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Mechanical Modulation of Ovarian Cancer
Tumor Nodules under Flow

Christina Conrad, Kaitlin Moore, William J. Polacheck, Imran Rizvi*, and Giuliano Scarcelli*

Abstract— Objective: Perfusion models are valuable tools to
mimic complex features of the tumor microenvironment and to
study cell behavior. In ovarian cancer, mimicking disease
pathology of ascites has been achieved by seeding tumor nodules
on a basement membrane and subjecting them to long-term
continuous flow. In this scenario it is particularly important to
study the role of mechanical stress on cancer progression.
Mechanical cues are already known to be important in key cancer
processes such as survival, proliferation, and migration. However,
probing cell mechanical properties within microfluidic platforms
has not been achievable with current technologies since samples
are not easily accessible within most microfluidic channels.
Methods: Here, to analyze the mechanical properties of cells within
a perfusion chamber, we use Brillouin confocal microscopy, an all-
optical technique that requires no contact or perturbation to the
sample. Results: Our results indicate that ovarian cancer nodules
under long-term continuous flow have a significantly lower
longitudinal modulus compared to nodules maintained in a static
condition. Conclusion: We further dissect the role of distinct
mechanical perturbations (e.g. shear flow, osmolality) on tumor
nodule properties. Significance: In summary, the unique
combination of a long-term microfluidic culture and noninvasive
mechanical analysis technique provides insights on the effects of
physical forces in ovarian cancer pathology.

Index Terms—Brillouin microscopy, mechanical properties,
ovarian cancer, shear flow

I. INTRODUCTION

major cause of disease progression in patients with

ovarian cancer is the accumulation of ascitic fluid within
the abdomen [1]. Approximately 89% of patients with stage 11
or IV ovarian cancer develop ascites [2], [3]. The cause of fluid
retention is not well-established and thought in-part to be due
to lymphatic obstruction [3]-[5]. Palliative care such as
paracentesis via percutaneous drainage or catheter drainage is
frequently used to reduce ascites; however, symptoms can
reappear in as little as 10 days [6]-[8]. Not only does fluid
accumulation raise intra-abdominal pressure [9] and cause
discomfort to the patient, but ascites facilitates cell phenotypic
modulations and intervenes with treatment success. The clinical
presence of ascites is indicative of increased transcoelomic
metastasis [9], resistance to chemotherapy [3], and upregulated
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markers associated with poor prognosis, such as vascular
endothelial growth factor (VEGF) [4], [7], [10].

While increasing evidence supports the role of ascites as a
negative prognostic indicator in advanced-stage ovarian cancer,
the impact of mechanical stress (i.e. flow-induced shear stress)
on aggressiveness, and poor sensitivity to treatment, in ovarian
cancer remains understudied. Recent studies [11, 12]
demonstrated an increase in epithelial to mesenchymal
transition (EMT), marked by changes such as increased spindle-
like morphology, loss of E-cadherin, and upregulated vimentin,
in 3D OVCARS5 tumors grown under continuous flow for 7
days [11], compared to equivalent static cultures. A
concomitant flow-induced increase in expression and activation
of the epidermal growth factor receptor [EGFR] was observed.
Elevated EGFR signaling activity is understood to promote
proliferation, invasiveness, and cell survival [12]. The
experimental parameters used in this study informed the
conditions used in the present study.

More recently. Nath et al. [12] demonstrated that flow-
induced shear stress conferred resistance to carboplatin,
compared to equivalent static cultures, despite higher drug
uptake under flow [12]. This flow-induced resistance to
carboplatin was associated with increased signaling of mitogen-
activated protein Kkinase/extracellular signal-regulated Kkinase
(MEK) and phosphorylated extracellular signal-regulated
kinase (p-ERK). A variety of receptor tyrosine kinase (RTK)
networks regulate MEK/ERK signaling, including the EGFR,
which was confirmed to be upregulated under flow [12].
Interestingly, low-dose anti-EGFR photoimmunotherapy (PIT)
resulted in comparable cytotoxic response in static and flow
cultures, suggesting a role for targeted photochemistry-based
therapies as part of rationally-designed combinations [12].

Ip etal. [1] used the human ovarian carcinoma SKOV-3 cell
line formed into spheroids and embedded them on a 2-
hydroxyethylmethacrylate (poly-HEMA) coated glass slide.
Exposing tumors to both 0.002 dyne/cm? and 0.02 dyne/cm? for
24 hours induced gene expressions corresponding to EMT
characterized by increased Snail, Slug, and N-cadherin, with
decreased E-cadherin. Upregulated stem cell marker gene
expressions were also observed including octamer-binding
transcription factor 4 (Oct-4), c-Kit (CD117), ATP-binding
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cassette G2 (ABCG2) and P-glycoprotein (P-gp) [1]. Moreover,
flow increased chemoresistance after treatment of cisplatin
(25 uM) or paclitaxel (100 nM) [1].

While molecular consequences under flow are partially
established, there remains inadequate information on how
exposure to physical stress modulates mechanical properties.
Mechanical properties of cells and tissues are known to play a
critical role in cancer behaviors such as migration, survival, and
proliferation [13]-[15]. In ovarian cancer particularly, prior
studies indicate ovarian cancer cells have a lower Young’s
modulus in contrast to benign cells, suggesting they are more
susceptible to physical change under longitudinal forces;
however, the exact mechanisms causing this behavior is not
clear [16]-[20]. As flow confers a physical stress and has been
shown to induce elongated morphology [21], we expected that
mechanical properties (i.e. stiffness) would be modulated under
flow compared to static conditions.

A limitation to standard mechanical analysis techniques is
the need for contact with the sample, therefore making analysis
of nodules embedded within a perfusion device impossible. To
solve this issue, we apply Brillouin confocal microscopy, an all-
optical approach based on an interaction between incident
photons and thermally excited acoustic phonons within a
material [22]. The Brillouin frequency shift describes the
inelastic scattering of photons which can be related to the
longitudinal modulus at high frequency. A high Brillouin shift
indicates a rigid material, while liquid-like medium such as
cytosol will result in a lower shift [23]. As biological samples
exhibit frequency dependent behaviors and are nearly
incompressible, the Brillouin-derived longitudinal modulus
probes different properties from traditional stress-strain tests
[24]. However, correlative studies demonstrate that a log-log
linear relationship exists between the Brillouin longitudinal
modulus and Young’s modulus in biological tissues and cells
[24]-[26]. Specifically, we recently demonstrated matching
trends of the Young’s modulus derived using AFM and the
Brillouin-derived moduli in tumor nodules, thus validating the
use of Brillouin microscopy for mechanical evaluation in these
samples [27].

As previously mentioned, in the work presented here, we
used the same perfusion platform, flow rates, and seeding
densities described by Rizvi et al. [11], where a range of
seeding densities and flow rates were evaluated. The conditions
that resulted in consistent tumor growth and modulation of
biological parameters over a 7-day timeframe (potentially
mimicking physiologically-relevant conditions that are
permissive to tumor growth), were then selected [11]. The shear
stress conferred by the selected flow rate (~3 dyne/cm?) is based
on evidence that peritoneal shear stresses are in the range of
0.14 dyne/cm? to 11 dyne/cm? [28]. In the present study, the
mechanical properties of 3D tumor nodules were characterized
on day 7, and it was found the Brillouin shift was significantly
lower under flow, compared to nodules in a static condition. To
explain these differences, we considered that beyond shear
stress, tumors in flow were exposed to cumulatively lower
osmolality and higher nutrients compared to the static
condition, where medium was replenished on days 3 and 6. The
role of osmolality on mechanics was evaluated by measuring
the Brillouin shift of static nodules with varied frequency of
medium changes. Our results demonstrate a strong association

between the extracellular fluid osmolality and the Brillouin
shift of nodules. However, the cumulative history of osmolality
did not influence the Brillouin shift, implying that osmotic
differences between flow and static conditions were likely
short-lived compared to the mechanical effects conferred by
shear stress. We also examined the role of nutrients by
changing fetal bovine serum concentrations and found effects
on tumor growth but no differences in the Brillouin shift. Our
findings of a decrease in tumor nodule stiffness under flow
constitute an important question pertaining to the role of
mechanical properties in ovarian cancer progression.

Il. EXPERIMENTAL METHODS

A. Cell Culture

Epithelial ovarian cancer cells (NIH: OVCAR5) were
grown in standard culture medium containing RPMI 1640
Medium (Gibco®, #11835030) no phenol red, 10% Fetal
Bovine Serum (FBS), and 1% Penicillin-Streptomycin. For low
nutrient experiments, the FBS percentage was reduced to 1% or
0.1%. Static Tumor Nodules: Corning® Matrigel® (Growth
Factor Reduced (GFR) Basement Membrane Matrix Phenol
Red-Free, *LDEV-Free #356231) was prepared by thawing
overnight on ice at4 °C. The following day, 250 uL of Matrigel
was pipetted into wells of a pre-chilled sterile glass bottom 24-
well plate (Greiner bio-one Sensoplate, #662892). Basement
membranes were incubated at 37 °C for 20-30 minutes for
gelation. Meanwhile, OVCARS cells were resuspended in
medium with a concentration of 10* cells/mL and 1 mL was
added per well. To replenish cell medium in the cultures, a 1
mL pipette was angled on the side of the well and medium was
slowly aspirated and refilled. For flow vs. static experiments,
cell medium was replenished on days 3 and 6. For medium
change frequency experiments, nodules were exposed to either
no change in medium for 7 days, change day on day 3/6, or a
daily change of medium for 7 days. Osmolality: 20 pl of
medium within each well was extracted and osmolality was
measured using an Advanced® Micro-Osmometer Model 3300.
Nodule Size: ImageJ was used to obtain the nodule area using
an in-house developed macro [29]. Images were imported and
‘find edges’, ‘make binary’, and ‘analyze particles’ commands
were successively performed.

B. Perfusion Chamber

The assembly of this device is previously described in
literature [27]. Briefly, a double-sided adhesive (DSA) film
(ARcare 90485; Adhesives Research) designed with 3 channels
was pressed onto a glass cover slip. 20 pl of Matrigel was
pipetted evenly into the channels of the DSA/glass coverslip
assembly. The top sticky side of the DSA was removed and a
polymethyl methacrylate (PMMA) part was placed on top. The
DSA/PMMA construct was held together using screws. 100 cm
tubing was inserted into the three inlet holes using an epoxy
resin and hardener. In the same manner, 40 cm tubing was
connected to the outlet. Cells were loaded into a 1 mL syringe
at a concentration of 1*10° cells/mL and loaded into a syringe
pump (Harvard Apparatus, Pump 11 Pico Plus #170-2213). The
selected concentration was previously established to enable
matching cell adherence densities with the static condition [11].
The syringe was connected to the tubing using an 18-G blunt
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needle and run at a flow rate of 100ul/min for 5 minutes to
introduce cells into tube. The 1mL syringe was removed as cells
reached the inlet of the microfluidic chip. A second syringe of
20 ml was filled with medium supplemented with 2% Matrigel
and attached to the syringe pump. The pump was run at a flow
rate of 100 pl/min to introduce cells/medium from tube to chip
for 5 minutes. Finally, the pump was run at a flow rate of 2
pl/min for 7 days and the syringe of 2% Matrigel medium was
replaced as needed. The microfluidic chip assembly was stored
at 37 °C. A schematic of the microfluidic chip is shown in Fig.
1.
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Fig. 1. Schematic of the set-up integrating Brillouin confocal microscopy
with a perfusion chamber for the growth of adherent ovarian cancer
nodules under flow.

C. Brillouin Confocal Microscopy

Brillouin light scattering is based on the interaction between
light and the vibrational motion of molecules inside a material
(acoustic phonons). Here, we used a single longitudinal mode
laser (Torus 532 or Torus 660, Laser Quantum) with a
wavelength of either 660 nm or 532 nm. Measurements
comparing flow and static conditions were acquired in a
previous set-up which utilized a 532 nm laser. To offer minimal
absorption-mediated damage to samples, we now utilize a 660
nm light source [30].

The configuration of Brillouin used here has been
previously described [27]. The laser was directed into the side
port of an inverted microscope (Olympus, 1X81) where light
was focused through an objective lens into the sample.
Backwards scattered light was then collected by the same
objective lens and coupled into the Brillouin spectrometer. The
Brillouin spectrometer is comprised of a two stage virtually
imaged phased array (VIPA) in a cross-axis configuration [22].
Calibration was performed prior to the measurements using
water (7.46 at 532 nm and 6.01 GHz at 660 nm) and methanol
(6.48 at 532 nm and 5.22 GHz at 660 nm) which was further
used to calculate the free spectral range (FSR) and convert the
image in pixels to a frequency (GHz per pixel). Using a post-
processing algorithm developed in MATLAB, the Brillouin
spectrums were fit to a Lorentzian function and the Brillouin
shift was obtained. To quantify average Brillouin shifts per
nodule, a threshold was used to remove the values
corresponding to the surrounding medium of the Brillouin maps
and the remaining pixels were averaged. Brillouin maps were

acquired in the XZ plane using a 60X/0.7 NA objective lens
which has an approximate spatial resolution of 1 pm and axial
resolution of 2 um. We report the Brillouin elastic contrast to
normalize the numerical values between experiments and
wavelengths. The use of a dimensionless quantity vy was
proposed by Antonacci et al. [31] where

such that vy is the measured Brillouin frequency shift of the

sample and véw) is the Brillouin frequency shift of distilled
water.

D. Statistical Analysis

For the flow experiments, a paired t-test assuming equal
variances was used to compare to the non-treatment group. For
medium exchange and nutrient experiments, a one-way
ANOVA was used to compare groups. All statistics were
performed using GraphPad Prism7. *< 0.05 ** < 0.01, *** <
0.001, **** < 0.0001.

I1l. RESULTS AND DISCUSSION

A. Nodules decrease Brillouin shift under flow

To probe the cellular-mechanical effects of flow, we utilized
Brillouin confocal microscopy, which enables access to tumors
in a perfusion chamber without direct contact. Measurements
were acquired following 7 days of continuous perfusion of
medium. As a control, tumors nodules were seeded onto
Matrigel in static cultures using a 24-well plate. Three
independent experiments were performed with a total of n = 26
static nodules and n= 27 flow nodules. Brillouin maps were
acquired along the XZ axis with 2 pm step size in both
dimensions. Fig. 2(a) shows three representative Brillouin
images from the three independent experiments. As shown in
Fig. 2(b), nodules in the static condition had an average
Brillouin shift (532 nm) of 7.92 + 0.02 GHz (0.062 + 0.003
Brillouin elastic contrast) while the tumors under flow had an
average Brillouin shift (532 nm) of 7.85 £ 0.02 GHz (0.052 +
0.003 Brillouin elastic contrast).

We used an empirical correlation between longitudinal and
Young’s modulus previously obtained on nodules to estimate

the corresponding Young’s modulus [27]. Longitudinal
modulus (M") is defined as
r_ pA%Q*
M = 4n? (2)

where p is the mass density, A is the optical wavelength, Q
is the Brillouin shift, and n is the refractive index. We estimated
the refractive index to be 1.37 and density is 1.08 kg/m?, similar
to that of single cells [26]. This equates to a longitudinal
modulus of 2.55 MPa for static nodules and 2.51 for flow
nodules, corresponding to approximately a 13% decrease in
Young’s modulus.
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Fig. 2. (a) Representative Brillouin paired images from 3 independent
experiments. Brillouin images were acquired in the XZ plane
perpendicular to the stage. The color bar scale indicates the Brillouin shift
in GHz where an increase in number (warmer color) indicates a stiffer
material. The scale bar is 50 pm. (b) (Left axis) Comparison of static and
flow conditions for 3 individual rounds. Brillouin shifts were acquired
using a 532 nm laser. A paired t-test was used to show significant reduction
(p <0.001) of the Brillouin shift under flow. (Right axis) Conversion of
Brillouin shift to Brillouin elastic contrast.

B. Effects of frequency of medium change on osmolality
and growth of tumor nodules

To explain differences in Brillouin shift between flow and
static, we proposed the fluid osmolality of medium could
influence mechanics. We first evaluated the osmolality of
medium with varying renewal frequencies: no medium change
(red squares), medium change on days 3 and 6 (black circles),
and daily medium change for 7 days (green triangles) (Fig. 3).

No medium change caused a significant rise (p < 0.0001) in
osmolality (mOsm/kg H,O) compared to the daily medium
change and medium change on days 3/6. The control PBS (blue
diamonds) shows the variability of the osmometer system (292
+ 3 mOsm/kg H»0). As expected, in static cultures if the
medium is not replenished, waste builds up causing a rise in
solute particles inside the well. Another apparent effect of
medium change frequency was on tumor growth. As shown in
Fig. 4(a), (b), nodules that experienced no medium change over

a course of 7 days had significantly smaller nodule areas (um?)
compared with nodules that either experienced medium
changes on days 3/6 (p < 0.01) or daily (p <0.0001).

C. Brillouin shift corresponds to medium osmolality, but
not cumulatively

Given that medium change frequency influences osmolality,
we sought to determine the role of osmolality on mechanics. On
day 7, Brillouin maps of tumor nodules were acquired in the XZ
plane using 1 pum step size (Fig. 5(a)). Nodules with no medium
change for 7 days had an average Brillouin shift of 6.42 + 0.01
GHz (0.068 = 0.001 Brillouin elastic contrast) while nodules
with daily medium changes had a significantly lower Brillouin
shift of 6.36 GHz + 0.02 GHz (0.058 + 0.003 Brillouin elastic
contrast) (p < 0.0001).

We next asked if there was a cumulative effect of osmolality
changes on the Brillouin shift. Here, we tested whether
changing the medium on day 7 of the no medium change group
would maintain an increased Brillouin shift, or regress to the
daily medium change condition. Interestingly, we found that
these nodules reduced their Brillouin shift immediately after the
medium was changed. The average Brillouin shift after the
medium change on day 7 was 6.37 + 0.01 GHz (0.060 + 0.002
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Fig. 3. Osmolality of medium over time. No medium change (red squares)
resulted in a significant rise in osmolality compared to medium changes on
days 3/6 (black circles) and daily medium changes (green triangles).

Brillion Elastic Contrast), which was not significantly different
compared to the daily medium change condition (Fig. 5(b),(c)).

Altogether, these results demonstrated that osmolality
influences tumor mechanics with short-time scales. The lack of
a cumulative effect of osmolality on the Brillouin shift supports
the idea that the differences observed between flow and static
conditions in Fig. 2 are minimally affected by osmolality since
the osmotic states were matched on day 7 (Fig. 3).

D. Nutrient supply does not affect the Brillouin shift

In our previous experiment, we varied the frequency of
medium changes; however, there was also a variation of the
level of nutrients supplied. For example, changing the medium
every day provided ~700 ul of FBS total compared to no
medium changes, which provided ~100 pl of FBS total. Thus,
we asked whether differences in the availability of nutrients
have a direct effect on the mechanical properties of tumors. To
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Fig. 4 (a) Brightfield images of adherent ovarian cancer nodules in static cultures on day 7 for three experimental conditions: no medium change (left
panel), medium changes on days 3/6 (middle panel), and daily medium changes (right panel). Scale bars = 500 pm. (b) Nodule area on day 7 for the three
medium change conditions shown in (a). There were significant differences in nodule area between no medium change (red squares), medium changes
on days 3/6 (black circles), and the daily medium change (green triangles) conditions (p < 0.0001).

test this, nodules were cultured for 7 days in ImL of medium
supplemented with 0.1%, 1%, and 10% FBS. As expected,
higher levels of nutrients caused more growth as pictured in
Fig. 6(a). On day 3, we measured the Brillouin shift of 9
nodules per 0.1% FBS and 10% FBS conditions and found no
significant differences between the groups (Fig. 6(b)).
Similarly, we measured the osmolality of the medium and
found no significant differences (Fig. 6(c)). Our findings
demonstrate that changes in nutrients have a negligible effect
on tumor mechanical properties, compared to osmolality, which
has a strong effect (Figs. 3-5). In addition, the growth of
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nodules in these altered FBS concentration conditions appears
to be independent of Brillouin shift.

IV. CONCLUSION

Here, we present the application of Brillouin confocal
microscopy to investigate the mechanical properties of adherent
ovarian cancer nodules grown in a perfusion chamber and
subjected to flow for 7 days. It was found that flow caused a
decrease in Brillouin shift (i.e. softening of the tumor nodule).
We then performed a series of experiments to test other
variables implicated in the flow and static conditions. In
addition to shear stress, tumors under flow experienced a
cumulatively lower osmolality and higher nutrient supply
compared to the static control where medium was replaced on
day 3 and 6. To examine the contribution of osmolality on
Brillouin shift, we altered the frequency of medium changes in
static nodules and found that higher fluid osmolality directly
corresponded to an increased Brillouin shift. The lowest
Brillouin shift was observed in the daily medium change
condition, which had a Brillouin elastic contrast of 0.058 +
0.003. However, we saw that having a cumulative osmolality
difference, or history of higher osmolality did not affect
mechanics. This was demonstrated by changing the medium on
day 7 of nodules where medium was previously not

Fig. 5. Brillouin maps are pictured of nodules grown with no medium
changes (top row) and with daily medium changes (bottom row). Images
were acquired in the XZ plane, perpendicular to the Matrigel. (b) (Left
Axis) The average Brillouin shift in the no medium change group (red
squares) was significantly greater than the average Brillouin shift in the
daily medium change group (green triangles) (p < 0.0001). A comparison
of Brillouin shift in daily medium change and no medium change nodules
for which medium was replenished on day 7 (grey X’s) resulted in no
significant differences, demonstrating a close relationship between
osmolality of the culture medium and mechanical properties of the nodule.
(Right axis) Conversion of Brillouin shift to Brillouin elastic contrast (c)
Brillouin maps corresponding to the no medium change + change on day
7 condition.
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Fig. 6 (a) Nodules on day 7 cultured in 0.1%, 1%, and 10% FBS conditions. Scale bars are 500 pm. (b) (Left axis) Brillouin shift of nodules on culture day 3
revealed no significant differences between nodules grown in 0.1% FBS and 10% FBS medium. 9 nodules total for each condition were acquired in 3 separate
wells. (Right axis) Conversion of Brillouin shift to Brillouin elastic contrast. (c) Osmolality of 0.1% FBS, 1% FBS, and 10% FBS culture medium incubated for

3 days in tumor cultures had no significant difference.

replenished. The Brillouin elastic contrast of no medium change
+ change day 7 had a Brillouin elastic contrast of 0.060 + 0.002,
which was not significantly different from the daily medium
change group. Combined with the evidence that nodules under
flow showed a significant decreased Brillouin elastic contrast
(0.052 + 0.003) compared to the daily medium change
condition, and that the change day 3/6 medium osmolality is not
significantly different from the daily medium osmolality (Fig.
3), we suspected osmotic influences were negligible in our flow
versus static experiments. Finally, we showed that while higher
FBS supplementation enhanced nodule growth, there were no
effects on mechanical properties. Altogether, we attribute the
observed decrease in Brillouin shift under flow to shear stress
effects, with minimal contributions due to osmolality
differences. Nonetheless, we emphasize the importance of
considering osmolality differences during experimental
designs.

The potency of a cell’s perception to a variety of
microenvironmental mechanical forces such as fluid shear
stress, osmolality, and ECM solid stresses remains unknown.
Likely, cells sense multiple cues which can compete or
synergize to influence a cell’s action [32]. Combined with
previous works which analyze the molecular effects of tumor
nodules under flow, there appears to be a relationship between
decreased tumor stiffness and activation of EGFR and EMT
signaling events. Yet, understanding the correlation between
mechanics and biochemical signaling requires a deeper
investigation. The fact that fluid shear stress promotes
cytoskeletal rearrangement and differential expression of
junctional molecules is consistent with observations of the
effects of fluid shear stress on vascular endothelial cells [33]—
[35]. While the upstream flow sensing molecules and
mechanisms remain unknown, cytoskeletal remodeling is
accompanied by changes in cell stiffness in endothelial cells
[35]-[37], suggesting that our observed changes in nodule
stiffness could be related to cytoskeletal remodeling.

The strong relationship between water fraction and
mechanical properties warrants a discussion on the contribution
to mechanical properties by solid and fluid components within
cells and other biological materials. Recently, Guo et al.,
revealed a strong relationship between cell volume and
mechanical properties independent of perturbation method in
single cells (e.g. substrate stiffness, osmotic shock, cytoskeletal

perturbation). Han et al. also demonstrated in tumors that cells
at the periphery were both softer and larger [38]. Here, the
strong relationship of medium osmolality and the Brillouin shift
was substantiated when we found that the mechanical
properties could be instantaneously reversed by changing the
surrounding fluid osmolality.

Given Brillouin microscopy is an optical approach, this
technology offers unique experimental advantages compared to
traditional testing systems such as atomic force microscopy
(AFM) which require contact with the sample. However, the
longitudinal modulus probed by Brillouin scattering is not
directly related to the Young’s modulus measured by
conventional methods. Indeed, the difference in frequency
probed (GHz vs quasi-static) and the near incompressibility of
biological materials make the two moduli vary by orders of
magnitude in absolute values.  Nevertheless, numerous
experiments find strong correlations in biological samples,
including cells, tissues and nodules [25]-[27], [39]. These
studies establish an empirical log-log linear relationship to
allow estimating the changes to elastic modulus based on
changes in Brillouin-derived longitudinal modulus [25]-[27],
[39]. This is because both moduli are similarly affected by
underlying properties such as polymerization, polymer
branching, liquid-solid fraction and network tension [25]-[27],
[39]-[41]. In recent years, several papers have been dedicated
to the topic, specifically in terms of dependence on water
content. In highly (~95%) hydrated materials, Brillouin
signatures are strongly affected by hydration and thus become
an unreliable estimator of traditional mechanical properties
[42], [43]; instead, in the regime of cells, tissues and nodules,
where we expect the water content to be approximately 70%, it
has been shown that Brillouin technology can be used to
estimate traditional mechanical properties after proper
calibration [44], [45].

Our study has several limitations which are important to
discuss. First, results were evaluated using a single ovarian
cancer cell line. Therefore, the effects observed here cannot be
generalized until assessments on other ovarian cancer and non-
cancerous cell lines are performed. Second, nodules are formed
across multiple depths [11], [12], yet imaging was performed in
one XZ plane; thus, any heterogeneity and directionality
dependencies of flow on intratumoral mechanics was
disregarded in our analysis. Third, the physiological relevance
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of osmolality of the tumor microenvironment is largely
unknown in the context of ovarian cancer. Particularly, there is
a vital need to characterize the osmolality of ascites. Here, we
use a perfusion model where fresh medium was supplied. Other
groups suggest the use of a perfusion system with medium
recirculation, which would inevitably trigger a higher
osmolality over time. As gathered from our experiments and the
work of others, understanding the contributions of osmolality
and shear stress, among other physical factors such as substrate
stiffness, are critical to appropriately model the clinical state.
Therefore, careful consideration of these factors should be
made in the design of future perfusion systems. Finally, here we
test a single time-point (7 day) and shear stress (3 dyne/cm?).
Measuring at varying durations and rates could give insight to
time and stress-dependencies on mechanics.

To conclude, this study analyzes the response of mechanical
properties to flow by utilizing Brillouin confocal microscopy,
an optical approach with uniquely enables access to confined
tumors within a microfluidic chip. Previously, flow has been
shown to alter cell morphology, protein/gene profile, and
chemoresistance [11], [12], [21], [48]; here, we show flow also
alters mechanical properties. Given this initial evidence of a
link between mechanics and chemoresistant phenotype, altering
cell mechanics could be considered as a therapeutic target in the
future.
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