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assess the elasticity of a cell in suspension, but without subcellular 
resolution. For cells that are confined in 3D hydrogels or microflu-
idic chips, particle-tracking microrheology12 is potentially viable, 
but it requires the insertion of microbeads into cells and, if tracking 
subcellular components, it is influenced by motor activity13; fur-
thermore, the resolution is limited by the number, size and random 
location distribution of the beads. Because of the limitations of 
these current methods, mapping of the mechanical properties of 
cells in a 3D meshwork of extracellular matrix proteins has not been 
performed yet14. As a result, there is a dearth of information on the 
biomechanical properties of cells in 3D environments and how they 
may differ from those of cells on a flat 2D substrate.

To address this need, we introduce Brillouin optical cell micros-
copy for noncontact, label-free and 3D mapping of intracellular and 
extracellular hydromechanical properties. This technique is based 
on the interaction of light with spontaneous acoustic phonons in the 
gigahertz frequency range15. By measuring the optical frequency 
shift of the scattered light, Brillouin measurements probe the local 
spontaneous pressure waves in intracellular environments, from 
which one can determine the high-frequency longitudinal modu-
lus16. Mechanically, Brillouin interaction can be thought of as a test 
that measures the ratio of uniaxial stress to strain in confined com-
pression conditions at high frequency17 (Supplementary Note 1  
and Supplementary Fig. 1). The longitudinal modulus depends 
on intrinsic properties such as the modulus of individual cytoskel-
etal components, network cross-linking, the compressibility of 
the local microenvironment and the solid-liquid volume fraction  
(Fig. 1a). To enable cellular Brillouin mapping, we constructed 
a confocal Brillouin cell microscope by using a high–numerical 
aperture (0.6) objective lens that yields a spatial resolution of ~0.5 
× 0.5 × 2 µm3 and a nonscanning parallel Brillouin spectrometer 
based on our previous design18, but with an enhanced spectral 
extinction of 70 dB, spectral resolution of 600 MHz and low loss  
(<10 dB) (Fig. 1b, Supplementary Note 2 and Supplementary Fig. 2),  
as well as a spectrum calibration arm (Supplementary Note 3  
and Supplementary Fig. 3). The light source was a 532-nm  
continuous-wave laser. With optical power levels of 2–4 mW at the 
sample and a spectral acquisition time of 0.1–0.2 s, the frequency- 
measurement sensitivity of the instrument was ~10 MHz 
(Supplementary Note 4 and Supplementary Fig. 4). This is about 
0.1% of the Brillouin frequency shift of water (7.44 GHz at 18 °C).

To validate Brillouin microscopy for applications at the cellular 
scale, we investigated whether it is sensitive to liquid-solid regula-
tion under different osmotic conditions. Adding sucrose to the cell 
medium generates osmotic pressure, which induces a substantial 
increase in cell elastic modulus19. Brillouin confocal sections of an 
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Figure 1 | Principle and validation of Brillouin 
microscopy. (a) Schematic of the mechanical 
interaction probed by Brillouin scattering. 
Spontaneous fluctuations in density and pressure 
behave as microscopic mechanical perturbations 
from which the longitudinal modulus can 
be extracted with high-resolution optical 
spectroscopy. (b) Schematic of the instrument.  
A standard fluorescence microscope was modified 
to introduce the Brillouin excitation beam; the 
Brillouin scattered light is collected and coupled 
into a fiber, which serves as a confocal pinhole. The 
fiber delivers light into the Brillouin spectrometer 
(Supplementary Note 2 and Supplementary  
Fig. 2). DIC, differential interference contrast; CCD, 
charge-coupled device; SMF, single-mode fiber.  
(c) Brillouin images (and coregistered phase-contrast 
images) of a cell before and after hyperosmotic 
shock. Scale bars, 10 µm. (d) The effect of 
environmental osmolarity on both Brillouin and 
AFM-based micro-indentation measurements of cells. (e) Validation of Brillouin stiffness measurement against results of AFM-based micro-indentation tests for cells 
exposed to different levels of hyperosmotic shock. Each data point is the average of 8–11 measurements on different cells; error bars represent ±s.e.m.

NIH 3T3 cell before and after hyperosmotic shock (50 mM of sucrose) 
showed a notable increase in Brillouin shift throughout the cell  
(Fig. 1c). To compute the mean longitudinal modulus, we averaged 
the Brillouin shifts over the cell volume and used estimated constant 
values for cell density and refractive index20. This was an approxi-
mation, as refractive index and density are not uniform throughout 
cells and likely change under different osmotic conditions; however, 
we estimated that the changes in refractive index and density did 
not substantially affect the modulus estimation (Supplementary 
Note 5 and Supplementary Fig. 5). The measured Brillouin  
shift varied linearly with the concentration of sucrose (Fig. 1d).

For comparison with the current gold standard for measurements 
of the Young’s modulus of cells, we performed micro-indentation by 
using an atomic force microscope equipped with a 5-µm-diameter  
bead (Supplementary Note 6 and Supplementary Figs. 6–8).  
The Young’s modulus derived from the thin-layer Hertzian contact 
model of AFM indentation showed a nearly quadratic increase 
with sucrose concentration1,19 (Fig. 1d and Supplementary  
Fig. 6). Typical values of the high-frequency longitudinal modulus 
are on the order of gigapascals, owing to the low compressibility of 
the intracellular microenvironment, and should not be interpreted 
as Young’s or shear moduli of the cell, which are typically on the 

order of kilopascals when measured at low frequencies6. However, 
our data showed a high correlation (R2 > 0.99) between the varia-
tions of these two types of moduli under the same environmental 
conditions (Fig. 1e). This result indicates that the underlying bio-
chemical, physical and structural changes in the cell in response to 
the change in osmotic pressure affect both longitudinal and Young’s 
moduli in the same direction. We have consistently observed such 
correlation in biological tissues21, as well as for synthetic hydrogels 
(Supplementary Note 7 and Supplementary Fig. 9). Furthermore, 
in hydrogels, Brillouin signatures are sensitive to mechanical 
changes due to both polymer concentration and polymer cross-
linking (Supplementary Fig. 10). The log-log linear relationship 
between the longitudinal modulus M′ and Young’s modulus E′ 
is expressed as log(M′) = a log(E′) + b, where a and b are mate-
rial-dependent coefficients21. Our instrument was able to detect 
a 0.05% change in the longitudinal modulus, which corresponds 
to 2% change in Young’s modulus. This sensitivity is similar to, if 
not better than, that of contact-based mechanical measurements.

Cytoskeleton modifications are important in the regulation 
of cell mechanical properties. Using reconstituted actin gels  
in vitro, we verified that the Brillouin frequency shift was sensi-
tive to two major mechanisms of cytoskeleton stiffening: actin  
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Figure 2 | Brillouin microscopy measurements 
of mechanical changes in vitro and in a cell. 
(a) Brillouin frequency shift during actin 
polymerization into a gel. Data shown are 
relative to the Brillouin shift of 7.44 GHz for 
pure water at room temperature. (b) Brillouin 
microscopy images of the mechanical changes 
around beads promoting actin branching. 
Scale bar, 5 µm. (c) Representative images 
of two different NIH 3T3 cells treated with 
cytochalasin D (+CytoD) or not treated 
(control). Scale bars, 10 µm. (d) A reduction 
in Brillouin shift was observed between 
cytochalasin D–treated cells (N = 14) and 
controls (N = 13) when values were averaged 
over the whole cell volume (**P < 0.0001, 
unpaired two-tailed t-test). (e) Three-dimensional confocal reconstruction of the intracellular stiffness in an NIH 3T3 fibroblast cultured on a 15-kPa 
polyacrylamide gel substrate. Scale bars, 10 µm. Error bars represent ±s.e.m. in a and d.
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polymerization (Fig. 2a) and branching of actin fibers with high 
spatial and temporal resolution (Fig. 2b). The Brillouin shifts 
increased as cells were spread on a 2D substrate (Supplementary 
Note 8 and Supplementary Fig. 11) and decreased when actin 
polymerization was inhibited with cytochalasin D (Fig. 2c,d). The 
confocal sectioning of Brillouin microscopy allowed us to analyze 
the longitudinal modulus with 3D resolution. The Brillouin images 
of an NIH 3T3 fibroblast cultured on a polyacrylamide gel sub-
strate showed a stiffer nucleus and softer cytoplasm (Fig. 2e).

The noncontact nature of the Brillouin technique enables the 
mechanical measurement of cells in physiologic 3D collagen matri-
ces (Fig. 3a). For direct comparison with cells in 2D, we measured 
cells grown on flat polyacrylamide substrates with shear moduli of 
1, 2.5 and 15 kPa (Fig. 3b). Consistent with previous studies22, we 
observed an increase in Brillouin shift with increasing substrate 
rigidity. The Brillouin shift from cells cultured in 3D collagen gels 
with a shear modulus of ~300 Pa was nearly identical to that of cells 
grown on top of the same collagen gels and was similar to those of 
cells grown on stiffer, 2.5-kPa polyacrylamide gels (Fig. 3b). Cells 
grown on polyacrylamide substrates with low moduli (~1 kPa) 
were partially rounded and not fully spread; in contrast, cells on 
2D collagen gels and in 3D collagen gels (~300 Pa) appeared well 
spread. This morphological behavior has been attributed to the 
higher density of adhesion sites or the nonlinear elasticity of col-
lagen gels23,24. We found a strong correlation (P < 0.001) between 
cell stiffness and projected cell area (Fig. 3c). The data obtained on 
2D substrates and in 3D hydrogels in various conditions collapsed 
on a single trend of cell stiffness versus maximum projected cell 
area (Fig. 3c). This finding, together with the identical intracellular 
moduli in 2D and 3D collagen gels, might indicate that cellular 
stiffness is similarly regulated in both 2D and 3D.

In conclusion, Brillouin optical microscopy enables mapping 
of the longitudinal moduli of live cells both on 2D substrates and 
in 3D matrices. The longitudinal modulus may not be directly 
linked to the tension in the cytoskeletal network or the cortical 
contractility25. However, Brillouin technology is sensitive to the 
biomechanical changes in a cell caused by factors such as biopoly-
mer content, polymerization, branching and liquid-solid volume 
fraction. Brillouin microscopy opens up new research avenues for 
the biomechanical investigation of cells and their microenviron-
ment in 3D at subcellular resolution.

Methods
Methods and any associated references are available in the online 
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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Figure 3 | Effect of the extracellular matrix on cell stiffness.  
(a) Representative 3D Brillouin image reconstruction of an NIH 3T3 cell 
cultured in a collagen gel matrix and the related top view obtained with 
bright-field microscopy (N = 5). Scale bars, 10 µm. (b) Average Brillouin 
shift of NIH 3T3 fibroblasts cultured on top of polyacrylamide (PA) gel 
substrates of (from left to right) ~1 kPa (N = 8), 2.5 kPa (N = 8) and  
15 kPa (N = 12) and soft collagen gel substrates (~300 Pa) (N = 5) compared 
with the average Brillouin shift of cells cultured in 3D collagen gels  
(N = 5). Error bars represent ±s.e.m. (c) Average Brillouin shift of NIH 3T3 
fibroblasts plotted against the projected cell area in the different 2D and 
3D microenvironments. Each symbol represents an individual data point.
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ONLINE METHODS
Brillouin scattering. Spontaneous Brillouin scattering arises from 
the interaction of light with acoustic phonons inside material. The 
Stokes frequency downshift occurs when light scattering generates 
an acoustic phonon. Anti-Stokes frequency upshift results when a 
photon gains energy from a phase-matched thermally generated 
acoustic phonon. In the approximation of an isotropic material 
in a probed voxel, the phase-matching acoustic frequency is given 
by Ω = 2K(M′/ρ)0.5 sin(θ/2), where K is the photon wavenumber, 
θ is the angle between incident and scattered photons, M′ is the 
real part of the material longitudinal modulus and ρ is the mass 
density of the sample. In backward (epi-) detection, the frequency 
shift at the peak of the Brillouin spectrum is given at θ = π so 
that the real part of the longitudinal modulus is computed as  
M′ = ρλ2Ω2/(4n2), where λ is the wavelength of the incident radia-
tion and n is the index of refraction (Supplementary Note 1).

Confocal microscope. The light source of the Brillouin confo-
cal microscope is a frequency-doubled Nd-YAG laser (Torus,  
Laser Quantum, Inc.) emitting a single longitudinal mode at 532 nm.  
The laser beam was cleaned with a single-mode spatial filter 
composed of a lens with a numerical aperture (NA) of 0.1 and 
a pinhole (Newport) with a hole size matched to the diffraction 
limit of the beam focus, recollimated and expanded with a lens 
of 125-mm focal length to overfill the back-aperture of the objec-
tive lens and inserted into an IX-71 microscope (Olympus). We 
cleared the optical path in the right-side port of the microscope 
and inserted a 100% reflection mirror just below the filter-cube 
turret. This mirror reflected the laser beam to the sample through 
an empty slot of the turret and directed the Brillouin light back-
scattered from the sample out of the microscope through the 
same port. Light was focused onto the cell sample by an objective  
lens of NA 0.6 in epi-illumination, with spatial resolution of 
~0.5 × 0.5 × 2 µm3. For calibration, we used a pair of automated 
shutters and reference materials (Supplementary Fig. 3). For 
3D imaging, a Brillouin spectrum was acquired from each loca-
tion in the sample, and then the sample was translated stepwise 
using three-axis motorized stages (Prior). Scattered light from 
the samples was collected by a single-mode optical fiber (460HP, 
Thorlabs), which also served as a confocal pinhole, and deliv-
ered to the apodized VIPA spectrometer (Supplementary Fig. 2).  
With 2–4 mW illumination power at the sample, it generally took 
2–5 min to acquire a 2D frame, depending on the number of pix-
els. In these conditions, cell morphology was not affected during 
repeated measurements, and no apparent difference in mechani-
cal properties was observed between fresh cells and cells that were 
imaged multiple times. At higher powers exceeding 10 mW, cells 
remained viable, but they tended to change their shape after the 
imaging session.

VIPA spectrometer. The spectrometer consisted of two apodized 
cross-axis VIPA stages with a relay telescope and square-hole spa-
tial filter between them (Supplementary Note 2). The two VIPA 
etalons had identical specifications (R1 = 99.9%, R2 = 95%, 1.6° 
internal tilt, Light Machinery). Linearly variable intensity filters 
(Rugate and Newport 50FS04DV) were used for apodization. The 
diffraction pattern after the final VIPA stage was detected with an 
electron-multiplying charge-coupled device (EM-CCD) camera 
(Ixon Du197, Andor) with a dispersion slope of 0.3 GHz/pixel.

Data acquisition and analysis. We used LabView for instrument 
automation, using modified manufacturer sample codes (Prior 
translational stages, Andor camera) and home-written codes 
to operate shutters. We used Matlab for spectral analysis. Our 
algorithm (provided as Supplementary Software) extracts the 
optical spectrum and measures the Brillouin shift and magni-
tude by curve-fitting with Lorentzian profiles (Supplementary 
Fig. 3). Brillouin images were produced in Matlab, typically using 
the “jet” colormap with red replaced by magenta. To quantify 
the average Brillouin shift of a cell, we typically acquired sev-
eral en face sections of the cell under examination at different 
heights (similarly to Fig. 2e). After the measurement, we identi-
fied the voxels to average (i.e., belonging to the cell rather than 
the surrounding medium) using a threshold on Brillouin shift  
and linewidth.

Cell culture on 2D substrates. An NIH 3T3 fibroblast cell line 
tested for mycoplasma contamination was purchased from 
American Type Culture Collection (ATCC); after purchase, cells 
were frozen at early passage, and a fresh cell culture was routinely 
started from frozen stock. We maintained the cells and inspected 
them daily under an inverted-phase microscope to compare their 
morphology at different cell densities against reference images. 
Cells were grown on custom-made 2D substrates consisting of 
a collagen-coated polyacrylamide gel layer attached to 20-mm 
glass-bottom dishes. Glass-bottom dishes were first treated with 
200 µl of (3-aminopropyl)trimethoxysilane for 3 min and 400 µl 
of 0.5% glutaraldehyde solution for 30 min to condition the glass 
for attachment to polyacrylamide. We then deposited 15–30 µl of 
polyacrylamide solution with 5–12% acrylamide and 0.04–0.4% 
bis-acrylamide in each glass well to create 50–100-µm-tall gels. 
Circular coverslips treated with Rain-X (ITW Global Brands) 
were placed face-down on the gel to create a flat, even surface. 
After the gels had solidified, the coverslips were discarded and 
the gels were treated with 1 ml of hydrazine hydrate for 4 h, fol-
lowed by 2 ml of 5% glacial acetic acid for 1 h to allow attach-
ment of collagen (type I from rat-tail) to the polyacrylamide gel.  
Gels were then washed with PBS three times for 30 min each 
time, sterilized under UV light and left overnight under a layer of  
1.5 mg/ml oxidized collagen26. Gels were then washed in serum-
free Dulbecco’s modified Eagle’s medium (DMEM) three times 
for 30 min each time and left in DMEM for at least 24 h before 
cell plating. Cells were plated on the gel substrate in DMEM  
supplemented with 10% FBS and allowed to spread for at least  
24 h before imaging.

Osmotic pressure experiments. Hyperosmotic environments of 
varying strength were imposed on cells by the addition of 2× 
strength sucrose solutions of 0, 150, 300 or 500 mOsm in equal 
volume to the existing cell media. We made sucrose solutions by 
dissolving sucrose in DMEM supplemented with 1% FBS and 
sterilizing it for 30 min under UV light. Cells were grown on 
polyacrylamide gels, and the cell media was switched to DMEM 
supplemented with 1% FBS at least 6 h before sucrose was added 
or overnight. Cell stiffness was measured before and immedi-
ately after sucrose addition with Brillouin microscopy and with 
AFM for comparison. To supplement AFM measurements, we 
obtained average cell dimensions using confocal microscopy 
(Supplementary Note 6).
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AFM-based micro-indentation. An Asylum MFP3D atomic 
force microscope (Asylum Research, Santa Barbara, CA) was used 
to perform the nanoindentation on single fibroblasts that were 
adhered to the polydimethylsiloxane-coated substrate. The cells 
were indented by gold-coated polystyrene colloidal probe tips 
(end radius R ~ 2.5 µm) attached to cantilevers with a nominal 
spring constant k ~ 0.06 N/m (Novascan, Ames, IA). We applied 
the thermal noise oscillation method to determine the cantilever 
spring constant for each probe tip27. The indentation was per-
formed under a force control scheme, with a maximum force of 
~2.5 nN. The resulting indentation depths were in the range of 
0.2–1 µm. The axial (z-direction) displacement of the tip was cal-
culated as the z-piezo subtracted from the vertical deflection of the 
cantilever. Typical force-displacement curves for cells in different 
sucrose concentrations are shown in Supplementary Figure 7.  
A typical force-displacement curve and the best-fit curve from the 
thin-layer Hertz model are shown in Supplementary Figure 8.  
We indented different locations on cells to obtain an average  
for the Young’s modulus of each cell. An indentation speed  
of 0.1 µm/s was used to probe the Young’s modulus under close-
to-equilibrium conditions.

Reconstituted actin gel polymerization and branching. 
Branching F-actin was polymerized on polystyrene spheres pre-
coated with Viscum album L. var. coloratum agglutinin (VCA), 
according to the protocol outlined by Pujol et al.28. An actin 
polymerization kit, VCA-Domain WASP protein, ARP2/3 pro-
tein, cofilin and gelsolin were all obtained from Cytoskeleton and 
handled according to the provided instructions. 4.5-µm carboxy-
lated polystyrene spheres (Spherotech) were coated in VCA and 
added to actin buffer solution to polymerize the actin at 6.5 µM 
actin, 6.5 µM cofilin, 90 nM gelsolin, 180 nM ARP2/3 and 0.01% 
VCA. To stop polymerization, we diluted the actin solution 1:10 
with 6.6-µM phalloidin. Beads were allowed to settle on a gel sub-
strate to reduce motion and were imaged immediately thereafter.  
We also imaged the beads with confocal microscopy, for which 
we modified the dilution step to include 10% Alexa Fluor 594 
phalloidin (Life Technologies).

Actin disruption via cytochalasin D. We achieved actin- 
filament disruption in NIH 3T3 cells by submerging cells in  

5 µg/ml cytochalasin D (Sigma-Aldrich) in DMEM supplemented 
with 1% FBS. Cells were plated in DMEM supplemented with 10% 
FBS at least 24 h before imaging, and cell media was switched to 
DMEM supplemented with 1% FBS at least 6 h before to serum 
starve the cells and reduce cell movement during imaging. Cells 
were imaged 30 min to 1 h after the addition of a stock solution 
of cytochalasin made in DMEM.

Cell culture in 3D collagen gels. Rat tail collagen type I in acetic 
acid (BD Biosciences) was buffered with 10× PBS with phenol red, 
titrated to a pH of 8.0 with 0.1 M sodium hydroxide, and brought 
to a final concentration of 2 mg/mL with water. Cells were lifted 
from culture with Trypsin-EDTA, centrifuged at 200g for 5 min, 
resuspended in growth medium and mixed with collagen I solu-
tion for a final concentration of 4 × 105 cells per milliliter of 
total collagen solution. Collagen was polymerized in humidified 
chambers at 37 °C and 5% CO2 for 20 min before growth medium 
was added to hydrate the gel.

Dependence of cell stiffness on spread area. To quantitatively 
assess the cell stiffness–morphology relationship, we measured 
the average cell stiffness versus the projected cell area for sev-
eral conditions. For each cell, we estimated the Brillouin shift 
by averaging the frequency shift at each pixel in the cell; we esti-
mated the projected cell area by determining the cell contour from 
the phase-contrast image and computing the enclosed area with 
ImageJ. In the 3D cultures, only cells with extended morphology 
were analyzed, and round cells were discarded. In plots, each data 
point corresponds to a different cell. The points were fit to the 
same linear regression curve (R > 0.8, P < 0.001).

Code availability. The Matlab code used to analyze data is pro-
vided as Supplementary Software along with representative 
Supplementary Data to run the code.
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