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Stimulated Brillouin scattering microscopy enables all-optical, non-contact,

high-spatial-resolution mechanical imaging with high specificity. Recent
advances in quasi-continuous-wave stimulated Brillouin scattering

have substantially reduced the required laser power. However, the pixel
dwell time remains limited to 20 ms, and further reductions without
compromising resolution, precision or specificity are challenging. Here we
address this limitation by developing a frequency-doubled pulsed fibre laser
system operating at 780 nm, delivering a peak power of 267 W. To mitigate
the high-intensity noise intrinsic to amplified fibre lasers, we implement

a high-performance noise cancellation system based on auto-balanced
detection. As aresult, we achieve a pixel dwell time as short as 200 ps for

full spectral acquisition, which is two orders of magnitude faster than
previous stimulated Brillouin scattering implementations, and maintain an
average power of 30 mW. We demonstrate high-speed, high-specificity and
high-sensitivity Brillouin imaging of live single cells, organoids, zebrafish
larvae and ovarian follicles with subcellular details. Furthermore, we capture
the in vivo biomechanical dynamics of rapid cell divisions during the early
embryo development of Caenorhabditis elegans in aliving worm.

Mechanical properties play important roles in biomedical research
as they directly influence the behaviour and function of cells and
tissues' . However, current techniques for assessing the viscoelas-
tic properties are often limited to surface measurements or lack
sufficient three-dimensional subcellular resolution®’. For exam-
ple, atomic force microscopy, considered to be the gold standard
in mechanobiology, measures the quasi-static Young’s modulus
and provides high spatial resolution and sensitivity for nanoscale

measurements®. Despite these advantages, atomic force microscopy
is restricted to surface measurements and requires direct sample
contact, which can be invasive and potentially alter the mechanical
properties of the sample. Optical coherence elastography, on the
other hand, offers non-invasive, depth-resolved mechanical imag-
ing, yet it struggles to achieve subcellular resolution, limiting its
ability to measure individual cells or capture fine mechanical details
within tissues’.
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Fig.1|Schematic of the pulsed laser system and PL-SBS microscope.

a, Counterpropagating pump and probe beams are focused at the same position
within the sample. b, Schematic of the pulse generation approaches, comparing
the previous quasi-continuous wave (QCW) approach with the current pulsed
laser approach. In the QCW method, a CW 780-nm seed laser is amplified

(for example, via a tapered amplifier) and then chopped by an optical modulator
(forexample, an AOM). In the pulsed laser system,a CW 1,560-nm seed laser

is passed through a pulse generator (for example, an SOA for generating seed
pulses with 2-20-ns pulse width), followed by pulsed amplification and SHG to
produce high-peak-power pulses at 780 nm. Amp, amplifier. ¢, Schematic of

the PL-SBS microscope setup. The pulsed probe beam is split by abeamsplitter
(BS) into two arms: one arm is focused onto the sample by an objective, whereas
the other passes through an electronic variable optical attenuator (EVOA)
asareference for auto-balanced detection. The modulated pulsed pumpis
focused on the same position as the probe beam using a second objective. After
interaction with the pump, the probe beam is reflected by a PBS and filtered by a
rubidium gas cell. The d.c. components from the sample and reference arms are
fed into a proportional-integral-derivative (PID) regulator for feedback control
of the balance condition, whereas the a.c. components are put into the two
channels of an LIA for differential detection.

Brillouin microscopy has recently emerged as a promising tech-
nique for all-optical, non-invasive mechanical measurements of cells
and tissues with near-diffraction-limited resolution®™. The Brillouin
scattering signal measures the longitudinal modulus in the giga-
hertz frequency range and follows a Lorentzian distribution, where
the peak frequency shift correlates with the material’s longitudinal
elastic modulus and the linewidth correlates with its longitudinal
viscosity'?. However, spontaneous Brillouin scattering has a very small
scattering cross-section, with less than 107° of the excitation pho-
tons producing Brillouin-scattered light, which necessitates a long
integration time for imaging. For example, confocal spontaneous
Brillouin microscopy requires pixel dwell times ranging from tens to
hundreds of milliseconds” . Advancements in line-scanning spon-
taneous Brillouin microscopy have reduced the effective pixel dwell
time to 1 ms by multiplexing one sample axis onto the camera®**. More
recently, full-field multiplexing combined with a Fourier transform

spectrometer has enabled two-axis multiplexing, achieving effective
pixel times as short as 24 psinwater and 203 psinabiological sample®.
However, this technique is limited by a frequency-shift precision of
83 MHz and a linewidth precision of 240 MHz (ref. 26). Moreover,
spontaneous Brillouin microscopy typically achieves a shift precision
oflessthan10 MHz and a spectral resolution of approximately 500 MHz
(refs. 15,21,24). This resolution is limited by factors such as virtual
imaged phased array dispersion broadening and the objective’s
numerical aperture (NA) broadening, which together constrains its
mechanical specificity.

Recently, stimulated Brillouin scattering (SBS) has been explored
for biomechanical imaging, offering higher spatial and spectral
resolutions??°, which are crucial for high mechanical specific-
ity and allows distinguishing components of different mechanical
responses within the diffraction-limited focal volumes of heteroge-
neous living biosamples. A seminal work using CW-SBS microscopy
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Fig. 2| Performance characterization of PL-SBS microscope. a, Brillouin
shiftand linewidth precision as a function of pixel time, during which a full SBS
spectrum of water spanning 2 GHz is measured. The average optical power on the
sampleis 30 mW in total, with 25 mW for pump and 5 mW for probe. The pulse
widthand rate are 6 nsand 500 kHz, respectively. The precision is determined

as the standard deviation of the Brillouin shift and linewidth extracted from the
Lorentzian fitting of n =300 consecutively acquired SBS spectra. b, Brillouin
shiftand linewidth precision as a function of pump power on the water sample
with a constant probe power of 5 mW. The pixel time is fixed at 200 ps, with
40-kHz NEP bandwidth (3.1-ps time constant) of the LIA. ¢, Brillouin shift and

linewidth precision as well as the measured linewidth of water versus pulse width.
The 6-ns pulse width is generally the optimal choice in consideration of both
spectral precision and resolution. The blue-shaded areas in a-crepresent the
parameters used in this study. d, SBS spectra of water measured with a pixel time
of200 ps and total power of 30 mW. The circles, blue-patch thickness and solid
lines represent the mean, standard deviation and averaged Lorentzian fitting

of n=300 SBS spectra, respectively. e,f, Histograms of the Lorentzian-fitted
Brillouin shift (e) and linewidth (f) from the SBS spectraind, with the red curves
representing Gaussian fitting.

for biomechanical imaging achieved subcellular resolution and high
spectral resolution with shot-noise-limited sensitivity”. Further-
more, instead of two-parameter imaging contrast (Brillouin shift and
linewidth) inspontaneous Brillouin microscopy, SBS microscopy offers
three-parameter contrast, including Brillouin shift, linewidth and
gain. Despite these advantages, CW-SBS microscopy requires a total
optical power of over 168 mW (refs. 29,30), which is challenging for the
imaging of fragile biological samples. To further reduce phototoxic-
ity, quasi-CW-SBS (QCW-SBS) microscopes using the pulse-chopping
technique decreased the total power to 27-55 mW, allowing theimaging
of sensitive biological samples®*2. However, the pixel integration time
remains at 20 ms, requiring over 1.3 h to capture a 500 x 500-pixel*
two-dimensional (2D) image. Further reduction in integration time
is limited by the peak power of the laser source available for SBS
miscroscopy'®®.

In this work, we address the limitation by developing a high-
peak-power, low-duty-cycle pulsed fibre laser source at 780 nm with
a peak power of 267 W, 100-fold higher than that in previous SBS
systems®>*. Moreover, we developed a specialized auto-balanced
detection system to suppress the intensity noise associated with the
pulsed laser source, achieving noise reduction of over 31 dB. Note
that nanosecond pulsed laser at 780 nm with a peak power of 12 W
has been demonstrated for the manipulation of rubidium atoms®
and auto-balanced detection technique is often required to decrease
the high-intensity noise of a fibre laser system®**. Our laser system
enables the Brillouin imaging of live biological specimens with pixel
dwell times down to 200 ps for full spectrum acquisition and main-
tain an average power of 30 mW. We demonstrate high speed, spatial

resolution (0.49 x 0.49 x 2.1 um?) and shift precision (7.7 MHz) through
the imaging of single cells, organoids, zebrafish larvae and ovarian
follicles with high image quality and subcellular details. The observa-
tions of double Brillouin peaks, corresponding to two constituentsin
the heterogeneous extracellular matrix and central canal of zebrafish
larvae, underscore the high spectral resolution (132 MHz) and mechani-
cal specificity of our pulsed laser SBS (PL-SBS) microscope. Moreover, it
capturesthe in vivo biomechanical dynamics accompanying rapid cell
divisionsinthe early embryo development of Caenorhabditis elegans
inaliving worm, highlighting the system’s high temporal resolution
and sensitivity.

We also explored Brillouin gain microscopy (BGM) with our
pulsed laser system, inspired by the recent continuous-wave (CW)
BGM that operates without frequency scanning®. Leveraging the
high-peak-power laser pulses and auto-balanced detection, we
achieved a 5-ps pixel dwell time in phantom imaging with only 30 mW
of average power, resulting in a150-fold reductionin excitation energy
compared with the CW-BGM*®,

Results

Pulsed laser system and auto-balanced detection

The SBS microscope uses two counterpropagating beams (pump and
probe) that generate aninterference fringe pattern (Fig.1a). Whenthe
frequency difference between these two beams matches the material’s
Brillouinshift, acoustic phonons are coherently amplified. The excited
phonons scatter the pump beam into the probe beam, resulting in an
amplification process (stimulated Brillouin gain (SBG)) for the probe.
Asanonlinear process, the SBS signal is proportional to the product of
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Fig. 3| PL-SBS imaging of cultured cells and zebrafishfollicles. a, Bright-field
image of two HeLa cells. b-d, Three-dimensional Brillouinimaging of two HeLa
cells, showing Brillouin shift (b), Brillouin linewidth (c) and Brillouin peak gain
(d) under 25-mW pump power and 5-mW probe power with a zstep of 1 um.

The pixel time and pixel steps inb-d are 200 ps and 0.02 x 0.2 pm?, respectively.
Scale bars, 5 pm. e, Bright-field image of a zebrafish ovarian follicle. f, Brillouin

1GHz

85x10™
-
5.55 GHz
I—B/Zn GB
==
‘OB/Zn
5.00 GHz

shiftimage of the follicle acquired with 8 mW of pump power and 4 mW of probe
power, witha pixel time of 1 ms and pixel steps of 0.1 x 0.1 pm?. g, Brillouin shift
image of the zoomed-in area (green dashed box) in f, highlighting the Balbiani
body, with a pixel time of 1 ms and pixel steps of 0.05 x 0.05 pm. Scale bars, 10 um
(eandf); 5pm(g).

the pump and probe intensities. Using a pulsed illumination approach,
thesignalis enhanced by afactor of 7/, where ris the pulse widthand T
isthe pulse period, compared with CW schemes (Methods). Although
QCW-SBS hasincreased the Brillouin gain by afactor of ten over CW-SBS
microscopy, its pulse generation approach, which amplifies aCW laser
at 780 nmand subsequently chopsitinto pulses viaan optical modula-
tor, remains inefficient, with most of the pulse energy wasted®. Conse-
quently, the peak power is limited by either the amplification capability
ofthe CW laser or the damage threshold of the modulator, resulting in
an output peak power of only 1-2 W generally®.

To address the demand of high-peak-power, low-duty-cycle,
single-frequency laser source in SBS microscopy, we developed a
pulsed laser system that generates nanosecond pulses at 1,560 nm
through master oscillator power amplification (MOPA) with two-stage
fibre amplification, followed by pulsed second-harmonic generation
(SHG) at 780 nm (Supplementary Fig. 1). In contrast to the previous
‘firstamplification then chopping’ method, which involves substantial
energy waste and inherently limited peak power, our ‘first chopping
then amplification’ scheme effectively concentrates the pumping
energy into the low-duty-cycle nanosecond pulses, resulting in high
peak power generated (Fig. 1b). We achieved a peak power of 267 W at
780 nm, with a pulse width of 6 ns and a pulse rate of 1 MHz, yielding a
conversion efficiency of 59% (Supplementary Fig. 2). This peak power
is 100-fold higher than that of QCW-SBS. Technical details on pulse
generation, amplification and frequency doubling are provided in
Supplementary Fig.1and Methods.

Althoughour pulsedlaser system substantially enhances the signal
strength, the remaining challenge is the considerable intensity of noise
generated in the two-stage fibre amplification. We first reduced the
intensity noise by 3 dB through a pulse-picking scheme that generates
500-kHz pulses from an initial 1-MHz stream, in contrast to directly
generating pulses at 500 kHz (Supplementary Fig. 2h). Moreover, we
developed anauto-balanced detection system (Fig. 1c and Supplemen-
tary Fig. 3) specifically designed for the detection of high-peak-power

and low-duty-cycle optical pulses at 780 nm, which is not commercially
available. Our auto-balanced detector achieved a 31.3-dB noise sup-
pression atadetection frequency of 190 kHz (Supplementary Fig. 2i).

Microscope system and characterization
The pulsed pump and probe beams are focused on the same posi-
tion within the sample using two high-NA (0.7) objectives (Fig. 1c and
Supplementary Fig. 3), resulting in a measured spatial resolution of
0.49 x 0.49 x 2.1 um?® (Supplementary Fig. 4).

To assess the performance of PL-SBS microscopy, we performed
measurements with double-distilled water as a test sample (Fig. 2).
The Brillouin shift and linewidth precision, key indicators of Brillouin
imaging quality, were evaluated as functions of the pixel dwell time
(Fig. 2a). Under a pixel time of 200 ps and a total average power of
30 mW on the sample, we achieved a shift precision of 7.7 MHz and a
linewidth precision of 29 MHz, with a pulse width of 6 ns and a pulse
rate of 500 kHz (Fig. 2d-f). These results are comparable with those
obtained using QCW-SBS microscopy, which requires a100-fold longer
pixel dwell time of 20 ms under similar optical power®. The measured
water Brillouin linewidth of 440 MHz (Fig. 2d) corresponds to a spec-
tral resolution of 132 MHz, accounting for the 0.7 NA broadening,
lock-inamplifier broadening and pulse Fourier transform. This valueis
obtained by subtracting the measured Brillouin linewidth of 308 MHz
for water under low-NA (0.033) objectives®. Note that the measured
water linewidth is 40 MHz larger than the CW-SBS microscopy and
20 MHz smaller than the QCW-SBS microscopy. Figure 2b illustrates
therelationship between shift and linewidth precision as functions of
pump power, with the probe power held constant at 5 mW. The slope
of the fit is approximately -1, suggesting that precision is inversely
proportional to pump power, which is in good agreement with the
theory (Methods).

We further optimized the pulse width by measuring the preci-
sion and linewidth at various pulse widths and maintaining constant
average pump and probe powers (Fig. 2¢c). A pulse width of 6 ns was

Nature Photonics | Volume 19 | August 2025 | 879-887

882


http://www.nature.com/naturephotonics

Article

https://doi.org/10.1038/s41566-025-01697-y

Auto-balance
Balanced point

5.5 GHz

1GHz

Iy B/2n

10418 "WION

0

Fig. 4| PL-SBS imaging of a patient-derived lung cancer tumour organoid.

a, Bright-field image of a patient-derived lung cancer tumour organoid.

b-e, Brillouin images obtained using different detection approaches: auto-
balanced detection (b), balanced detection targeted in the medium (c), balanced
detection targeted in the organoid (d) and without balance detection (e).

For each detection approach, the top, middle and bottom panels correspond

Balanced in the medium

Balanced in the sample Without balance

Balanced point

to Brillouin shift, Brillouin linewidth and peak normalized fitting error,
respectively. Norm. refers to peak normalized. Average pump and probe powers
are 25 mW and 5 mW, respectively, with a pixel time of 200 ps and pixel steps of
0.02 x 0.2 um? Scale bars, 5 um. In e, the error has been divided by a factor of
80 for clarity.

selected as optimal, offering a balance between enhanced precision
and linewidth broadening, thereby achieving high spectral precision
and resolution.

SBS imaging of phantom with 5-ps pixel dwell time

To further demonstrate the performance of the PL-SBS microscopy
targeting specific mechanically contrasting frequency, we imaged
a phantom containing oil and agarose, using Brillouin gain for con-
trast. Brillouin imaging was performed at frequencies of 3.91 GHz
and 5.03 GHz, corresponding to Brillouin shifts of oil and agarose
gel, respectively (Supplementary Fig. 5). We achieved a pixel dwell
time of 5 s, with a total average power of 30 mW, corresponding to
an excitation energy of 150 nJ, which is 150 times lower than that used
in CW-BGM™,

Low-phototoxicity imaging of cells and zebrafish follicles

Todemonstrate the performance of the pulsed laser system in biome-
chanical microscopy, we firstimaged various cell lines, including HeLa
cells, mouse fibroblasts (NIH/3T3), human leukaemia (MOLM-13) and
human osteosarcoma (U-2 OS) cells (Fig. 3 and Supplementary Fig. 6).
High-quality images of Brillouin shift, linewidth and gain across differ-
entzplanesinHeLacellsare presentedinFig. 3b-d. In particular, subcel-
lular structures such as nucleoli exhibited higher Brillouin shifts and

linewidths, yet lower Brillouin gain, compared with the nucleoplasm.
Eachimaging plane, containing 2,000 x 220 pixel?, was acquired within
88 s. To assess phototoxicity, we introduced propidium iodide (PI), a
dye commonly used in cell viability assays, into the cell culture. Two
hours post-Brillouinimaging (n =10 cells), no fluorescence signal was
detected (Supplementary Fig. 6j), indicating the low phototoxicity of
PL-SBS microscopy. Asacontrol, fluorescence was evidentin cells with
membrane or chromosomal damage within the same dish (Supplemen-
tary Fig. 61). Note that the Pl dye assay only indicates the cell membrane
integrity. To ensure thereis no perturbation to the cells, future studies
should measure cellular stress markers such as cell-doubling rates and
mutation frequencies.

Wetheninvestigated spatial variations in Brillouin shift within the
zebrafish ovarianfollicle (Fig. 3e-g). This study demonstrates that the
Balbiani body, anon-membrane subcellular compartment®*, exhibits
a higher Brillouin shift, suggesting higher stiffness relative to its sur-
rounding regions. This finding underscores the high spatial resolution
and sensitivity of the PL-SBS microscope.

High-quality organoid imaging with auto-balanced detection

To assess the performance of our auto-balanced detection for bio-
mechanical imaging, we conducted a comparative study of Brillouin
images, including Brillouin shift, linewidth and fitting error (calculated
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Fig. 5| PL-SBS imaging of zebrafish larvae. a, lllustration of a zebrafish larvae,
with theimaging region indicated by a dashed red box, alongside a bright-field
image of the notochord region at the 3-dpf stage. b-g, Three-dimensional
Brillouin images of the x-y plane at different z-depths within the region marked
by theredboxina:z=0pum(b),3 pm(c), 6 pm (d), 9 pm (e), 12 pm (f) and
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15 um (g). The top images in b-g represent the Brillouin shift, whereas the
bottomimages show the Brillouin linewidth. h, Cross-sectional Brillouin images
ofthey-zplane along the blue dashed line in a. Average pump and probe powers
for all Brillouin images are 8 mW and 4 mW, respectively, with a pixel time of 2 ms
and pixel steps of 0.1 x 0.2 um?. Scale bars, 10 pm.

astheroot meansquare difference between the measured spectrumat
each pixel and the Lorentzianfit) of patient-derived lung cancer tumour
organoid under fourimaging conditions (Fig. 4): auto-balanced detec-
tion, balanced detection targeted in the medium, balanced detection
targeted withinthe organoid and imaging without balanced detection.
Utilizing the auto-balanced detection approach, subcellular details of
cellswithinthe organoid were clearly resolved (Fig. 4b), whereas these
details were not detectable either with balanced detection (Fig. 4c,d)
or without balanced detection (Fig. 4e). Overall, our auto-balanced
detection method produced substantially higher image quality and
minimized fitting errors compared with both types of balanced
detection (targeted in the medium or within the organoid) and the
unbalanced detection approach, highlighting the importance of our
auto-balanced detection.

To further demonstrate the low phototoxicity of our approach,
we performed organoid time-lapse imaging. In this experiment,
patient-derived lung cancer organoids wereimaged ondays 3,5and 7
post-seeding (Supplementary Fig. 7). Following each imaging session,
the organoids were returned to the incubator. The time-lapse images
show organoid development after Brillouin imaging, providing an
additional assessment of low phototoxicity.

Furthermore, we performed the continuous 2D imaging of the
organoid with auto-balanced detection over a 2-h period. The qual-
ity of the Brillouin image and the fitting errors remained consistent
throughout, demonstrating the long-term stability of both pulsed
laser systemand auto-balanced detection. These results show the use
ofauto-balanced detectionin high-performance Brillouin microscopy
and demonstrate the system’s ability to resolve cellular structures
within complex multicellular arrangements, which is challenging for
conventional contact or bead-based methods". These findings suggest
that our pulsed laser system, in conjunction with the auto-balanced
detection, holds promise for advancing the SBS microscopy in medi-
cal research**, particularly in studying complex biological samples
such as organoids.

High-specificity PL-SBS imaging in zebrafish larvae

Next, to validate the high spectral resolution of the PL-SBS microscope
and its capability to distinguish different components within a hetero-
geneous biological sample, we imaged the notochord region of alive
zebrafishlarvae at 3 days post-fertilization (3 dpf) (Fig. 5). High-quality
lateral (Fig. 5b-g) and axial (Fig. 5h) Brillouin images with both shift
and linewidth contrasts were acquired, clearly revealing the vacuolated
cells, central canal and extracellular matrix (ECM). Representative
Brillouin spectra, ranging from4.25 GHz to 6.5 GHz, for the central canal
and ECMregions are presented in Supplementary Fig. 8a,b. The spectra
exhibitasymmetric shapes, indicative of the presence of multiple con-
stituents. Using double-peak Lorentzian fitting, we identified Brillouin
shifts of 5.03 GHz (cerebrospinal fluid) and 5.34 GHz (beating cilia)
within the central canal of the spinal cord, as well as shifts of 5.32 GHz
(surrounding tissue) and 5.59 GHz (ECM) in the ECM region. These
results are consistent with those from previous QCW-SBS studies®.
Importantly, the excitationenergy usedin our study was 45 times lower
thaninprevious work™, underscoring the efficiency and high spectral
resolution of the SBS microscope based on the pulsed laser system.

Time-lapse images of C. elegans embryo development in vivo

As afinal demonstration of the high temporal resolution facilitated
by the pulsed laser system, we captured the early C. elegans embryo
development in vivo, from the two-cell stage to the four-cell stage**
(Fig. 6 and Supplementary Video 1). We acquired 2D Brillouin time-lapse
images with a resolution of 467 x 120 pixel® over 56 s, with a 1.5-min
interval between the frames (Fig. 6b-i). In comparison, the previous
QCW-SBS microscope required more than18 minto acquire asingle 2D
image at the same resolution®*?, making it inadequate for observing
the rapid dynamics of early embryo development. In our study, the
nuclei exhibited lower Brillouin shifts (Fig. 6), suggesting reduced stiff-
ness compared with the cytoplasm. This difference probably results
fromthe cytoplasm’s dense network of cytoskeletal elements, such as
actin filaments and microtubules, which provide structural integrity
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Fig. 6 | Time-lapse PL-SBS imaging of C. elegans embryo developmentin vivo.
a, Schematics of ayoung adult C. elegans and embryo development within the
worm from the two-cell stage to the four-cell stage, with the embryo marked by a
dashed black box. b-i, Time-lapse Brillouin shift (top) and bright-field (bottom)
images of C. elegans embryo development from the two-cell to four-cell stage.
Images were acquired at the following time points: O min (b), 1.5 min (c), 3.0 min
(d), 4.5 min (e), 6.0 min (f), 7.5 min (g), 9.0 min (h) and 10.5 min (i). Each Brillouin
image acquisition takes 56 s with a1.5-min interval between frames. The yellow
dashed lines in the bright-field images delineate the cell edges within the embryo.
Theblack arrowheads in the Brillouin shiftimages point to the nuclei. The AB cell,

+ Worm tissue
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slightly larger, divides first into ABp and ABa cells, followed by the division of the
P1cellinto P2 and EMS cells.j, Representative Brillouin spectrum, including

the raw dataand the fitting curve, in the high-shift region indicative of worm
tissue (marked by a plus signinb). k, Representative Brillouin spectrum,
including the raw data and the fitting curve, in the low-shift region indicative

of surrounding mounting agarose (marked by a cross inb). I, Representative
Brillouin spectrum, including the raw data and the fitting curve, in the nucleus
ofthe P1cell (marked by an asterisk in b). Average pump and probe powers for all
Brillouinimages are 12 mW and 4 mW, respectively, with pixel time of 1 ms and
pixel steps of 0.1 x 0.4 pm?. Scale bars, 5 pm.

and resistance to deformation. By contrast, the nucleoplasm is more
fluidic, resulting in asofter environment. Note that the nucleolusin C.
elegans embryos is much smaller thanin HeLa cells, making it too small
tobe detected using the Brillouin microscope. Our PL-SBS microscopy
system enabled rapid SBS imaging with full spectral information, as
demonstrated by the spectrainFig. 6j-1.

Remarkably, the Brillouin images also revealed nuclear dynam-
ics associated with cell division. For instance, the nucleus in the AB
cell disappeared just before division (Fig. 6b) and reappeared after-
wards (Fig. 6f-i). The smaller P1 cell divided shortly after the AB cell
(Fig. 6), further underscoring the advanced temporal resolution of
our technique.

The peak gain observed in the embryo nuclei (Fig. 61) was six times
lower than that in the surrounding agarose (Fig. 6k), emphasizing the

challenges of achieving high temporal resolution in these measure-
ments. Furthermore, unlike previous studies that measured C. elegans
embryos outside of the worm by manually extracting the embryo™ or
waiting for natural egg laying®, we conducted the embryo measure-
ments in the worm. This approach presents additional challenges,
particularly due to aberrations caused by the surrounding worm tissue,
which canreduce the overlap of the pump and probe beams and, hence,
requires higher system sensitivity.

Discussion

In summary, we demonstrated a reduction of approximately two
orders of magnitude in both full spectrum acquisition time and
laser energy at a single pixel, compared with previous SBS micros-
copy techniques, without notably compromising resolution,

Nature Photonics | Volume 19 | August 2025 | 879-887


http://www.nature.com/naturephotonics

Article

https://doi.org/10.1038/s41566-025-01697-y

precision or specificity (Supplementary Fig. 9). We developed a
high-peak-power, low-duty-cycle pulsed laser system in conjunction
with a noise-suppressing auto-balanced detection system for stimu-
lated Brillouin microscopy. We validated the high sensitivity and spatial
resolution of the pulsed-laser-based microscope by imaging cells and
zebrafish follicles and revealed high-quality, subcellular details such
as the Balbiani body and nucleoli. The imaging of organoids further
demonstrated the effectiveness of our auto-balanced noise cancella-
tion technique and long-term stability (>2 h) of our system. The high
spectral resolution was evident from the distinct double peaks in the
spectra of the central canal and ECM of zebrafish larvae. Finally, we
demonstrated the speed improvements in the pulsed laser system by
capturing, in vivo, the rapid biomechanical dynamics of cell division
during C. elegans embryo developmentin a living worm.

Finally, quantitative comparisons of the performance of our work
withthereported approaches inBrillouin microscopy are summarized
inSupplementary Table 2. Recent advancements in full-field Brillouin
microscopy have achieved comparable effective pixel times for biologi-
cal samples and, in principle, exhibit much lower phototoxicity com-
pared with our point-scanning PL-SBS microscopy. Our technique can
be more effective in capturing fast dynamic events when the region of
interestis smaller thanthe full field of the camera. Moreover, the imag-
ing quality in full-field Brillouin microscopy suffers due to the compro-
mised spectral precision and resolution®. By contrast, our method
offers substantially improved spectral resolution, which enhances
the mechanical specificity by enabling the differentiation of various
mechanical components within diffraction-limited focal volumes of
heterogeneous living biosamples. Additionally, it provides more pre-
ciseBrillouinspectra, offering deeper insightsinto material properties.

The limitations of SBS microscopy include the need for an up-
down microscope configuration, which restricts the types of sample
that can be analysed, as well as a sample thickness limit of approxi-
mately 100-200 pum. Additionally, the Brillouin gain decreases in het-
erogeneous samples due to the requirement for overlap between the
pump and probe beams, as demonstrated by the axial Brillouin gain
image of zebrafish larvae (Supplementary Fig. 11g). To quantitatively
assess the complex longitudinal modulus, our PL-SBS microscopy can
be combined with techniques that measure therefractive index, such
asoptical diffraction tomography?. Furthermore, integrating Brillouin
microscopy with other established mechanical probing methodsis cru-
cial foracomprehensive interpretation of the Brillouin signatures**,

Further improvements in both laser noise reduction and sample
scanning mechanism (Supplementary Note 3) may enable a pixel time
down to 10 ps without compromising image quality, thereby making
the throughput of Brillouin microscopy comparable with that of con-
focal fluorescence microscopy. This enhancement could promote the
Brillouin imaging technique in broader applications and more chal-
lenging biomechanical research, such as transient cellular response
and highly dynamic motility.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butionsand competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41566-025-01697-y.
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Methods

Principle of a PL-SBS microscope

The SBS microscope is based on the SBS between two focused coun-
terpropagating laser beams, that is, pump (®,) and probe (w,) beams,
mediated by the excited acoustic phonons at the focal spot in the
sample. When the differential frequency w, - w, matches the charac-
teristic acoustic resonance at Qg, the pump energy is transferred to
the probe beam, with the energy-transferring rate manifested as the
power increment in the probe beam AP, = G(Q)P,, where G(Q) is the
SBG. For perfectly overlapped beams, the SBG spectrumis expressed as
G(Q) =g(Q)IP,A™, where g(Q) is the Brillouin gain factor of the Lorentz-
ianline shape centring at Qy with full-width at half-maximum linewidth
of I, Lis the interaction length between the two counterpropagat-
ing beams within the sample volume, P, is the pump power and A4 is
the waist area at the focal spot. The Brillouin shift and linewidth are
related with the complex longitudinal modulus of the material as

202
M=M+M' =202 +i
n2 % B

[0

%Z), where M’ and M” are the storage and
loss moduli accounting for the elastic and viscous properties of the
sample, respectively; p, nand ¢, are the mass density, refractive index
and speed of lightin a vacuum, respectively.

The signal amplitude S in SBS imaging is determined by the
time-averaged incremental power in the probe beam given by
(AP,) = T-lngPzdt , with T being the sampling time; hence, we have
S« T‘lfOTPledt. For pulsed pump and probe beams with a duty cycle
of k and fixed mean power of P, and P,, respectively, the signal

amplitude is then expressed as § « T-lf(’)‘r% dt = k"'P,P,, from which

itis apparent that by reducing the duty cycle of the pulsed laser, the
SBG signal can be inverse proportionally improved with an enhance-
ment factor of k..

Pulsed laser system

The dual-wavelength pulsed laser system for the generation of
single-frequency pulsed pump and probe beamsis based on MOPA for
1,560-nm optical pulses and subsequent SHG (Supplementary Fig. 1).
The pump and probe beams have generally the same configurationin
MOPA and SHG subsystems; hence, we just take the pump beam as an
illustration here.

The MOPA unit is constructed with polarization-maintaining
fibre-optic components. Itis designed to amplify the single-frequency
seed with nanosecond pulse width from milliwatts to hundreds of
watts. To achieve a gain up to 50 dB and suppressing the amplified
spontaneous emission (ASE) noise, atwo-stage amplification schemeis
used, with each stage providing amaximum gain of over 25 dB. The CW
single-frequency seed at 1,560.48 nm is an external cavity diode laser
with a power of 15 mW and linewidth of 10 kHz. The CW pump seed
is first split into two beams by a 50:50 fibre coupler, with one beam
beating with the probe seed for the heterodyne detection of the dif-
ferential frequency by a fast photodetector (1544-B, Newport) and a
frequency counter (53230A, Keysight) to get the exact frequency shift
ofthe SBS. The otherbeam of the pump seed is choppedinto pulses by
a semiconductor optical amplifier (SOA; IPSAD1514-6210, Inphenix)
mounted onapulsed SOA driver. The seed pulse has an extinction ratio
of approximately 50 dB. Optical pulses with an adjustable pulse width
from 2 to 12 ns are generated by the SOA with both repetition rate f,
and phase of the pulses determined by the external triggering signal
from an electrical pulse generator (DG922 Pro, Rigol). After passing
the optical isolator, the pulsed seed is first preamplified by a piece of
erbium-doped fibre (PM-ESF-7/125, Coherent) with a length of 2.5 m
and backward pumped by a single-mode 976-nm laser diode (976LD-
1-0-0, Aerodiode). Aband-passfilter centred at1,560.6 nm with aspec-
tral bandwidth of 0.5 nm is used to filter out the ASE noise. Then, the
pulsed laser is boost-amplified by a Yb/Er co-doped double-cladding
fibre (PM-EYDF-10/125-XPH, Coherent), which is backward pumped*’

at 940 nm. The 940-nm pump is from two identical multimode laser
diodes (940LD-2-0-0, Aerodiode), with each offering apumping power
up to 10 W and coupled into the cladding of the gain fibre through a
2 +1x1combiner (PMPSC-21-F-15, DK Photonics). The remaining of
the backward pump beamiis filtered out by a cladding power stripper
spliced before the double-cladding gain fibre. For the typical pulse rate
of 1 MHz and width of 6 ns, we achieved an average 1,560-nm output of
3.3 Watapumping power of13.6 W, corresponding to a peak power of
560 W for the 1,560-nm pulse. The slope and mean optical-to-optical
efficiencies for the boost-amplifying stage are 25% and 24%, respec-
tively (Supplementary Fig. 2a). After the combiner, another cladding
power stripper is spliced to remove both back-scattered 940-nm pump
and ASE noise. An optical isolator is spliced to cut-off any possible
back-reflectioninto the MOPA unit. Before collimating out the 1,560-nm
pulsedlaser, asection of the coreless fibreis spliced with an angled ter-
minal, which works as anend cap to moderately expand the beam size
and hence avoid surface damage. An asphericlens (#29-988, Edmund)
isusedto collimatethe1,560-nm pulses generated inthe MOPA unit. To
suppress the nonlinear effects in the silica fibre during the two-stage
amplification, such as SBS and modulation instability, which limit
the output power and increase the pulse train noise, the length of the
fibre components are kept as short as possible. Compared with the
additional seed laser for the probe beam as implemented here, the
probe seed may alternatively be frequency shifted from the pump
seed using an electro-optic modulator driven by a frequency-tunable
microwave source, in which scheme the frequency counter may then
be unnecessary.

The 1,560-nm pulsed laser is then frequency doubled in the SHG
unit by using a periodically poled lithium niobate crystal. A dichroic
mirror (DMLP1180, Thorlabs) is used first tofilter out the core-guided
940-nm pump and Yb ASE light. We use a half-wave plate and a polari-
zation beamsplitter (PBS) for power control as well as s-polarization
filtering to comply with the quasi-phase-matching condition of the
periodically poled lithium niobate*®. A plano-convex lens is used to
couplethe1,560-nmbeam into the periodically poled lithium niobate
crystal (40-mm long for 1,560 nm, Covesion). The crystal is mounted
in an oven with a stabilized temperature of around 90 °C, at which
optimal quasi-phase matching is achieved. Both fundamental and
frequency-doubled beams are collimated by another lens and then
separated from each other with a dichroic mirror. The diameter of
the output 780-nm beam is measured to be ~1.2 mm. For the typical
1-MHz pulse rate and 6-ns pulse width, we achieved a maximum aver-
age power of 1.6 W from the SHG unit, corresponding to a peak power
of 267 Wwith a conversion efficiency of 59% (Supplementary Fig. 2b).
For the pulsed pump beam, a volume Bragg grating (SPC-780, Opti-
Grate) with a spectral bandwidth less than 50 pm is used to filter out
the frequency-doubled ASE noise centring at 780 nm. Both power and
polarization stability of our pulsed laser system are measured at the
780-nm output. For the 1-MHz rate, 6-ns width and 0.73-W average
output power, the peak-to-peak and r.m.s. power fluctuations are
measured to be 9.1% and 1.5%, respectively, over a 5-h monitoring.
Polarization extinction ratio over 24 dB s also achieved (Supplemen-
tary Fig. 2d). Frequency stability of the laser system is demonstrated
by monitoring the beating frequency between the pump and probe
seed lasers over1h, whichshows a peak-to-peak and r.m.s. differential
frequency fluctuation within 0.93 MHz and 0.13 MHz, respectively, at
780 nm (Supplementary Fig. 2e). The output spectra of the seed laser,
first-and second-stage fibre amplification and the SHG are measured
by an optical spectrum analyser (AQ6374, Yokogawa; Supplementary
Fig.2f,g). The ASE floor is measured to be about 65 dB below the main
outputat780 nm.

Pulse picking by acousto-optic modulators (AOMs; AOMO 3200-
124, G&H) is adopted to reduce the intensity noise for both pump and
probebeams. A pulse train with alower repetition rate tends to gener-
ate higher ASE, due to longer time span under continuous pumping
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without aseed signal to be amplified. Compared with the direct genera-
tion of pulses of 500-kHz repetition rate or lower, the scheme of the first
generation of -MHz repetition rate and subsequently picking one pulse
outofevery two pulses or more, that s, pulse rate down to 500 kHz or
lower, results in reduced intensity noise ranging from 3 dB to 1 dB for
pulse width ranging from 11 ns to 2 ns (Supplementary Fig. 2h). The
200-nselectrical picking pulses driving the AOM are synchronized with
the triggering pulses for SOAs. Aspheric lens pair (#18-080, Edmund)
is used to couple the beams into and out of the AOM. For the pump
beam, its AOM also performs intensity modulation, with the modula-
tion frequency f,, determined by a lock-in amplifier (LIA; MFLI-5MHz,
Zurich Instruments). Both pump and probe beams are coupled into a
PM780 optical fibre using an aspheric lens (PAF2A-5B, Thorlabs). The
pumpbeamisthen directly sent to the microscope, whereas the probe
beamisfirstdivided into two beamsby a 50:50 fibre coupler, with one
beam to interact with the pump light in the microscope and the other
beam serving as the reference for auto-balanced detection.

PL-SBS microscope and detection system

The detailed setup of the PL-SBS microscope and auto-balanced
detectionis shownin Supplementary Fig. 3. For the microscope, both
pump and probe beams are collimated using an aspheric lens (#49-115,
Edmund) with an output beam diameter of 5.9 mm. A quarter-wave
plateis used to convert the linearly polarized probe beaminto aright
circularly polarized beam. L1lens pair (#49-356, Edmund) is immate-
rial toboth pump and probe beams, but necessary for realizing Kohler
illuminationin bright-fieldimaging, in which the surface of the #1-mm
multimode fibre coupling alight-emitting diode (M530L4, Thorlabs) is
conjugated to the back-focal plane of the upper objective (Objective 1)
foruniformillumination onthe sample. The pump beamis p polarized
by the half-wave plate and transmits through the PBS subsequently.
Quarter-wave plate 2 then transforms the pump beam into a left cir-
cularly polarized beam. The opposite circularly polarized probe and
pump beams are focused into the same spot in the sample by the two
opposed objectives (LUCPLFLN60X, Olympus) with an NA of 0.7. The
back apertures of both the objectives are overfilled by the @5.9-mm
laser beams for full utilization of the NA. In PL-SBS imaging, the focal
point is fixed, whereas the sample is zigzag scanned by a three-axis
piezo stage (L3S-D10300-XYZ300, nanoFaktur). After experiencing
the SBG during the phonon-mediated interaction with the pump beam,
the probe beam is re-collimated by the lower objective (Objective 2),
then turns into s polarization after quarter-wave plate 2 and is finally
reflected by the PBS for subsequent detection and demodulation.
When flip mirrors FM1and FM2 are flipped down, bright-field imaging
is activated, where the sample is imaged onto camera C1 (BFLY-U3-
23S6M-C, FLIR) by tube lens L2 (TTL165-A, Thorlabs) with afocal length
of 165 mm. To perform wide-field fluorescence imaging targeting PI,
excitation (MF525-39, Thorlabs) and emission (MF620-52, Thorlabs)
filters are inserted after the light-emitting diode and before the cam-
era, respectively.

The auto-balanced detection unit is to suppress the common-
mode intensity noise within the pulsed probe beam. It has one port
(that is, signal port) from the output of the PL-SBS microscope and
the other port (that is, reference port) directly from one beam of
fibre-coupler-split probe source. The amplified probe beam from
the signal port triple passes the custom-made rubidium-85 gas cell
(225 x150 mm), which is heated to a temperature of 95 °C, to filter out
theback-scattered and/or reflected pump beam. The optical signal is
detected by reverse-biased photodiodes (FDS1010, Thorlabs) with
the photoelectric current separated into d.c. and radio-frequency
parts by the bias-tee (ZFBT-4R2GW+, Mini-Circuits). The d.c. parts of
the signal and reference are sent to the two differential ports of the
proportional-integral-derivative controller (LB1005-S, Newport),
the output of which is to drive the 7Z8OHP fibre pigtailed electronic
variable optical attenuator (V800, Thorlabs), so that the optical power

in the reference beam is kept at the same level of the signal beam,
evenifthe signal beam experiences substantial power change due to
non-uniformtransparencyinthescanned sample. The radio-frequency
components are first low-pass filtered to cut-off the carriers atf, as well
as its high harmonics, with only the first-order signal at f;, passing
throughthe low-passfilters and entering the LIA. The LIAworksin the
differential-input mode, so that the common-mode intensity noise
inthe probe beam is substantially suppressed, providing a matched
optical path for the signal and reference beam. For PL-SBS imaging
witha200-ps pixel time and a 500-kHz pulse repetition rate, the noise
equivalent power (NEP) bandwidth of the LIAis set to 40 kHz, and the
optimal modulation frequencyis determined tobe190 kHz, where the
auto-balanced detection achieves intensity noise reduction as large
as 31.3 dB (Supplementary Fig. 2i). In SBS imaging, the frequency of
the probe beam is sawtooth scanned, generally spanning 2 GHz and
completed within the pixel time. The demodulated SBG signal from the
LIA, along withthe d.c.level of the probe beam, which is proportional
to the mean probe power on the photodetector, and the instantane-
ous voltage driving the frequency scanning are collected by a data
acquisition card (USB-6343, National Instruments) for construction
of the SBG spectra.

Hardware control, including the piezo stage moving, frequency
scanning, dataacquisitionand interdevice synchronization, is executed
by a custom-built LabVIEW 2022 Q3 program. The spectral data pro-
cessingis based onacustom programimplementedinPython 3.9 with
the details given in Supplementary Note 2.

Performance characterization and imaging acquisition
Measurement of spatial resolution. The spatial resolution characteri-
zation of the PL-SBS microscope includes determination of both lateral
(thatis,xandy) and axial (that s, z) resolutions. The lateral resolution
is quantified by the SBS imaging of polydimethylsiloxane (PDMS)
bead in 1% (w/v) agarose with the focal spot on the same plane as the
bead centre (Supplementary Fig.4a). The Brillouin shift of the agarose
gel and PDMS are measured to be 5.03 GHz and 4.2 GHz, respectively
(Supplementary Fig. 4c). By fitting the measured spectra at a fixed
Brillouin shift of the agarose gel, the signal amplitude hasits distribu-
tion shown in Supplementary Fig. 4b. Then, the signal amplitudes of
agarose gel across the bead boundary are fitted withan error function
along both x and y axes, giving a lateral spatial resolution of 0.49 pm
(Supplementary Fig. 4d,e,i). The axial resolution is quantified by SBS
imaging of the interface between double-distilled water and cover-
slip (Supplementary Fig. 4f). The Brillouin shift of double-distilled
water is at 4.98 GHz as experimentally measured whereas that of the
borosilicate coverslip is over 10 GHz higher and far away from the
frequency-scanning range we set. Asshownin Supplementary Fig. 4g,
the SBS amplitude of water when the focal spot is scanned in the x-z
plane cross through the water-glass boundary. By fitting the signal
amplitude in the z direction with an error function, the axial resolu-
tionis measured tobe 2.1 pm (Supplementary Fig. 4h,i). A high spatial
resolutionis on condition of matched overlap between the pump and
probe at the same focal spot in the sample, the optimization of which
isdescribed in Supplementary Note 1.

Determination of spectral precision and spectral resolution. The
characterization of spectral precision and spectral resolution are based
onthe SBS measurement of double-distilled water at room temperature
with objectives of 0.7 NA. The SBS spectral precisionincludes the shift
and linewidth precisions, which are quantified as the standard devia-
tion of the Brillouin shift and linewidth, respectively, extracted from
the Lorentzian fitting of n =300 consecutively acquired SBS spectra
with frequency ranging from 4 GHz to 6 GHz.

The spectral precision with different integration times (that s,
pixel time) is measured with a pulse rate of 500 kHz and a pulse width
of 6 ns (Fig. 2a). The total average power on the sample is 30 mW,
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with pump and probe powers of 25 mW and 5 mW, respectively.
The time-bandwidth product of 8 kHz ms is maintained for all the
measurements, that is, the NEP bandwidth of the LIA is set to 40 kHz
for 200-ps pixel time and 8 kHz for 1 ms. Note that the NEP of 40 kHz
for 200-ps pixel time corresponds to a time constant of 3.1 ps of the
LIA. A slope of roughly —0.5 for precision versus pixel time in both
Brillouin shift and linewidth indicates the domination of white noise
in our system for the pixel time we set. Shift and linewidth precision
of 7.7 MHz and 29 MHz, respectively, is achieved for pixel time down
to 200 ps (Fig. 2a,e,f) with a measured full-width at half-maximum
linewidth of 0.44 GHz in water (Fig. 2d). A narrower pulse width typi-
cally increases the signal amplitude due to a higher enhancement
factor, resulting in improved signal-to-noise ratio (Supplementary
Fig. 2j) and precision (Fig. 2c). However, the reduced pulse width is
associated with a larger laser linewidth, which causes the measured
Brillouin spectra, as a convolution between the laser and the intrinsic
Brillouin line shapes, to broaden (Fig. 2¢). The deterioration in preci-
sion for pulse widths less than 3.5 nsis attributed to theincreased laser
noise (Supplementary Fig. 2h), exceeding the noise cancellation capa-
bility of our auto-balanced detector. Choosing a 6-ns pulse width for
performance characterization as well as SBS imaging results from the
higher spectral precision compared with the longer pulse width (due
to the higher enhancement factor) and moderate linewidth broaden-
ing compared with the shorter ones. Precision under different pump
powers is measured with a fixed probe power of 5mW and pixel time
of 200 ps. The spectral precision scales down with the pump power,
asindicated by afitting slope of approximately -1 (Fig. 2b). Compared
with the 308-MHz intrinsic SBS linewidth of water”, the measured
linewidth of 440 MHz demonstrates a spectral resolution of 132 MHz
for our system, which includes NA broadening.

Pulsed laser BGM. The pulsed laser BGM is performed witha phantom
sample of layered oil-agarose gel (Supplementary Fig. 5a), whose
Brillouinshifts are of 3.91 GHz and 5.03 GHz, respectively (Supplemen-
tary Fig. 5e). By keeping the differential frequency between the pump
and probe beams at the peak of either oil or agarose gel, the Brillouin
gainacrosstheinterfaceis mapped with apixel time of 5 usand an NEP
bandwidth of 40 kHz (Supplementary Fig. 5b,c). The gain profiles along
the axial direction are given in Supplementary Fig. 5d.

Sample preparation and imaging parameters

Chemical samples. The water sample is prepared by sandwiching
20-pl double-distilled water between two #1.5 coverslips, which are
separated by two imaging spacers (Grace Bio-Labs SecureSeal) with a
thickness 0f240 pm. To prepare the sample of PDMS beads inagarose
gel, 5 ul of 1% w/v low-melting-point agarose water solution is first
dropped on the surface of a #1.5 coverslip, on which a 120-um-thick
spacer isattached beforehand. After gelation of the agarose solution,
PDMS beads with a mean diameter of 10 pm are deposited on the gel
surface, followed by the immediate addition of 7-pl agarose solution.
Then, the sample is sealed by covering another #1.5 coverslip. The
oil-agarose gel sampleis made by first dropping 5-pl low-melting-point
agarose solution on the surface of a #1.5 coverslip adhered with a
120-um-thick spacer. Refractive-index oil (Cargille Labs, n, of 1.414)
of 5 plisthenadded ontop of the agarose gel and the sample s finally
sealed with another #1.5 coverslip.

Cells (including viability test parameter). Cell lines were purchased
from Cobioer and were maintained according to the guidance from
American Type Culture Collection. U-20S (CBP60238), human cervical
carcinoma cell line HeLa (CBP60232) and mouse fibroblasts NIH/3T3
(CBP60317) were cultured in Dulbecco’s modified Eagle’s medium
(Gibco, 11960044) supplemented with 10% (v/v) foetal bovine serum
(Gibco, 30044333) and 100 U ml ™ penicillin-streptomycin (Gibco,
15140122). Cells were seeded on polyacrylamide-gel-coated dishes

(Matrigen, SV3510-EC-12) at a density of 5,000 cells cm™and allowed
to adhere overnight before imaging.

MOLM-13 (CBP60678) was cultured in RPMI-1640 (Gibco,1049101)
supplemented with10% (v/v) foetal bovine serum and 100 U ml™ peni-
cillin-streptomycin. Dishes (MatTek, P35G-1.5-14-C) were coated with
0.1 mg ml™ poly-D-lysine (Gibco, A3890401) for 1 hat 37 °C before seed-
ing the cells at a density of 5,000 cells cm™ The cells were allowed to
adhere for 1 h at 37 °C before imaging. Cells have been authenticated
by short tandem repeat analysis and mycoplasma detection.

To test the cell viability after Brillouin imaging with the PL-SBS
microscope, we added PI (Sigma-Aldrich, P4170-10MG) dye in the cell
dishes with a volume ratio to the cell medium of 15 plin 1 ml.

Lung cancer organoids. Malignant pleural effusion samples were
obtained fromlung cancer patients by thoracentesis at Shanghai Ninth
People’s Hospital. The research protocol was approved by the Ethics
Committee of Shanghai Ninth People’s Hospital affiliated with the
Shanghai Jiao Tong University. Informed consent was obtained from
patients before sample collection. Malignant serous effusions were
collected aseptically in heparinized sterile bottles, and centrifuged at
300gfor5Sminat4 °C. Pellets wereresuspended inlung cancer organoid
medium (Dulbecco’s modified Eagle’s medium/F12 (Gibco, 12634-010)
supplemented with 1X GlutaMAX (Gibco, 35050061),10 mM of HEPES
(Gibco,15630080), 20 ng ml™ of bFGF (Peprotech,100-18B), 50 ng ml™
of human EGF (Peprotech, AF-100-15),1X N2 (Gibco, 17502048),1X B27
(Gibco,17504044),10 pM of Y-27632 (MCE, HY-10071), 5 mM of nicoti-
namide (MCE, HY-B0150),1 mM of N-acetyl-L-cysteine (Sigma, A9165),
3 UM of SB202190 (MCE, HY-10295), 5 uM of A 83-01 (MCE, HY-10432),
10 pM of forskolin (Selleck, S2449), 3 nM of dexamethasone (Selleck,
S1322) and 1% of penicillin-streptomycin (Gibco, 15140122)).

Then, 50 pl of the suspension was mixed with 100 pl of Matrigel
(Corning, 356231) and seeded on prewarmed six-well culture plates
(Thermo Scientific, 140675) at 37 °C for 30 min. The plates were
inverted to solidify at 37 °C for 30 min followed by the addition of 3 ml
of medium per well. The lung cancer organoid medium was replaced
every 3-4 days.

For passaging, lung cancer organoids were harvested using cold
Dulbecco’s phosphate-buffered saline and incubated with TrypLE
Express (Gibco, 12604021) for 10 min at 37 °C for dissociation. The
dissociated organoids were resuspended in the lung cancer organoid
medium with Matrigel (1:2 ratio) and reseeded on a glass-bottomed
dish (MatTek, P35G-1.5-14-C).

Zebrafish. Zebrafish ovarian follicle preparation. Fish maintenance
and embryo collection were carried out as described in ref. 49. Here
5-24-month-old females from WT AB strains were used, fish were bred
in the zebrafish facility at LSI Zhejiang University according to local
regulations. All procedures were approved by the Ethics Committee
of Zhejiang University regulating animal care and usage.

Zebrafish ovarianfollicleisolation was performed following previ-
ously described protocols®®*', Female zebrafish were anaesthetized in
0.02%tricaine and euthanized by decapitation. Ovaries were harvested
in a culture medium consisting of 70% Leibovitz’s L-15 medium with
L-glutamine, pH 8.0 (Gibco), supplemented with 50 U ml™ of penicil-
lin-streptomycinand 0.5% of bovine serum albumin (Sigma-Aldrich).
StagelIfollicles (60-100 umin diameter) were isolated from the ovaries
through gentle pipetting with a glass Pasteur pipette, followed by dis-
section using forceps under an Olympus SZX16 stereomicroscope.
The isolated follicles were then mounted in 0.6% low-melting-point
agarose (Sangon Biotech).

Zebrafish larva preparation. Transgenic zebrafish larvae were in the
casper background. The fish was mounted at 3 dpfiin the centre of a
Petri dish (MatTek, P35G-1.5-14-C) with 1% (w/v) low-melting-point
agarose and 0.016% (w/v) tricaine (for immobilization purpose).
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A coverslip was used to cover the agarose before solidifying to allow
the access of the sample by two objectives.

C.elegans. C.elegans adults of the wild-type N2 Bristol strain were cen-
trifugally rinsed three times with M9 solution. M9 agarose was made
by mixing low-melting-point agarose and levamisole in M9 solution.
Then, 8 plof M9 agarose was added onacoverslip, to which two imaging
spacers (with a total thickness of 240 pm) were stacked together and
stuck. The worms were transferred onthe agarose pad using a sterilized
platinum wire. Then, another 17 pl of low-melting-point M9 agarose
was added in the imaging spacer, with a second coverslip placed on
top. The early embryos were selected for Brillouin imaging in the far
end of the worm’s valve.

Data availability

The main data that support this study are available within the Arti-
cle and its Supplementary Information. The additional raw and
processed data are available via Zenodo at https://doi.org/10.5281/
zenodo.15267405 (ref. 52).

Code availability
The Python GPU-accelerated SBS spectral analysis code is available via
GitHub at https://github.com/yang-biophotonics-lab/sbs-python/.
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