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Pulsed stimulated Brillouin microscopy 
enables high-sensitivity mechanical imaging 
of live and fragile biological specimens

Fan Yang    1,10 , Carlo Bevilacqua    1,2, Sebastian Hambura    1, Ana Neves    1,11, 
Anusha Gopalan1,11, Koki Watanabe1, Matt Govendir1,3, Maria Bernabeu3, 
Jan Ellenberg    1, Alba Diz-Muñoz1, Simone Köhler    1, Georgia Rapti4,5,12, 
Martin Jechlinger    1,6 & Robert Prevedel    1,4,5,7,8,9 

Brillouin microscopy is an emerging optical elastography technique 
capable of assessing mechanical properties of biological samples in a 
three-dimensional, all-optical and noncontact fashion. The typically weak 
Brillouin scattering signal can be substantially enhanced via a stimulated 
Brillouin scattering (SBS) process; however, current implementations 
require high pump powers, which prohibit applications to photosensitive 
or live imaging of biological samples. Here we present a pulsed SBS scheme 
that takes advantage of the nonlinearity of the pump–probe interaction. In 
particular, we show that the required pump laser power can be decreased 
~20-fold without affecting the signal levels or spectral precision. We 
demonstrate the low phototoxicity and high specificity of our pulsed SBS 
approach by imaging, with subcellular detail, sensitive single cells, zebrafish 
larvae, mouse embryos and adult Caenorhabditis elegans. Furthermore, 
our method permits observing the mechanics of organoids and C. elegans 
embryos over time, opening up further possibilities for the field o f m ec-
hanobiology.

Over the past decades, progress has been made in the fields of biome-
chanics to understand the relationship between mechanical forces, 
material properties and biochemical signals to regulate cellular function 
and tissue organization1–5. However, existing biophysical techniques5–7 
are predominantly based on direct physical contact and involve direct 
application of external forces to the sample. Therefore, they are either 

limited to sample surfaces or lack the required three-dimensional (3D) 
cellular resolution5.

Recently, a type of optical elastography, namely, Brillouin micro-
scopy (BM), has emerged as a nondestructive, label- and contact-free 
technique that allows probing of mechanical properties in a non-
contact, label-free and high-resolution fashion8,9. It is based on light 
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(NA) objective lenses (Fig. 1a–d). The resulting interference pattern 
is determined by the spatial overlap of the pump and probe beams, 
which in our case are confined to 0.57 × 0.55 × 2.58 µm3 (Fig. 1d and 
Extended Data Fig. 1).

To illustrate the advantage of our pulsed SBS approach, consider 
the CW pump and probe power to have equal average optical power 
Pcw, while the pulsed pump and probe both feature a peak power of 
Ppulse, but a comparable average power of Pcw (Fig. 1b). Here the SBS 
signal is proportional to Pcw × Pcw × Tperiod = 1 a.u., where Tperiod is the 
pump–probe interaction time of the CW scheme. In contrast, for the 
pulsed scheme it is proportional to Ppulse × Ppulse × Tpulse =

Tperiod
Tpulse

= 1
duty cycle

 

a.u., with Tpulse being the pulse width. Therefore, the pulsed scheme 
yields an effective enhancement factor E that scales inversely with  
the duty cycle (dc), or E ≈ 1/dc compared to the CW scheme. As the  
noise depends on the average probe power (which does not change), 
the pulsed scheme has E times higher SNR at the same laser powers. 
This enhancement can be employed to decrease the pump power while 
keeping the same SNR and probe power.

Pulsing of both the pump and probe lasers is achieved via 
acousto-optic modulators (AOMs), which can be operated down to 
40 ns width and 1.1 MHz repetition rate. In our work, we chose between 
40 and 909 ns, which corresponds to a duty cycle of 4.4–100% or an 
averaged pump power dosage of 13–295 mW, respectively, and to a 
maximal E ≈ 22.7 (Supplementary Note 1). For example, a pulsed scheme 
with 40 ns width for both pump (13 mW average power) and probe 
(5 mW average power) at 1.1 MHz repetition rate has the same SNR as a 
CW-based scheme with a 295 mW pump and a 5 mW probe (Fig. 1e,f). To 
record a Brillouin spectrum, the probe laser’s frequency is rapidly tuned 
across the Brillouin resonance of the medium, and the scattering signal 
is detected as an increase, or gain, of the probe’s intensity (I2). The typi-
cal spectrum acquisition time is as low as 20 ms in biological samples. 
The detection unit comprises two photoreceivers for detection and 
reference, respectively, and a differential-input lock-in amplifier (LIA), 
whose operation parameters were carefully optimized (Supplementary 
Note 2 and Extended Data Fig. 2). The sample is then raster-scanned 
through the microscope’s focus to obtain cross-sectional images of 
Brillouin shift (ΩB), linewidth (ΓB) and gain (GB).

First, we validated the pulse enhancement scheme by measur-
ing the Brillouin water spectra and the SNR at different pulse length 
(hence different average power and duty cycle) and confirmed that 
SNR remains unchanged (Fig. 1e,f). Furthermore, the precision of the 
Brillouin shift and Brillouin linewidth measurements as a function of 
the acquisition time of the stimulated Brillouin gain (SBG) spectrum 
of water shows a slope close to −0.5, suggesting shot-noise limited 
performance within the measured range. We note this is on par with 
recent SBS demonstration22 (Fig. 1g), but with ten times less total optical 
power. The pulsed SBS microscope also shows high spectral resolu-
tion (151 MHz, Methods and Extended Data Fig. 3) as well as close to 
shot-noise limited performance across a wide range of LIA dwell times 
(Supplementary Note 2). This demonstrates the pulse enhancement 
of our SBS approach and suggests state-of-the-art performance at 
effectively 22-fold reduced illumination powers.

Cellular imaging with pulsed SBS
To translate the advancements of the pulsed-SBS scheme to biome-
chanical imaging, we first acquired Brillouin maps of NIH/3T3 mouse 
fibroblasts, primary human brain microvascular endothelial cells 
(HBMECs) and mouse embryonic stem (mES) cells, and compared them 
to images obtained when using quasi-CW illumination. Brillouin shift 
maps acquired with pulsed SBS (27 mW total power) showed overall 
high image quality and good SNR level (for example, on average 38 in 
the first z-plane of Fig. 2a), from which subcellular compartments with 
subtle mechanical differences such as the nucleoli could be discerned 
(Fig. 2a and Extended Data Fig. 4). From the spectral data, spatial maps 

scattering of visible or infrared monochromatic (laser) light from 
gigahertz-frequency longitudinal acoustic phonons that are charac-
teristic of the mechanical components of the material. The resulting 
Brillouin spectrum, that is, the frequency shift (ΩB), and linewidth 
(ΓB) of the inelastically scattered light then provides information on 
the longitudinal modulus of the (bio-)material, assuming the relation 
between the refractive index (RI) and density is known. Although both 
the RI and the density may vary with conditions, their ratio ρ/n2 does 
not vary substantially in biological materials10–12. Therefore, the value 
of Brillouin frequency shift and linewidth are often reported as direct 
indicators of the mechanical properties. When coupled to a confocal 
microscope8, BM can achieve diffraction-limited resolution in 3D, which 
has enabled a wide range of applications in biology, including studies 
of intracellular biomechanics in living cells11, of ex vivo13,14 and in vivo 
tissues12,15,16 and their components17 as well as biomaterials18 and disease 
diagnosis19,20. The typical signal levels in spontaneous Brillouin scatter-
ing, however, are relatively weak, due to the low scattering cross-section 
(~10−10 to 10−12), which has hampered the development of high-speed 
and/or high-sensitivity Brillouin microscopes.

Recently, stimulated Brillouin scattering (SBS) has been intro-
duced and shown to enable high spectral resolution and thus high 
mechanical specificity, as well as practical acquisition times of bio-
logical samples in BM of biological samples21,22. The technique is based 
on coherently driving, and thus enhancing, the phonon population 
inside a sample at a given frequency via two interfering laser (pump) 
beams23 and scanning a frequency-tunable ‘probe’ laser over the 
Brillouin spectrum. In contrast to spontaneous Brillouin scattering, 
SBS enables spectral measurements at a higher resolution that are free 
of elastic background contributions, and thus enabling high signal 
levels while maintaining high mechanical specificity. The limitations 
of SBS are that it is normally restricted to relatively transparent (that is, 
non-absorbing) samples thinner than ~100–200 µm that can be opti-
cally accessed from two opposing sides. Although frequency-domain 
and impulsive SBS were previously used for Brillouin imaging of tissue 
phantoms at high spectral resolution24–26, only a recent demonstration 
has achieved the necessary high spatial resolution and shot-noise sen-
sitivity adequate for imaging of semi-transparent organisms, such as 
Caenorhabditis elegans22. However, this implementation used continu-
ous wave (CW) laser illumination, therefore not taking full advantage of 
the nonlinearity of the stimulated process. Moreover, the required high 
illumination dosages (~265 mW in ref. 22) limit their use for live imaging 
of sensitive samples over extended time periods, which probably pro-
hibits more widespread applications and its uptake in the life sciences.

In this Article, we address this major drawback of current SBS 
realizations by introducing a pulsed pump–probe approach. Combined 
with balanced detection and diligent parameter optimization, this 
allows us to achieve shot-noise limited performance yielding compa-
rable signal-to-noise ratio (SNR), spectral resolution, image quality and 
speed compared to recent SBS demonstrations22, yet at a substantially 
(>10-fold) lower illumination dosage. We further show that, in contrast 
to full-CW operation, pulsed SBS does not lead to sample heating or 
phototoxic effects in cultured single cells or during two-dimensional 
(2D) live imaging of entire organoids and C. elegans embryos over 
extended fields of view (up to 215 × 215 × 10 µm3) and time periods 
(up to 3 h). The high spatial (0.57 × 0.55 × 2.58 µm3) as well as spectral 
(151 MHz) resolution and thus mechanical specificity further allowed 
us to distinguish up to three mechanically separate components in 
the focal volume in the zebrafish notochord and spinal chord region 
and to capture viscoelastic changes during organoid development.

Results
Pulsed SBS approach, setup and validation
The pulsed SBS approach is based on two CW, narrowband (100 kHz), 
yet tunable, amplified 780 nm diode lasers that illuminate the sam-
ple from two opposing sides through high (0.7) numerical aperture 
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of the Brillouin shift, gain and linewidth (Fig. 2e,g,h) both lateral as well 
as axial (Fig. 2f,i) can be plotted, demonstrating the high overall image 
quality and SNR. Staining with an established viability marker (pro-
pidium iodide, PI) revealed membrane and/or chromosomal damage 
was absent in a pulsed-SBS imaged cell 15 h after imaging (Fig. 2a, n = 5, 
Extended Data Fig. 4d). Next, we sequentially imaged two fibroblast 
cells with pulsed and CW schemes. No cell blebbing and membrane 
damage was observed in the pulsed scheme (Fig. 2b). In contrast, 
while a Brillouin map acquired with SBS CW illumination (250 mW 
total power) gave similar contrast and quality, it showed direct effects 
of potential photodamage. Firstly, clear cell blebbing and membrane 
damage were observed in the CW scheme after imaging of five z-planes 
(Fig. 2c and Extended Data Fig. 4g). Secondly, the overall Brillouin shift 
(ΩB) was elevated in different cell regions (nucleolus, nucleoplasm 
and cytoplasm). This trend was observed in both fibroblast (n = 2) and 
primary HBMECs (n = 2), which suggests sample heating (Fig. 2j). Fur-
thermore, mES cells showed increased motility, which is indicative of 
cellular avoidance behavior (Extended Data Fig. 4h). Moreover, particle 
trapping and hence higher Brillouin shift in the cell medium is more 
evident in the CW scheme compared to pulsed SBS. Together, these 
experiments emphasize that in SBS-based imaging of single cells total 
illumination levels have to be carefully kept at low powers (<30 mW) 
to ensure cell viability.

High-specificity SBS imaging in live zebrafish and C. elegans
Next, we set out to explore the high spectral resolution of our pulsed SBS 
for distinguishing different mechanical constituents in heterogeneous 

living tissues. For this we acquired low-power, pulsed-SBS images in 
the tail region of live zebrafish larvae 3 days post-fertilization (3 dpf). 
Here the region surrounding the notochord is known to encompass 
an ultrathin, ~500-nm-wide, extracellular matrix (ECM) layer of high 
mechanical rigidity that supports the tissue structure16. The pulsed-SBS 
images revealed several tissue types including the ECM, the noto chord 
and the surrounding muscle segments including the spinal chord  
region (Fig. 3c,d). Owing to the high spectral resolution of SBS, an asymmet-
ric spectrum indicative of several peaks becomes evident in several  
tissue regions. Here the high spectral resolution of SBS reflects a high 
mechanical specificity22 in the assumption that the ratio between RI and 
density does not substantially vary within cells and tissues, as previ-
ously shown in zebrafish12.

To aid in the efficient experimental evaluation and data analysis 
of the complex, multipeak Brillouin spectra, we developed a custom 
analysis approach and graphics processing unit (GPU)-enhanced fit-
ting pipeline with a convenient graphical interface and substantially 
improved speed, which enabled real-time analysis and optimization of 
experimental parameters (Extended Data Fig. 5). With this we unam-
biguously distinguish between single and multiple peaks in our spectra 
(Fig. 3e). Using our optimized tools, we observe a triple peak distribu-
tion (Fig. 3f) of Brillouin shifts when analyzing the ECM region. We 
interpret these as an ECM-surrounding tissue component (5.34 GHz, 
L1), and a first (5.63 GHz, L2) and second (6.63 GHz, L3) acoustic mode 
that we attribute to the ECM. We hypothesize the L2 and L3 components 
to represent hybrid acoustic modes which involve both longitudinal 
and transverse motions, due to the ECM being thinner than the optical 
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Fig. 1 | Pulsed-SBS approach and performance. a, Pump and probe beams 
with a slightly different frequency counter-propagate and are focused inside 
a biological sample. b, Schematic of the optical power against time for the 
pulsed scheme (blue solid line) and the CW scheme (orange dashed line). c, SBG 
detection scheme. The pump beam is modulated at high frequency (320 kHz) 
at which the resulting amplitude modulation of the probe beam due to SBG can 
be measured. d, Schematic of the SBS setup. The pump and probe beams are 
focused in the same position using high NA (0.7) objective lenses. The intensity of 
the probe beam is measured by a photodiode, connected to the LIA. Brightfield 
imaging can be performed by flipping two mirrors into the optical path (yellow). 
Widefield fluorescence image is obtained by adding an excitation filter after the 

LED and an emission filter before the camera (not shown). e, Pulsed-SBS spectra 
of water under different pulse width but at the same peak power (thus different 
average power) while keeping the same average probe power to 5 mW. The pump 
pulse width ranges from 40 ns to CW and the corresponding average power 
ranges from 13 to 295 mW. Integration time is 20 ms. f, Quantification of SNR as 
a function of duty cycle and average pump power. g, Precision of the Brillouin 
shift and linewidth as a function of the integration time of the SBG spectrum 
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wavelength, since such hybrid acoustic mode-induced splitting is often  
observed in subwavelength optical waveguides27. Note that previous 
work16 in the zebrafish notochord was only able to distinguish the 
higher-shift, and thus well-separated, second ECM mode. Pulsed SBS 
is therefore capable of identifying three distinct and specific biome-
chanical components inside a diffraction-limited focal volume and 
inside a living specimen. We also observed double-peaked Brillouin 
spectra when analyzing the central canal regions in the spinal chord 
(Fig. 3g), which we interpret as cerebrospinal fluid (5.03 GHz, L1) and  
presumable beating cilia28. We further highlight that here we are  
able to measure both components inside the point-spread function 
(PSF) simultaneously, that is, for every image pixel, and during active 
cerebrospinal fluid flow.

We further validated the quality of our pulsed-SBS microscopy 
by imaging live, anesthetized wild-type C. elegans at the young adult 
stage. As evident from close-up images of the pharyngeal region 
(Fig. 3i,j), pulsed-SBS with 27 mW total power yields similar SNR and 
overall contrast compared to standard CW scheme at ten-fold reduced 

illumination power. Here, under CW illumination, optical trapping 
of dust in the illumination laser light focus, particularly in the media 
and lumen, were more common and the specimens imaged showed 
enhanced motility behavior despite anesthesia, probably a stress 
response in the animal29. Next, we used our pulsed SBS to observe spa-
tial differences in Brillouin shift in the gonad region of the nematode at 
high resolution (Fig. 3k). The Brillouin shift of meiotic nuclei decreased 
during oocyte maturation. While a thin shell of lower Brillouin shift 
nucleoplasm was wrapped around a higher Brillouin shift nucleolus 
in early oocyte nuclei, both nucleoplasm and nucleolus regions were 
with lower Brillouin shift in late oocytes. This decrease in Brillouin 
shift correlates with an increase in chromatin compaction from early 
to late oocytes.

To further highlight the advantage of low-power pulsed SBS, we 
imaged live mouse embryos in the zygote and eight-cell stage (Extended 
Data Fig. 6). We also obtained high image quality and subcellular details 
with pulsed SBS, while the high optical power of CW SBS trapped the 
embryo and thus prohibited Brillouin imaging.
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probe with a z-step of 1 µm. The coregistered brightfield image and fluorescence 
image (15 h after Brillouin imaging) of the cell stained with PI dye are shown 
below. b, Three-dimensional Brillouin shift images of two fibroblast cells under 
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and fluorescence images (42 min after Brillouin imaging) are shown below the 
Brillouin images. c, Three-dimensional Brillouin shift images of the same two 
cells under 240 mW pump power and 7 mW probe power after b with a z-step 
of 1 µm. Scale bars in a–c are 10 µm. Note that the PI dye, a viability marker that 
indicates damaged membranes, is staining the nucleus. d, Brightfield image of 

a NIH/3T3 fibroblast cell. e,g,h, The Brillouin shift (ΩB) (e), Brillouin gain (GB) 
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Viscoelastic imaging of mouse mammary gland organoids
To demonstrate the applicability of our method for medically rel-
evant test systems, we acquired pulsed-SBS images of mouse mam-
mary epithelial organoids (Fig. 4). The epithelial tissues and cells were 
well resolved in lateral as well as axial cross-sections. Quantifying the 
Brillouin linewidth (ΓB) we observed a transient decrease in linewidth 
(~200 MHz) in the organoid lumen between early (48 h post-seeding 
the single cells into basement membrane matrix) (Fig. 4b,c) and later 
phases (70 h and 80 h post-seeding) (Fig. 4e–k) of development. In this 
organoid system, lumen formation is generated through cell division30 
and hollowing31, which typically involves endocytosis of membrane 
vesicles to extend the apical membrane30 as well as hydrostatic pres-
sure, which builds through the accumulation of ion channels and pumps 
at the apical plasma membrane32,33. These processes may explain the 
observed increased Brillouin linewidth in the early phase of organoid 

growth, when a nascent lumen is formed (Fig. 4b,c). We furthermore 
captured a putative cell division event during late cytokinesis (Fig. 4d). 
Remarkably, these cells showed a substantial decrease in Brillouin 
shift (arrows in Fig. 4e), in line with observations in the Madin-Darby 
canine kidney cell line at the division elongation/cytokinesis stage in 
2D cell culture conditions as measured by traction-force microscopy34.

Finally, in 80-h-old, established organoids, we observed differ-
ential Brillouin shift in axial cross-sectional images, with the side epi-
thelium displaying a 100 MHz higher shift (Fig. 4j). Overall, organoids 
remained viable after pulsed-SBS imaging, as confirmed by brightfield 
microscopy acquired at 24 and 48 h after the imaging experiments, 
that showed intact organoids and no detectable blebbing or debris 
originating from dead cells within the lumen. Note that, even with only 
27 mW power, particle trapping due to optical tweezer effect leads to 
stripe-like artifacts in the lumen of the organoids (Fig. 4h–j).

ihg

x

y

0
5 GHz

a cb
5.7 GHz

e fd

1.3 GHz

Brightfield

Brightfield

Brightfield

kj

j, k j, k

x

y

x

y

x

y

x

z

x

y

x

y

x

z

ΩB/2π ΓB/2π

48 h

70 h

80 h

Rim Rim

Upper

Lower

Fig. 4 | Pulsed-SBS imaging of mouse mammary gland organoids.  
a, Brightfield image of an organoid 48 h post seeding singularized mammary 
epithelial cells into basement membrane matrix. b,c, Brillouin shift image (b) 
and Brillouin linewidth (c) image of the organoid in a. In b and c, the pixel steps 
in x and y directions are both 0.5 µm and the pixel time is 20 ms. d, Brightfield 
image of an organoid 70 h post seeding. e,f, Brillouin shift image (e) and Brillouin 
linewidth (f) image of the organoid in d. The average Brillouin linewidth in the 
lumen in f (FWHM 488 MHz) is 200 MHz decreased compared to c (FWHM 
688 MHz) (representative of n = 3 organoids). Arrows in e highlight a dividing cell  
in cytokinesis. Dashed lines in b–f demarcate organoid lumen. In e and f, the pixel  
steps in x and y directions are both 0.25 µm and the pixel time is 20 ms.  

g, Brightfield image of an organoid 80 h post seeding. h,i, Brillouin shift image 
(h) and Brillouin linewidth (i) image of the organoid in g. j,k, Brillouin shift 
image (j) and Brillouin linewidth (k) image of the x–z plane marked with a dashed 
yellow line in g and h. The average Brillouin shift of the bended rim regions (black 
dashed boxes in j, average 5.56 GHz) shows a ~100 MHz up-shift compared to the 
average shift of the upper and lower cap of the epithelium (red dashed boxes 
in j, average 5.46 GHz) (representative of n = 4 organoids). A piece of debris, 
potentially a dead, extruded cell is marked with an arrow in j. In h–k, the pixel 
steps in x and y directions are 0.5 µm and the pixel time 20 ms. Scale bars in all the 
images are 10 µm.
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Pulsed SBS enables live imaging of C. elegans embryos
As a final demonstration of the low phototoxicity of our pulsed-SBS 
method and its capability to visualize dynamic tissue properties 
throughout morphogenesis, we captured longitudinal and 2D mechani-
cal information of the developing C. elegans embryo, from ~300 min to 
480 min post-fertlization (mpf), that is, from ‘bean’ stage to ‘1.5 fold’ 
stage (Fig. 5 and Supplementary Video 1). This is the period of embry-
onic development when tissue morphogenesis starts, after the majority 
of embryonic cell divisions have concluded35. We acquired 2D Brillouin 
time-lapse images over a ~65 × 55 µm2 field of view within ~4.8 min and 
at 13 min time intervals (that is, over 15 separate time points). Analyzing 
our Brillouin time-lapse data, we observed differential Brillouin shifts 

across embryonic body parts and embryonic stages. During C. elegans 
embryonic morphogenesis, higher Brillouin shifts mark the posterior 
part of the embryo, which mostly consists of endodermal cells that 
will form the intestine (Fig. 5)35,36. No photodamage or phototoxic-
ity was observed at ~27 mW of average laser power as confirmed by 
brightfield images of the embryos post-acquisition (n = 3 embryos). 
C. elegans embryos remained active and viable after pulsed-SBS imag-
ing. All imaged embryos undergo twitching and normal development 
past the stage of ‘4-fold’ and eventually hatched into viable larvae. This 
represents a substantial improvement over standard CW SBS employing 
~265 mW, where embryo damage and death was observed following the 
acquisition of a few 2D images (n = 3 embryos, Extended Data Fig. 7).
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Fig. 5 | Time-lapse pulsed-SBS imaging of C. elegans embryo development. 
Brillouin shift (top) and brightfield (bottom) images over a 3-h time span and at 
13-min time interval (representative of n = 3 embryos). The pixel steps in x and 
y directions are 0.5 µm and the pixel time is 20 ms (total time per image 288 s). 
Scale bars in all the images are 10 µm. The embryo at the start of the time lapse 

is at the late ‘ball-stage’, slightly before the bean stage, or approximately at 
300 min post-fertilization (mpf). Imaging time lapses presented here conclude 
at ~480 mpf, when embryos start their first spontaneous muscle contractions, 
known as ‘twitching’. Embryonic axes: top right is anterior, bottom left is 
posterior, right is ventral and left is dorsal.
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Discussion
To summarize, here we presented a scheme for stimulated BM that 
fully exploits the nonlinearity of the pump–probe interaction. In our 
work we harnessed the improved efficiency of our approach along with 
diligent optimization of the signal detection to substantially reduce 
the required total illumination power and thus enable imaging of a 
wide range of photosensitive biological samples over extended time 
periods that could otherwise be damaged by the high laser powers 
required by previous SBS implementations.

Our pulsed SBS approach achieves ~20-fold signal enhancement 
at a noise level only 2-fold higher than the shot noise and compared to 
state-of-art CW implementation22. Therefore, ten-fold lower power illu-
mination could be employed. Ensuring low photoburden is of utmost 
importance when establishing imaging and spectroscopy methods 
for applications in biomedicine. Here we note that our ten-fold/20 dB 
power reduction compared to the shot noise limited CW scheme is 
substantially higher than recently achieved quantum-enhanced spec-
troscopy schemes for Raman37 (35% SNR enhancement) and SBS38 
(3.5 dB SNR enhancement).

While the spectral and thus overall image acquisition time of 
pulsed SBS (~20 ms) is notably slower than recently developed line-scan 
BM39–41, we note that it is still faster than standard confocal implementa-
tions11,12,42,43 yet yields improved spectral resolution and thus linewidth 
fidelity, and in principle allows information to be obtained on the mass 
density22. Therefore, by combining our pulsed-SBS microscopy with 
methods that measure the RI in 3D such as optical diffraction tomog-
raphy44,45, the complex longitudinal modulus can be quantitatively 
obtained. We note that the high-frequency longitudinal modulus meas-
ured by Brillouin scattering is, however, fundamentally different from 
the low-frequency, Young’s modulus often used in mechanobiology9.

Future hardware developments will allow full exploitation of the 
possible enhancement of our pulsed-SBS approach, which is currently 
limited by the input power of the fiber-pigtailed probe AOM (Supple-
mentary Note 1). In particular, nanosecond-pulsed laser light generated 
by faster electro-optic modulator, together with smaller repetition rate 
(for example 100 kHz), could unlock the remaining untapped poten-
tial. Here we envision that diligent illumination scheme design could 
achieve overall enhancements of up to ~10.000-fold, which could be 
translated to practical spectral acquisition times of as low as ~20 µs at 
<1 mW average illumination power only (Supplementary Note 1). Such 
improvements could open new avenues and further applications for 
studying biomechanics in 3D with high spatio-temporal resolution and 
mechanical specificity in living biological specimen.

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-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41592-023-02054-z.

References
1. Chaudhuri, O. et al. Effects of extracellular matrix viscoelasticity 

on cellular behaviour. Nature 584, 535–546 (2020).
2. Guimarães, C. F. et al. The stiffness of living tissues and its 

implications for tissue engineering. Nat. Rev. Mater. 5, 351–370 
(2020).

3. Cowin, S. & Doty, S. Tissue Mechanics (Springer, 2007).
4. Janmey, P. A. & McCulloch, C. A. Cell mechanics: integrating cell 

responses to mechanical stimuli. Annu. Rev. Biomed. Eng. 9,  
1–34 (2007).

5. Kennedy, B. F., Wijesinghe, P. & Sampson, D. D. The emergence of 
optical elastography in biomedicine. Nat. Photonics 11, 215–221 (2017).

6. Hochmuth, R. M. Micropipette aspiration of living cells.  
J. Biomech. 33, 15–22 (2000).

7. Krieg, M. et al. Atomic force microscopy-based mechanobiology. 
Nat. Rev. Phys. https://doi.org/10.1038/s42254-018-0001-7 (2018).

8. Scarcelli, G. & Yun, S. H. Confocal Brillouin microscopy for three- 
dimensional mechanical imaging. Nat. Phot. 2, 39–43 (2008).

9. Prevedel, R. et al. Brillouin microscopy: an emerging tool for 
mechanobiology. Nat. Methods 16, 969–977 (2019).

10. Kim, K. & Guck, J. The relative densities of cytoplasm and nuclear 
compartments are robust against strong perturbation. Biophys.  
J. 119, 1946–1957 (2020).

11. Scarcelli, G. et al. Noncontact three-dimensional mapping of 
intracellular hydromechanical properties by Brillouin microscopy. 
Nat. Methods 12, 1132–1134 (2015).

12. Schlüßler, R. et al. Mechanical mapping of spinal cord growth and 
repair in living zebrafish larvae by Brillouin imaging. Biophys.  
J. 115, 911–923 (2018).

13. Chan, C. J., Bevilacqua, C. & Prevedel, R. Mechanical mapping 
of mammalian follicle development using Brillouin microscopy. 
Commun. Biol. 4, 1–10 (2021).

14. Mattana, S. et al. Viscoelasticity of amyloid plaques in transgenic 
mouse brain studied by Brillouin microspectroscopy and 
correlative Raman analysis. J. Innov. Opt. Health Sci. 10,  
1742001 (2017).

15. Scarcelli, G. & Yun, S. H. In vivo brillouin optical microscopy of the 
human eye. Opt. Express 20, 9197 (2012).

16. Bevilacqua, C. et al. Imaging mechanical properties of 
sub-micron ECM in live zebrafish using Brillouin microscopy. 
Biomed. Opt. Express 10, 1420–1431 (2019).

17. Palombo, F. et al. Biomechanics of fibrous proteins of the 
extracellular matrix studied by Brillouin scattering. J. R. Soc. 
Interface 11, 20140739 (2014).

18. Koski, K. J. et al. Non-invasive determination of the complete 
elastic moduli of spider silks. Nat. Mater. 12, 262 (2013).

19. Palombo, F. et al. Mechanical mapping with chemical specificity by  
confocal Brillouin and Raman microscopy. Analyst 139, 729–733 
(2014).

20. Yun, S. H. & Chernyak, D. Brillouin microscopy: assessing ocular 
tissue biomechanics. Curr. Opin. Ophthalmol. 29, 299 (2018).

21. Remer, I. & Bilenca, A. High-speed stimulated Brillouin scattering 
spectroscopy at 780 nm. APL Photonics 1, 061301 (2016).

22. Remer, I. et al. High-sensitivity and high-specificity biomechanical 
imaging by stimulated Brillouin scattering microscopy. Nat. 
Methods 17, 913–916 (2020).

23. Remer, I. & Bilenca, A. Background-free Brillouin spectroscopy 
in scattering media at 780 nm via stimulated Brillouin scattering. 
Opt. Lett. 41, 926 (2016).

24. Ballmann, C. W. et al. Stimulated Brillouin scattering microscopic 
imaging. Sci. Rep. 5, 18139 (2016).

25. Krug, B., Koukourakis, N. & Czarske, J. W. Impulsive stimulated 
Brillouin microscopy for non-contact, fast mechanical 
investigations of hydrogels. Opt. Express 27, 26910 (2019).

26. Ballmann, C. W. et al. Impulsive Brillouin microscopy. Optica 4, 
124 (2017).

27. Beugnot, J.-C. et al. Brillouin light scattering from surface 
acoustic waves in a subwavelength-diameter optical fibre. Nat. 
Commun. 5, 5242 (2014).

28. Thouvenin, O. et al. Origin and role of the cerebrospinal fluid  
bidirectional flow in the central canal. eLife https://doi.org/10.7554/ 
eLife.47699 (2020).

29. Leitz, G. et al. Stress response in Caenorhabditis elegans caused 
by optical tweezers: wavelength, power, and time dependence. 
Biophys. J. 82, 2224–2231 (2002).

30. Jechlinger, M., Podsypanina, K. & Varmus, H. Regulation of trans-
genes in three-dimensional cultures of primary mouse mammary 
cells demonstrates oncogene dependence and identifies cells 
that survive deinduction. Genes Dev. 23, 1677–1688 (2009).

http://www.nature.com/naturemethods
https://doi.org/10.1038/s41592-023-02054-z
https://doi.org/10.1038/s42254-018-0001-7
https://doi.org/10.7554/eLife.47699
https://doi.org/10.7554/eLife.47699


Nature Methods | Volume 20 | December 2023 | 1971–1979 1979

Article https://doi.org/10.1038/s41592-023-02054-z

31. Blasky, A. J., Mangan, A. & Prekeris, R. Polarized protein transport 
and lumen formation during epithelial tissue morphogenesis. 
Annu. Rev. Cell Dev. Biol. 31, 575–591 (2015).

32. Khan, L. A. et al. Intracellular lumen extension requires ERM-
1-dependent apical membrane expansion and AQP-8-mediated 
flux. Nat. Cell Biol. 15, 143–156 (2013).

33. Kolotuev, I. et al. A pathway for unicellular tube extension 
depending on the lymphatic vessel determinant Prox1 and on 
osmoregulation. Nat. Cell Biol. 15, 157–168 (2013).

34. Gupta, V. K. et al. The nature of cell division forces in epithelial 
monolayers. J. Cell Biol. 220, e202011106 (2021).

35. Sulston, J. E. et al. The embryonic cell lineage of the nematode 
Caenorhabditis elegans. Dev. Biol. 100, 64–119 (1983).

36. Rapti, G. et al. Glia initiate brain assembly through noncanonical 
Chimaerin–Furin axon guidance in C. elegans. Nat. Neurosci. 20, 
1350–1360 (2017).

37. Casacio, C. A. et al. Quantum-enhanced nonlinear microscopy. 
Nature 594, 201–206 (2021).

38. Li, T. et al. Quantum-enhanced stimulated Brillouin scattering 
spectroscopy and imaging. Optica 9, 959 (2022).

39. Zhang, J. et al. Line-scanning Brillouin microscopy for  
rapid non-invasive mechanical imaging. Sci. Rep. 6, 35398  
(2016).

40. Bevilacqua, C. et al. High-resolution line-scan Brillouin 
microscopy for live imaging of mechanical properties  
during embryo development. Nat. Methods 20, 755–760  
(2023).

41. Zhang, J. et al. Rapid biomechanical imaging at low irradiation 
level via dual line-scanning Brillouin microscopy. Nat. Methods 
20, 677–681 (2023).

42. Antonacci, G. & Braakman, S. Biomechanics of subcellular structures 
by non-invasive Brillouin microscopy. Sci. Rep. 6, 37217 (2016).

43. Nikolić, M. & Scarcelli, G. Long-term Brillouin imaging of live 
cells with reduced absorption-mediated damage at 660nm 
wavelength. Biomed. Opt. Express 10, 1567 (2019).

44. Schlüßler, R. et al. Correlative all-optical quantification of mass 
density and mechanics of sub-cellular compartments with 
fluorescence specificity. eLife 11, 1–23 (2022).

45. Bakhshandeh, S. et al. Optical quantification of intracellular mass 
density and cell mechanics in 3D mechanical confinement. Soft 
Matter 17, 853–862 (2021).

Publisher’s note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2023, corrected publication 2024

http://www.nature.com/naturemethods
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Nature Methods

Article https://doi.org/10.1038/s41592-023-02054-z

Methods
Animal work in this research was carried out at the European Molecular 
Biology Laboratory (EMBL). All animal care and procedures performed 
in this study conformed to the EMBL Guidelines for the Use of Animals 
in Experiments and were reviewed and approved by the Institutional 
Animal Care and Use Committee.

SBS theory
Instead of employing the interaction between photons and phonons 
generated by thermal agitation in spontaneous Brillouin scattering, SBS 
uses two light beams. Pump (ω1) and probe (ω2) beams with a slightly 
different frequency counter-propagate and are focused in the sam-
ple, sharing the same focal volume. The beating between the pump 
and probe generates an interference fringe pattern, whose contrast 
is time-varying at the frequency given by the difference between the 
pump and probe frequency. Due to electrostriction, the interference 
fringe modulates the density of the sample and hence generates an 
acoustic wave. Because of the photoelasticity effect, the acoustic wave 
changes the RI of the sample and generates a moving Bragg grating 
that can transfer the energy from the pump to the probe beam. There-
fore, this results in an SBG for the probe beam, while for the pump 
this represents a stimulated Brillouin loss (SBL) process. The process 
turns resonant when the beat pattern moves at the sound velocity in 
the sample, which is realized for a well-defined frequency difference 
(ΩB = ω1 − ω2) between the pump and probe beams.

The SBG or SBL spectrum is given by G(Ω) = ±η × g(Ω) × l × I1, where 
η is the overlap efficiency of the pump and probe beams in the sample, 
±g(Ω) is the SBS gain or loss factor well described by a Lorentzian func-
tion, l is the interaction length of the two counter-propagating laser 
beams in the sampled volume, and I1 is the intensity of the pump beam 
at ω1. As for the spontaneous Brillouin scattering spectrum, the close 
relationship between the SBG or SBL spectrum and the complex lon-
gitudinal modulus of the probed volume allows one to locally extract 
the high-frequency viscoelastic response of the medium. This relation-
ship is described by M* = ρ × (λ1/2n)2 × ΩB

2 × (1 + iΓΒ/ΩB), where M* is the 
complex longitudinal modulus, λ1 is the wavelength of the beam at ω1, 
and n and ρ are the RI and the mass density of the medium, respectively. 
Similar to other nonlinear optical techniques, SBS inherently provides 
optical sectioning in three dimensions owing to the nonlinearity of SBS 
in the total irradiance intensity.

Pulsed SBS imaging setup
A detailed schematic of our pulsed-SBS microscope is shown in Fig. 1d. 
Two tapered-amplified CW external-cavity diode lasers (TA-Pro, Top-
tica) with linewidth of 100 kHz are used as pump and probe beams. The 
wavelength of the pump laser is kept at 780.24 nm, which is at the D2, 
F = 3 absorption line of Rb85. To get the SBG spectrum, the probe laser 
frequency is scanned across the Brillouin gain peak (ΩB) by sawtooth 
modulation of the laser piezo. The probe beam (s-polarization) is ampli-
tude modulated by a fiber-pigtailed AOM1 (#TEM-250-780-2FP-HP, 
Brimrose) to generate a pulse train (for example, 60 ns pulse width, 
1.1 MHz repetition rate). An aspheric lens (#49-115, Edmund) is used to 
collimate the output of the AOM to a collimated beam with a diameter 
of 6.7 mm (1/e2, theoretical). The probe beam is then right circularly 
polarized by a quarter wave plate. Two mirrors, conjugated to the 
back and the front focal plane of the probe objective (Obj. 1) by means 
of two achromatic lenses (L1 and L2: #49-356, Edmund), respectively, 
allow for fine position and angle adjustment of the beam inside the 
sample to aid in the alignment between the pump and probe overlap.

For the pump beam, a holographic narrowband reflective Bragg 
grating (SPC-780, OptiGrate) is employed to clean up the pump laser’s 
amplified spontaneous emission noise. The filtered pump beam with 
s-polarization is focused into a free-space AOM2 by an achromatic lens 
(AC254-100-B-ML, Thorlabs) and re-collimated by another achromatic 
lens (AC254-100-B-ML, Thorlabs). AOM2 is not only used for pulse 

generation (for example, 60 ns pulse width, 1.1 MHz repetition rate) 
but also for envelope amplitude modulation at 320 kHz frequency so 
that the pump modulation can be transferred to the probe by SBG and 
be measured by an LIA (MFLI 5 MHz, Zurich Instruments). A single-pole, 
single-throw analog switch (#NC7WB66K8X, Onsemi) is used to elec-
tronically combine the pulse and the envelope amplitude signals. The 
pulse signal (with 60 ns pulse width, 1.1 MHz repetition rate) is used  
as a digital enable input that allows the input signal (sinusoidal enve-
lope modulation at 320 kHz) to pass (or not). The pulsed pump beam 
is coupled into a fiber by a fiber coupler FC2 (FiberDock, Toptica) for 
beam delivery and is then collimated with a diameter of 6.7 mm (1/e2, 
theoretical) by a fiber collimator (#49-115, Edmund). Next, the beam is  
p-polarized by a half wave plate and transmitted through a polarizing 
beam splitter (CCM1-PBS25-780M, Thorlabs). The polarization of the 
beam is then changed to left circular polarization by a quarter wave plate.

The right-circular polarized probe beam and left-circular polar-
ized pump beam counter-propagate and are focused into a sample 
at the same position by two 0.7 NA objective lenses (LUCPLFLN60X, 
Olympus). Note that Obj. 2 is mounted on a 3D translational stage 
for optimization of the overlap between pump and probe beams. 
Three-dimensional images are obtained by raster-scanning the 3D piezo 
stage (L3S-D10300-XY300Z300, nanoFaktur) onto which the sample 
is mounted. After interacting with the pulsed pump beam, the SBG 
probe beam is collected by Obj. 2 and its polarization is changed from 
right-circular polarization to s-polarization by the quarter wave plate. 
The s-polarization SBG probe beam is then reflected by the polariza-
tion beam splitter and passes through two rubidium cells (SC-RB85-
(25×150-Q)-AR, Photonics Technologies) before being detected by a 
photodiode PD1 (FDS1010, Thorlabs). The output of PD1 is split into 
direct current (DC) and alternating current (AC) components by a 
bias-tee (ZFBT-4R2GW+, MiniCircuits). The DC component is measured 
by a data acquisition (DAQ) card (National Instruments) for gain calcula-
tion and balance detection. The AC signal is filtered by a low-pass filter 
(LPF-B0R35+, MiniCircuits) and then measured by the differential input 
1 of the LIA. A fiber coupler takes out 50% of the pulsed probe beam for 
balance detection. The other 50% go through a variable neutral density 
attenuator and is detected by PD2 (FDS1010, Thorlabs). The output of 
PD2 is also split into DC and AC components by a bias-tee (ZFBT-4R2GW+, 
MiniCircuits). The DC component is measured by the DAQ card as a refer-
ence beam for balance detection. The AC signal is filtered by a low-pass 
filter (LPF-B0R35+, MiniCircuits) and then measured by the differential 
input 2 of the LIA. It should be emphasized that the LIA is set to differen-
tial input mode for balance detection, which can substantially decrease 
the detection noise (Extended Data Fig. 2). The LIA demodulated signal 
is acquired by the DAQ card. The reflection of the pump beam and the 
stray pump light can be filtered out by two rubidium cells. The Brillouin 
imaging data were acquired by custom-written LabView code.

To acquire brightfield and widefield fluorescence images, flip 
mirror 1 is flipped down and flip mirror 2 is flipped up. A lamp (X-Cite 
120Q, Excelitas) with a light guide and a coupling adapter (X-Cite Light 
Guides, Excelitas) is used for brightfield imaging and the adapter 
output is conjugated to the back focal plane of Obj. 1 for Köhler illu-
mination. The brightfield image is recorded by a complementary 
metal-oxide-semiconductor (CMOS) camera (CM3-U3-31S4M, Flir).

To acquire widefield fluorescence images of the PI dye for cell 
viability tests, a green light-emitting diode (LED; M530L4, Thorlabs) 
is butt-coupled to a light guide with a coupling adapter (X-Cite Light 
Guides, Excelitas) and used as an illumination light source. An excita-
tion bandpass filter (ET535/50m, Chroma) and detection long-pass 
filter (ET605LP, Chroma) are placed after the LED and before the tube 
lens, respectively, for fluorescence detection.

Pulsed-SBS system characterization and image acquisition
Optimization of pump–probe overlap. To maximize the overlap 
efficiency η of the pump and probe beam as well as to ensure the best 
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axial resolution, the correction collars of the two 0.7 NA objectives 
require fine-tuning. First, the overlap between the pump and probe 
beam is roughly optimized (that is, pump and probe are focused in the 
same position in the sample) by maximizing the coupling probe power 
out of FC2 in Fig. 1d. Next, the correction collar of Obj. 2 is adjusted to 
make the brightfield image of a specimen (for example, a cell) as sharp 
as possible. While doing so, the z position of the sample needs to be 
adjusted, iteratively, to keep it in focus. After this procedure the best 
aberration correction for Obj. 2 is achieved and Obj. 1 can be optimized 
by maximizing the overlap efficiency η as described before.

Spatial and spectral resolution measurements. The lateral (that is, 
x and y) resolution is characterized by measuring a polydimethylsilox-
ane (PDMS) bead in 1% (w/v) agarose (Extended Data Fig. 1a–d). The 
Brillouin frequency shifts of the agarose and PDMS bead are 5.12 GHz 
and 4.07 GHz, respectively. We plot the fitting signal amplitude at 
5.12 GHz in Extended Data Fig. 1b. Then we fit the amplitude across 
the edge of the bead in x and y directions with erf function. Therefore, 
we get the x and y full width at half maximum (FWHM) resolution of 
0.57 µm and 0.55 µm, respectively.

Because of the large RI difference between PDMS bead (RI 1.39) 
and agarose (RI 1.33), the aberration is high in the region close to the 
axial boundary of PDMS bead and agarose. We characterize the axial 
resolution by measuring immersion oil sandwiched between two cov-
erslips (Extended Data Fig. 1e,f). The Brillouin frequency shift of the 
oil is 7.04 GHz and the frequency shift of the cover glass is more than 
15 GHz; thus, the cover glass Brillouin signal is outside our scanning 
range (5–9 GHz). We scan the focus point through the boundary of oil 
and glass, and the signal amplitude at 7.04 GHz is shown in Extended 
Data Fig. 1f. The z axial resolution is calculated to be 2.58 µm by fitting 
the erf function to the experimental data.

To measure and calibrate the spectral resolution of the pulsed-SBS 
microscope, double-distilled water SBG signal was recorded at 23 °C 
and a representative spectrum is shown in Extended Data Fig. 3. We 
note that, in our setup, the frequency counter (Keysight 53210 A) gate 
time (100 ms) is much longer than the experimental dwell time of each 
frequency step (that is, 200 µs for 20 ms pixel time with 100 frequency 
points); therefore, the frequency difference between the pump and 
probe cannot be determined in real time. Therefore, the start and 
end frequency of the scanning range was measured by the frequency 
counter at very slow scanning speed. Since there is an offset between 
slow and fast scanning, we take the Brillouin frequency shift of water 
under slow scanning as a reference. The water spectrum at fast scan 
speed shown in Extended Data Fig. 3 was calibrated by subtracting the 
differential frequency (that is, the Brillouin frequency shift between 
the fast and slow scanning) from the measured frequency. The water 
FWHM linewidth is 459.2 MHz for the integration time of 20 ms and 
LIA noise-equivalent bandwidth of 200 Hz. Therefore, the spectral 
resolution of the microscope is calculated to be 151 MHz by subtract-
ing our measured water FWHM to the low-NA water FWHM (308 MHz 
measured in ref. 22). Note that the water FWHM linewidth is measured 
to be 410 MHz (corresponding to 102 MHz spectral resolution) when 
the integration time is 40 ms and LIA noise-equivalent bandwidth is 
200 Hz, which is in a good agreement with the measured high (0.7) 
NA spectral broadening of the CW scheme22. This also implies that the 
additional 49 MHz frequency broadening is due to the averaging effects 
of the LIA. Furthermore, we numerically evaluated the Brillouin shift 
and width accuracy under different spectral scan ranges and confirmed 
that scan ranges of greater than ~2 GHz do not lead to improved fidelity 
(Extended Data Fig. 8).

Determination of signal SNR. In our pulsed-SBS microscope, there  
are three types of contrast: Brillouin frequency shift ΩB, Brillouin 
linewidth ΓB and Brillouin gain GB. ΩB and ΓB of each pixel are respec-
tively the peak frequency and FWHM linewidth of the Lorentzian fitting 

of the measured spectrum. GB of each pixel is the ratio between the  
amplitude of the Lorentzian fitting and the DC component of the  
photodiode output.

The signal intensity is the amplitude of the Lorentzian fitting 
from the measured spectrum. The noise is the standard deviation of 
the measured spectrum when the pump–probe frequency difference 
is tuned away from the Brillouin frequency shift. For example, to get 
the water SBG spectrum, the frequency difference was scanned from 
4 GHz to 6 GHz. The signal intensity is the amplitude of the Lorentzian 
fitting. The noise is the standard deviation of the spectrum outside the 
Brillouin interaction (that is, 7–9 GHz).

SBS spectral data analysis
The data acquired from the microscope are stored as a unidimen-
sional array. The data are reshaped into a 2D array of dimension 
[frequency;pixels], and a high-pass filter is applied (cutoff frequency 
50 Hz, corresponding to the typical acquisition time of a single spec-
trum). The recorded data are then processed using a customized 
version of Gpufit46 to which a Lorentzian function and a sum of two 
Lorentzian functions were added as fitting functions. Each Lorentzian 
fit gives access to the shift, width and amplitude of the peak. To plot an 
image or an image stack from these data, the array is reshaped, every 
second line is shifted (by a number of pixels equivalent to ~100 ms) to 
compensate for the delay between desired and actual stage position 
and every other plane is flipped (z-scan pattern).

Except for the modified version of Gpufit (v1.2.0), which is writ-
ten in C++ and Cuda 11.5, the rest of the processing is done in MATLAB 
2021b. This allowed the development of a graphical user interface to 
explore the acquired data, to detect problems in the acquisition and 
to verify the goodness of the fits. This graphical user interface displays 
two images made from a selected parameter (shift, width, amplitude, 
error and so on), and clicking on a pixel in these images displays the 
underlying acquired spectra and the fitted function (Extended Data 
Fig. 5). In some cases, it is possible that the recorded spectra is a ‘double 
peak’, that is, the sum of two Lorentzian functions. In that case, Gpufit is 
used to directly fit the sum of two Lorentzian functions. To distinguish 
potentially asymmetrical peaks from true double peaks, we compute 
the derivative of the fitted sum of Lorentzian functions, and evaluate 
whether it intersects more than once with the y = 0 line, in which case it 
is indicative of at least two local extrema. Furthermore, we slightly shift 
the derivative offset and repeat the test. In case we also get intersections 
with y = 0, it points to one local extrema in the spectrum and a ‘bump’ on 
its side. Both these situations are clearly impossible to have with only 
one, either symmetrical or asymmetrical, peak. We found that shifting 
the derivative offset from −0.5 to +0.5 allowed us to classify 99.9% of 
pure water spectra as a single peak.

On our workstation (11th Gen Intel(R) Core(TM) i9–11900K @ 
3.50 GHz and Nvidia GeForce GTX 1050 Ti), using the GPU and Gpufit 
instead of using the default MATLAB fitting function enables a speed-up 
of the total processing time of ~340 times (Supplementary Table 1).

Sample preparation and imaging parameters
Cells (including staining and controls). Mouse fibroblasts 
(NIH/3T3-CRL-1658 from ATCC) were grown in media composed of 
Dulbecco’s modified Eagle medium (DMEM) with 4.5 g l−1 glucose, 10% 
fetal bovine serum (Gibco, cat. no. 26140079) and 100 U ml−1 penicil-
lin–streptomycin (Gibco, cat. no. 15140122). They were seeded on 
polyacrylamide (PAA) gels with 12 kPa hydrogel stiffness (Matrigen, 
cat. no. SV3510-EC-12) at a density of 4,000 cells cm−2 and allowed to 
adhere overnight before imaging.

Mouse embryonic stem (mES) cells (sox1–GFP–mES cells from 
Austin Smith’s lab, University of Exeter) were maintained as undif-
ferentiated stem cells in medium composed of high-glucose DMEM 
(Gibco, cat. no. 11960044) supplemented with 15% ES-qualified fetal 
bovine serum (Merck, cat. no. ES009B), 1× non-essential amino acids 
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(Gibco, cat. no. 11140035), 1 mM sodium pyruvate (Gibco, cat. no. 
11360039), 0.1 mM β-mercaptoethanol (Gibco, cat. no. 21985023), 
1 U ml−1 leukemia inhibitory factor (from EMBL protein expression and 
purification core facility), 2 mM l-glutamine (Sigma, cat. no. G7513) and 
100 U ml−1 penicillin–streptomycin. Medium was refreshed every day, 
and the cells were subcultured every second day with a seeding density 
of 10,000 cells cm−2. PAA gels were coated with 0.1% bovine skin gelatin 
type B (Sigma, cat. no. G9391) in phosphate-buffered saline (PBS) for 
1 h at 37 °C before seeding mES cells at a density of 10,000 cells cm−2. 
The cells were allowed to adhere overnight before imaging.

Primary HBMECs (Cell Systems), kept to a passage number lower 
than 10, were cultured in EGM-2 MV medium (Lonza) on flasks coated 
with poly-l-lysine (Sigma-Aldrich). HBMECs were then seeded onto 
dishes with 30 µl of 7.5 mg ml−1 collagen I solution (isolated from rat 
tails) spread evenly. HBMECs were allowed to attach and spread on the 
collagen overnight before being imaged the next day.

To test for cell viability under low-power pulsed SBS and 
high-power CW SBS, we added PI (≥94%, P4170-10MG, Sigma-Aldrich) 
into the cell dishes with a volume ratio to the cell medium of 30 µl  
in 2 ml.

Zebrafish. A wild-type zebrafish larva (3 dpf) was used in Fig. 3a–g. 
1-Phenyl 2-thiourea was added at 0.003% concentration at 12 h post 
fertilization to avoid pigmentation. The fish was mounted in the center 
of a Petri dish (Mattek, 35 mm dish, No. 0 coverslip) with 1% (w/v) 
low-melting agarose and 0.016% (w/v) tricaine (for immobilization 
purpose). A coverslip was used to cover the agarose before solidifying 
to allow the access of the sample by two objectives.

C. elegans. C. elegans adult preparation. N2 Bristol animals, 6 h post-L4, 
were washed twice in M9 buffer (22 mM KH2PO4, 49 mM Na2HPO4, 
86 mM NaCl and 10 mM NH4Cl) with 0.1% (v/v) Tween-20 followed by 
two washes in M9 buffer with 0.1% (w/v) tetramisole (mounting solu-
tion). The animals were mounted in 5 µl of mounting solution between 
two agarose pads of 120 µm thickness each. To make agarose pads, 18 µl 
freshly prepared 5% (w/v) low-melting agarose in M9 buffer with 0.01% 
(w/v) tetramisole were pipetted onto a glass slide and pressed against 
another slide. To control for the agarose pad thickness, a 120-µm spacer 
was placed on the slide containing the agarose. The final sample thick-
ness was ~240 µm.

C. elegans embryo preparation. C. elegans adults of the N2 Bristol strain 
were isolated on agar plates and allowed to lay eggs, corresponding to 
embryos of 50–100 cell stage and 100–130 min post-fertilization. Two 
hours post-egg-laying, embryos were transferred using platinum wire 
onto glass slides with M9 solution. Embryos were washed five times 
using transfer pipetting into M9 solutions, to remove bacteria before 
final mounting. These embryos of ‘late ball stage’ (approximately 
260–300 min post-fertilization) were mounted on a 2% agarose pad in 
H2O solution. Twenty-millimeter polystyrene beads were used as slide 
spacers in the sample preparation. This mounting causes stereotypi-
cal turns of the embryos in the eggshell during morphogenesis due to 
slight compression. Agarose pad was prepared using a 120-µm spacer 
on top of the slide to control the thickness. The final sample thickness 
was ~180 µm. Glass slides were covered with coverslips and sealed using 
liquid Vaseline heated to 40 °C, to prevent H2O evaporation. Brightfield 
and Brillouin images were acquired in 13-min intervals.

Mouse organoids. Breeding and maintenance of the mouse colony was 
done in the Laboratory Animal Resources facility of EMBL Heidelberg. 
Primary mammary epithelial cells were obtained from 8‐week‐old 
virgin females of Friend Virus B (FVB) background. Three‐dimensional 
cell cultures were established according to the published protocol30,47.

In short, the tissue from two mammary glands without mechani-
cal dissociation was placed in 5-ml digestion medium (DMEM/F12 

with l-glutamine, 15 mM HEPES (Biowhittaker, no. 12-719Q), sup-
plemented with 1 M HEPES (Biowhittaker, no. 17-737E) to 25 mM final 
concentration), 150 U ml−1 collagenase type 3 (Worthington, no. CLS3) 
and 20 µg ml−1 Liberase Blendzyme 2 (Roche, no. 11988425001), and 
digested for 15–16 h at 37 °C in loosely capped 50-ml polypropylene 
conical tubes. The resultant organoid suspension was washed with 
45 ml of PBS containing Ca++ and Mg++, pelleted at 1,000 rpm for 5 min 
at room temperature, and resuspended in 5 ml of 0.25% trypsin–eth-
ylenediaminetetraacetic acid. After incubation for 40 min at 37 °C  
in loosely capped 50-ml polypropylene conical tubes, cells were  
washed with 45 ml of DMEM/F12 with l-glutamine, 15 mM HEPES,  
supplemented with 1 M HEPES to 25 mM final concentration and with 
10% Tet System Approved FBS (Clontech, no. 631101). Suspensions 
were treated with 10 mg ml−1 DNaseI (Sigma, no. D4527). Dissociated 
cells were pelleted at 1,000 rpm for 5 min at room temperature and 
resuspended in PBS containing Ca++ and Mg++, counted, and plated 
onto collagen-coated 10-cm plates (BioCoat, #356450) for overnight 
adhesion and expansion. Then cultured cells were washed with PBS 
without Ca++ and Mg++, and the remaining cells were treated with 1 ml 
0.25% trypsin–ethylenediaminetetraacetic acid. After cell detach-
ment, trypsin was inactivated with 9 ml DMEM/F12 with l-glutamine, 
25 mM HEPES, supplemented with 10% Tet System Approved FBS. 
Cells were pelleted at 1,000 rpm for 5 min at room temperature and 
resuspended in PBS containing Ca++ and Mg++ and counted. Cells were 
mixed rapidly on ice with Matrigel Matrix (Corning, 354230) Droplets 
(100 µl) containing 10,000 cells from mammary gland preparations 
and were dispensed in a Petri dish (Mattek, 35 mm dish, No. 0 cover-
slip) with a well in the center. After solidification on a level surface  
for 30 min at 37 °C, the gels were placed at 37 °C in a CO2 incubator  
with 1.5 ml of supplemented serum-free medium (500 ml MEBM  
mammary epithelial cell growth basal medium (Lonza, CC‐3151)  
supplemented with 2 ml of bovine pituitary extract, 0.5 ml of hEGF, 
0.5 ml of hydrocortisone, 0.5 ml of GA‐1000 and 0.5 ml insulin from 
MEGM mammary epithelial cell growth medium BulletKit (Lonza 
CC‐3150)). Medium was replaced every 2 days. A coverslip was used 
to cover the cell medium from evaporation and to allow access of the 
sample by two objectives.

Mouse strains and embryo culture. All mice used in this study were 
housed according to the guidelines of EMBL Laboratory Animal 
Resources. Mice were maintained in individually ventilated plastic 
cages (Tecniplast) in an air-conditioned (temperature 22 ± 2 °C, humid-
ity 50 ± 10%) and light-controlled room (illuminated from 7:00 to 
19:00). Mice were fed 1318P autoclavable diet (Altromin) ad libitum. 
Mouse embryos were collected from superovulated (injection of 7.5 
international units (IU) pregnant mare serum followed by injection of 
7.5 IU humanchorionic gonadotropin 42–50 h later) 8- to 24-week-old 
female mice according to the guidelines of EMBL Laboratory Animal 
Resources. Embryos were cultured in 30-µl drops of G1 PLUS (Vitrolife) 
covered by mineral oil (Ovoil, Vitrolife). Embryos were isolated from 
C57BL/6J × C3H/He F1 females.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
The raw datasets generated and/or analyzed during the current study 
are available at https://doi.org/10.5281/zenodo.8211867. Source data 
are provided with this paper.

Code availability
The GPU-accelerated SBS spectral analysis code is open source under a 
GPLv3 license and can be accessed at https://github.com/prevedel-lab/
sbs-gpu-acceleration.
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Extended Data Fig. 1 | Characterization of the lateral (x and y) and axial 
(z) resolution of the pulsed-SBS microscope. The lateral resolution (x and 
y) and axial resolution (z) were measured with a PDMS bead in 1% agarose and 
immersion oil sandwiched by two cover slips, respectively. (a) Brightfield image 
of a PDMS bead in 1% agarose. (b) Fitted signal amplitude at 5.12 GHz which is 
the Brillouin shift of 1% agarose. (c) and (d) are the amplitudes of Lorentzian fits 

to the spectrum, which are themselves fitted with an erf function at 5.12 GHz 
along the edge in the x and y direction, respectively. (e) Schematic diagram of 
immersion oil sandwiched between two coverslips, with the white line indicating 
the measurement scan. (f) The amplitude of Lorentzian fits to the spectrum at 
7.04 GHz, which is the Brillouin shift of the immersion oil, and an erf-function fit 
to the data.
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Extended Data Fig. 2 | Balanced vs. unbalanced detection performance of pulsed-SBS. The plot shows the noise density against the frequency for different incident 
powers on the photodiode. Note that the pump amplitude envelope modulation frequency is selected at 320 kHz in our experiments.
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Extended Data Fig. 3 | SBG spectrum and measurement precision of water. (a) A representative SBG spectrum of water with 20 ms integration time and 27 mW total 
power. (b) Brillouin shift precision, obtained from 300 sequential measurements of water with 20 ms integration time and 27 mW total power. These constitute the 
same parameters as used for most biological samples imaged in this work.
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Extended Data Fig. 4 | Representative 3D SBS images of a mouse fibroblast 
cell, human brain microvascular endothelial cells (HBMEC) and a mouse 
embryonic stem cell. Three-dimensional sections of Brillouin shift (a), Brillouin 
linewidth (b) and Brillouin gain (c) images of a fibroblast cell under 20 mW 
pump and 7 mW probe with a z step of 1 µm. (d) Three-dimensional sections of 
Brillouin shift images of a HBMEC under 20 mW pump and 7 mW probe with a 
z step of 1 µm. PI, propidium iodine (viability marker that indicates damaged 

membranes). Brillouin shift images of HBMEC #2 (e) and HBMEC #3 (f) under 
27 mW total power and 250 mW total power and the co-registered brightfield 
image. The overall Brillouin shift of the two cells were elevated due to high power 
as quantified in Fig. 2j. (g) Three-dimensional sections of Brillouin shift images 
of HBMEC #4 and #5 under 250 mW total power with a z step of 1 um. (h) A mouse 
stem cell was sequentially imaged with 27 mW pulsed and 250 mW CW schemes. 
Scale bar: 10 µm.
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Extended Data Fig. 5 | Graphic user interface (GUI) of SBS spectral analysis. 
The home-made GUI includes the parameter selection panel, 2 image panels after 
GPU fitting, histogram of the fitted parameter in the whole image, the raw data 
spectrum, the single peak fitting spectrum and the double peak fitting spectra 

as well as the fitted parameters at a specific pixel selected by the user. As an 
example, the pixel in the spinal chord central canal region at x = 9.6 µm, y = 5.2 µm 
position was selected and its SBG spectrum and the double-peak fitting results 
are shown in the GUI.
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Extended Data Fig. 6 | SBS imaging of mouse embryos. Three-dimensional 
x-y cross sections(a)-(d) with a z step of 3 µm and (e) x-z cross sectional Brillouin 
images of a mouse zygote. (f) Brightfield image of the zygote. (g) Brillouin and 
brightfield images of a zygote under a 27 mW pulsed scheme. (h) Brillouin and 
brightfield images of a zygote under a 250 mW a CW scheme. Note that the high 

CW laser power trapped the zygote in the focus during the 2D piezo scanning. 
Therefore, it was not possible to obtain a Brillouin map of the embryo with the 
CW scheme. (i) Brillouin and brightfield images of an 8-cell-stage mouse embryo. 
Scale bar: 10 µm.
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Extended Data Fig. 7 | Photodamage after CW-SBS imaging of C. elegans embryo. Brightfield images of a C. elegans embryo before (a) and after (c) a single plane 
Brillouin image acquisition. (b) Brillouin image with 250 mW power in the CW-SBS scheme. Scale bar: 10 µm.
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Extended Data Fig. 8 | Simulation of pulsed-SBS spectral accuracy under 
different scan ranges. (a) The Brillouin shift and linewidth accuracy of 
single-peak fitting as a function of scan range. The signal to be fitted is the 
simulated sum of a Lorentzian (with an amplitude of 0.625, peak shift 5.5 GHz, 
FWHM 0.63 GHz) and a random noise with a standard deviation amplitude of 
0.0312 (that is SNR of 20). (b) The Brillouin shift and linewidth accuracy of a 
double-peak fitting as a function of scan range. The signal to be fitted is the 
sum of two Lorentzian waveforms (L1 with an amplitude of 0.625, peak shift 

5 GHz, FWHM 0.63 GHz, L2 with an amplitude of 0.5, peak shift 5.4 GHz, FWHM 
0.63 GHz) and a random noise with a standard deviation of 0.0312 (that is 
SNR of 20). There are 100 frequency points in the scans, to mimic the actual 
experimentally acquired spectra. The accuracy and error bar are the mean and 
standard deviation of 100 independent simulations, respectively. Note that 
above 1.5 GHz, the double peak is fitted with L1 and L2, but between 0.8 and 
1.5 GHz, only L2 gets a meaningful fit and L1 is minimized because it doesn’t 
recognize the second peak.
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