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Abstract

The field of Brillouin microscopy and imaging was established 
approximately 20 years ago, thanks to the development of 
non-scanning high-resolution optical spectrometers. Since 
then, the field has experienced rapid expansion, incorporating 
technologies from telecommunications, astrophotonics, multiplexed 
microscopy, quantum optics and machine learning. Consequently, 
these advancements have led to much-needed improvements in 
imaging speed, spectral resolution and sensitivity. The progress 
in Brillouin microscopy is driven by a strong demand for label-free 
and contact-free methods to characterize the mechanical properties 
of biomaterials at the cellular and subcellular scales. Understanding 
the local biomechanics of cells and tissues has become crucial in 
predicting cellular fate and tissue pathogenesis. This Primer aims to 
provide a comprehensive overview of the methods and applications 
of Brillouin microscopy. It includes key demonstrations of Brillouin 
microscopy and imaging that can serve as a reference for the existing 
research community and new adopters of this technology. The article 
concludes with an outlook, presenting the authors’ vision for future 
developments in this vibrant field. The Primer also highlights specific 
examples where Brillouin microscopy can have a transformative 
impact on biology and biomedicine.
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modulus. As such, the longitudinal modulus corresponds to one of 
many components within the material elasticity tensor (the full ten-
sor of an arbitrary material has a total of 81 components). The dif-
ferences between the longitudinal, Young’s and shear moduli are 
discussed in detail elsewhere13,14. BLS experiments are not restricted 
by measurements of the longitudinal modulus only but are capable of 
reconstruction of the full elastic tensor by varying the scattering angle 
as routinely performed for glassy and solid-state materials26–28 and 
curing epoxy liquids29. Owing to a high level of hydration in biological 
matter, the frequencies of transverse and quasi-transverse phonons 
required for tensor reconstruction can fall below a few gigahertz and 
become particularly difficult to distinguish from the central Rayleigh 
peak28. Scanning the scattering angle at each measurement point adds 
additional time, making the full tensor reconstruction impractical 
for the current state-of-the-art Brillouin microscopy. Nonetheless, 
a few successful demonstrations of elastic tensor measurements in 
biological materials using BLS have been reported for collagen and 
silk fibres25,30,31.

To resolve the shape of the Brillouin peak, an instrument resolution 
well below Γ is required. Pump–probe heterodyne techniques based on 
stimulated Brillouin scattering (SBS) achieve high spectral resolution 
<100 MHz, in theory only limited by the laser bandwidth32,33. Interfero-
metric techniques using multi-pass Fabry–Perot spectrometers34 or 
highly dispersive virtually imaged phase arrays, or virtually imaged 
phased arrays (VIPAs)35, reach spectral resolution of 0.1–0.5 GHz.

Brillouin microscopy is sensitive to the local mechanical proper-
ties of materials. In heterogeneous samples, Brillouin spectra acquired 
at different points within the sample allow to build 2D and 3D images 
where ΩB and Γ are used as contrast methods (Fig. 1c). The Brillouin 
images can depict the sample structures, help characterize tissue 
morphology32,36,37, and visualize cell aggregates38–41 and subcellular 
compartments22,42–46. These achievements make Brillouin microscopy 
a promising technique in many applications including biomedical 
diagnostics47,48, mechanobiology49–52, tissue engineering53,54 and 
biomaterial characterization55–57.

A peculiarity of Brillouin microscopy lies in the effective spatial 
resolution of the mechanical images. Unlike far-field optical micros-
copy, where the Abbe diffraction limit defines the reachable longitudi-
nal and transversal spatial resolutions when the optical configuration is 
known, in Brillouin spectroscopy the light interacts with acoustic pho-
nons that are extended collective excitations. Thus, both optical and 
acoustic fields need to be considered to define the spatial resolution 
of Brillouin images58 (see Fig. 2 for an explanation of different spatial 
scales in Brillouin microscopy). The coherence length, lc, estimates the  
characteristic size over which the density fluctuations probed by 
the BLS process are correlated. lc is a sample-dependent parameter 
that can be estimated directly from the Brillouin spectra through the 
peak width, Γ, and position, ΩB, knowing the phonon wavelength Λ, 
so that lc ~ΛΩB/Γ (ref. 59). lc ranges from tens of microns in low dissipa-
tive solids to a few microns in high dissipative soft matter. When the  
coherence length is larger than the voxel of the focused optical beam, 
it represents the lowest reachable limit in the spatial resolution60. 
This limit influences the longitudinal as well as the transversal spatial 
resolution. In particular, the spatial extension of the phonons will be 
oriented with respect to the optical axis depending on the exchanged 
wave vector q. Hence, the angular distribution of the exchanged vector 
q influences the longitudinal and transversal spatial resolution: the use 
of high numerical aperture objectives can increase the longitudinal 
spatial resolution but can occur to the detriment of the transversal 

Introduction
The effect of mechanical forces on tissue development and pathology 
was first recorded more than 100 years ago in relation to the struc-
tural formation of trabeculae bone1. At the smaller scale of a single cell, 
mechanical forces and changes in viscoelastic properties of intracellu-
lar and extracellular environments are as important to the cell function 
as biochemistry2. It took many decades, however, to acknowledge the 
role of mechanosensing and mechanotransduction in cell biology —  
the molecular mechanisms by which cells sense and respond to 
mechanical stimuli3. Largely, probing cells’ mechanical properties with 
sufficient resolution and sensitivity, and without causing damage or 
changing their behaviour, is a very challenging task. The past 30 years 
have brought tremendous progress in experimental techniques for 
biomechanical measurements, and it is now agreed that mechanical 
forces play a crucial role in the development of many pathologies, 
including cardiovascular diseases and cancers4,5.

Modern techniques for mechanical probing of cells and tis-
sues include deformability cytometry6, optical tweezers7,8, atomic 
force microscopy (AFM) indentation9,10, optical elastography11, Brillouin 
microscopy12–15 and other methods based on optical, mechanical and 
acoustic principles and their combinations (for example, picosecond 
ultrasonics16 and time-domain opto-acoustic techniques17,18). Brillouin 
microscopy, the focus for this Primer, has the advantage of being a 
non-contact method capable of characterizing local micromechanical 
properties in biomaterials, compared with compression and rheology 
tests, traditionally used to measure volume-averaged elastic moduli 
(Fig. 1a). Brillouin microscopy relies on the principle of Brillouin light 
scattering (BLS), a process of inelastic scattering in which light interacts 
with gigahertz acoustic waves at the frequency ΩB. Because of this 
interaction, the frequency of the scattered light undergoes a shift by 
exactly the acoustic frequency ΩB (Fig. 1a). The detection of such fre-
quency shift, called the Brillouin frequency shift (BFS), and its spectral 
line shape can lead to valuable insights into the local viscoelastic prop-
erties of biological samples19. As a label-free and contact-free method, 
Brillouin microscopy is suitable for in vivo and in situ 3D imaging of a 
broad range of biological systems19–22.

In the spectral domain, a spontaneous BLS process in a homogene-
ous and isotropic medium produces Stokes and anti-Stokes peaks, 
located symmetrically around the elastically scattered Rayleigh band 
at frequency f = 0 as shown in Fig. 1b. Energy transfer from optical to 
acoustic waves produces downshifted Stokes light ( f Ω= − B), whereas 
energy transfer from acoustic to optical waves produces upshifted 
anti-Stokes light ( f Ω= + B). In most hydrated biological materials, 
including tissues and cells, BFS tends to be close to that of water, within 
the 5–8 GHz range. The absolute value of the BFS depends on the spe-
cific tissue, probing laser wavelength and scattering geometry. The 
linewidth of Brillouin peaks, Γ, falls between 100 MHz and a few giga-
hertz, and is also specific to the sample and the scattering geometry13. 
For a material with a known density and refractive index23, ΩB can be 
linked to the elastic response whereas Γ is linked to the viscous response 
of the material in the gigahertz frequency range, namely the longitu-
dinal storage M Ω′ ∝ B

2 and loss M Ω Γ″ ∝ B  moduli. Their ratio, the loss 
tangent, where φ M M Γ Ωtan = ″/ ′ = / B, is a useful measure that neither 
depends on the refractive index nor density, and can be used to deter-
mine whether the mechanical properties alone influence the changes 
in M′ and M″ over time14,24,25.

Importantly, the longitudinal modulus probes the ratio of uni-
axial stress to strain under a confined condition as opposed to the 
unconfined deformation used to define Young’s modulus and shear 
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one60. This intrinsic limit can be overcome in the specific case of pho-
non confinement, which occurs when the sample morphology con-
tains structures characterized by significant acoustic mismatch with 
their environment and whose characteristic size is smaller than lc. In 
this instance, BLS offers insights into the mechanical characteristics 
of nanostructures, for example in studies with nanoparticles61,62 or 
thin films59,63 where dimensions are comparable with the phonon 
wavelength (Λ ~300 nm).

The efficiency of the spontaneous BLS process depends on the 
material but is generally very low. For example, at room temperature 
the ratio between the number of inelastically scattered photons and the 
number of incoming photons is approximately one in a billion64. Addi-
tional losses within the optical system and collection optics mean that 
approximately 105 photons per second of 1 mW of incident visible 
laser power will be scattered and reach the detector64. The overall 
detected power typically is no larger than a nanowatt as each visible 
photon carries only 10–19 J of energy. Therefore, high quantum effi-
ciency scientific-grade cameras and detectors should be used for 
Brillouin microscopy based on the spontaneous scattering process, 
preferably with electronic amplification such as electron-multiplying 
charge-coupled device cameras. Brillouin microscopy data typically 
have a low signal-to-noise ratio (SNR). One way to increase the SNR 
of the measurement is to collect the signal over a longer acquisition 
time. For confocal microscopy applications, however, this is too slow 
as many thousands of points within the sample need to be measured 
to complete the full sample scan. SBS methods can be one possible 

solution, as the efficiency of the stimulated scattering process is largely 
enhanced as compared with spontaneous scattering32,33,65–67.

This Primer introduces the main methods of Brillouin micros-
copy and discusses the advantages, limitations and future directions 
in this vibrant field of research. Experimentation describes existing 
approaches to Brillouin microscopy, including spontaneous and SBS 
techniques, as well as practical aspects of the experimental set-ups 
including the requirements for the laser source, spectral filtering and 
biological sample preparation. The Results section showcases cell 
mechanobiology demonstrations and discusses Brillouin microscopy 
data processing approaches. Applications highlight the main areas of 
biomedicine and biology where Brillouin microscopy has already made 
significant impact or is expected to bring more advances in the future. 
The remaining sections address issues with reproducibility, data stor-
age and deposition, challenges of Brillouin microscopy methods and 
the outlook for this field of research.

Experimentation
Depending on the nature of the biological sample and the intended 
application, various approaches to Brillouin microscopy can be 
adopted. The set-up for Brillouin microscopy can rely on either a sin-
gle laser source, such as in spontaneous BLS, or multiple lasers, as seen 
in stimulated and impulsive Brillouin microscopy. In the following 
sections, the key considerations for assembling each type of Brillouin 
microscopy system are described, with a summary of the parameters 
presented in Table 1 and Fig. 3. Additionally, techniques for spectral 
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Fig. 1 | Principles of Brillouin light scattering microscopy. a, A conventional 
compression test (bulk properties) and Brillouin microscopy (local properties) 
for measuring mechanics in biomaterials. In Brillouin microscopy, a focused light 
beam is scattered by the gigahertz pressure waves producing (±ΩB) Brillouin 
frequency shift (BFS) of the scattered light. b, Brillouin spectrum showing a 

doublet of Stokes and anti-Stokes peaks, centred symmetrically around the 
unshifted Rayleigh scattered light. c, Brillouin map for a respiratory cell with 
colour coding indicating the BFS magnitude. d, Anti-Stokes peak for a location 
outside (1) and inside (2) the cell demonstrating the relative shift in Brillouin 
frequency across the sample. BLS, Brillouin light scattering.
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filtering to eliminate unwanted light are described with comprehensive 
guidance for preparing biological samples, ranging from hydrogels to 
multicellular tissues and organoids.

Spontaneous Brillouin scattering techniques
Confocal microscopy. Brillouin spectroscopy has been tradition-
ally performed with tandem Fabry–Perot (TFP) etalon scanning 
interferometry68. TFP-based Brillouin spectroscopy has represented 
the BLS experiment’s workhorse for decades and still remains in wide-
spread use for applied physics, material science69 and environmen-
tal sensing70. Furthermore, in biomedical applications, TFP-based 
Brillouin spectroscopy has been reported for living cells38, collagen 
fibres30,71,72, hydrogels53,54,57,73, the cornea and crystalline lens of the 
eye74–76, biofilms77,78 and bones36,79,80. Owing to the scanning operation 
modality, TFP spectrometers require long acquisition times. The fastest 
acquisition time reported using a TFP system to date requires 512 ms 
per single spectrum78, with typical measurement speeds being tens 
of seconds depending on the transparency of the sample and imag-
ing volume36,57,73,81. This characteristic makes it unsuitable for exten-
sive characterization of a large area and/or large number of samples. 
Non-scanning Fabry–Perot spectrometers can shorten the acquisition 
time by removing the frequency scanning operation79,82, but are limited 
in throughput as a significant portion of the light is lost in reflection. 
Introducing a VIPA, a different non-scanning etalon, fundamentally 
improves the Brillouin spectrometer speed (Fig. 4a). The back sur-
face of a VIPA etalon is fully reflective, other than for a small input 
anti-reflection window, so that no light is lost in reflection resulting 
in increased throughput by approximately the etalon’s finesse35,82. 
VIPA-based Brillouin confocal microscopy was first introduced in 2008 

(ref. 12) and has been further optimized in the past 10 years to improve 
power throughput and noise rejection ability83–88. At present, the best 
Brillouin confocal microscopy systems exhibit an acquisition time 
ranging from 20 to 50 ms per pixel/spectrum within the shot-noise 
limited regime20,42,52,89,90.

Line-scanning microscopy. Line-scanning Brillouin microscopy 
(LSBM) uses signal multiplexing, similar to light-sheet fluorescence  
microscopy91,92. In LSBM93, one objective lens generates an illumination 
beam line, and the other collects the scattered light at 90° geometry for 
signal analysis of a multiplexed spectrometer (Fig. 4b), which enables 
simultaneous imaging and single-shot spectral analysis of hundreds 
of points with much lower irradiance dosage compared with con-
focal Brillouin microscopy. Therefore, the acquisition speed of the 
LSBM in biological samples can be more than one order of magnitude 
faster compared with confocal Brillouin microscopy, or up to 1 ms 
per pixel37,39. The multiplexing of the spectrometer is accomplished 
by aligning the illumination beam line perpendicular to the disper-
sion axis of a VIPA etalon. The lateral optical resolution of the LSBM 
is dictated by the numerical aperture of the collecting objective lens. 
The axial resolution is determined either by the size of the illumina-
tion beam or the collection objective’s depth of field, whichever is the 
smallest. In practice, LSBM can be implemented in different forms. For 
instance, the illumination line can be generated by axially scanning the 
focus position with a tunable lens37; and a dual-line configuration has 
been developed to mitigate artefacts induced by the heterogeneous 
refractive index of a thick sample39. In addition, an epi-line geometry 
has been implemented for embryo samples37.

Stimulated Brillouin scattering techniques
Stimulated Brillouin scattering microscopy. Stimulated Brillouin 
scattering (SBS) microscopy operates on the principle of stimu-
lated light scattering, which occurs owing to induced variations in 
material density caused by optical waves. In SBS microscopy, two 
counter-propagating, continuous-wave, pump and probe laser beams 
(Fig. 4c), slightly detuned in frequency to match the BFS of the material 
ΩB, are focused into a joint point in the sample to stimulate a longitudi-
nal acoustic wave with frequency ΩB. The acoustic wave, in turn, leads to 
a travelling grating of dielectric variations. Diffraction from this mov-
ing grating is detected as an increase (decrease), or gain (loss), in the 
probe intensity light at lower (higher) frequency. The gain magnitude is 
proportional to the pump power and influenced by material parameters 
such as mass density66. The SBS spectrum is acquired by scanning the 
pump–probe frequency detuning Ω over ΩB (refs. 32,33,65,94–96). 
The notch filter is a rubidium gas cell used to suppress reflected stray 
light from the pump beam (Fig. 4c). An alternative approach to SBS 
microscopy that uses only a single pump laser and applies a heterodyne 
detection scheme has also been demonstrated97.

To improve temporal resolution significantly, the SBS gain/loss 
can be recorded only at ΩB. This is possible when preliminary knowl-
edge of the sample properties is available, for example the range of 
BFSs66. Spectrum acquisition times down to 2 ms over 2 GHz in water 
and 20 ms over 4 GHz in living specimens are practical, resulting in 
adequate spectrum SNRs (~27–30 dB with overall incident power of 
~230–265 mW). A larger frequency scanning range in biological sam-
ples may be required for a reliable multi-component fit analysis32,98. 
Spectral resolution similar to that in TFP-based Brillouin microscopy 
(~100 MHz) can be achieved in SBS microscopy and is determined by 
the laser linewidth, the frequency scanning-induced dispersion and 
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Fig. 2 | Length scales of the Brillouin light scattering process. The principal 
length scales that drive the spatial resolution of Brillouin spectroscopy. The 
scattering volume, V, which depends on the optical components (microscope 
objective and laser wavelength), the coherence length, lc, which is a sample- 
dependent parameter that defines the so-called acoustic volume and, finally,  
the wavelength of the probed phonons, Λ. Adapted with permission from ref. 60 
© The Optical Society.
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the aperture-induced spectral broadening99. SBS images are obtained 
by raster scanning the sample through the focus and measuring the 
SBS spectrum or the SBS gain/loss at ΩB at each image pixel. The 3D 
spatial resolution of the SBS image is determined by diffraction and 
the non-linear excitation of SBS. For reduced incident power, SBS 
microscopy with squeezed light100 or quasi-continuous-wave light has 
also been demonstrated67,101. Quasi-continuous-wave SBS, also known 
as pulsed SBS, is based on external modulation of the continuous-wave 
pump and probe by an acousto-optic modulator to form optical pulses 
of 10–100 ns. Depending on the pulse train duty cycle and the pump 
laser peak power, the overall radiation dose on the sample can be 
reduced by at least two orders of magnitude67,101.

Impulsive stimulated Brillouin scattering microscopy. In impulsive 
stimulated Brillouin scattering (ISBS) microscopy, instead of using 
two continuous-wave laser beams, an optical pulse from a laser is 
divided into two pump beams focused into a joint point in the sam-
ple to produce a transient grating through the interaction between 
the pulsed light and the material (Fig. 4d). The generated acoustic 
wave is measured by the diffraction of a probe light that is incident to 
the focal point at the Bragg angle102–108. The probe light can be either 
continuous-wave or a delayed pulse depending on the time constants 
of the generated acoustic waves and the detection electronics107,108. 
Improved detection sensitivity is obtained by first mixing the diffracted 
light and the reference probe beam, and then measuring the intensity 
of the beat signal106.

Requirements for the laser source
To achieve high-quality Brillouin microscopy measurements, the laser 
wavelength, power, spectral bandwidth and noise characteristics 
should be considered. The important laser characteristics for each 
type of Brillouin microscopy measurements are summarized in Table 1. 
Wavelengths within the biological transparency region (650–800 nm) 
are sought to be ideal to avoid sample photodamage88. Noteworthy, 
the efficiency of the scattering process declines rapidly with the light 

wavelength ( λ~ −4), presenting a trade-off between the laser power and 
acquisition time. As with other optical microscopy methods, the pen-
etration depth of Brillouin microscopy is limited by the sample absorp-
tion and multiple scattering and typically falls within the range of a few 
hundred microns.

Rayleigh band filtering
Brillouin signals are intrinsically weak and require additional filter-
ing to be detected. Various strategies, passive or active, have been 
proposed for filtering unwanted light in the Brillouin system, which 
are generalized to the Rayleigh band as they are difficult to distinguish 
spectrally. Passive filters, commonly used in other spectroscopy meth-
ods for their simplicity and stability, are challenging to implement for 
Brillouin microscopy, owing to the requirement of a narrow notch/edge 
width (<10 GHz). Thin film technology is limited to around 100 GHz 
in width and cannot be achieved passively109. To overcome this, atomic/
molecular filters based on gas absorption bands can be used, providing 
an additional 50 dB of extinction. However, the availability of these 
filters depends on the materials used, although popular bands such as 
780 nm can be targeted110. It is important to note that some absorption 
agents may cause residual absorption of Brillouin signals, leading to 
spectral asymmetry and negatively affecting data interpretation. An 
alternative passive filtering design, based on spatial frequency filtering 
by using a Lyot stop87, is simple and readily available, but has a limited 
20 dB extinction.

Active optical filtering strategies have also been successful in pro-
viding extra spectral contrast for Brillouin microscopy. A common-path 
interferometric notch filter is another approach that can help reach 
50 dB extinction111. The device’s long-term stability is achieved by 
using feedback closed-loop control and adjusting the glass positioning 
adaptively. To suppress amplified spontaneous emission, Bragg grat-
ings and Fabry–Perot etalons can be combined, achieving ~90 dB of  
amplified spontaneous emission suppression37,39. Spatial separation 
of unwanted light using multiple dispersive elements and filter masks 
is another well-established approach, such as introducing another 

Table 1 | Requirements for the laser source

Technique Laser type Output power/energy Spectral characterization

Spontaneous Brillouin microscopy12,20–23,28,38,40,41 Single longitudinal mode laser >50 mW Linewidth: <10 MHz
Spectral purity: >60 dB
Frequency stability: <0.2 GHz h–1

Continuous-wave SBS32,33,65 Tunable continuous-wave lasers Pump: >180 mW
Probe: >40 mW

Tuning range: >2 GHz
Linewidth: <10 MHz
Preferably locked to a frequency 
standard

Pulsed SBS67,101 Tunable continuous-wave lasers 
with an additional electro-optic or 
acousto-optic modulator to form 
pulses

Pulse duration: 10–100 ns
Repetition rate: 0.5~1 MHz
Peak power:
0.1–1 W (pump)
10–100 mW (probe)

Tuning range: > 2 GHz
Linewidth: <10 MHz
Preferably locked to a frequency 
standard

Impulsive SBS102,104,105 Pulsed laser (pump) Pulse energy: >10 µJ
Pulse duration: ~1–10 ps

Energy stability: <2% rms

Continuous-wave laser (probe) Power: >40 mW Single frequency operation
Linewidth: <10 MHz

SBS, stimulated Brillouin scattering.
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VIPA in the spectrometer placed orthogonal to the first, resulting in an 
extra 30 dB of extinction with a well-designed mask112. Similar blocking 
effects can be achieved in the Fourier domain44.

The active strategy used in TFP set-ups employs the multi-pass 
configuration: the light passes three times through each of the two 
Fabry–Perot interferometers, which synchronously perform a scan. The 
movement of the mirrors and their alignment are actively controlled in 
real time by piezoelectric transducers. Such a spectrometer is charac-
terized by high resolution and high contrast: the newly developed con-
figuration, TFP-2 HC, reports the record-high contrast of 150 dB (ref. 78).  
With the emergence of high-throughput LSBM configurations37,39, 
it may become necessary to combine various passive and active filters. 
Therefore, a balanced trade-off between optical throughput and overall 
extinction ratio should be considered during experimental design.

Sample preparation and considerations
Hydrogels. Hydrogels are commonly used for designing 3D cell and tis-
sue models as they mimic the natural extracellular matrix and provide 
cells with mechanical support, hydration and delivery of nutrients. 
Owing to relative simplicity and ability to control the gel fabrication 
process, this biological material presents a viable model for Brillouin 
microscopy benchmarking and standardization15. For example, effi-
cient tuning of mechanical properties (Fig. 5a) was demonstrated 
in gelatin hydrogels53,113. Additionally, hydrogel beads can be used 
for characterization of the sample heterogeneity114–116. Important 
aspects to consider in the preparation of hydrogel models for Brillouin 
microscopy imaging are time-dependent swelling and non-uniform gel 
hydration117. The incubation of hydrogels in media can cause the gel’s 
polymer network to swell and a dynamic increase of the local hydration 
in the 48 h post incubation. Furthermore, cross-linking of gels and tis-
sues results in material stiffening and reduction in local hydration. The 
effect of hydration on the BFS and linewidth has been investigated in 
various fibrous materials30, gelatin gels118, hydrogels117,119,120 and human 

corneas121,122. The impact of hydration changes on the longitudinal 
modulus and BFS has been elucidated using a two-phase model117,121. 
It was found that the dehydration process occurring in collagen gels 
displays the same behaviour as in the glass transition process, for 
example the phase transition process in amorphous materials from a 
liquid-like to a solid-like glassy state. In this case, the polymer concen-
tration is the control parameter and plays the same role as temperature 
or pressure in the analytical description of the transition53 (Fig. 5a). 
It is crucial to exercise caution while devising Brillouin imaging experi-
ments to maintain a consistent hydration level. One feasible approach 
is to permit samples to gradually swell over time until they attain a state 
of equilibrium hydration.

Single cell. A single cell typically has a size ranging from a few micro-
metres to several tens of micrometres, and its mechanical properties 
are sensitive to changes in the surrounding microenvironment (Fig. 5b). 
When probing cellular biomechanics using Brillouin microscopy, it 
is essential to maintain cells in their physiological or culture condi-
tions. A good practice is to keep cells within an on-stage incubation 
chamber that ensures a suitable environment such as the temperature, 
humidity, and CO2 and O2 levels. For Brillouin microscopy with an 
inverted configuration, whenever feasible, the substrate for cell attach-
ment should be thin and optically clear to minimize beam distortion.  
If appropriate, cells can be seeded on a Petri dish with a glass coverslip 
bottom (thickness <200 µm).

Owing to the strong back-reflection from the interface of the 
glass bottom and cell culture medium, noise from non-scattered light 
can become significant when the focal plane is close to this interface. 
In such cases, additional background filtering and noise reduction 
techniques may be necessary to extract the Brillouin signal44,86. Alter-
natively, the bottom of the dish can be pre-coated by a thin hydrogel 
layer (<500 µm) to match the refractive index of the medium, thus 
reducing back-reflection42. However, as cells may adjust their mechani-
cal properties in response to a substrate’s stiffness22, the impact of the 
hydrogel layer should be carefully evaluated based on the purpose of 
the experiment. In addition, many standard culture media contain 
phenol red, which is a pH indicator but can photosensitize cells with 
strong absorption of visible light. To reduce the risk of phototoxicity, it 
is recommended to replace the standard medium with a phenol red-free 
alternative before conducting Brillouin microscopy experiments88.

Tissues, spheroids and whole organisms. Compared with single cells, 
multicellular samples such as biological tissues, spheroids (Fig. 5c) and 
whole organisms have larger size, more heterogeneous distribution 
of biomechanics and more complicated compositions. Therefore, 
careful consideration should be given to the trade-off between spatial 
resolution and acquisition time, sample preparation and orientation 
and data interpretation. For time-extended experiments, the potential 
phototoxicity should be carefully considered. Brillouin microscopy has 
been used for quantifying a broad range of biological tissues ranging 
in size from ~100 µm to a few millimetres, including ocular tissues (for 
example, cornea, retina and crystalline lens)76,123–129, central nervous sys-
tem tissues (such as cortex, putamen, corpus callosum, hippocampus 
and spinal cord)52,130, muscle, skin, cartilage and early-stage embryonic 
tissue20,89,131 (Fig. 5d–f). The acquisition speed of the Brillouin micro-
scope can be altered, for example 20–500 ms per pixel, to preserve the 
biomechanics of the sample throughout the acquisition time and to 
allow sufficient mechanical details to be captured. However, the size 
of the mapping area and spatial resolution may become compromised.
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Ocular tissue, such as the cornea, is among the outmost layer 
of an eyeball and possesses excellent optical transparency, allowing 
for in vivo testing121,132. Notably, zebrafish, especially in the larval 
stages, are relatively transparent and can be investigated completely 
in vivo20,52,127–129. Otherwise, biological tissues generally need to be 
prepared to fit a standard Petri dish or glass slide for ex vivo testing. 
To avoid alteration of tissue biomechanics, live tissue without fixation 
or freezing is required, even though the sacrificing of animals and the 
cutting required can lead to changes in material properties52. Consid-
ering the penetration depth of Brillouin microscopy of a few hundred 
microns133, the region of interest should be as close to the surface as 
possible. For anisotropic tissue such as the cornea, the orientation of 
the tissue layer should also be specified134,135. Additionally, Brillouin 
data can be carefully calibrated against conventional methods such  
as AFM22.

3D cell culture such as spheroids represents a physiologically more 
relevant culture system compared with conventional 2D cell culture136. 
With its ability to provide subcellular resolution in three dimensions 
without physical contact, Brillouin microscopy is well suited for map-
ping biomechanics of spheroids (Fig. 5c). In experiments, spheroids 
can be prepared in different ways: embedding cells into hydrogel, 
placing cells into a low attachment well or seeding cells on top of soft 
Matrigel19,38,40,137,138. In confocal Brillouin microscopy, experiments can  
be conducted in the spheroids’ native culture. Alternatively, LSBM can 
be used for rapid mapping with a lower irradiation dose39. Here, sphe-
roids must be harvested and embedded in an agarose gel, although this 
can be overcome when using an inverted microscope37. Brillouin tech-
nology can also be used for whole organisms, such as Caenorhabditis 

elegans32 (Fig. 4e). To acquire biomechanical maps of live C. elegans 
using stimulated Brillouin microscopy, the sample along with growth 
medium is transferred to a homemade mount that sandwiches the 
sample between two coverslips. Two counter-propagating laser 
beams, namely the pump and the probe, pass through the coverslips 
and intersect at the common focal plane within the sample, allowing 
for the acquisition of Brillouin images through the raster scanning 
of the sample.

Results
Data acquisition and processing
Brillouin line shape analysis in homogeneous and heterogeneous 
materials. The mechanical and thermodynamic properties of materials 
determine the spectral features of Brillouin signals. In a bio-Brillouin frame-
work, the analysis considers the position of ΩB and the full width at half 
maximum Γ of the Brillouin peak associated with the longitudinal acoustic 
wave. Close to ΩB, the spectrum can be described by a damped harmonic 
oscillator convoluted with the experimental response function R(Ω):

I Ω
I
π

Ω Γ

Ω Ω Ω Γ
R Ω( ) =

( − ) +
⊗ ( ) (1)

0 B
2

2
B
2 2 2 2

where I0 is the peak intensity and R(Ω) considers the peak enlargement, 
owing to the finite spectrometer resolution, and the spread in the 
exchanged phonon wave vectors, owing to the aperture of the focusing 
and collection optics36,139. In low dissipation conditions, such as Γ « ΩB, 
the damped harmonic oscillator function can be approximated by a 
Lorentzian peak.
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For elastically heterogeneous samples, the final spatial resolution 
and the Brillouin peak line shape are derived from the spatial exten-
sion of the probed acoustic waves60. Depending on the characteristic 
size of the heterogeneities, l, and on the acoustic mismatch among 
them, two scenarios are possible59. If the scattering volume is filled by 

heterogeneities characterized by l < lc (where lc is the phonon coher-
ence length) with a small acoustic mismatch, a single phonon can 
extend across different structures and a single broadened Brillouin 
peak is expected in the spectrum. In this case, Γ accounts for all of the 
different phonon attenuation processes and ΩB provides an average 
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Fig. 5 | Representative data obtained using Brillouin technology. a, Brillouin 
frequency shift (BFS) and linewidth of gelatine versus polymer volume fraction, 
acquired by a spontaneous Brillouin microscope with 532 nm laser source. Red 
triangles represent theoretical values derived from the viscoelastic fit. b, Brillouin 
image of a live 3T3 cell, acquired by a spontaneous Brillouin microscope with 
660 nm laser source. Blue shadow and dashed line indicate the cellular nucleus. 
Scale bar: 5 µm. c, Brillouin images of a single cell and three spheroids at different 
stages of growth, acquired by a spontaneous Brillouin microscope with 660 nm 
laser source. The human breast cancer line MCF10CA1h was used. Scale bar: 
25 µm. d, Brillouin images of cranial neural tube tissue of four embryos at different 
culturing stages, acquired by a spontaneous Brillouin microscope with 660 nm 
laser source. Red dashed line outlines the neural plate region. Scale bar: 50 µm. 
e, Brillouin images of live nematodes at three larval stages (L2–L4) and two adult 

stages, acquired by a stimulated Brillouin microscope with 780 nm laser sources. 
Scale bar: 50 µm. Insert is a magnified image of the gonad. Scale bar: 25 µm. 
f, BFS values for various tissues, acquired by a spontaneous Brillouin microscope 
with 532 nm laser source: brain tissue (cortex (C), putamen (P), corpus callosum 
(CC), hippocampus (H)), cartilage tissue (superficial (S), transitional (T), deep 
(D)) and retina tissue (basal (B) — nerve fibre layer, retinal ganglion cell layer, 
inner plexiform layer; apical (A) — inner nuclear layer, outer plexiform layer;  
and photoreceptor cell layer (P) — outer nuclear layer, photoreceptor inner segment, 
photoreceptor outer segment). HH, Hamburger Hamilton staging; YA, young adult. 
Part a reprinted from ref. 53, CC BY 4.0. Part b reprinted from ref. 133, Springer 
Nature Limited. Part c reprinted with permission from ref. 137, Elsevier. Part d 
adapted from ref. 201, Springer Nature Limited. Part e adapted from ref. 32, Springer 
Nature Limited. Part f adapted with permission from ref. 130 © The Optical Society.
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value of the sample mechanics. On the contrary, when l > lc or the 
acoustic mismatch is very high, the phonons are confined within the 
heterogeneities allowing to determine their mechanical properties. 
This latter condition was recently found in a study investigating human  
bones36,80.

Effect of the variation of refractive index and density on frequency 
shift. The BLS measurement output is the frequency shift, ΩB, which —  
in addition to the longitudinal storage modulus M′ — also depends on 
the refractive index, n, and the mass density, ρ, at the measurement 
location within the sample:

Ω
n θ

λ
M
ρ

=
2 sin( /2) ′

(2)B

where θ is the scattering angle and λ is the laser wavelength. Both n and 
ρ typically scale with local electron density so that the ratio between 
them is at least constant, or even trivially cancels. For this reason, these 
two parameters are often not considered, and the BFS is interpreted 
as a direct proxy of the longitudinal modulus. Further, in some cases 
the variability of the refractive index across a tissue being measured, 
such as for zebrafish spinal cord, has directly been quantified using 
quantitative phase imaging and found to be much smaller than the 
variability of the BFS52.

However, there are instances where the ratio between n and ρ 
changes within a biological sample, which could lead to misinterpreta-
tion of the BFS data. The contribution of some of the most abundant 
biomolecules found in biological cells, such as proteins, nucleic 
acids and phospholipids, to the refractive index and density can be 
considered using a two-substance mixture model140. For each mate-
rial, there is a so-called refraction increment that can vary by almost 
a factor of two between proteins and phospholipids, for example. 

As certain areas within cells have different compositions of these 
biomolecules, it is necessary to measure both the local refractive 
index and the mass density explicitly for accurate conversion from 
BFS to the longitudinal modulus. This is particularly obvious for lipid 
droplets within adipocytes, which have higher refractive index but 
lower mass density than water and where the two-substance mixture 
model cannot be applied, as it can translate to an error of up to 20%46. 
The 3D refractive index distributions within a cell can be determined 
by optical diffraction tomography with spatial resolutions of about 
100 nm (ref. 141). Mass density can be extracted from the gain in 
stimulated Brillouin spectroscopy66 or computed from the known 
refractive index — if the assumptions of the two-substance mixture 
model are fulfilled and if the local composition of biomolecules is 
known. The local chemical composition can be either estimated from 
fluorescence microscopy46 or, even better, Raman spectroscopy78, 
ideally all in one instrument.

Line broadening and asymmetry of the Brillouin peak. The asym-
metric line shape of the Brillouin peak, accounted for by the damped 
harmonic oscillator fitting function, derives from the intrinsic attenu-
ation processes present in the material and is particularly evident 
when investigating highly dissipative samples142. There are additional 
effects that distort and broaden Brillouin peaks, which require further 
discussion (Fig. 6).

The linear dispersion relation ΩB = vq/2π links the BFS, ΩB, to the  
exchanged wave vector q = 2πn/λsin(θ/2), with v being the sound  
velocity of the acoustic modes (see Eq. (2)). This implies that each 
q corresponds to a specific ΩB. The use of high numerical aperture 
(NA) focusing and collecting optics introduces a large distribution 
of possible scattering angles θ, extending the range of the exchanged 
wave vectors60,143. The resulting spectral distortions depend on the 
chosen microscope objective and the scattering geometry used.  
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In back-scattering, where the exchanged wave vector reaches its 
maximum, high NA optics implies a reduction in the effective q, cor-
responding to the introduction of a low-frequency tail in the peak, 
which modifies its frequency position and width99,139,143. Here, effective 
NA is important rather than nominal NA of the microscope objective 
lens, as the objective aperture can become underfilled, resulting in 
NA reduction.

The linewidth distortions are even more important when investi-
gating turbid media. In fact, the propagation direction of light inside 
turbid systems continuously changes so that the external scattering 
geometry no longer defines the effective scattering angle θ. Recently, 
polarization gated Brillouin spectroscopy has been introduced to 
selectively determine the contributions in the Brillouin spectra, owing 
to the ballistic and the diffusive photons144 (see Fig. 6a,b). Both the use 
of high NA objectives and the influence of multiple scattering effects 
can be individually quantified or simulated (Fig. 6c), allowing for the 
spectra to be effectively analysed in a suitable manner.

Data pre-processing. Brillouin microscopy data analysis is non-trivial 
owing to its high dimensionality. Prior to analysis, pre-processing 
steps are necessary to enhance data quality and interpretability. 
Although widely available for biomedical spectroscopy145, there is cur-
rently no standardized approach for Brillouin microscopy. In data sets 
acquired using low-contrast spectrometers, subtracting the Rayleigh 
band prior to analysis is essential, as it can directly affect the accu-
racy of the extracted information. Software filtering, such as direct 
subtraction using a pseudo-Voigt function146, is possible in addition 
to hardware filtering. Data normalization and scaling are additional 
pre-processing steps that remove systematic variabilities, allowing for 
the identification of subtle biological patterns. For example, methods 
such as standard normal variate transformation have been effective in 
stabilizing variance for subsequent analyses146. Brillouin microscopy 
data typically have low SNRs; denoising techniques such as wavelet 
and maximum entropy reconstruction have thus been proposed147, 
providing useful spectral signals even from challenging photon sta-
tistics (SNR ≥ 1). More recently, the matrix pencil method has shown 
promise for denoising non-linear Brillouin signals in the temporal 
domain148. Enhancing the SNR post acquisition may allow for faster 
imaging speed by sacrificing some photon budget experimentally 
and restoring it computationally.

Univariate analysis and peak detection. Although Brillouin micros-
copy data are intrinsically high-dimensional, they are often sparse in 
the spectral domain. To analyse the data, peak fitting methods are 
commonly used to compute the peak position and width, which relate 
to bulk compressibility and viscosity, respectively. Different profiles 
such as the Lorentzian function, pseudo-Voigt function and damped 
harmonic oscillator have been employed to handle various assump-
tions and experimental set-ups15,146. Directly analogous to the same 
concept in localization microscopy, successful peak fitting allows 
super-resolution in spectral localization but is still fundamentally 
limited by detection and noise models, bound by information theoretic 
limits. This precision limit has been derived for different experimental 
parameters149 and should facilitate the performance evaluation of 
various hardware and software aspects of Brillouin microscopy, such 
as denoising tools. Interestingly, determining the spectral linewidth is 
more challenging and less accurate. Once average peak locations and 
widths are obtained for each spatial location in the Brillouin microscopy 
data, mechanical contrast images are formed. Univariate statistics can 

then be applied for hypothesis testing between different regions of 
interest or samples. For instance, t tests and analysis of variance with 
Bonferroni false discovery correction have been used to evaluate dif-
ferences in Brillouin peak properties from various samples such as 3D 
bioprinted hydrogels, dentin and mice arterial sections56,57,150. Fitting, 
usually by means of least-square algorithms, can however become 
time consuming, especially for larger Brillouin microscopy data sets 
consisting of >104 pixels. As such, other approaches such as use of 
the spectral phasor and moment have also been presented151,152. The 
spectral phasor is a fitting-free method, widely used in other complex 
imaging data owing to excellent noise resilience. On the other hand, 
the moment approach is routinely applied for Raman data and can 
separate overlapped peaks assuming spectral symmetry. Both methods 
utilize faster computational processes, providing quicker options for 
data visualization.

Unsupervised and supervised multivariate analysis. Considering 
the subtle spectral variations, it is often advantageous in Brillouin 
microscopy to analyse the entire spectral domain using multivariate 
analysis. Multivariate analysis explores the correlations between dif-
ferent spectral variables across the data set (Fig. 7). This approach, 
widely used in hyperspectral imaging, for example in remote sensing, 
leverages machine learning capabilities. Multivariate algorithms can 
be supervised or unsupervised depending on the level of prior knowl-
edge required (Fig. 7). Although various algorithms are applicable 
to Brillouin microscopy with minimal modification, representative 
algorithms for high-level image analysis applications are discussed, 
without delving into their inner workings (more details can be found 
elsewhere146). Unsupervised analysis finds patterns in input data with-
out any prior knowledge. Principal component analysis (PCA) performs 
a linear transformation of the input data into a set of basis vectors 
that are defined by the ranked intra-data variances, in turn projecting 
Brillouin microscopy data into distinct spectral components. This form 
of dimension reduction is one of the enabling powers of multivariate 
analysis, as it provides easy 2D/3D visualization and exploration of data 
trends, even in large, complex high-dimensional data. One important 
confounding factor in analysis of Brillouin microscopy data is that a 
spectral mixture can be acquired from a single spatial location. Spectral 
unmixing using methods such as minimum volume simplex analysis 
and non-negative matrix factorization have been proposed to separate 
overlapped components, also known as endmembers153,154. The number 
of endmembers dictates the algorithm performance, which can be esti-
mated statistically or manually. The former can be realized by observing 
the natural groupings in the data and is directly linked to the idea of 
cluster analysis. K-means cluster analysis and other fast density-based 
clustering methods are efficient for stratifying high-resolution Brillouin 
microscopy data146,155. Similarly, clustering can also be performed more 
optimally in a dimensionally reduced latent space by combining with, 
for example, PCA.

Supervised analysis, on the other hand, requires prior knowledge for 
optimal functioning. It is useful for spectral classification and hypothesis 
testing, for example distinguishing diseased versus healthy samples. 
Although still rarely practised, the supervised classification of Brillouin 
microscopy data was first demonstrated on fat cells using linear discri-
minant analysis (LDA)146 and more recently adapted to discover spectral 
markers for the diagnosis of osteoarthritis36. On the back of successful 
implementations in related fields, the use of supervised deep learning 
is also anticipated to impact future Brillouin microscopy data analysis, 
especially in terms of multimodal integration and developing machined 
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Fig. 7 | A typical workflow depicting analysis of Brillouin microscopy data 
with modern machine learning approaches. The high-dimensional raw 
data can generally be more easily interpreted through dimension reduction, 
for example by principal component analysis (PCA) as illustrated. The lower-
dimensional representation can be used with unsupervised learning techniques, 
where natural trends and patterns in the data can be extracted statistically 
to divide the data into clusters and visualized spatially (segmentation); 
alternatively, supervised learning approaches may also be used with additional 

prior information, for instance labels of distinct cellular regions from another 
reference image. A model can then be trained using these labels with, for 
example, linear discriminant analysis (LDA), where the best-performing model 
can then be used to predict the class of unseen pixels or images (classification). 
With the increase in data quality and quantity, a centralized repository hosting 
a wide range of Brillouin microscopy data from different detectors, sources and 
domains can also be envisioned to enable deep learning approaches in the near 
future. Adapted with permission from ref. 146, Wiley.
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learned tools for in vivo applications. In this vein, routine use of shallow 
learning approaches such as the support vector machine156 should first be 
adopted to assess their suitability. The corresponding hyperparameters, 

including the optimal classification features, can then be optimized, 
which will also shed light on the underlying mechanobiology and  
discovery of Brillouin-based biomarkers for various applications.
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Applications
Cell mechanobiology
The importance of the mechanical interaction between biological 
cells and the surrounding microenvironment has now been widely 
recognized157,158. Such interaction is regulated by the mechanotrans-
duction through which cells sense mechanical stimuli from external 
forces or surrounding stiffness and convert them into biochemical 
signalling159. Thus, mapping the extracellular and intracellular distri-
bution of the elastic modulus is critical to determine the location of 
environmental mechanical cues as well as how forces are transmitted 
within a cell160–162.

Brillouin microscopy holds great promise in mechanobiology 
to meet the resolution requirements for mapping mechanics at the 
subcellular scale as well as the experimental settings to investigate cell 
mechanics in 2D and 3D microenvironments, in tissues or in microfluid-
ics platforms. To date, Brillouin microscopy has already been used to 
demonstrate actin polymerization and branching22, actin remodelling155, 
the correlation between intracellular modulus and cytoskeletal 
properties163 as well as a cell’s adhesion properties164 and intracellular 
stiffness changes owing to environment perturbations19. At the subcel-
lular level, Brillouin microscopy has demonstrated the ability to char-
acterize nuclear mechanical properties46,50,138 and the viscoelasticity 
of plant cells’ extracellular matrix165, and, in some cases, has even been 
validated by gold-standard tests and chemo-mechanical modelling42,166. 
At even higher resolution, measurements of biomolecular condensates, 
lipid droplets in adipocytes, and other aggregates within cells and nuclei 
have been recently reported44–46,167.

Biomedical diagnostics
Ocular disease. The most mature of the applications of Brillouin 
microscopy is in ophthalmology, and specifically in the characteri-
zation of corneal mechanics for keratoconus and related ectatic dis
orders (Fig. 8). In the United States168, keratoconus is the leading cause 
of corneal transplantation169 and the most feared complication of 
refractive surgery, leading to post-refractive surgery corneal ectasia 
when undetected170,171. Currently, keratoconus presents clinically as a 
morphological disorder characterized by the thinning and increase 
in curvature of the cornea. However, it is widely believed that this 
clinical presentation is a late manifestation of the progression of the 
disorder, which probably starts with a mechanical degeneration of 
the corneal tissue172. Healthy corneas are mechanically strong thanks 
to tightly packed stromal collagen fibres which maintain shape under 
the outward intraocular pressure (IOP) (Fig. 8a). By contrast, kerato-
conic corneas have altered collagen organization173,174 and a reduced 
number of cross-links175, presenting a focal weakening176 (Fig. 8b). 
Such weakening is believed to be the main driver of shape change 
(Fig. 8c). Brillouin microscopy is uniquely capable of measuring the 
loss of mechanical strength in corneas in vivo21,132 (Fig. 8d). Recent 
advances in clinical instruments promise great utility in this space 
for keratoconus diagnostics (Fig. 8e,f), refractive surgery screen-
ing as well as therapy monitoring177. Within ophthalmology, another 

promising application of Brillouin microscopy is related to presbyo-
pia, the loss of the dynamic vision accommodation response, which 
affects individuals as they age. Currently, presbyopia is treated with 
spectacles, which do not restore the accommodative amplitude. The 
issue is widely known to be caused by the stiffening of the crystalline 
lens leading to a strong recent effort to develop drugs that target lens 
biomechanics; in this respect, Brillouin microscopy has shown the 
ability to measure the relevant changes occurring in the lens178, and 
also in clinical settings179, and thus may represent a critical tool for 
drug development in this field.

Cardiovascular disease. The healthy heart functioning relies not only 
on the ability of its muscle fibres to contract and relax but also on main-
taining the shape and structure of the organ. The way the heart muscle 
shortens and generates force, regardless of the existing conditions, is 
determined by the mechanical properties of the heart tissue180. When 
these properties are disturbed, as often happens in heart diseases, 
this leads to changes in the thickness of the heart’s walls, stiffness  
of the tissue and, eventually, malfunction. However, directly assessing 
these properties at a local level is challenging. Brillouin microscopy 
was introduced to assess heart tissue’s viscosity and elasticity181: it 
identified stiffness changes in healthy mouse myocardium ventricles 
with notably reduced stiffness in the compliant right ventricle. These 
results correlated strongly with speckle-tracking echocardiography, 
emphasizing the link between displacement and stiffness in the heart’s 
regions181. In a different study, the micromechanical properties of a 
thin cap fibroatheroma were assessed using Brillouin microscopy150. 
A fibroatheroma is a particular stage in the progression of an athero-
sclerotic plaque, characterized by a thickened fibrous cap, covering 
a lipid-rich core182. Fibroatheromas are considered high-risk plaques 
because they have a greater likelihood of developing complications 
such as rupture or erosion183. Thus, a method for precise mechanical 
characterization of the fibroatheroma’s stiffness and structure can 
prove to be invaluable for prediction of the plaque’s fate. A strong 
inverse correlation between BFS and the local accumulation of lipid 
was demonstrated together with a direct relationship between fre-
quency shift and the distribution of collagen fibres150. Collectively, 
these results support Brillouin microscopy as a method to optically 
measure stiffness and structural composition in atherosclerotic  
vessel sections.

Bone, dentin and cartilage disease. Specialized forms of connective 
tissue, bone and cartilage, are essential for providing structural sup-
port to muscles and organs within the human body. Their structure 
and mechanical properties are critical for their respective functions, 
whereas disruptions in these properties are associated with injuries 
and degenerative conditions such as arthritis and osteoporosis. Under-
standing of bone remodelling processes, especially in the context of 
implants, is limited owing to the absence of non-invasive methods 
to assess implant stability and osseointegration during the healing 
phase after implantation. The potential of Brillouin microscopy in 

Fig. 8 | Application of Brillouin microscopy to ocular disease diagnostics and 
treatment. a, Healthy corneas have nearly spherical shape to provide needed 
refraction for proper vision. b, In keratoconus, a focal weakening of the cornea 
disrupts the mechanical balance with intraocular pressure (IOP), c, Mechanical 
imbalance leads to corneal thinning and bulging. d, Clinical instrument user 

interface featuring Brillouin light scattering (BLS) and 3D tracking via pupil 
imaging and optical coherence tomography (OCT). e,f, Brillouin maps for healthy 
(panel e) and keratoconus (panel f) corneas reveal focal weakening at an early 
stage. Part d adapted with permission from ref. 177 © The Optical Society.  
Parts e and f adapted with permission from ref. 132, Elsevier.
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distinguishing between mature and newly formed bone following 
implantation was recently suggested184. A comparative investigation 
between BLS and scanning acoustic microscopy was conducted to 
determine the sensitivity of BLS in detecting anisotropy and decalci-
fication, hallmarks of bone diseases185. In a rabbit model, bone healing 
was quantified in terms of BFS and linewidth changes, both parameters 
reflecting the pace of bone generation and healing at the defect site186. 
The contribution of collagen to cartilage tissue mechanics in the regen-
erating axolotl model131 and the pathogenesis of osteoarthritis and 
disease-related early changes in articular cartilage36,53,81,187 have also 
been studied using Brillouin microscopy. Degradation of cartilage 
extracellular matrix typically goes hand in hand with changes in tis-
sues’ hydration, which can be traced with Brillouin microscopy with 
high precision187.

Cancers and drug discovery
The mechanical properties of individual cancer cells and tumour tissue 
are some of the best studied topics in biomechanics. Cancer cells have 
almost consistently been found to be more compliant than their healthy 
counterparts, and increasingly so with metastatic competence188. This 
has led to the notion that the increased deformability of cancer cells is 
required for their migration and circulation through the body. However, 
to date there is no convincing evidence that this is the case. The problem 
is that most studies so far have been on either cell lines or cells isolated 
from tissues189,190 and not on cells behaving in situ. Also, tissue mechani-
cal measurements on the cellular scale have generally been done with 
excised cancer tissue biopsies191. This is a technological short-coming 
that is starting to be addressed by Brillouin microscopy38,40. The ability 
to measure single cells in complex microenvironments has enabled 
unique studies about the adaptability/plasticity of cell mechanical 
properties in different circumstances to be performed. This is par-
ticularly relevant for investigations into the metastatic cascade where 
the mechanical microenvironments and mechanical challenges vary 
significantly192,193. During extravasation (cells leaving the bloodstream 
to get into tissues), the Brillouin longitudinal modulus of cells and their 
nuclei was markedly lower in the transmigration phase194, as predicted 
by chemo-mechanical models195. Ascitic fluid currents, a hallmark of 
poor prognosis in ovarian cancer, were shown to reduce the tumour 
cell modulus196, indicating higher tumour aggressiveness. In confined 
migration, the nuclear modulus was inversely correlated with the 
confined migration speed, indicating nuclear stiffness as a critical 
mechanical barrier for cell motility197.

As changes in tumour cell mechanics are required for successful 
metastatic capability, a promising anti-tumour strategy is to look for 
ways to stiffen cancer cells artificially. For this, screens of US Food 
and Drug Administration (FDA)-approved drug libraries or chemical 
compounds with a mechanical read-out of cell or nuclear stiffness 
could be performed. Even though Brillouin spectroscopy is relatively 
slow, Brillouin flow cytometry of cell nuclei at rates of 200 cells h–1 has 
already been demonstrated166.

Tissue morphogenesis
Tissue biomechanics is deeply involved in morphogenesis198–200.  
To date, Brillouin microscopy has been used for understanding the 
role of mechanics in various aspects of tissue morphogenesis, includ-
ing spinal cord growth and repair after injury52, eye development127,128, 
neural tube closure (NTC)90,201, the development and regeneration of 
limbs131, and early development of the kidney202. The model organisms 
analysed by Brillouin microscopy include zebrafish52, chick201, axolotl131, 
mouse90,202, C. elegans32, Drosophila37 and Nematostella51.

Zebrafish are among the most common model organisms used for 
imaging, partly because of their optical accessibility. Using Brillouin 
microscopy, the tissue modulus of living zebrafish larvae in all ana-
tomical planes has been mapped during development (3–5 days post 
fertilization) and after spinal cord injury52. The results demonstrate 
that Brillouin microscopy has sufficient sensitivity to distinguish the 
mechanical difference between tissues from distinct sites. Importantly, 
the results reveal that the spinal cord tissue shows a significant decrease 
in BFS right after injury. Moreover, the longitudinal measurement shows 
that the BFS of the lesion site gradually increases during the 2 days post 
injury but remains lower than that of adjacent uninjured tissue, which 
coincides with the decreased cell-body density in the lesion site.

Brillouin microscopy has also been used for quantifying tissue 
mechanics during NTC — a developmental process responsible for 

Glossary

Abbe diffraction limit
This determines the size of the spot 
to which the light can be focused 
based on the law of diffraction. It is 
approximately proportional to half of 
the light wavelength, setting the lower 
limit to the resolution of a classical 
optical system.

Beat signal
The wave pattern formed via 
interference of two waves with slightly 
different frequencies.

Bragg angle
The angle between the incident  
light beam and the diffracting grating 
plane.

Brillouin frequency shift
(BFS). The frequency shift that a light 
wave experiences undergoing Brillouin 
scattering process.

Elasticity tensor
A fourth-rank tensor describing the 
stress–strain relation in a linear elastic 
material. Most materials can be 
described as linear elastic under small 
deformation approximation.

Etalon
A device consisting of two reflecting 
glass plates, employed for measuring 
the light spectrum.

Longitudinal modulus
The ratio of axial stress to axial strain 
under confined uniaxial deformation 
(the object allowed to deform along 

one axis only, with possible changes in 
volume).

Matrix pencil method
A computational technique based  
on diagonal matrices, particularly  
useful to estimate parameters of 
complex exponential signals buried  
in noise.

Mechanotransduction
The conversion of an external 
mechanical signal into intracellular 
biochemical signals.

Micromechanical properties
The elastic and viscous properties of 
materials at the microscale.

Rayleigh band
Refers to spectral signals at and near 
the frequency of the laser, including 
Rayleigh light scattering, quasi-elastic 
scattering and stray laser light.

Shear modulus
The ratio of shear stress to shear 
strain, serving as the measure of shear 
stiffness.

Voxel
A measurement of volume in a structure 
to be imaged.

Young’s modulus
A measure of the ratio of applied 
stress to axial strain under unconfined 
deformation (the object is free to 
deform in all directions while its volume 
is conserved).
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vertebrate neurulation. If failed, it is known to be a primary cause of 
birth defects. Preliminary studies using co-registered Brillouin micros-
copy and optical coherence tomography (OCT) suggested that the BFS 
of the neural tube tissue of mouse embryos is higher following closure 
compared with when it is open90,203. Recently, time-lapse Brillouin 
imaging of neural tube tissue during NTC was conducted by combining 
confocal Brillouin microscope with a modified ex ovo culture of chick 
embryos201. The longitudinal experiment observes the increasing BFS 
and thickness of the neural tube during NTC, which is concurrent with 
the bending of the neural plate. This study provides a platform for fur-
ther understanding the underlying cellular and molecular mechanisms 
that regulate the procedure of NTC as well as neural tube defects.

In addition, Brillouin microscopy has been employed to under-
stand the role of biomechanics in the packing of tip domains for early 
development of the kidney using a mouse model202. Results show a 
strong correlation between cap mesenchyme cell BFS and geomet-
ric patterning, suggesting mechanical changes during branching 
and expansion. Early nephrons appear to have higher BFS than cap 
mesenchymal cells.

3D bioprinting and tissue engineering
The advent of 3D bioprinting has transformed biofabrication, provid-
ing an accurate, cost-efficient and relatively straightforward approach 
for creating in vitro living systems on a large scale204,205. Quality control 
is vital, owing to complex designs of bioprinted constructs. Brillouin 
microscopy presents a promising avenue for assessing the micro-
mechanical properties of bioprinted models, either during or post 
fabrication73. Complex hydrogel structures created through drop-on-
demand bioprinting were imaged using Brillouin microscopy showing 
high sensitivity to small (5%) variations in the gel’s cross-linking and 
solid component57. This study also identified non-uniform distribution 
of mechanical properties across 3D prints despite constant printing 
conditions as the result of a non-homogeneous cross-linking process 
and non-uniform hydrogel swelling57. 3D mapping of micromechani-
cal properties is also attractive for the development of artificial tissue 
models aimed at tissue regeneration applications in spinal cord injury 
and heart disease54,73. Both pathologies lead to fundamental alteration 
of mechanical properties in native tissues through formation of fibrous 
scarring, leading to the patient’s disability or organ failure. Brillouin 
microscopy was successfully utilized for characterization of 3D bio-
printed neural cell models73 and cardiac spheroids54, helping assess the 
models’ long-term mechanical stability under physiological conditions.

Reproducibility and data deposition
The reproducibility and data quality of Brillouin spectra can be influ-
enced by various factors. The principal factors together with the best 
practices for mitigating these effects are discussed below.

Factors affecting reproducibility
Modifications and variability in sample viscoelastic properties. The 
mechanical properties of viscoelastic materials depend on the physical 
conditions of the samples, such as temperature, hydration and pressure. 
Moreover, the mechanical properties are frequency dependent; thus, 
to compare the measurements obtained in different laboratories, the 
chosen experimental conditions, together with the power and laser 
frequency, must be clearly indicated. High-power continuous-wave illu-
mination (>200 mW) in semi-transparent samples can lead to thermal 
effects, especially for the illumination wavelengths outside the biologi-
cal transparency window (600–800 nm). Such prolonged exposures 

could cause the local temperature to rise97, but the BFS caused by ther-
mal effects is insignificant (at lower powers and for 530–800 nm laser 
wavelength) as it falls well below the measurement spectral precision.

When the investigation includes complex biological samples 
such as cells and tissues, statistical analysis is needed. Acquiring a 
large number of spectra on multiple samples is necessary to estimate 
the confidence of the results, considering the biological variability.

The optical layout chosen to acquire Brillouin spectra. The optical 
configuration, including the scattering geometry, affects the final 
shape and position of the Brillouin spectra. The modifications are 
particularly relevant in microscopy arrangements using high NA objec-
tives. In this case, the spread in the collected exchanged wave vector, 
q, can modify the position and the linewidth of the Brillouin peak. To 
extract the relevant parameters from the spectrum, the measure or the 
theoretical evaluation of the q-spread has to be used to de-convolve 
the raw data.

The use of different Brillouin spectrometers. The spectral resolution 
and contrast of the spectrometer/interferometer can modify the meas-
ured spectra in terms of the SNR and line shape. For isotropic samples, 
the deconvolution with the response function of the spectrometers 
has to be used to obtain the corrected values of ΩB and Γ . In general, to 
account for the spread in the collected exchanged wave vector q and 
the finite spectral resolution of the spectrometer, the spectrum of a 
material with a negligible intrinsic broadening, with an expected 
Brillouin peak approximal to a Dirac delta function (for example, vitre-
ous silica), can be used for the direct evaluation of the Brillouin set-up 
response.

Data deposition
Although the standard unit in the reporting of BFS has been proposed15, 
the standardization in the data treatment and the creation of data repos-
itories remains a challenge in the bio-Brillouin field. To date, Brillouin 
spectroscopy applied to biological samples is still not used routinely 
and most laboratories put together home-built set-ups in which the 
frequency response, the spectral resolution and the contrast are charac
teristics of each individual system. Additionally, different models are 
currently used to fit the Brillouin spectra. The importance of the stand-
ardization of the data treatment and the creation of a data repository 
was recently highlighted in the community, and is one of the main goals 
for the newly founded Bio-Brillouin Society. The Bio-Brillouin Society 
is working to build the first repository for raw Brillouin data acquired 
on simple samples by the different set-ups. The required information 
is the wavelength of the laser beam, the scattering geometry and the 
used set-up. Moreover, the laser power, the sample condition (such as 
temperature and hydration) and the microscope objective should be 
specified in order to obtain comparable data.

Limitations and optimizations
The first obstacle towards wide adoption of Brillouin microscopy is the 
slow acquisition time compared with other microscopy techniques. 
Spontaneous Brillouin microscopy is now close to the fundamental 
limit set by the weak interaction strength between incident photons and 
thermal phonons inside the medium; further improvements in imag-
ing speed can be achieved with multiplexing speed37,39. In non-linear 
Brillouin scattering, much stronger Brillouin signals are available 
because two light beams drive material phonon excitation which, in 
turn, scatters light efficiently. Non-linear Brillouin technologies are 

https://www.biobrillouin.org/
https://www.biobrillouin.org/
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established in material research and several laboratories have now 
translated stimulated Brillouin scattering (SBS) to biomedicine with 
frequency-domain or time-domain approaches. However, current SBS 
spectrometers have not provided dramatic speed-up for biomedi-
cal measurements so far because of small interaction volumes and 
photodamage limits as well as the lack of suitable sources for SBS in 
biological media. Improving on SBS performance represents a great 
opportunity for the field to grow.

Instrumentation, cost, size and complexity of operation are also a 
significant hurdle for widespread adoption. The currently used sponta-
neous Brillouin microscopes cost more than US$100,000 to run, occupy 
an optical table and are sophisticated instruments to operate at peak 
performance; SBS microscopes may be even more costly and complex 
to optimize and operate given the double-access alignment require-
ments. On this front, several companies are trying to overcome the 
issue and individual laboratories are aiming to make intuitive software 
and alignment protocol instructions more readily available and acces-
sible to non-experts84,133. Advances in nanofabrication and optical fibre 
technology can help reduce the complexity and footprint of Brillouin 
systems further, as recently demonstrated for fibre-integrated 
Brillouin imaging206 and chip-based laser light filtering207.

Brillouin microscopy is currently under-utilized as a label-free 
technique providing mechanical contrast. The scientific reason behind 
this is probably the unconventional nature of the mechanical informa-
tion compared with gold-standard biomechanical measurements. The 
high-frequency longitudinal modulus46 occupies a different scale of 
magnitude values compared with the traditional Young’s modulus, 
which can be confusing for end users and can generate scepticism. 
Interestingly, this challenge has spurred high-quality research in the 
past decade, focusing on the fundamental relation between traditional 
and Brillouin mechanical signatures that goes beyond the empirical 
correlations used in early studies117,120; the search for the biological 
determinants of Brillouin mechanical signatures; and a direct con-
nection between Brillouin signature and end-user diagnostic applica-
tions, which in some fields, for example ophthalmology, has provided 
remarkable success in the clinic132,208.

Brillouin microscopy is highly directional, probing the axis of the 
modulus in the same direction of the light (in a traditional epi-detection 
configuration). On the one hand, this means that uniquely Brillouin 
microscopy can characterize the full elastic modulus tensor in aniso-
tropic materials25,134,135; on the other, in anisotropic biological materi-
als, mapping only one axis — as in the majority of Brillouin biological 
studies demonstrated to date — does not provide a comprehensive 
characterization and may actually provide confusing results. This is 
only a technical challenge for the field; once the speed of the instru-
ments grows, being able to create multiple maps at different angles will 
become feasible within practical experimental settings.

Outlook
Exploiting the optical advantage
Brillouin microscopy’s biggest advantage, which it shares with other 
forms of optical elastography48, is that it is an optical technique that 
permits the quantitative exploration of material properties inside 
cells, tissues and organisms. This is an option not previously available 
with other more traditional methods to measure mechanical proper-
ties in biology209. Whereas Brillouin microscopy exploits the inherent, 
thermally driven density fluctuations, other optical elastography tech-
niques externally apply a known, often oscillatory deformation at given 
frequencies. This has important consequences. The option to choose 

excitation frequencies means that the mechanical response can be 
tested in a shear mode and on timescales that are closer to those com-
monly used in non-optical techniques, such as AFM nanoindentation 
(0.1–10 kHz), which is far away from the gigahertz frequencies relevant 
in Brillouin microscopy. On the other hand, gigahertz frequencies 
translate to higher spatial, subcellular resolution, whereas other optical 
techniques often struggle to achieve even cellular resolution. It is this 
high spatial resolution that permits the investigation of intracellular 
mechanical heterogeneities. In particular, nuclear mechanics measured 
inside intact cells is hardly possible with other means, and very impor-
tant in the context of cell migration in confined spaces where nuclear 
deformability is the rate-limiting factor. Also, the dynamic mechani-
cal changes of immune and cancer cells during transendothelial and 
interstitial migration in situ can now be quantified with important 
implications for better understanding of the immune response and 
cancer metastasis. As a new and emerging topic, the increased deform-
ability of cancer cells seems not only relevant for migration but also as 
an immune escape mechanism. In this context, Brillouin microscopy 
will be an important tool to study the mechanical interaction between 
cancer and immune cells at the immune synapse.

Brillouin microscopy for mechanosensing
In the wider context of biological application, the use of Brillouin 
microscopy will increasingly move away from demonstrating its general 
applicability for all kinds of cells, tissues and organisms and towards 
answering biologically relevant questions in morphogenesis, develop-
ment and pathology. An exciting example could be investigating the 
role of mechanosensing during spinal cord repair. The use of zebrafish 
larvae is beneficial in this context because of their high optical trans-
parency, which is particularly important for Brillouin microscopy, and 
because they can actually repair an injury to their spinal cord within 
days52. Insight into these mechanisms could help cure spinal cord inju-
ries also in mammals, which is currently not possible. Of course, the 
likely mode of cells mechanically testing their environment is a shear 
deformation on timescales of milliseconds to seconds, which renders 
Brillouin microscopy seemingly less ideal for studies into mechanosens-
ing. Also, the correlation frequently observed between the longitudinal 
modulus measured with Brillouin microscopy and the Young’s modulus 
obtained with AFM nanoindentation probably holds only in the same 
type of material. What if the structural basis for the mechanical proper-
ties changes within tissues, for example from cell-body dominated to 
extracellular matrix dominated? Even though not yet demonstrated, it 
might be possible to address these challenges by using machine learn-
ing together with employing other measurement modalities simul-
taneously, such as fluorescence or Raman imaging in order to obtain 
sufficient additional information about the tissues. Transferring this 
learning, it might be possible to reliably infer AFM-type shear modulus 
information at timescales of seconds from Brillouin frequency maps 
obtained in areas not accessible to AFM.

Quantifying emergent biophysical phenomena
Finally, it might also be time to emancipate the field of Brillouin 
microscopy from the attempt to provide the kind of information con-
ventionally obtained by other contact-based methods (such as AFM 
nanoindentation). After all, there should be significance in the fact 
that tissues are naturally excited at gigahertz frequencies by thermal 
excitation. It seems unlikely that this aspect had been excluded from 
evolutionary optimization and is not somehow utilized by cells. Looking 
at the amplitudes of the density fluctuations involved, which are on the 
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scale of nanometres, it is only natural to suggest that Brillouin micros-
copy might be sensitive to intermolecular interactions. How strongly 
molecules interact with each other is a very relevant question across 
all of molecular biology, particularly biomolecular condensates167. 
Certain proteins condense to form liquid droplets inside cells. This 
is a biologically regulated process, likely to sequester these proteins 
away from other reactions going on in the cell, or to locally increase 
their concentration beyond a critical point to enable certain reactions. 
The interaction of these molecules must be so specific that only certain 
proteins form condensates, but without proceeding to crystallization. 
The molecular grammar involved in these condensation phenomena 
is currently being deciphered. This is an area where Brillouin micro
scopy, with its sensitivity for intermolecular interactions, could be the 
label-free, quantitative and direct measurement technique needed to 
take this field forward. Brillouin microscopy has already demonstrated 
that it can detect and analyse the properties of protein condensates 
inside living cells44. Interestingly, mutations in some of the proteins 
known to form biomolecular condensates, such as fused in sarcoma 
proteins, are linked to neurodegenerative disorders such as amyo-
trophic lateral sclerosis210. Mutations also cause an irreversible phase 
transition of the condensates from a liquid to a solid state. At present, 
it is not clear whether, and if so how, this change in material proper-
ties of the condensates is causally linked to disease pathogenesis, but 
considering the plaques found in the end states of the disease, it seems 
sensible to look for such a connection. Brillouin microscopy will have 
a role to play in this quest. More generally, with the molecular level  
of biology starting to be very well investigated, there is the question of  
how the genomic, proteomic, transcriptomic molecular information 
is used and how this level of information can be conceptionally trans-
ferred to larger scales. Some aspect of the solution will involve the 
self-organization of proteins and so on at supramolecular, subcellular 
scales. Again, Brillouin microscopy seems ideally suited to contribute  
to the quantitative exploration of these emergent properties and to drive 
the paradigm shift in biology from the biochemistry of molecules to the 
next level. In summary, the future of Brillouin microscopy looks bright.

Published online: xx xx xxxx
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