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Stimulated Raman scattering microscopy with
phase-controlled light focusing and aberration
correction for rapid and label-free, volumetric
deep tissue imaging

Weiqi Wang! and Zhiwei Huangoe!'*

We report a novel stimulated Raman scattering (SRS) microscopy technique featuring phase-controlled light focusing
and aberration corrections for rapid, deep tissue 3D chemical imaging with subcellular resolution. To accomplish phase-
controlled SRS (PC-SRS), we utilize a single spatial light modulator to electronically tune the axial positioning of both the
shortened-length Bessel pump and the focused Gaussian Stokes beams, enabling z-scanning-free optical sectioning in
the sample. By incorporating Zernike polynomials into the phase patterns, we simultaneously correct the system aberra-
tions at two separate wavelengths (~240 nm difference), achieving a ~3-fold enhancement in signal-to-noise ratio over
the uncorrected imaging system. PC-SRS provides >2-fold improvement in imaging depth in various samples (e.g.,
polystyrene bead phantoms, porcine brain tissue) as well as achieves SRS 3D imaging speed of ~13 Hz per volume for
real-time monitoring of Brownian motion of polymer beads in water, superior to conventional point-scanning SRS 3D
imaging. We further utilize PC-SRS to observe the metabolic activities of the entire tumor liver in living zebrafish in cell-
silent region, unraveling the upregulated metabolism in liver tumor compared to normal liver. This work shows that PC-
SRS provides unprecedented insights into morpho-chemistry, metabolic and dynamic functioning of live cells and tissue
in real-time at the subcellular level.
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Introduction

Coherent Raman scattering (CRS) microscopy (e.g., co-
herent anti-Stokes Raman scattering (CARS), and stimu-
lated Raman scattering (SRS) microscopy) has emerged
as an attractive label-free vibrational spectroscopic imag-
ing tool to study the complex structures and molecular
conformations of cells and tissue in biological and

biomedical systems (e.g., cancer diagnosis and character-

ization, tumor metabolisms, drug deliveries and pharma-
codynamics, molecular genetics, organ functions, and
developmental biology, etc.!~¢). Unlike traditional fluo-
rescence imaging methods that often require fluorescent
labels to visualize specific organelles within cells and tis-
sues’, CRS microscopy relies on the intrinsic vibrational
properties of molecules to generate biochemical contrast

in tissue and cells imaging®’. This allows for the
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label-free imaging of biological specimens, providing
new insights into their biochemical structure and dy-
namics in a non-invasive manner. In the realm of CRS
microscopy, CARS microscopy is first developed for la-
bel-free biomolecular imaging in biological and biomedi-
cal systems, but hampered by the distorted Raman spec-
trum and limited detection sensitivity due to the strong
non-resonant background interference!®!!. SRS mi-
croscopy possesses the capability to probe the molecular
vibrations of biochemical constituents in tissue and cells
without non-resonant background interference, en-
abling quantitative biochemical imaging of the samples
in various applications. In conventional SRS (C-SRS)
imaging, two ultrafast near-infrared (NIR) laser beams
(i.e., pump, wp, and Stokes, ws) are temporally and spa-
tially overlapped and focused onto a sample. When the
frequency difference between the two lasers matches the
vibrational frequency of target molecules (i.e., w= wp -
ws), coherent Raman scattering process will occur along
the phase-matching direction, empowering SRS imaging
with biomolecular contrast'’.

Current C-SRS microscopy imaging technique mainly
focuses on 2D imaging of biomolecules (primarily lipids
and proteins) with strong Raman peaks in the high
wavenumber region. To obtain more comprehensive 3D
biochemical information, a series of 2D images are cap-
tured by moving either the objective lens or the sample
stage along the z-axis for co-registration and reconstruc-
tion of the 3D structure of tissue and cells'?. However,
this mechanical z-scanning is prone to artifacts and co-
registration errors, affecting 3D image quality and
speed®. The strong light scattering effect in turbid me-
dia (e.g., biotissue) also hinders the penetration of inci-
dent laser beams into bulky tissue, leading to the re-
duced signal and imaging depth in deeper tissue
regions'®. To address these limitations, non-mechanical
z-scanning volumetric imaging techniques (e.g., optical
projection tomography (OPT)'* and optical beating to-
mography (OBT)!®) have been explored for SRS 3D
imaging by utilizing scattering-resilient Bessel beams.
However, the extended length of the Bessel beam signifi-
cantly reduces the local laser intensity, limiting the sig-
nal-to-noise ratio (SNR) of SRS signals for rapid SRS 3D
imaging. Consequently, these techniques are primarily
applied to the 3D imaging in the high wavenumber re-
gion. The imaging process also becomes time-consuming
due to a constrained SNR, necessitating several to dozens
of minutes per volume for biological applications'>®.

In this work, we develop a unique phase-controlled
SRS microscopy (PC-SRS) technique for z-scanning-free,
deep tissue 3D chemical imaging within both cell-silent
and high wavenumber regions. In PC-SRS, a spatial light
modulator (SLM) is used to electronically manipulate the
axial positioning of both the shortened-length Bessel
pump beam and the focused Gaussian Stokes beam in
the sample for SRS 3D imaging. In parallel, Zernike poly-
nomials (ZPs) are utilized in PC-SRS to correct the sys-
tem aberrations by projecting both the correction and
modulation phase patterns onto the same SLM. We have
derived and analyzed the working principle of PC-SRS
method theoretically and also built the PC-SRS imaging
system to experimentally demonstrate its utility for rapid
and label-free volumetric chemical imaging in a variety
of samples (e.g., Brownian motion of polymer beads in
water, polystyrene (PS) beads phantom, and porcine
brain tissue). We have also applied PC-SRS to visualize
the metabolic activity differences between tumor and
normal liver tissue in live zebrafish by monitoring the
newly synthesized C-D bonds in cell-silent regions,
showcasing the superiority of PC-SRS imaging in biolog-
ical and biomedical applications.

Methods and materials

Principle of the PC-SRS technique

In C-SRS imaging, the sample is illuminated by the
collinear pump and Stokes beams under a tight focus
through a high numerical aperture (N.A.) of objective
lens. The SRS signal generated is proportional to the
product of the pump and Stokes beam intensities'®. But
in PC-SRS, the pump light is converted into a ring-
shaped beam by using a pair of axicons, in which the
electric field of the ring pump beam is expressed*:

W -2 .
Ep (r,2) = Ey—=e @@ e*"Irect(r—rp), (1)

w(2)
where Epr (1, 2) is the electric field distribution of the
ring pump beam. r and z are the coordinates in the later-
al and longitudinal directions, respectively. Epg is the
electric field amplitude of the incident Gaussian pump
beam with beam waist wyo. w(2) is the beam waist at po-
sition z. r is the radius of ring-shaped pump beam.
The ring shape is modeled by a rectangle function:

d
]., |7'_ T’R| S E
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where d is the width of the ring.

The ring-shaped pump beam is modulated by SLM to
control the axial position of the focused pump beam af-
ter passing through the objective lens. In practice, we
modify the divergence angle of the incident ring-shaped
pump beam at the Fourier plane of the imaging system
by varying the phase patterns using an SLM. The optical
pathlength difference (OPD) between the incident plane
wave and the spherical wavefront is calculated to deter-
mine the axial position of the focal spot away from the
focal plane of the lens. Based on the Gaussian thin lens
formulal’, the relationship between the axial position of

the incident point source and the focus is as follows:
o1
I Az+f, f

where f; is the focal length of the objective lens, [ is the

(3)

distance of the point source away from the lens, and Az is
the displacement of the focal spot from the focus of the
lens. As such, OPD between the spherical and the plane
wavefront can be calculated:

OPD = (I—f,) —/(I—f)" =1}, (4)

where g is the radial coordinate on the Fourier plane.
Under the paraxial condition, we can make Taylor ex-
pansion in Eq. (4) to obtain the relationship between the
modulation phase Apsiy (OPD multiplied by wavevec-
tor k) and the Az, i.e.,

kAz
2f;
where 1z = /%% 4+ ?, x and y are the Cartesian coordi-

nates on the Fourier plane (i.e., SLM). The modulation

Apsim = 7%: s (5)

phase Apsim can be transformed into a digital phase im-
age using MATLAB, where the pixel resolution of this
phase image is set to match the pixel number of SLM
(1920x1200) used in our setup. The phase image is then
projected onto the SLM to modulate the incident ring-
shaped pump beam, where the electric field distribution

after modualtion for the pump beam can be expressed:
EprsLM = EPR (77 Z) eiApSLM. (6)

The electric field distribution after passing through the
objective lens can be modeled by using the Fourier-

Bessel transform'®:

2

wPO B Toay -ker> (krR ) ip(r,2))
e “@ | —i—— | Jo | —r)e?"*),

w(Z) < fi )7\ A o)

E, (r,2)=Ey

Az
2
ZI 2
tion of the first kind. w (2') = wpoy /1 + <Z> , zp is the
B
equivalent Rayleigh range of the generated Bessel beam?.

where 2 =z + . Jo is the zeroth-order Bessel func-

Hence, the intensity distribution of the pump beam in
the sample space can be written:

, wo 2 (kred\’, (kr
o) by 0 () 1 () @

where I is the intensity of the incident pump beam.

From Eq. (8), we can find the ring-shaped pump beam is
formed as a Bessel beam after passing through the objec-
tive lens and focused into the sample. The depth-of-fo-
cus (DOF) of the Bessel pump beam is":

2.8f
kred -~

According to Eq. (9), the length of the Bessel pump

DOF =

)

beam in the sample can be tailored for shortening to in-
crease the local excitation power density through adjust-
ing the diameter and width of the ring-shaped pump
beam, which is achieved by manipulating the diameter of
the incident Gaussian beam and/or adjusting the dis-
tance between the two axicons used in the current exper-
iments. Meanwhile, the Gaussian Stokes beam is also
modulated by the same SLM and focused onto the sam-
ple as an Airy spot under the high NA objective lens, in
which the intensity distribution in the sample space is

—2r
I (r,2) = Iyexp (2) , where Isg is the on-axis in-
ws(z/)

tensity of the incident Gaussian Stokes beam and wg is
the waist of the Stokes beam. Therefore, the SRS intensi-
ty generated from the sample can be expressed as:

Igs(r,Z) = CoIm (x¥) I,(r,2)s(r,2) .~ (10)

Equation (10) serves as the foundation in PC-SRS mi-
croscopy for z-scanning-free SRS 3D imaging in tissue
and cells.

PC-SRS imaging system

Figure 1(a) depicts the schematic of the PC-SRS imaging
system developed for 3D chemical imaging. A 100-fs
laser with 80 MHz repetition rates (InSight, Spectra
Physics) provides dual-color laser outputs: one is a 1041
nm laser beam (Stokes), and the other is a tunable beam
(pump) ranging from 680 to 1300 nm for SRS excitation.
For the pump optical path, the beam is converted into a
ring-shaped beam using a pair of 1° axicons (AX251-B,
Thorlabs Inc.). The Stokes beam is modulated at 20 MHz
using an electro-optical modulator (EOM) and then

240064-3
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Axicon
Axicon

2885 cm™!  m—

Fig. 1| (a) Schematic of the PC-SRS microscope system for 3D chemical imaging. EOM, electro-optical modulator; DM, dichroic mirror; SLM,
spatial light modulator; Ape, aperture; GM, galvo mirror; SL, scan lens; TL, tube lens; F, filter; PD, photodiode; LIA, lock-in amplifier. Inset draw-
ings illustrate the ring-shaped pump beam and Gaussian Stokes beam on the SLM. (b) The distortion-corrected phase pattern for the SLM. (c, d)
The phase patterns mimicking the ZPs for pump and Stokes beams, respectively, which are incorporated into (b) to correct system aberrations.
(e) The phase patterns used in experiments to control the axial positionings of the Bessel pump and Gaussian Stokes beams in the sample. The
region enclosed by the solid red circle is designated for the Stokes beam, and the area between the solid red and yellow dashed circles is for the
pump beam. (f) The schematic of the generated shortened-length Bessel pump beam and Gaussian Stokes beam at different depths correspond-
ing to the phase patterns in (e). (g) Raw SRS images of 10 um PS beads (2885 cm~' of CH; asymmetric stretching) acquired by PC-SRS at z=0
um, 8 um, and 16 um, respectively. Scale bar: 20 ym.
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combined with the ring-shaped pump beam by a
dichroic mirror (NFDO01-1040-25%36, Semrock, Inc.).
Both laser beams are projected onto the SLM (SLM-200,
Santec, Inc.) and modulated at different regions on the
SLM plane (see the inset drawing of the pump and
Stokes beams in Fig. 1(a)), effectively avoiding the dis-
persion effect caused by the SLM. After modulation by
the SLM, the +1 order of the diffracted pump and Stokes
light is selected for SRS imaging, while other orders of
diffracted beams are blocked by an aperture. The pump
and Stokes beams are finally coupled into a laser-scan-
ning microscope (MPM-4R, Thorlabs Inc.) with a galvo-
scanner (GVSMO002, Thorlabs Inc.), and focused onto the
sample with a high-NA objective lens (CFI75 APOC-
HROMAT 25XW MP 1300, NA=1.1, Nikon). A high-NA
condenser (CC Achromat/Aplanat, NA=1.4, Nikon) is
used to collect the forward SRS emission from the sam-
ple. In the detection path, the Stokes beam is spectrally
removed using a set of bandpass filters (795/75, Sem-
rock), while the de-modulated pump beam is detected
through a large-area photodiode with a lock-in amplifier
for SRS 3D imaging.

Figure 1(b) shows the phase patterns used to elimi-
nate the wavefront distortion induced by the SLM device.
Figure 1(c, d) present the phase patterns mimicking the
ZPs to correct the aberrations in the pump and Stokes
beams, respectively (details refer to Supplementary Ma-
terial 1, Fig. S1). The phase patterns in (c-d) are both in-
corporated into (b), and then projected onto the SLM for
aberration-corrected SRS imaging. Figure 1(e) shows the
phase patterns used in the PC-SRS imaging system,
which consist of the aberration-corrected phase patterns
(Fig. 1(b-d)) and the depth modulation phase patterns.
The phase pattern within the ring area (encircled by a
dashed yellow and a solid red circle) is designated for
modulating the ring-shaped pump beam. The pattern in-
side the solid red circle is specifically employed for mod-
ulating the Stokes beam. The depth modulation phase
patterns in PC-SRS are designed to provide an optical
pathlength difference at each point on the wavefront at
the Fourier plane of the system, leading to a variation of
divergent angles of the incident pump and Stokes beams.
Figure 1(f) illustrates the working principle of the PC-
SRS technique, where the axial positions of both the
shortened-length Bessel pump beam and the Gaussian
Stokes spot can be manipulated along the z-axis by con-
trolling the divergent angles of the incident beams with
the SLM before they enter the objective lens (details re-

fer to Supplementary information, Fig. S2). The modu-
lated phase patterns corresponding to the specific depths
(Eq. (5)) are generated and varied on the SLM for rapid
and deep 3D chemical imaging. For example, Fig. 1(g)
displays the raw SRS images of PS beads captured at
depths of z=0 pm, 8 um, and 16 pm, respectively, prov-
ing the precise depth-sectioning ability of PC-SRS exper-
imentally.

Sample preparations

The 10 um PS beads (17136, Polysciences Inc.) are em-
bedded in 2% (~2x107
particles/mL) for SRS 3D imaging (note that the scatter-

agarose gel phantoms
ing coefficients of the PS beads phantom are estimated to
be ~33.5 cm™! at 800 nm and ~28.6 cm™' at 1041 nm
based on Mie scattering model?’). A suspension of 4.5
um PS beads (17135, Polysciences Inc., diluted 10 times
in water) is dropped onto microscope slides with a sin-
gle well (MS15C1, Thorlabs) for SRS monitoring of
Brownian motion in water. The 500 nm PS beads (07307,
Polysciences Inc.) and 1 um PMMA beads (07307, Poly-
sciences Inc.) are fixed on microscope slides for assess-
ing the point spread function (PSF) and SNR improve-
ment in PC-SRS microscopy, respectively. The 500 nm
fluorescent beads (15700-1, Polysciences, Inc.) are fixed
on microscope slides for measuring the intensity distri-
bution of the Bessel pump beam in the x-z plane.
Dimethyl sulfoxide (DMSO) is diluted to concentrations
0of 0.14 M, 0.35 M, 0.7 M, and 1.4 M in water, respective-
ly, and sandwiched in 170 um-thick chamber to examine
the SRS detection limit. Fresh porcine brain tissue sam-
ples (purchased from a local supermarket) are sectioned
into a thickness of ~510 pum and placed on the micro-
scope slides for SRS 3D tissue imaging.

Zebrafish model preparations for metabolism
visulizaiton in tumor and normal liver by PC-SRS
Deuterium oxide (D,0O) can be used as a universal
metabolic probe by tracking the formation of C-D bonds
in macromolecules synthesized during cellular metabol-
ic activities>. In our experiments, 40% DO (151882
10X0.6ML, Sigma) aqueous solution is used to feed ze-
brafish with tumor and normal liver from 3-day post-fer-
tilization (dpf) onwards*?>. The zebrafish larvae are
anaesthetized in 80 mg/L MS-222 for about 1 minute and
then immobilized with 3% methylcellulose for PC-SRS
imaging from 6 dpf to 11 dpf. At least three zebrafish for
each condition are imaged on each dpfin Figs. 4 and 5.
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Imaging parameters

A time constant of 2 s is set in lock-in amplifier for SRS
imaging. A series of 2D images with 256 x 256 pixels are
acquired by PC-SRS imaging at a raster scan rate of 0.6
Hz or 6 Hz (pixel dwell time of 10 us or 1 us) for CD
(2186 cm™) and CH chemical bonds. For Brownian mo-
tion measurements, the 2D raster scan rate is set at 51.2
Hz (pixel dwell time of 2.8 ps; 64 x 64 pixels). In SRS 3D
imaging, the Stokes beam is fixed at 1041 nm, while the
wavelengths of the pump beam are set at 797 nm, 804
nm, and 848 nm, respectively, to acquire SRS images at
2935 cm™ (CHj stretching of lipids and proteins), 2845
cm™! (CH, symmetric stretching of lipids), and 2186
cm™! (CD bond), accordingly. The signal intensity ratio
at 2935 cm™! and 2845 cm! is estimated to be 0.9:1 after
SRS system calibration with Rhodamine 6G!. The SRS
image of proteins is obtained by normalizing the SRS im-
age at 2935 cm™! with a factor of 0.9 and subtracted to the
SRS image at 2845 cm™!. Other specific imaging parame-
ters, such as the average laser powers on the samples, to-
tal imaging time, and the number of 2D images for 3D
volume reconstruction, are indicated in the correspond-
ing figure legends.

3D image acquisition and reconstruction

For rapid SRS 3D imaging, the SLM is triggered and syn-
chronized with the microscope scanning module in PC-
SRS. The generated phase patterns (Fig. 1(e)) are project-
ed onto the SLM (operating at a 60 Hz refresh rate) to ac-
quire 2D images across the corresponding tissue depths.
By varying the phase patterns on the SLM, a series of 2D
images are obtained, which are then used to reconstruct
a 3D volume in PC-SRS. Each phase pattern corre-
sponds to a 2D image from a specific depth. Hence, the
number of phase patterns used in each SRS measure-
ment corresponds to the number of 2D images required
for 3D reconstruction. To compare the penetration
depth between PC-SRS and C-SRS microscopy, the sys-
tem aberrations are corrected for both techniques. In C-
SRS, the pump and Stokes beams are directed to differ-
ent areas of the SLM, each with corresponding aberra-
tion-corrected phase patterns. After passing through the
objective lens, the Gaussian pump and Stokes foci are
overlapped in the sample. The C-SRS 3D volume is then
acquired using a motorized translation stage (with a
switching rate of 10 Hz, KVS30, Thorlabs) to move the
sample stage incrementally along the z-axis.

Estimations of spatial resolution and light
penetration depth by PC-SRS
The lateral resolution of PC-SRS can be estimated using

the formula 1/4/1/(B)* 4+ 1/(0s)* %, where the PSF (main

lobe) of the Bessel pump beam is calculated by

0.381
B= NTP *'. Here, A, represents the wavelength of the

P
pump beam, and NA, is the numerical aperture of the

ring-shaped pump beam. The PSF of Gaussian Stokes

0.611
beam is calculated by o5 = WS, where Ag is the wave-
S

length of the Stokes beam, and NAg is the numerical
aperture of the Gaussian Stokes beam. With the use of A,
=800 nm, As =1041 nm and NA,=0.52, NAs=0.4 in this
study, the lateral resolution of PC-SRS is calculated to be
~0.55 pm. In PC-SRS, the length of the Bessel pump
beam is shortened, and its axial profile can be approxi-
mated by a Gaussian function. Therefore, the axial reso-
lution of PC-SRS is calculated to be 5.4 um using the for-
mula 1/4/1/ (yp)Z —|—1/(ys)2 *, where y, = ;f;% and
Yo = IflAAsé The Gaussian function is employed to fit the

intensity distribution of 500 nm PS beads (Fig. 2), where
the full width at half maximum (FWHM) of the fit curve
represents the resolution of the PC-SRS technique. The

z
exponential decay function I = Ioexp(—g) is used to es-

timate the penetration depth in tissue?, where I and I
are the average SRS intensity at the surface (z=0) and the
depth z, respectively. § is the penetration depth, whereby
the SRS intensity I is dropped by 1/e of the incident light
intensity Io.

Results

Performance of PC-SRS imaging system

Figure 2(a) displays the SRS image of 1 um PMMA beads
obtained by PC-SRS with the phase patterns in Fig.
1(b-d) for system aberration correction (AC-ON). In
contrast, Fig. 2(b) presents the SRS image of the same
PMMA beads by PC-SRS using only the phase pattern in
Fig. 1(b), resulting in a significantly reduced SRS signal
due to the absence of system aberration correction (AC-
OFF). Figure 2(c) displays the comparison of intensity
distributions of PMMA beads (indicated by yellow ar-
rows) along the x-direction in (a) and (b), yielding a ~3-
fold improvement in SRS generation with ZPs phase pat-
terns in PC-SRS. Figure 2(d) depicts the SRS intensity
versus DMSO concentrations measured by the PC-SRS

240064-6
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Fig. 2 | (a) SRS image (2885 cm™" for CH, asymmetric stretching) of 1 ym PMMA beads using PC-SRS with AC-ON. Scale bar: 2 ym. (b) SRS
image of the same PMMA beads using PC-SRS with AC-OFF. Scale bar: 2 um. (c) SRS intensities of PMMA beads (indicated by yellow arrows)
along the x-direction in (a) and (b). (d) The relationship between the SRS intensities and DMSO concentrations, where the detection limit of PC-
SRS (39 mM, at SNR=1) is calculated with a linear fit curve. (e) SRS image (2885 cm™"') of a 500 nm PS bead in the x-y plane using PC-SRS.
Scale bar: 250 nm. (f) SRS image of the 500 nm PS bead in the x-z plane. Scale bar: 2 um. The average powers of the pump and Stokes beams
on the beads are 20 mW and 45 mW, respectively. (g—h) SRS intensity distributions along the x- and z-directions in (e) and (f), with the estimat-

ed FWHMs (lateral: 0.52 pm and axial: 5.7 pm) for PC-SRS.

technique. A linear relationship is observed, allowing for
the quantitative SRS imaging of biochemicals in the sam-
ple. PC-SRS achieves a detection limit of ~39 mM (10 us
pixel dwell time at SNR=1, indicated by the dashed blue
line in Fig. 2(d)), enabled by the utilization of ZPs and a
shortened-length Bessel beam (4.73 pm in length, details
refer to Supplementary information, Fig. S3) in SRS
imaging. Figure 2(e, f) present the PSFs of a 500 nm PS
bead captured by PC-SRS in the x-y and x-z planes, re-
spectively. Figure 2(g, h) shows the lateral (0.52 um) and
axial (5.7 um) resolutions of the PC-SRS imaging tech-
nique by calculating the FWHMs along the x- and z- di-
rections (Figure 2(e, f)). The measured spatial resolu-
tions are in agreement with the theoretical calculations
(refer to the section-Estimations of spatial resolution and
light penetration depth by PC-SRS in Methods and Ma-
terials), confirming the subcellular-resolution imaging
ability achieved by PC-SRS.

We also compare the light penetration depth of PC-
SRS with C-SRS imaging by measuring SRS images of 10
pum PS beads in agarose gel phantoms (Fig. 3(a, b)). To
mitigate the influence of NA differences on spatial resul-
tion between the two imaging modalities, the same NAs

for the pump (NA ~0.52) and Stokes (NA ~0.4) beams
are used in both the PC-SRS and C-SRS techniques. The
3D distribution of PS beads in the gel phantom captured
by PC-SRS imaging is almost identical to that obtained
by C-SRS imaging, confirming the z-sectioning ability of
PC-SRS without a need for mechanical z-scanning. No-
tably, the SRS signals of the PS beads in deeper phantom
areas in PC-SRS are much stronger than those in C-SRS
imaging (e.g., some beads as indicated by yellow arrows
in Fig. 3(a) and 3(b)) due to the strong scattering effect
encountered by the Gaussian pump beam used in C-
SRS*. To quantitatively analyze the light penetration
depth achieved by PC-SRS, Fig. 3(c) shows the normal-
ized SRS intensity profiles of the beads versus depth z in
PC-SRS compared to C-SRS imaging. Clearly, SRS inten-
sity versus phantom depth in PC-SRS declines much
slower than that in C-SRS imaging. The plots are fit with
an exponential decay function (refer to Spatial resolu-
tion and light penetration depth by PC-SRS in Methods
and materials). The penetration depth § for PC-SRS is
estimated to be ~124.4 pm (95% confidence interval:
[82.61 um, 166.2 pm]), while for C-SRS, § is 65.4 um
(95% confidence interval: [43.2 um, 87.56 pm]). Thus,
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Fig. 3 | (a, b) SRS 3D images of 10 ym PS beads in a gel phantom (2885 cm~', CH, asymmetric stretching) using PC-SRS and C-SRS imaging.

Yellow arrows highlight the brighter PS beads in deeper regions captured by PC-SRS. Image volume: 72 pm x 72 ym x 120 ym. Axial step size

of 8.5 ym. A total of 14 depths are imaged with a 2.3 s acquisition time per 3D volume. Scale bar: 20 pm. (¢) Comparison of normalized SRS in-

tensities of PS beads at various depths by PC-SRS and C-SRS. SRS intensities at different depths are normalized to the top layer (z=0) for bet-

ter comparison. (d, e) SRS 3D images (2885 cm™') of porcine brain tissue acquired by PC-SRS and C-SRS. Scale bar: 20 ym. Image volume:

184.6 pm x 184.6 uym x 80 um, with an axial step size of 8.8 um. A total of 9 depths are imaged with a 1.5 s acquisition time per 3D volume. Av-

erage pump beam powers are 20 mW for PC-SRS and 4 mW for C-SRS, with a Stokes beam power of 45 mW on the porcine brain. (f) Compari-

son of SRS intensities at each tissue depth in porcine brain between PC-SRS and C-SRS. SRS intensities at each depth are normalized to the

top-layer (z=0 ym) for performance comparison. (g—i) Dynamic SRS 3D images (2885 cm™") of 4.5 ym PS beads in water. Scale bar: 5 ym. Im-

age volume: 23.08 ym x 23.08 ym x 16 um, with an axial step size of 4 ym. A total of 4 depths are imaged with a 77 ms acquisition time per vol-

ume (13 Hz). Average powers of the pump and Stokes beams on the bead are 13 mW and 18 mW, respectively.

PC-SRS provides a ~2-fold improvement in penetration
depth compared to C-SRS imaging, affirming its poten-
tial for deeper tissue 3D imaging.

We further demonstrate the efficacy of PC-SRS in en-
hancing penetration depth in biotissues (e.g., porcine
brain tissue). Figure 3(d, e) present the SRS 3D images of
porcine brain tissue captured by PC-SRS and C-SRS, re-
vealing a higher SRS intensity from deeper tissue regions
in PC-SRS. Figure 3(f) shows the normalized SRS inten-
sity profiles of brain tissue along the depth z. Again, a

significantly slower attenuation of SRS intensity in deeper

brain tissue is observed by PC-SRS imaging compared to
C-SRS. To quantitatively analyze the imaging depth by
PC-SRS, we calculate the penetration depth of PC-SRS to
be ~255.2 um using an exponential decay function (refer
to Section Methods and materials), giving a 2.5-fold im-
provement over C-SRS imaging (101.7 um). Therefore,
PC-SRS exhibits significantly enhanced penetration ca-
pability, facilitating deeper 3D chemical imaging in
biotissues.

To illustrate the rapid 3D imaging capabilities of PC-

SRS, we monitored the 3D Brownian motion of PS beads
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in water. The sharp and artifact-free dynamic chemical
images of the moving beads in water (Fig. 3(g—i)) can be
acquired at a volume rate of 13 Hz (77 ms time interval)

We apply the PC-SRS technique to visualize the metabol-
ic progress differences between tumor and normal liver

in living zebrafish models. Figure 4(a) and 4(b) show SRS

(see Media S1, Supplementary information for details) by
PC-SRS, substantiating the capability of PC-SRS for
rapid 3D chemical imaging.

3D images of the zebrafish tumor liver from 6 to 11 dpf
at 2935 cm™! (CH3 stretching of lipids and proteins) and
2186 cm™! (CD bond), respectively. Figure 4(c) and 4(d)
Visualization of metabolic activitiy differences present SRS 3D images of zebrafish normal liver cap-

between tumor and normal zebrafish liver by PC- tured by PC-SRS at 2935 cm™" and 2186 cm™' over the
SRS same period for the comparison with (a, b) (details refer

Intensity (a.u.)
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Fig. 4 | (a, b) SRS 3D images of tumor liver in zebrafish from 6 dpf to 11 dpf using PC-SRS (2935 cm~", CH3 stretching of lipids and proteins, and
2186 cm™', CD bond). Image volume: 184 ym x 184 uym x 80 ym. Scale bar: 50 um. (c, d) SRS 3D images of normal liver in zebrafish from 6 dpf
to 11 dpf (2935 cm~" and 2186 cm"), serving as normal control in comparison with (a, b). The regions surrounded by the red dotted lines repre-
sent the zebrafish liver acquired by PC-SRS. Image volume: 184 uym x 184 ym x 80 um. Scalebar: 50 um. The axial step size is 8.8 ym, with a
total of 9 depths and a 15 s acquisition time for one 3D volume. Average laser powers were 20 mW at 797 nm and 25 mW at 848 nm, with a
Stokes beam (1041 nm) power of 45 mW on the liver region. (e) Ratios of the volume-average SRS intensity at CD bond (2186 cm™") to CH3
(2935 cm™") over time in both tumor and normal liver in zebrafish. (f) Ratios of the CD bond to CH3 at various tissue depths in tumor and normal
liver at 7 and 8 dpf.
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to Media 2, Supplementary information). The regions of
interest enclosed by the dotted red lines in (a-d) repre-
sent the liver areas within the PC-SRS 3D imaging vol-
ume at different time points. The tumor liver volume is
much larger than that of the normal liver (especially af-
ter 9 dpf), reflecting a faster growth of tumor liver than
normal liver.

To better visualize the metabolic activity differences
between tumor and normal liver, we employed the ratio
of CD (2186 cm™) to CH3 (2935 cm™') as a metric for as-
sessing D-element synthesis rate in liver (Fig. 4(e))>?2%.
PC-SRS shows that there is a 2- to 4-fold increase in D-
element synthesis in the tumor liver compared to nor-
mal liver before 9 dpf, unveiling the upregulated
metabolic activities in the tumor liver. However, the
metabolic activity of the tumor liver significantly drops
from 10 dpf to 11 dpf compared to that in normal liver,
probably due to the approaching terminal phase of the
tumor zebrafish's life cycle (all tumor zebrafish perished
by 12 dpf). Furthermore, by leveraging the depth-re-
solved SRS imaigng capabilities of PC-SRS, we can moni-
tor variations in metabolic activity across different tissue
depths. Figure 4(f) shows the ratio of CD to CHj at vari-
ous depths in 7 and 8 dpf zebrafish, where the volume
sizes of tumor and normal liver are comparable, mitigat-
ing the impact of volume differences between the tumor
and normal liver. The above results show that the liver
tumor exhibits a much higher D-element synthesis near
the liver surface compared to the normal liver. However,
it shows a similarly slow metabolism in deeper liver re-
gions. The observation unravels a higher metabolic activ-
ity occurring in the superficial layers of the liver tumor
tissue, probably due to the relatively higher oxygenation
and nutrients exchange rates from blood vessels in liver
tumor tissue?’.

Multichannel 3D imaging of tumor and normal liver
by PC-SRS

We have also employed PC-SRS to visualize the SRS in-
tensities of lipids and proteins in the high wavenumber
region in comparison with the CD bond in the cell-silent
region. Figure 5(a) presents 3D image of a 7 dpf tumor
liver using PC-SRS, where lipids and proteins are repre-
sented in green and red colors, respectively. Correspond-
ingly, Fig. 5(b) shows the same 3D image volume of the
tumor liver captured at 2186 cm™ (CD bond). Figure 5(c,
d) present the 3D volumes of normal liver obtained by
PC-SRS for the comparison with the tumor liver in (a, b).

Figure 5(e) displays SRS intensity ratios of the CD bond
to both the lipids and proteins, respectively, as well as
SRS ratios of lipids to proteins in both tumor and nor-
mal liver. Figure 5(f) depicts the results obtained by di-
viding the ratios in the tumor liver by those in the nor-
mal liver. We find that the incorporation of the CD bond
ratio into the differentiation metrics yields approximate-
ly 2-fold enhancement in visualizing the metabolic activ-
ity differences between tumor and normal liver tissue
compared to the use of the intrinsic cellular lipid and
protein ratio alone.

Discussion

In this work, we developed a novel PC-SRS technique by
electronically manipulating the shortened-length Bessel
pump beam and the focused Gaussian Stokes beam si-
multaneously along the z-axis for rapid SRS 3D imaging
in both cell-silent and high wavenumber regions with-
out a need for mechanical z-scanning. In PC-SRS, a ring-
shaped pump beam and a Gaussian Stokes beam are
modulated at distinct areas of a single SLM, avoiding the
dispersion effect induced by the SLM when simultane-
ously modulating the two large different wavelengths of
light beams (i.e., pump beam of 800 nm, and Stokes
beam of 1041 nm with 241 nm difference). The concen-
tric distribution of phase patterns in PC-SRS not only fa-
cilitates easy operation for beam alignments, but also en-
ables individual correction of system aberrations for both
wavelengths. Further, after passing through the objective
lens, the ring-shaped pump beam is transformed into a
scattering-resilient Bessel pump beam in the sample.
Combined with the use of a longer wavelength of Stokes
beam (1041 nm in the NIR-II window?®), PC-SRS
achieves deeper tissue imaging in highly scattering me-
dia. For instance, compared to C-SRS imaging, we have
experimentally demonstrated a ~2-fold improvement of
imaging depth in PS beads phantom as well as ~2.5-fold
improvement in brain tissue using PC-SRS (Fig. 3(a-f)).
One notes that in C-SRS imaging, the significant wave-
length difference (~240 nm) between the pump and
Stokes beams may lead to the variation of system imag-
ing aberrations for different wavelengths (Fig. 1(c, d)).
Conventional aberration correction using a deformable
mirror (DM) only provides a single correction phase
when modulating both beams together”, which may lead
to an unbalanced correction, or in some cases, further
deteriorate the system aberrations of the two beams used
in SRS, consequently resulting in a lower SNR. In con-
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Fig. 5| (a, b) SRS 3D images of tumor liver in living zebrafish (7 dpf) captured at 2935 cm™' (CH3 stretching of lipids and proteins), 2845 cm™
(CH2 symmetric stretching of lipids), and 2186 cm~' (CD bond) using PC-SRS. The protein information is obtained by subtracting the 3D images
at 2845 cm™" from those at 2935 cm™". Image volume: 184 um x 184 um x 112 ym. Scale bar: 40 um. (c, d) SRS 3D images of zebrafish normal

liver (7 dpf) for the comparison with (a—b). Image volume: 184 ym x 184 ym x 112 ym. Scale bar: 40 pm. The axial step size is 8 ym, with a total
of 14 depths and a 23 s acquisition time for one 3D volume. The average powers are 20 mW at 797 nm, 20 mW at 804 nm, and 25 mW at 848
nm, with a Stokes beam (1041 nm) power of 45 mW on the liver region. (e) Ratios of the volume-average CD bond intensity to CH intensity of
lipids and proteins, as well as to lipids and proteins separately, in both tumor and normal liver. The ratio of CHs3 intensity of proteins to CHa inten-
sity of lipids in both tumor and normal liver is also presented for comparison. (f) Comparison of the ratios of CD bond intensity to CH intensity ver-
sus the ratios of inherent CH3z protein intensity to CH> lipid intensity between tumor and normal liver in zebrafish larvae.

trast, PC-SRS offers a significant advancement by en-
abling individual aberration correction for both the
pump and Stokes beams (Fig. 1(c, d)) at various regions
on the SLM plane, yielding a ~3-fold improvement in
SNR for SRS imaging (Fig. 2(c)). The unique aberration
correction scheme adopted in PC-SRS can be beneficial
for further improving SNRs and the subsequent SRS
deeper tissue imaging. In comparison with conventional
deep tissue imaging methods, such as adaptive optics
(AO) using a Shack-Hartmann wavefront sensor® or a
wavefront reconstruction algorithm?®, PC-SRS enables
deeper tissue imaging without the time delay accompa-
nied with the wavefront detection, reconstruction, and
compensation in AO, substantiating the robustness and
versatility of PC-SRS for rapid SRS 3D imaging in deep
tissue.

The PC-SRS technique developed in this work is fun-
damentally different from our previously reported
phase-modulated (PM)-SRST imaging technique* in
terms of their working principles, imaging system de-

signs, and imaging performances. The unique imaging
system designs in PC-SRS (e.g., the combination of ring-
shaped pump beam and Gaussian Stokes beam, and the
incorporation of Zernike polynomials (ZPs)) allow for
the precise engineering of the Bessel beam’s length and
the corrections of the imaging system aberrations in both
beams, which are challenging to accomplish by the PM-
SRST technique. Compared to PM-SRST associated with
the elongated Bessel beam designed (>100 pm)>, PC-SRS
coupled with a shortened-length Bessel pump beam (4.73
um, FWHM, Supplementary information, Fig. S3) sig-
inificantly increases the local laser excitation power den-
sity (>20-fold) with higher SNR for rapid SRS 3D imag-
ing. Meanwhile, PC-SRS integrated with ZPs function
corrections facilitates the image system aberrations for
both pump and Stokes beams simultaneously, further
improving SNRs of PC-SRS imaging (Fig. 2). Therefore,
PC-SRS can achieve a much higher SNR than that in
PM-SRST. Tapped on the high-SNR capability of PC-
SRS associated with a fast electronic phase modulation
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device (e.g., SLM), we have successfully demonstrated
the utility of PC-SRS for rapid volumetric SRS imaging
in cells and tissue imaging. For instance, the PC-SRS
technique offers a significant improvement in imaging
speed on millisecond scales (77 ms interval, 4 phase pat-
terns, 13 Hz volume rate in Fig. 3(g-i)). Compared to
PM-SRST, PC-SRS has a shorter 3D imaging acquisition
time for a similar imaging volume (e.g., 2.3 s for PC-SRS
(Fig. 3(a)), while 7.4 s is required for PM-SRST to image
a 120 pm thick PS beads volume). To further boost the z-
sectioning rates, a kHz micro-electromechanical system
(MEMS)-based SLM or digital micromirror device
(DMD)*2% could be employed in PC-SRS for modulat-
ing both the Bessel pump and Gaussian Stokes beams si-
multaneously, enabling video-rate SRS 3D imaging in
tissue and cells. One notes that PC-SRS and PM-SRST
share a similar capability of deeper 3D chemical imaging
in tissues due to their use of the same excitation wave-
lenths of the Bessel pump beam (800 nm) and the NIR-II
window Stokes beam (1041 nm) for SRS 3D imaging.

It is anticipated that the integration of shortened-
length Bessel beam and ZPs used in PC-SRS with sponta-
neous Raman scattering effects could further advance the
development of Raman tomography technique, provid-
ing a global identification of chemical and molecular
characteristics in cells and tissue. Compared to projec-
tion Raman tomography** coupled with mechanical rota-
tion stage, the phase-controlled technique could enable
mechanical-scanning-free tomography with a rapid
imaging capability. Compared to Raman tomography
employed with the prolonged Bessel beating beams®,
PC-SRS method with shortened-length Bessel beam and
ZPs achieves a higher local laser intensity, yielding a su-
perior SNR for Raman tomography. Further, unlike dif-
fuse optical tomography*® with multiple scattering inter-
ference from other tissue depths on the millimeter reso-
lution scale, PC-SRS with the use of scattering-resilient
Bessel beams allows for deeper imaging in turbid tissue
with sub-micron resolution.

Conclusions

We have developed a unique PC-SRS technique for
rapid, deeper tissue SRS 3D imaging with high SNR at
subcellular resolution. PC-SRS provides >2-fold im-
provement in imaging depth in a variety of samples (e.g.,
polystyrene bead phantoms, porcine brain tissue) as well
as achieves SRS 3D imaging speed of ~13 Hz per volume
for real-time monitoring of Brownian motion of poly-

mer beads in water, superior to C-SRS 3D imaging. We
also illustrate the utility of PC-SRS to monitor the
metabolism changes of the entire tumor liver in living
zebrafish with subcellular resolution in cell-silent region,
unraveling the upregulated metabolism alterations in tu-
mor liver in zebrafish larvae. One notes that the phase-
controlled shortened-length Bessel beam focusing and
aberrations correction method developed in PC-SRS is
versatile, which can be readily adapted to other ad-
vanced microscopy techniques (e.g., CARS, harmonic
generation, multiphoton, and fluorescence 3D imaging),
enabling the rapid acquisition of morphological and bio-
chemical information in cells and deep tissue. Therefore,
the PC-SRS technique presented in this study holds a
great promise for advancing the real-time monitoring of
morphological and biochemical changes, metabolic and
functional dynamic processes of live cells and tissue in
biological and biomedical systems.
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