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ABSTRACT: High-throughput stimulated Raman scattering Spectral compressor AOD scanning
(SRS) microscopy is highly desired for large tissue imaging with

chemical specificity. However, the mapping speed remains as the  pump Gl

major short board of conventional SRS, primarily owing to the _/ | ,L%l
mechanical inertia existing in galvanometers or other laser scanning l -

R
alternatives. Here, we developed inertia-free acousto-optic deflector _% @’fg E

AOD — -

-
-
-
-

(AOD)-based high-speed large-field stimulated Raman scattering

. . hich both th d al g . . N~ ¥ ~10 cm’!
microscopy, in which both the speed and integration time are Stokes /4}‘;" r
ensured by immune of the mechanical response time. To avoid —, — : m
laser beam distortion induced by the intrinsic spatial dispersion of |
AODs, two spectral compression systems are implemented to
compress the broad-band femtosecond pulse to picosecond laser.
We achieved an SRS imaging of a 12 X 8 mm” mouse brain slice in only 8 min at an image resolution of approximately 1 #m and 32

slices from a whole brain in 12 h. The AOD-based inertia-free SRS mapping can be much faster after further upgrading and allow
broad-spectrum applications of chemical imaging in the future.

H INTRODUCTION rate imaging and rapid spectral scanning.'”***’ However, the
Among the most advanced labelfree microscopic imagin mechanical inertia of the fast-moving mirrors is problematic,
modalities, including second harmonic generation (SHG),'~ resulting in extremely short exposure time (~0.1 ys) and some
third harmonic (generation (THG)," optical coherence tomog- extent of image distortion. Conversely, the polygon scanner

raphy (OCT),*° photoacoustic microscopy (PAM),” and other takes advantage of the inertia of rotating heavy mass to maintain
imaging methodologies,” stimulated Raman scattering (SRS) a constant scanning rate. However, the rotating speed often
microscopy is distinct and recognized to be chemically and fluctuates and the scanning jitters occur from time to time. In
analytically advantageous by providing deterministic contrasts addition, the field of view is difficult to be tuned for various
of various important small biomolecules marked with their imaging requirements.’’ Besides fundamental research, rapid
intrinsic fingerprints in Raman spectra.”~"" Over the last decade, and large-scale SRS mapping still remains as a standing challenge
SRS microscopy has made significant progresses in pushing the for developing fast label-free bedside pathology and other
limits of sensitivity,lz’13 speed,14’15 spatial resolution, and other clinical applications.

key imaging performances.16 These advances enabled numerous Herein, we present high-speed large-scale SRS mapping
vital applications, including the chemical imaging of lipids and enabled by a combination of acousto-optic deflector (AOD)-
cholesterol in living cells,'” tracking metabolic activities of based inertia-free laser scanning and motorized stage, in which
glucose in brain and various organs, * characterizing arterio- both the speed and integration time are ensured by immune of
sclerosis in blood vessels or other diseased hum%% tzizssues,w the scanner’s response time. The deflection angle of the incident

intraoperative pathology for identification of tumor, and so
on. However, in most cases, SRS microscopy was limited to
either a very small field of view (FOV) about 300 ym or ma?ping
a relatively large tissue in an insufferable long time.”>”*> In a
recent advance, the microscopic SRS imaging time of a 12 X 7
mm” mouse brain section has been reduced from conventional
70 min to only 8 min.”**” However, to pursue the ultimate laser
scanning speed, the pixel dwell time in this work was reduced to
2 ps, which almost reached the response limit of galvanometers.
The resonant galvanometer and polygon scanner allowed video-

laser can be scanned by the radio frequencies fed into the AODs.
Especially, two spectral compression systems are implemented
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Figure 1. Schematic diagram of the AOD-based inertia-free high-speed stimulated Raman scattering microscopy. AOM: acousto-optic modulator, G:
grating, PM-SMEF: polarization-maintaining single-mode fiber, RFG: radio frequency generator, AOD: acousto-optic deflector, DM: dichroic mirror,
Obj.: objective, MS: motorized stage, Con.: condenser, F: filter, PD: photodiode, LIA: lock-in amplifier.
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Figure 2. AOD diffraction and spectral compressing. (a) AOD scanning at various input RF frequencies. (b) Measurements of spectral width before
and after spectral compression. (c) Focused beam shapes of AOD-diffracted first-order lasers before and after spectral compression. (d) Position
matching of AOD-scanned laser spots.

to convert fs laser to narrow-band ps laser and meanwhile inertia-free laser scanning method will make up the current short
compensate AOD-induced beam dispersion.”’ With a 0.9 NA board of SRS and allow a broad spectrum of molecular imaging
40X objective (UPLSAPO, Olympus), we successfully demon- applications in the future.

strated SRS mapping of intact mouse brain section (12 X 8

mm?) in only 8 min at an image resolution of approximately 1 B EXPERIMENTAL METHODS

pm and a dwell time of 4 ys and 32 slices of a whole brain in 12 h. AOD-Based High-Speed Large-Field SRS Microscopy.
Furthermore, the FOV and imaging speed can be substantially Both pump and Stokes beams are provided by a femtosecond
improved by applying a high NA 25X objective. The AOD-based laser (InSight DeepSee, Spectra-Physics, Newport) with a
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Figure 3. High-speed SRS mapping of intact mouse brain section. (a) SRS image of a 12 X 8 mm? brain section. Scale bar, 1 mm. (b, c) Zoom-in images

at locations of 1—6 in panel (a). Scale bar, 100 ym.

repetition rate of 80 MHz (Figure 1). To match the carbon—
hydrogen (CH) vibrations of biological systems, the wave-
lengths of pump and Stokes lasers were set at 800 nm (~100 fs)
and 1040 nm (~200 fs), respectively. The Stokes laser was
further modulated in intensity by an acousto-optic modulator
(AOM) at 2.5 MHz for further lock-in detection. Both pump
and Stokes lasers entered independent spectral compressors to
convert fs laser to narrow-band ps laser. Two AODs, driven by
an arbitrary waveform generator (DG4162, RIGOL) and two
power amplifiers (ZHL-1-2W-S, Mini-Circuits), were utilized to
scan the pump and Stokes lasers (Figure 2a). They were spatially
combined by a dichroic mirror (DMSP1000, Thorlabs) and
then delivered to a 40X objective through an achromatic lens set
(AC508-400-B and ACS508-200-B). A motorized stage was
synchronized with AOD scanners to fulfill a relatively large tissue
imaging. The transmitted lasers from the sample were collected
by a condenser, and the pump beam was optically filtered by two
short-pass filters (ET980sp, Chroma) and detected by a
photodiode. The SRS signal was extracted by a resonant
amplifier and a lock-in amplifier at 2.5 MHz.

Spectral Compressor. To compress the spectral width of a
broad-band fs laser, a pair of gratings were employed to
introduce negative chirping. For the 1040 nm Stokes laser, the
transmission of the double-pass grating pair is approximately
80% because the diffraction efficiency of the grating is as high as
95%. Furthermore, a polarization-maintaining single-mode fiber
(PM-SMF) compressed the spectral width of the Stokes laser by
self-phase modulation (SPM). The optimized coupling
efficiency of PM-SMF was measured to be about 50%. Thus,
the overall transmission of our spectral compression system for
Stokes laser was roughly 40%, corresponding to 60% in power
loss. For the pump laser, the overall power loss was slightly
higher (70%). For the pump beam, two gratings were spaced at a
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distance of 4 cm, and a 2.2 m long PM-SMF (PM780-HP,
Nufern) was adopted after the grating pair (1200 1/mm @840
nm, Wasatch Photonics). As the results shown in Figures 2b and
S1, the spectral width was compressed at the most by a factor of
~3.9 with a laser power of 282 mW in PM-SMF, corresponding
to a spectral width reduction from 7.5 to 1.9 nm in full width at
half-maximum (FWHM). The pulse duration of the pump laser
was broadened to 2.35 ps in FWHM (Figure S2). For the Stokes
beam, we adjusted the grating separation (1000 1/mm, LSFSG-
1000, Lightsmyth) to 9 cm and delivered 286 mW laser into a 3
m PM-SMF (PM980-XP, Nufern) to achieve the best spectral
compression. The original spectral width of the Stokes laser, 4.4
nm in FWHM, was successfully compressed 5.5 times to 0.8 nm,
and the pulse duration was broadened to 3.6 ps.

The spectral width of the pump laser in Figure 2b was
measured by a spectrometer (USB2000, Ocean Optics) with a
wavelength range of 200—1025 nm. The spectral width of the
Stokes laser (1040 nm) was evaluated by a home-built
spectrometer consisting of a holographic grating (1200 1/mm,
Wasatch Photonics), an achromatic doublet lens (AC508-150-
B, Thorlabs), and an NIR CCD camera. The different
wavelengths of the laser were dispersed and focused on the
Fourier plane of the lens and then imaged by the camera. The
measurements of the pulse width in Figure S2 were performed
by an autocorrelator (Carpe, APE). To evaluate the beam
quality after AOD and the performance of the spectral
compressor (Figure 2c), an NIR camera was allocated to the
focal position of a 400 mm AC lens.

Laser Settings and Data Acquisition. For brain slice
imaging, the laser powers of pump and Stokes beams were 40
and 200 mW, respectively. The input frequencies of the AODs
were set at 47.38—85.69 MHz for pump and 39.06—68.38 MHz
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Figure 4. SRS mapping of whole mouse brain slices. (a) SRS images of 32 intact brain tissue slices. Scale bar, 2 mm. (b) Selected SRS images of two

tissue slices indicated in panel (a). Scale bar, 1 mm.

for Stokes. For brain slices in Figures 3 and 4, AOD scanned 400
pixels with a step of 1 um/pixel and a dwell time of 4 ys/pixel.

Preparation of Mouse Brain Slices for SRS Imaging. All
animal experiments were carried out under ethical regulations of
HUST. Adult CS7 mice were selected for our experiments, and
the agarose-embedded mouse brains were sliced by a vibratome
to 100 um in thickness in Figure 3 and 150 pm in Figure 4. The
brain slices were further fixed overnight in 4% paraformalde-

hyde.

B RESULTS AND DISCUSSION

AOD-Based High-Speed Large-Field Stimulated
Raman Scattering Microscopy. Figure 1 shows the
schematic design of AOD-based high-speed SRS imaging system
(see more details in the Experimental Methods section). Two
synchronized RF-driven AODs play the central role to scan the
pump and Stokes lasers simultaneously. As the RF frequency is
tuned from 40 to 100 MHz, the first order of AOD-diffracted
beam can be scanned from 0.048 to 0.121 rad referenced to the
zero-order beam (Figure 2a). The beam separation at the focus
of af= 300 mm scanning lens can reach 21.9 mm (gray shade in
Figure 2a), which corresponds to ~450 ym of FOV under a 40X
objective. Since the laser scanning angles are linearly propor-
tional to laser wavelengths, we synchronized two AODs by
matching and calibrating the relationship between their
deflection angles and input RF frequencies for both pump and
Stokes lasers to achieve perfect SRS mapping. However, for
broad-band fs lasers, the wavelength-dependent angular
dispersion of AOD, inducing elliptical beam distortion (Figure
2a), will be another major issue that may ruin the imaging
resolution. To combat the spatial dispersion and maintain the
Gaussian beams, we constructed two spectral compressor
systems for both fs pump and Stokes lasers, in which the grating
pair first provides negative chirping, and then in along PM-SMF,
the nonlinear effect called self-phase modulation (SPM)
efficiently compresses the spectral width of the fs laser without
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energy loss. As shown in Figure 2b, the spectral width of a 282
mW pump laser in PM-SMF was compressed by a factor of 3.9
from 7.5 to 1.9 nm in FWHM. For a low input laser power (e.g.,
<1.41 mW), the spectral compressor will lose its efficacy due to
low nonlinearity. Meanwhile, the spectral width of the Stokes
laser at an input laser power of 286 mW can be compressed up to
5.5 times, which is about 10 ecm™. As a result, the spectral
narrowing of ultrafast laser pulses significantly reduced the
spatial dispersion in AODs, and the laser beam shapes after
AODs retained Gaussian beam profiles for flawless SRS imaging
(Figure 2c).

To validate the precision of AOD-based laser scanning, we
scanned the laser and directly recorded images of 450 focused
laser spots by an NIR camera. Here, the input RF frequencies of
the AODs were set at 46—90 MHz and 36—69 MHz for pump
and Stokes lasers, respectively. Figure 2d pictures 19 pairs of
equally spaced laser spots of total 450 scanning steps. The step
intervals of 450 scanned points were finely tuned to equal by
inputting the calibrated RF frequency for each diffraction angle.
To match the steps of independently scanned pump and Stokes
lasers, the spatial and temporal calibrations or alignments of
AOD scanning in micron and microsecond resolution are
necessary. Compared to the galvanometers, inertia-free AODs
can instantly respond to RF changes and are more versatile and
accurate for timing the laser pulse and positioning the laser
beams during high-speed SRS imaging.

High-Speed Chemical Mapping of Intact Mouse Brain
Tissues. To validate the SRS imaging speed, we perform C—H
(lipids and proteins)-specific molecular mapping of an intact
mouse brain slice sectioned to 100 gm in thickness. To balance
the high speed and high sensitivity, a dwell time of imaging was
set to 4 us for each pixel and the AODs scanned 400 steps with
an ~1 pm interval in about 1.8 ms for line scan. Due to low
diffraction efficiency at both sides of AOD deflection range, we
selected central 400 scanning steps for tissue imaging. Thus, a
400 ym wide and 10 mm long tissue stripe can be imaged in 20 s

https://doi.org/10.1021/acs.jpcb.2c09114
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by SRS microscope equipped with AOD scanning and
motorized stage. For an intact brain slice, typically covering 12
X 8 mm?” in area (Figure 3a), it only took about 8 min to
complete high-quality SRS mapping with a spatial resolution of
~1 pm. In such resolution and scale, the complete distributions
of cerebral cortex, white matter, hippocampus, and other brain
structures can be visualized with great detail. We are able to
observe the neurons and axons distributed across different brain
regions. In Figure 3b,c, zoom-in images clearly present the fiber
bundles with a strong SRS signal in different regions.

Since the SRS imaging speed has been substantially improved,
we further imaged 32 consecutive intact mouse brain slices
evenly sectioned from one mouse brain (Figure 4). Theoret-
ically, it will take roughly 300 min or S h to perform a high-
resolution SRS imaging of 32 intact brain tissue slices. However,
to replace the old sample with a new slice under the objective, we
spent more than 10 min each time. Also, much more extra time
was taken in manual adjustment of objective focusing and
searching for a new start point for imaging. Eventually, we spent
about 12 h to complete SRS imaging of 32 tissue slices. An
automated system will significantly save the above-mentioned
auxiliary time and enable a more delicate three-dimensional
(3D) organ imaging by SRS.

B CONCLUSIONS

In summary, by applying inertial-free AOD scanning, we
significantly improved the molecular imaging speed of large
intact tissues, which was a long-standing obstacle limiting the
conventional SRS microscope due to mechanical inertia of the
galvanometer scanner. The laser beam distortion induced by
spatial dispersion in AOD was compensated by spectral
compressors converting fs lasers to ps lasers. We demonstrated
high-speed high-resolution SRS imaging of intact mouse brain
tissue in 8 min, and 32 tissue slices from one whole mouse brain
in 12 h. In the future, the inertial-free AOD scanning-based SRS
microscopy could be significantly improved and has no doubt to
surpass the current imaging speed. As long as the SRS sensitivity
is ensured, the dwell time can be as short as 100 ns. In theory, the
total time to image a 12 X 8 mm” tissue will only take 10—20 s.
Moreover, a low-magnification objective lens, such as a 1.05 NA,
25X objective (XLPLN25SXWMP2), can double the FOV and
thus enable ultimate imaging speed and tissue size. With finer
tissue sectioning and system upgrades, this method is expected
to examine large clinical tissues for fast bedside pathology in
minutes.
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