show significant
intensity fluctuations while others show a relative stable change.
This result suggests that the nanoparticles may exist different con-
ditions inside live cells.

To record the hyperspectral SECARS imaging in live cells, we
simultaneously scanned the delay stage and recorded imaging in 1
second. The frame rate was 60 fps. The hyperspectral SECARS
spectra in live cells shows in Video 3. Figure 3d presents the rep-
resentative single pixel SECARS spectra. The two peaks of Mpy
which located 1577 cm* and 1612 cm™* are clearly observed in sin-
gle pixel spectra. The ratio between two peaks is different because
the Mpy is a pH-sensitivity molecule. The different ratios indicate
that the nanotags exist in different stage of endocytic process like
early endosome (pH 6.0-6.5), late endosomes (pH 5.5) and lyso-
some (pH 4.0- 5.0).31 This result indicates that the hyperspectral
WISE-CARS could high-speed monitor chemical sensors in live
cells.

3.3. 3D WISE-CARS imaging of live cells. To demonstrate the
3D imaging ability of WISE-CARS imaging, the live T24 cells
were treated with Mpy-modified Au NPs nanotags for 8 hrs. A
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Figure 4. 3D WISE-CARS imaging of live cells. a) The bright views of T24 cells at different focus plane. b) Corresponding
SECARS imaging of T24 cells at 1577 cm™. c) The z-profiles of single clusters in T24 cells. The scale bar is 20 um. The inside labels

show the X-Y pixel coordinate where the spectra were recorded.

piezoelectric objective scanner was used to control the focal plane.
At first, the objective was focus on the bottom (0 um) of the glass
bottom dish. The focus plane continuously moved up to 16 um in
1 second. At the same time, the camera recorded bright images
(video 4) or the SECARS images (video 5) with 60 fps. Total 60
3D sections were recorded, and each z-step was 267 nm. Figure 4a
& b show the bright view and corresponding WISE-CARS images
at 3 z-positions at bottom (0 um), middle (8 um) and top (16 um).
At bottom, the SECARS image shows the nanotags inside cells and
the nanotags attached on the glass. When the focal plan moves up,
the SECARS signals from nanotags outside cells fade away. When
the focus plane at the center of cell, most of signals origin from the
nanotags in the cells. The 3D images of WISE-CARS show the dis-
tribution of nanotags in different layers. The 3D projection (video
6) shows the 3D distributions of nanotags in live cells. Our WISE-
CARS only takes 1 second to obtain the live cells 3D imaging. To
estimate the depth resolution of our setup, we select 3 small parti-
cles in the cells and plot their z-profiles as shown in Figure 4c. The
width of z-profiles of nanotags are c.a. 2 um resulting from gauss-
ian fitting. This result indicates that the depth resolution of our
setup will not be worse than 2 um which is better than that of wide-
field CARS microscopy (>10 um).?! This result indicates that
WISE-CARS has a great potential to real-time visualize 3D distri-
bution of nanotags in cells.

3.4. Label-free biomolecule detection by WISE-CARS mi-
croscopy. To demonstrate the label-free endogenous biomolecule
detection of the WISE-CARS microscopy, adenine is selected as a
proof-of principle molecule. The pump beam was tuned to 967 nm
to cover the desired vibrational region around 724 cm. The pump
and Stokes laser power were both 150 mW. First, hyperspectral
data cubes from the adenine (N**A) and adenine-1, 3-15N2 (N5A)
modified aggregated Au NPs samples were recorded with 60 fps.
Figure 5a shows the SECARS image of N*A at 738 cm. As
shown in Figure 5b, SECARS spectra of N*A and N°A show
clearly distinguishable Raman bands centered at 738 cm™ and 727
cm?, respectively. This result indicates the spectra resolution of
WISE-CARS is about 10 cm™. Then, the single pixel SECARS
spectra of N*4A are shown in Figure 5c.

In addition, we measured the stress response of S. aureus cells.
S. aureus cells can secret adenine, a purine degradation product,
when they exposure to a no-nutrient, water-only environment. The
bacterial suspensions were dropped on the self-assembled Au NPs
substrates and were dried in 10 min. The SECARS spectra were
background-subtracted by the airPLS method.[*¥! The SECARS
spectrum of S. aureus after 1 h starvation is showed in Figure 5d
and the observed spectra closely resemble the SECARS spectrum
of adenine in Figure 5b. In contrast, the SECARS spectra obtained
without waiting time do not display adenine-like Raman peak. The
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Figure 5. WISE-CARS detection of biomolecules. a) The
SECARS image of adenine adsorbed on aggregated Au NPs sub-
strate at 738 cm™. b) SECARS spectra of N*4A and N*°A. ¢) The
single pixel spectra of N'*A. The labels show the X-Y pixel co-
ordinate where the spectra were recorded. d) The background cor-
rected SECARS spectra of S. aureus with (1 h) and without (0 h)
starvation.

4



results match well with the previous results.33-4% This result indi-
cates the WISE-CARS microscopy opens a great opportunity for
label-free detection of biological molecules. Moreover, the WISE-
CARS can sample millions of pixels on the sample in 1 second
which avoids pixel-dependent fluctuations and collectively allows
quantitative chemical analysis.

4. DISCUSSION

In this work, we developed the WISE-CARS method for real-
time observing the dynamic spatiotemporal distribution of
nanotags in live cells and label-free detection of endogenous bio-
molecules. Unlike the scanning-based microscopy, the acquisition
time in the wide-field imaging system is virtually independent of
the pixel number. Therefore, we successfully achieve 120 fps
CARS imaging (5 times of video rate) with a large field of view
(over 130 pum) and high spatial resolution (1224 x 1024 pixel).
SERS based wide-field imaging needs a sophisticated tunable filter
for the acquisition of hyperspectral data. The tunable filter will
limit the tuning speed and spectral resolutions. While with the spec-
tral focus 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 simul-
taneously obtain over 1 million spectra in 0.5 s with a 10 cm™ spec-
tral resolution, which is state of art of hyperspectral imaging speed.

In addition, combined with plasmon-enhanced effect, the WISE-
CARS microscopy only requires ultra-lower power density for ex-
citing a CARS process. The estimated average laser density in
WISE-CARS is 0.015 mW / um?, which is 30 times lower com-
pared to the previous laser-scanning SECARS and 4 orders lower
than than in laser-scanning CARS. Such low illumination density
opens a great opportunity to implement wide-field CARS imaging
with standard high-repetition rate lasers and low pulse energies.
High repetition rate laser can help to achieve a high-speed imaging.
In addition, lower pulse energies also help to reduce the potential
photodamage as may occur when illuminating with high energy
pulses in conventional CARS microscopy.!?] Recent literature re-
ported of wide-field SPP-mediated CARS to image lipid solid sam-
ple and dry cells. Although a gold film was used to uniformly am-
plify the signal generation, it also introduced imaging artifacts from
the SPP propagations. In addition, SPP only enhanced detection of
cell membrane region in close proximity (100 nm) of the gold
film.I3%] Here, we used the LSPR effect from nanoparticles that can
amplify the Raman signal inside live cells and enable to generate
3D imaging. Moreover, the enhancement performance of LSPR al-
lows the amplification with a factor of 109,321 which is 3 orders of
magnitude stronger than SPP enhancement.[34

Besides SECARS, an alternative method that combined coherent
Raman microscopy and plasmon enhanced effect is Plasmon-en-
hanced stimulated Raman scattering (PESRS) microscopy for the
ultra-sensitive imaging.*® 41 However, implementing SRS is more
complex in the wide-field geometry. First, in SRS measurement,
the incident beam should be directly detected by the camera. The
power saturation threshold of a camera normally is smaller than 10
mW. In this way, the power density on the sample is too low to
effectively excite signals. Second, PESRS did not show a clear ad-
vantage over SECARS. PESRS displays dispersive line shapes and
its enhancement factor is lower than SECARS.[?2

This proof-of principle study on WISE-CARS may serve as a
starting point for further investigation using this plasmon-enhanced
nonlinear vibrational imaging technique. Our method can be a
promising technique toward ultrafast 3D imaging of spatiotemporal
dynamics of small molecules in live cells with single molecule sen-
sitivity.[?-2] In addition, when antibodies or other target-specific

ligands are conjugated to plasmonic nanotags which are labeled
with spectrally distinct Raman reporters, 2% high-speed super-mul-
tiplex imaging can be envisioned through our hyperspectral WISE-
CARS microscopy.
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