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Abstract

Introduction—The mechanical interaction between cells and
their microenvironment is emerging as an important deter-
minant of cancer progression and sensitivity to treatment,
including in ovarian cancer (OvCa). However, current
technologies limit mechanical analysis in 3D culture systems.
Brillouin Confocal Microscopy is an optical non-contact
method to assess the mechanical properties of biological
materials. Here, we validate the ability of this technology to
assess the mechanical properties of 3D tumor nodules.
Methods—OvCa cells were cultured in 3D using two estab-
lished methods: (1) overlay cultures on Matrigel; (2)
spheroids in ultra-low attachment plates. To alter the
mechanical state of these tumors, nodules were immersed in
PBS with varying levels of sucrose to induce osmotic stress.
Next, nodule mechanical properties were measured by
Brillouin microscopy and validated with standard stress–
strain tests: Atomic Force Microscopy (AFM) and a parallel
plate compression device (Microsquisher). Finally, the nod-
ules were treated with a chemotherapeutic commonly used to
manage OvCa, carboplatin, to determine treatment-induced
effects on tumor mechanical properties.
Results—Brillouin microscopy allows mechanical analysis
with limited penetration depth (~ 92 lm for Matrigel
method; ~ 54 lm for low attachment method). Brillouin
microscopy metrics displayed the same trends as the corre-
sponding ‘‘gold-standard’’ Young’s moduli measured with
stress–strain methods when the osmolality of the medium
was increased. Nodules treated with carboplatin showed a
decrease in Brillouin frequency shift.
Conclusion—This validation study paves the way to evaluate
the mechanics of 3D nodules, with micron-scale three-

dimensional resolution and without contact, thus extending
the experimental possibilities.

Keywords—Tumors, Osmolality, Young’s modulus,

Stiffness, Spheroids, Optics, Atomic force microscopy,

MicroSquisher.

INTRODUCTION

Improvements in outcomes for advanced stage
ovarian cancer (OvCa) continue to lag behind many
other solid tumors with a 5-year survival rate of 45%,
which is further reduced to 31% after 10 years.8,25,36,43

OvCa is often referred to as a ‘silent killer’ because the
symptoms often remain unremarkable until late
stages.13 OvCa etiology is not well established; there
are five known histotypes: high-grade serous,
endometrioid, clear cell, mucinous, and low-grade
serous, all which differ in pathology, site of origin, and
behavior.35 Furthermore, cell populations exhibit
heterogeneity with varying levels of proliferation,
invasiveness and resistance to chemother-
apy.4,7,20,32,36,46 In recent years, a relationship between
OvCa aggressiveness and mechanical properties was
observed, providing evidence that mechanical adapta-
tion contributes to cell migration and survival. For
instance, several groups have shown that highly
malignant OvCa cells have lower Young’s moduli
compared to benign cells using mechanical testing
systems including atomic force microscopy (AFM) and
magnetic tweezers.11,22,44,52 Mechanical variations are
also related to changes in structural protein content;
for example, increased metastatic potential has been
correlated with decreased E-Cadherin, increased vi-
mentin, and decreased actin.1,20,22,36,44,52 The role of
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the mechanical properties of cancer cells and tissues
has attracted much interest in recent years, even lead-
ing to the idea to generate novel therapeutics based on
the mechanical regulation of cells or their microenvi-
ronment.30,32

It is widely accepted that cells sense and respond to
mechanical cues in their microenvironment; however,
the underlying causes of mechanical changes and the
implications of altered mechanical properties in cancer
progression remain areas of continued investiga-
tion.1,12,19,24,28–30,33,34,45,49,53 A largely underestimated
regulator of mechanical properties is osmotic pressure
of the extracellular environment. On short time scales,
i.e., immediately after adding the solute, changes in
mechanical properties have been explained due to water
efflux from cells and the resulting osmotic pressure
gradient.17,31,40,55 In single cells, several groups have
explored the effects of hyperosmotic stress and have
shown a positive correlation with Young’s modu-
lus.17,31,40,55 Yet, single cells do not adequately portray
disease pathology and many groups have sought to
generate 3D tumors, organoids, or biomaterials to re-
flect mechanical and biochemical components of the
microenvironment and thus investigate how cells re-
spond to various environmental stimuli.3,15,24,29,33,36

A major limitation of current technologies that
measure the mechanical properties of biological samples
is that they require contact with the sample and are
severely limited in complex 3D matrix environments or
other systems that do not offer direct access to cells.
Therefore, a non-contact approach to extract the
mechanical features of complex biological systems will
be of value, particularly in cancer-related mechanobi-
ology studies. One potential technology to address this
need is Brillouin microscopy. Brillouin light scattering is
a phenomenon where interaction of incident light with
acoustic phonons within a material causes a frequency
shift in the scattered radiation. The Brillouin frequency
shift is related to the longitudinal modulus of the sam-
ple, i.e. the ratio of stress–strain in a purely uniaxial
setting at high-frequency (GHz). Thus, combining a
high-resolution Brillouin spectrometer with confocal
microscopy, will enable three-dimensional maps of
material mechanics to be generated.

Here, a human carcinoma cell line derived from
intraperitoneal metastases (NIH: OVCAR5) was cul-
tured as 3D tumor nodules using two methods: (1)
overlay cultures on Matrigel (CorningTM); and (2)
Spheroids in 96 Well Ultra-Low Attachment Micro-
plates (CorningTM). Using Brillouin, we showed that
increasing osmotic pressure in tumor nodules caused
an increase in Brillouin shift. However, as biological
cells and tissues are nearly incompressible and present
large frequency-dependent changes, the relationship
between Brillouin-derived longitudinal modulus and

traditional quasi-static Young’s modulus is not known
and relies on empirical correlations. Thus, we validated
Brillouin Confocal Microscopy to assess 3D tumor
nodule mechanical properties by comparing Brillouin
frequency shift to Young’s modulus measured with
two gold-standard mechanical methods: AFM and a
Micro-Scale Mechanical Tester (MicroSquisher). Pre-
vious relationships have been established in biological
samples, including ocular tissue38,42,47 and single
cells,40 where a positive correlation to Young’s mod-
ulus has been found. Likewise, we found an increase in
Young’s modulus upon increasing osmolality.

Next, we examined the effects of carboplatin treatment
in tumor nodules using Brillouin Microscopy. Carbo-
platin is a common chemotherapeutic used to manage
OvCa. Carboplatin triggers cell death (e.g. apoptosis) by
forming DNA adducts, which interferes with DNA syn-
thesis and inhibits DNA repair mechanisms.10 Nodules
were grown using the overlay culture method on Matrigel
for 7 days and given a strong (500 lM) dose of carbo-
platin. Brillouin measurements after 96 h showed a de-
crease in overall Brillouin shift. From these results, we
established an expected range of Brillouin shift for ovar-
ian cancer tumor nodules; from high Brillouin shifts
caused by hyperosmotic conditions to low Brillouin shifts
caused by carboplatin. Using Brillouin microscopy, the
mechanical properties of tumors can be mapped with high
resolution without the need for contact or labeling, en-
abling unique experimental designs.

MATERIALS AND METHODS

Cell Culture

Epithelial ovarian cancer cells (NIH: OVCAR5)
were grown in standard conditions using the recom-
mended culture medium containing RPMI 1640
Medium, no phenol red, 10% Fetal Bovine Serum
(FBS), and 1% Pen Strep.

Culture of Nodules Using Matrigel Overlay Method

Corning� Matrigel� (Growth Factor Reduced
(GFR) Basement Membrane Matrix Phenol Red-Free,
*LDEV-Free #356231) was used as the extracellular
matrix for the cultures. Matrigel was thawed overnight
on ice at 4 �C. The following day, 250 lL of thawed
Matrigel was pipetted into wells of a sterile glass bot-
tom 24-well plate (Greiner bio-one Sensoplate,
#662892). Matrigel was polymerized by incubating at
37 �C for 20 min. 1 mL of 104 cells/mL OVCAR5 cells
in medium supplemented with 2% Matrigel was added
per well. Media was replaced every 3 days by gently
aspirating old medium to not disturb nodules attached
to the Matrigel.
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Culture of Nodules Using Low Attachment Plates

CorningTM 96 Well Ultra-Low Attachment Treated
Spheroid Microplates (Fisher Scientific, #12-456-721)
provided a method for growing larger nodules without
the need for Matrigel, favorable for the Microsquisher
and AFM, where contact with the nodule is required
and the presence of Matrigel could skew the results. To
prepare nodules, 300 lL of OVCAR5 at a concentra-
tion of 105 cells/mL in OVCAR5 medium was added
to 96 wells and incubated at 37 �C for 3 days. 12-mm
glass coverslips coated in collagen were prepared to
provide a surface for nodule attachment: Glass cov-
erslips were initially sterilized with 70% ethanol. A
composition Rat Tail Type I Collagen High protein
concentration (CorningTM, #354249, protein concen-
tration: 10.21 mg/mL) and 70% ethanol at a 1:4 ratio
was prepared. 50 lL of the mix was added per cover-
slip and stored overnight at room temperature. On day
3 of nodule growth, nodules were removed from the
96-well plate by slowly pipetting with a 10 mL pipette
tip and transferred to collagen coated coverslips.
Nodules were incubated in 37 �C for 24 h to provide
time to attach.

Osmolality Measurements

Concentrations of sucrose up to 1000 mM in
Phosphate Buffered Saline (PBS, Dulbecco’s phos-
phate-buffered saline, 1 9) was added to the extracel-
lular fluid of nodules. A relationship between sucrose
concentration and osmolality was established by
measuring solutions with an Advanced� Micro-Os-
mometer Model 3300 (Table 1).

Brillouin Light Scattering

Brillouin light scattering (BLS) is based on the
interaction between light and acoustic phonons within
matter. Brillouin frequency shift tBð Þ is related to the
phonon velocity ( Vsð Þ) by

tB ¼ � 2nVs

k
sin

h
2

ð1Þ

where n is the refractive index, k is the incident wave-
length, and h is the angle of the incident light. Here, we

used a backscattering configuration, so the sin h
2 � 1.

Furthermore, phonon velocity is related to the longi-
tudinal Young’s modulus and mass density qð Þ by

Vs ¼
ffiffiffiffiffi

M0

q

q

where M0 is the real part of the longitudinal

modulus. Combining these equations, Brillouin fre-
quency shift is related to longitudinal modulus as

tB ¼ � 2n

k

ffiffiffiffiffiffi

M0

q

s

ð2Þ

The ratio n=
ffiffiffi

q
p

has been shown to vary insignificantly
in cells and tissue therefore the frequency shift is di-
rectly related to longitudinal modulus.40 For this work,
we report Brillouin frequency shift (GHz) displayed by
a color bar where warmer colors (red) correspond to
an increase in Brillouin frequency shift and thus in-
crease in longitudinal modulus.

Brillouin Confocal Microscopy

A single mode linearly-polarized continuous wave
laser (Torus, Laser Quantum) with a wavelength of
either 660 nm or 532 nm (for carboplatin experiments)
was directed into an inverted microscope (Olympus
IX81) where light was focused into the sample using a
60X/0.7 NA objective lens (Olympus,
LUCPLFLN60X). Backwards scattered light was col-
lected using the same objective lens and coupled into
the Brillouin spectrometer comprised of two-stage
VIPA etalons arranged in cross-axis configuration.40,54

A program created in-house (LabVIEW) provided
control of translational stages (Prior) image acquisi-
tion (Andor), region of interest selection, scanning step
size, and exposure time. The free spectral range (FSR)
i.e. wavelength separation between adjacent identical
stokes/anti-stokes peaks and GHz per pixel i.e. factor
to convert image pixels to frequency were determined
by calibrating with water and methanol which have
known Brillouin shifts. For 3D imaging (Fig. 1d), we
performed raster scanning in the XY dimension and
refocused to a new location along the Z axis to gen-
erate another stacked image. For all other measure-
ments (Figs. 2, 3, and 5), images were acquired in the
central XZ plane perpendicular to the Matrigel bed.
The spatial resolution of the images depends on the
NA of the objective lens; here, the lateral resolution
was 1 lm and axial resolution was 2 lm. A post-pro-
cessing algorithm developed in MATLAB was used to
fit the Brillouin peaks to a Lorentzian function and
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TABLE 1. Relationship between osmolality and sucrose
concentration in PBS measured by an osmometer.

Sucrose concentration (mM)

Measured osmolality (mOsm/kg

H2O)

Mean Standard deviation

0 285 4.58

250 546 5.69

500 847 1.53

750 1141 11.50

1000 1440 8.39
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extrapolate the average Brillouin frequency shift.
Average nodule Brillouin frequency shift was deter-
mined by excluding the locations pertaining to the
surrounding medium and averaging values corre-
sponding to the remaining nodule structure.

The mechanical response of nodules cultured using
Matrigel was tested under 3 osmotic conditions: 0,
500 mM, and 1000 mM sucrose. After 3 days of cul-
ture, 3 nodules in 3 separate wells, for a total of 9
nodules per condition were tested. Brillouin imaging
was performed immediately after the addition of su-
crose. Images were acquired in the XZ plane with 1 lm
resolution. Due to the poor signal penetration depth in
the z-direction for low attachment nodules, we imaged
100 9 100 lm sections in the XY plane where the
signal was resolvable with 2 lm resolution. Nodules
cultured using the low attachment plates were sub-
jected to 0, 62.5 mM, and 125 mM sucrose. The
decreased osmotic condition was required due to de-
crease signal intensity in the low attachment nodules
(Fig. 2c). A total of 6 nodules were measured per
condition.

Young’s Modulus Measured Using Atomic Force
Microscopy

The Young’s modulus was measured using an
Asylum MFP-3D-BIO AFM with CP-qp-CONT-Au
sphere colloidal probe (NanoAndMore USA Corp.)
having a diameter of 3–5.5 lm according to the man-
ufacturer. The spring constant of the cantilever was
measured to be 0.17 N/m, which was within a factor of
1.69 to the manufacturer’s nominal value of 0.1 N/m.

AFM was performed using a 3 lm force distance, a
1 V trigger point (~ 8.7 to 8.8 nN), and a scan rate of
0.99 Hz. Force curves were fit to the Hertz model
within Asylum’s Igor Pro-based software, using the
equation

F ¼ 4

3
� E

1� #2
�

ffiffi

r
p

� d
3
2 ð3Þ

with d as the measured indentation of the sample and
Young’s modulus E as the fitting parameter. The
Poisson’s ratio J of the sample was assumed to be 0.45
and the tip radius of curvature r was approximately
2.1 lm.

OVCAR5 tumor nodules were cultured using the
low attachment method and attached to collagen
coated glass coverslips as previously described. Nod-
ules were placed in a Falcon� 50 mm x 9 mm Sterile
Petri Dish (New Star Environmental and Laboratory
Products #351006) and bathed in 4 mL of PBS with
varying concentrations of sucrose (0, 500, and
1000 mM) warmed at 37 �C. Three 10 9 10 force
maps spanning 2500 lm2 (5 lm step size) were
acquired per nodule and 3 nodules per sucrose level
were tested.

Young’s Modulus Measured Using MicroSquisher (Cell
Scale)

Nodules were prepared using the low attachment
protocol previous described. Nodules were placed in a
fluid bath of PBS-sucrose solution warmed to 37 �C. A
total of 35 nodules were measured in varying sucrose
conditions: 0, 250, 500, 750, and 1000 mM. A mi-
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FIGURE 1. (a) Brillouin Confocal Microscope configuration. Light at 660 nm is focused onto the sample and back scattered light
is collected by the same objective lens and directed to the Brillouin spectrometer. (b) Brightfield image of a nodule cultured on
Matrigel. (c) Three -dimensional stacks of XY plane images of the nodule corresponding to (b). Color bar represents Brillouin shift
in GHz, where increased Brillouin shift is related to increased longitudinal modulus. The resolution of the image was 1 lm per pixel
and the exposure was 0.15 s per pixel. (d) An example Brillouin map and brightfield image of a nodule cultured using Matrigel
measured in the XZ plane (perpendicular to the Matrigel surface).
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crobeam with a diameter of 152.4 lm, modulus
411,000 MPa, and length of 60 mm was fixed to a
2 9 2 mm2 compression plate and mounted to the
vertical actuator. Data acquisition was performed
using the software provided, SquisherJoy. Nodules
were compressed once in the Z-axis by ramping up to
75%, with a load time of 20 s, hold of 10 s, and
recovery period of 20 s. Data was exported to Micro-
soft Excel where analysis was performed. The Young’s
modulus was calculated as the slope of the stress strain
curve using the formula:

E ¼ F=A

DL=L
ð4Þ

where E is the Young’s modulus (lN/lm2), F is the
force in (lN), A is the surface area of the nodule (lm2),
L is the height of the nodule (lm), and DL is the dis-
placement of the beam (lm). The surface area (A) was
measured by assuming a circle as the shape of the
surface. ImageJ was used to determine the diameter of
the nodule at 10% strain.41 The length of the nodule
(L) was gathered by the SquisherJoy software, where

cursors were placed prior to testing at the top and
bottom of the nodule. The Young’s modulus was
analyzed between 0 and 10% strain where initial strain
(0%) was assumed to be when the applied force
reached 0.1 lN. Culture methods for mechanical test-
ing using Brillouin, AFM, and the Microsquisher are
summarized in Table 2.

Carboplatin Treatments

OVCAR5 tumor nodules were cultured for 7 days
using the protocol for forming nodules with Matrigel
as previously described. Medium changes occurred on
days 3 and 6 of culture. On day 7, nodules were dosed
with 500 lM carboplatin in 1 mL of medium while
non-treated groups were refreshed with 1 mL of med-
ium. After 96 h of incubation in 37 �C, the Brillouin
shift of non-treated and treated cells were measured.
To retrieve Brillouin shift of the nodules, the extra-
cellular medium was removed by thresholding values
less than 7.65 GHz and the Brillouin shift was average
across the remaining area of the nodule. Experiments
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(objective: 3 10) of nodule on day 4 cultured using the low attachment method. (c) Depth in the z axis (lm) vs. natural log of
normalized intensity for Matrigel (N = 5) and low attachment (N = 5) nodules. A comparison of liner fits shows significant
differences (p £ 0.0001) between methods in signal decay.
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were performed using a previous set up which used a
green laser (k = 532 nm). Brillouin shifts using a
green laser can be converted to red laser (k = 660 nm)
by multiplying by the ratio of wavelengths; Red Bril-
louin Shift = Green Brillouin Shift * (532/660). A
total of 19 non-treated and 20 treated nodules were
measured in three separate rounds.

Statistical Analysis

For osmotic pressure experiments, a one-way AN-
OVA was used to compare groups. For the carboplatin
treatment experiment, a paired t test assuming equal
variances was used to compare to the non-treatment
group. All statistics were performed using GraphPad
Prism7. * £ 0.05 ** £ 0.01, *** £ 0.001,
**** £ 0.0001.

RESULTS

Mechanical Mapping of Nodules Using Brillouin
Confocal Microscopy

Figure 1 shows the Brillouin instrument setup and
representative images of 3D OvCa nodules acquired
with the Brillouin instrument. The Brillouin instru-
ment is co-registered with a brightfield transmission
microscope (Fig. 1a). A brightfield image of a tumor
nodule after 5 days in culture using the Matrigel
overlay method is shown in Fig. 1b. A series of cor-
responding Brillouin XY cross-sectional images, taken
at 12.5 lm step along the Z depth axis, are shown in
Fig. 1c and demonstrate the 3D sectioning capability
provided by the confocal nature of Brillouin mea-
surements. For the rest of the paper, to perform Bril-
louin imaging on a large population of nodules, we
scanned one depth-section (XZ plane) per nodule; we
chose the XZ plane cutting through the central axis of
the nodule, to maintain consistency in the assessed
location across measurements. An example brightfield
image in the XY plane of a nodule cultured using the
Matrigel method and corresponding Brillouin map in
the XZ plane is shown in Fig. 1d. High resolution

Brillouin images revealed tumor nodules to be a
heterogenous conglomeration of cells. The subcellular
sites with the highest Brillouin shifts are predicted to be
nuclei, based on a previous analysis of single cells.54

Areas of Brillouin shifts as low as the liquid medium
were observed within nodules, probably indicating
regions with no cells and no matrix.

Penetration Depth of Brillouin Confocal Microscopy
for Tumor Nodule Analysis

As with any optical technique, the penetration depth
achieved by Brillouin microscopy in non-transparent
samples is limited. Here, we analyzed the signal
intensity as a function of depth for nodules on Ma-
trigel and in low attachment cultures (Fig. 2c). We
overlaid cells on Matrigel (Fig. 2a) and in 96 Well
Ultra-Low Attachment Treated Spheroid Microplates
which resulted in the formation of spheroids in sus-
pension, without an exogenous extracellular matrix
(Fig. 2b).48 The sizes of nodules cultured using both
techniques depend on culture time and seeding density.
Previous work has shown that OVCAR5 cells overlaid
on Matrigel form heterogenous nodules with a bimo-
dal size distribution, which we observed as well.7

Consistent with the culture duration for mechanical
testing, we analyzed Matrigel nodules on day 3 having
a diameter of ~ 50 lm and low attachment nodules on
day 4 with a diameter of ~ 850 lm. As expected, the
signal intensity of light through scattered medium
decreased exponentially. The relationship between
signal intensity (I) and depth (z) is commonly written

as I ¼ I0e
�bz where I0 is the incident light intensity and

b is the scattering coefficient. In Fig. 2c, we show the

natural log of the normalized intensity ln I
I0

� �

¼ �bz

and found the scattering coefficient b for low attach-
ment nodules to be significantly greater than Matrigel
nodules (p £ 0.0001) (Fig. 2c).

To approximate the maximal penetration depth for
Brillouin signal analysis, we assumed that a minimum
of 3000 counts of incident light intensity is required.
This condition equated to a maximum penetration
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TABLE 2. Summary of techniques and culture method, duration, conditions, and number of samples for mechanical analysis.

Methods summary

Technique Culture method

Culture duration

(days)

Conditions (sucrose concentration

mM) Samples per condition

Brillouin Matrigel 3 0, 500, 1000 9 nodules

Brillouin Low attachment 4 0, 62.5, 125 6 nodules

AFM Low attachment 4 0, 500, 1000 3 nodules (3 regions of interest per nodule)

Microsquisher Low attachment 4 0, 250, 500, 750, 1000 8, 7,7, 7, 6 nodules respectively
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depth of ~ 92 lm for Matrigel nodules and ~ 54 lm
for low attachment nodules. Additionally, we observed
that increasing extracellular osmolality, using PBS
with sucrose, decreased the signal penetration depth in
both Matrigel and low attachment nodules. A pene-
tration depth to enable Brillouin measurements was
obtained for concentrations of sucrose of up to
1000 mM for Matrigel nodules and up to 125 mM for
low attachment nodules.

Mechanical Behavior of Tumor Nodules Assessed Using
Brillouin Confocal Microcopy

To alter the mechanical properties of the nodules,
we immersed them in hyperosmotic solutions of PBS
with up to 1000 mM of sucrose. We observed an
increased Brillouin shift with increased osmolality of
the solution in both Matrigel and low attachment
nodules (Figs. 3a and 3b). The two methods, however,
demonstrated similar trends in dependency between
osmolality and Brillouin shift: Fig. 3c overlays both
Figs. 3a and 3b measurements and shows a linear
relationship between osmolality and Brillouin shift,
independent of the nodule size and culture method.

Correlation of Mechanical Behavior of Tumor Nodules
with AFM and MicroSquisher

To validate the ability of Brillouin Confocal Mi-
croscopy to analyze the mechanical properties of
tumor nodules, we evaluated nodules undergoing
similar osmotic changes using two standard
approaches to extrapolate Young’s modulus based on
deformation of the sample: Atomic Force Microscopy
and Micro-Scale Mechanical Tester (MicroSquisher).
For these experiments, the nodules were cultured using
the low attachment technique. Using AFM, (Fig. 4a)
we found an increase in Young’s modulus with
increased osmolality (Fig. 4b). Similarly, using the
MicroSquisher, (Fig. 4c) we found that the Young’s
modulus increased with increasing osmolality. The
Young’s modulus at 0–10% strain was evaluated and
an exponential relationship (R2 = 0.95) was found
between Young’s modulus and increasing osmolality
(Fig. 4d). The averages and standard deviations for
each condition are found in Table 3.

Carboplatin Decreases Brillouin Shift

Finally, we evaluated the mechanical effect of car-
boplatin treatment on 3D tumor nodules. Carboplatin
is a commonly used anti-cancer chemotherapeutic to
manage OvCa. We acquired brightfield images in the
XY plane and Brillouin maps in the XZ plane. Com-
pared to no treatment controls, nodules showed evi-

dence of morphological changes after carboplatin
treatment (Fig. 5a). We also found carboplatin to
cause a significant decrease in Brillouin shift
(p £ 0.0001) corresponding with a disrupted structure
compared to the control group (Fig. 5b). These results
were consistent with previous literature showing HeLa
cells undergoing a significant decrease in stiffness and
damaged morphology following treatment with pacli-
taxel.23 More recently, Margueritat et al. used Bril-
louin Confocal Microscopy to quantify tumor
mechanics post chemotherapy and showed the tumor
core had decreased drug efficacy.26 Since OVCAR5
cells cultured on Matrigel form 3D nodules with a
bimodal size distribution,7 the relationships between
tumor size, treatment response and mechanical prop-
erties will be important to investigate in future studies.
In addition, the possibility that drug resistant tumor
cell populations have a decreased stiffness due to a
more metastatic behavior should not be ruled out and
would be an interesting experiment for the future.

DISCUSSION

The mechanical properties of cells and extracellular
components play critical roles in cell behaviors such as
migration, differentiation, proliferation, and sur-
vival.12,18,24,30,52 The need for technologies to quantify
mechanical properties on a cellular level is widely
recognized; thus, in the past two decades, tools
including AFM, micropipette aspiration, optical
stretchers, microfluidics, and microrheology have been
developed.2,14,16,27,50 Despite each of their strengths,
analysis of 3D in vitro cultures, which are increasingly
prevalent, requires destruction of the sample. AFM
and micropipette aspiration both require direct contact
with the sample, thus preventing the analysis of
experiments involving nodules encapsulated in 3D
microenvironments or within microfluidic devices.14,50

Both optical stretchers and microfluidic channels have
enhanced the ability for high throughput mechanical
analysis but they require deformation of the sam-
ple.14,16,50 Microrheology is useful for assessing the
effects in 3D microenvironments; however, this tech-
nique is still invasive and involves tracing microparti-
cles undergoing Brownian motion, so the data output
typically involves trajectories of paths rather than
mapping of the entire cell structure.27,50

Brillouin Confocal Microscopy is an all-optical
method that can resolve mechanical information in 3D
in vitro cultures without contact and with micron scale
resolution. However, Brillouin does not provide
information for traditional metrics such as Young’s
modulus. Thus, to align with gold standard technolo-
gies, we performed a validation to study the mechan-
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ical properties of ovarian cancer nodules. We evalu-
ated two different culture techniques since each showed
benefits contingent on the mechanical analysis tech-
nology. We observed Brillouin to be advantageous
compared to AFM and the MicroSquisher in mea-
suring 3D tumor nodules in overlay cultures on Ma-
trigel. AFM analysis of nodules cultured using

Matrigel posed challenges due to the interference of the
gel with the probe and forces felt beneath the nodule
caused by the low Young’s modulus of Matrigel. To
isolate adherent 3D nodules from the underlying Ma-
trigel matrix, centrifugation and enzymatic methods
have been used, but these methods are highly disrup-
tive to the nodules. Culturing on Matrigel was also
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FIGURE 4. (a) Example of nodule attached to collagen coated measured by AFM. Three force maps per nodule spanning an area
of 2500 lm2 each were measured. (b) Increased osmolality caused an increased Young’s modulus measured by AFM. (c) Example
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TABLE 3. Results summary for mechanical testing of nodules under varying sucrose concentrations.

Results summary

Technique Culture method Sucrose (mM) Mean ± standard deviation

Brillouin Matrigel 0 6.33 ± 0.03 GHz

500 6.67 ± 0.07 GHz

1000 6.93 ± 0.07 GHz

Brillouin Low Attachment 0 6.32 ± 0.04 GHz

62.5 6.37 ± 0.02 GHz

125 6.42 ± 0.03 GHz

AFM Low Attachment 0 0.96 ± 0.18 kPa

500 2.42 ± 1.09 kPa

1000 4.25 ± 1.23 kPa

Microsquisher Low Attachment 0 42.32 ± 26.69 Pa

250 86.35 ± 140.13 Pa

500 168.47 ± 156.81 Pa

750 329.12 ± 314.43 Pa

1000 562.09 ± 246.82 Pa
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unfavorable for MicroSquisher analysis which requires
samples to be greater than 50 lm and attached to a
hard surface. Of the two culture techniques, we found
the low attachment method to be better suited for
AFM and the MicroSquisher. On the other hand,
Brillouin had challenges in imaging nodules generated
by the protocol used here for low attachment cultures
due to the large size and opacity of the spheroids. In
the future, a lower initial seeding density could be used
to form smaller nodules and ensure whole nodule
measurements with Brillouin. Consequentially, the low
penetration depth of Brillouin signal may limit appli-
cations to cancer bio-mechanics studies. For instance,
hypoxic cores are introduced in nodules greater than
200 lm.9 Whereas, our findings show the maximum
penetration depth of Brillouin signal is ~ 92 lm for
Matrigel nodules and ~ 54 lm for low attachment
nodules. Additionally, extracting mechanical proper-
ties from real tissue specimens may better mimic the
in vivo mechanical state due to the extracellular matrix
and tumor cell heterogeneity. However, opacity and
size of a biopsy sample may inhibit such measure-
ments. Accordingly, until further advances are made in
the Brillouin technology, experimental designs must be
coordinated with the current specifications.

Both protocols appear to be uniquely advantageous;
for example, Matrigel can vary batch-to-batch thus
producing variable results; yet, depending on the cell
line, the method yields a collection of heterogenous
tumors in the same well, so mechanics in conjunction
with migration and proliferation can be determined.7

Finally, it is important to acknowledge the differences
in sampling resolutions for each of the three systems
used to assess the mechanical properties of the 3D

tumor nodules. Brillouin can create maps of the entire
nodule in three axes, although here we reduced the
maps to one average value for comparison. AFM can
generate a map with micron resolution as well, but
only in one axis while the Microsquisher only generates
a single value per sample. Thus, the optimal technol-
ogy choice is dependent on both culture technique and
sampling interests.

As shown in this work, the mechanical measure-
ments in 3D tumor nodules performed by Brillouin
microscopy correlate with the gold standard mechan-
ical measurements. Using AFM, we found that OV-
CAR5 nodules had an average Young’s modulus of
0.96 kPa in PBS. Because the tip of the AFM probe
was approximately 5 lm, the Young’s modulus of a
nodule was resolvable to the level of single cells. A
similar range of Young’s moduli have been previously
reported for other ovarian cancer cell lines: OVCAR4:
1.120 kPa, HEY: 0.884 kPa, OVCAR3: 0.576 kPa,
and HEYA8: 0.494 kPa.52 In comparison, non-malig-
nant immortalized ovarian surface epithelial cells had a
Young’s modulus of 2.472 kPa.52 Using the Micro-
Squisher, we found that OVCAR5 nodules had an
average Young’s modulus of 42.32 Pa in PBS and an
exponential correlation was observed with increasing
sucrose concentration. The Young’s modulus of
spheroids composed of mesenchymal stem cells was
previously measured using the MicroSquisher and was
found to be on a similar scale of 42.28 ± 6.14 Pa at
20% strain.5

In the present study, Brillouin shift evaluated opti-
cally, and Young’s modulus determined by AFM and
Microsquisher, all increased with increasing osmolal-
ity. Previous reports measuring single cells subjected to
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hyperosmolar conditions provided similar
results.17,40,55 It is believed that increasing osmolality
causes water efflux from cells, reduction of cell volume,
and crowding of the intracellular space. In our exper-
iments, a reduction in tumor volume was visible
immediately following sucrose addition.17,55 The rela-
tionship between cell volume and cell stiffness has
spawned further questions on how cells regulate vol-
ume and behavioral consequences. Guo et al. recently
showed that changes in cell volume, due to either os-
motic stress or matrix stiffness, influenced stem cell
differentiation.17 The consequences of cell volume
changes in cancer cells is less understood but may be
highly relevant in tumorigenesis, where cancer cells
experience a variety of external physical forces.6,29

A critical next step is to identify Brillouin sensitivity
to changes in cell stiffness due to different phenomena,
such as solid/liquid fraction changes, variation in cell
contractility, crowding of intracellular space, or
cytoskeletal polymerization/crosslinking. Recent work
revealed that at high water content (> 95%), Brillouin
measurements are strongly affected by water content
compared to traditional mechanical testing systems to
the point of practically being unable to characterize
mechanical effects in highly hydrated gels.37,51 How-
ever, in single cells and tissues, which have approxi-
mately ~ 70% water content, Brillouin shift and
Young’s modulus have both been shown to be sensitive
to water content.21,40 Thus, a strong correlation
between Brillouin microscopy and traditional
mechanical testing is generally observed and Brillouin
technology appears to be sensitive to several relevant
phenomena such as collagen crosslinking/branching,39

chromatin decondensation 54 and activation/inhibition
of actin polymerization.40

CONCLUSION

In summary, we developed and validated a novel
application of Brillouin Confocal Microscopy to
evaluate the mechanical properties of 3D cancer nod-
ules grown in suspension using ultra-low attachment
plates and in adherent overlay cultures on Matrigel. In
response to osmotic pressure changes, we found that
3D nodules demonstrated increased Brillouin shift
measured by Brillouin microscopy, which corre-
sponded with increased Young’s modulus measured
using both AFM and the MicroSquisher. We expect
that this increase in stiffness is due to an increase in the
extracellular sucrose concentration causing efflux of
water from cells, resulting in intracellular compression.
Furthermore, we showed that carboplatin treatment at
500 lM caused a significant decrease in Brillouin shift
in 3D nodules within the size range measured here,

which appeared to correlate with a loss of structural
integrity of nodules. In the long term, we plan to
harness the advantages of an all-optical technology to
evaluate the mechanical effects of tumor nodules in
response to phenomena relevant to disease pathology
such as fluid stress and 3D microenvironments in
ovarian cancer.
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