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Abstract

In the past decades, there has been increased
awareness that mechanical properties of
tissues and cells are closely associated
with disease physiology and pathology.
Recognizing this importance, Brillouin
spectroscopy instrumentation, already utilized
in physics and material science, has been
adopted for cell and tissue biomechanics. For
biomedical applications, progress of Brillouin
spectrometer technology has been crucial,
mainly improvement in the acquisition speed
and combination with confocal microscopy, to
enable measurement of material longitudinal
modulus in three dimensions with high spatial
resolution. Micron spatial resolution and
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high sensitivity allow mapping intracellular
modulus and distinguishing between nuclear
and cytoplasmic mechanical properties as well
as detecting changes due to perturbations of
individual cellular components. In cancer,
environmental mechanical factors and
intracellular mechanics are expected to
play an integral role in cancer progression
and treatment success. Brillouin confocal
microscopy is appealing for many studies
in cancer mechanobiology involving both
primary tumors and metastatic dissemination.
Specifically, Brillouin technology is suitable
for experimental scenarios where noncontact
mechanical measurements are required such
as 3D tumor models, interactions with the
extracellular matrix (ECM), investigation of
nuclear mechanical properties, or analysis of
cells within microfluidic chips.
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16.1 Introduction

For nearly a century, Brillouin scattering has
been used to characterize mechanical properties
of materials. In the last decade, there has been
increased awareness that mechanical properties
of tissues and cells are closely associated to
disease physiology and pathology. Recognizing
this importance, Brillouin spectroscopy instru-
mentation has been adopted for cell and tissue
biomechanics. Specifically, the progress in acqui-
sition speed of Brillouin spectrometers has en-
abled combining the spectroscopy technique with
confocal microscopy to provide maps of material
longitudinal modulus at high three-dimensional
(3D) spatial resolution. Current spatial resolution
allows mapping intracellular modulus, thus dis-
tinguishing nuclear modulus from cytoplasmic
modulus without contact and with enough sen-
sitivity to detect changes due to perturbations of
individual cellular components.

Brillouin microscopy could greatly advance
some of the open questions regarding the me-
chanical behaviors of cells and their microen-
vironment throughout cancer progression time-
line; from primary tumor growth, throughout the
metastatic cascade, and secondary tumor devel-
opment. Environmental mechanical factors and
intracellular mechanics are expected to play an
integral role in metastatic progression as well as
in the development of therapy resistance. To char-
acterize the behavior of cells, numerous groups
are working to develop tumor models using three-
dimensional cell culture techniques and microflu-
idic chips. Brillouin spectroscopy can work hand
in hand with these tools for characterizing the
mechanical properties during tumor development
in experimental settings where cells cannot be
contacted, and thus previous mechanical charac-
terization techniques cannot be used.

16.2 Measuring Cell
Biomechanics

Live cells sense mechanical cues from the en-
vironment and activate biochemical pathways in
response to them. Furthermore, they remodel
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their environment, thus giving rise to a series of
complex mechanical interaction processes. These
mechanical interactions critically determine the
cell behavior and many cellular functions, such
as proliferation, migration, and gene expression
[1, 2], as well as system-level behaviors, such as
tissue morphogenesis, angiogenesis, and metas-
tasis [3—5]. For this reason, the past two decades
have witnessed a large interest toward design-
ing technologies that can detect the mechanical
properties of biological processes on the cellular
level.

The most widely used techniques for cellular
elasticity measurements include atomic force
microscopy (AFM) [6], micropipette aspiration
(MP) [7], magnetic twisting cytometry (MTC)
[8], optical stretchers (OS) [9], microfluidic
deformability cytometry (MDC) [10, 11], and
microrheology [12]. These methods have enabled
tremendous progress in cell mechanic studies
over a large range of spatial and temporal
scales. AFM and AFM-based microindentation
apply precise known forces on a cell through
a cantilever and give a deformation value to
extract cell modulus. AFM can achieve nm-
spatial resolution but suffers from poor temporal
resolution (up to hours). Micropipette aspiration
precisely tracks a cell as it is aspirated into
a small glass tube under controlled suction
pressure to back-calculate the cell’s resistance
to deformation. Micropipette aspiration enables
accurate readings of the viscoelastic response
with single cell resolution. MTC uses magnetic
beads functionalized to bind to the surface of a
cell and monitors the resistance of the bead-cell
complex being twisted under a magnetic field.
As a result, MTC is best suited to characterize
subcellular components such as the cortex. OS
use two counter-propagating laser beams co-
focused on the same cell to generate a stretching
force while monitoring cell deformation through
light microscopy. Similarly, MDC used fluidic
forces to generate a stretching force on a cell
while monitoring cell deformation with a high-
speed camera. Both OS and MDC do not provide
a direct readout of the cell modulus as they
measure deformations but have dramatically
enhanced our ability to measure cell mechanics at
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high throughput. Microrheology is an example of
a non-contact technique. By injecting fluorescent
tracers into the cell, and measuring the thermal
motion of the tracers, the local elasticity can
be inferred. Being contact-free may be an
important advantage of microrheology, given
that cells are able to remodel and respond
to mechanical stresses. On the other hand,
the technique assumes that the tracer motion
is Brownian; moreover, in practice it is not
easy to track many tracers simultaneously thus
providing a patchwork of measurements rather
than the full map of cell mechanical properties.
Other non-perturbative methods to measure
material mechanics such as acoustic microscopy,
ultrasound, or optical elastography [13, 14] are
limited to tissue mechanics studies as their spatial
resolution is not sufficient for cell studies.

These techniques have enabled immense
progress of cell biomechanics in the past few
decades. For instance, they have facilitated
experiments that probed how mechanical
properties of cells and their environment can lead
to malignant transformation. Elastic signatures
on the cellular and subcellular level have been
shown to be good markers for cell diagnosis
such as malignancy. AFM studies were the first
to show that live metastatic cells from patients
are significantly softer than normal cells [15].
These findings have been confirmed with other
techniques [16, 17], including recently with
deformability cytometry [18].

However, most of these studies have been
limited to cells grown on flat substrates or in
suspension since cells must be contacted for the
measurement. Brillouin microscopy is an addi-
tion to this toolbox that can extend cell biome-
chanical studies to experimental settings where
cells cannot be easily accessed. For example,
experiments can be easily performed within mi-
crofluidic chips, or in 3D cultures. Also, poten-
tial measurements can be done in vivo within
tissue due to the ability of Brillouin microscopy
to directly measure cell longitudinal modulus,
with spatial resolution of a standard confocal
microscope without contact or perturbation of the
biological sample under study.
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16.3 Brillouin Scattering

Brillouin scattering is named after Léon Bril-
louin, who published the theory that predicted
this phenomenon in 1922 [19]. At nearly the
same time, Leonid Mandelstam also studied the
behavior of interactions between photons and
phonons, and he published his findings in 1926.
This type of interaction is sometimes referred to
as Brillouin-Mandelstam scattering.

Brillouin scattering is the inelastic scattering
of light from thermal phonons, or thermally gen-
erated density/pressure waves (Fig. 16.1a). The
scattering is said to be inelastic, because there is
a change in frequency (or color) of the scattered
light. This frequency shift is proportional to the
energy of the thermally generated sound wave.
The theory of Brillouin scattering emerged in
the early twentieth century, after the advances in
theory of waves, such as those by Doppler and
Bragg. In 1842 Doppler described the frequency
shift of waves with moving sources; in 1913
Bragg worked out the conditions for scattering
of light from periodic crystalline structures. In
fact, one can most easily describe Brillouin scat-
tering as the scattering of light from a periodic
structure—a moving sound wave. The Doppler
shift in frequency is produced because the sound
waves are traveling inside the scattering medium.
In this way Brillouin scattering provides infor-
mation about the thermal density fluctuations in
the scattering sample and opens an avenue for
direct measurement of related physical properties
in materials.

For a quantitative derivation, consider the
scattering of light of frequency w from an object.
Following the derivation of Ref. [20], denote the
incoming wavevector by ?,- and the wavevector
of the scattered light by ?s. We define ¢, the
wavevector transfer, as

The vector 7 points in the direction of the
travel of the sound wave (Fig. 16.1b).
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Fig. 16.1 (a) Diagram of
the light scattering from
thermal phonons inside a
material. (b) Vector
diagram of the scattering
process

—

-

Thermal phonons travel with the speed of
sound vy that is related to the local mechanical
properties of the material

M
vy = [ —
0
where M is the longitudinal elastic modulus of
the material, and p is the mass density.
The wavevector ¢ and the frequency of the

thermal pressure waves are related by the linear
dispersion relation

Q= /—q
o

It can be shown that the scattered light will
experience an upward and downward frequency
shift from the frequency of the incident light
w;. The frequency of the scattered light w; is
given by

wy = w; = 2

Since the frequency shift is very small (1075—
10~° times smaller than the frequency of the laser
light), the lengths of the incident and scattered
wavevectors are approximately the same. The
intensity of the wavevector transfer g can be

written as
7)=Fen(3)

2
Then, the Brillouin shift can be written as
a function of the longitudinal modulus, mass
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density, index of refraction, and the known pa-
rameters of the scattering experiment.

=3 e

Since the index of refraction in cells directly
correlates with the mass content (p), the factor
n/\/p can be considered a constant inside cells.
Based on published data, the value of n% is
estimated to vary at most a few percent within
cells and tissue [21, 22]. This allows to approx-
imate the index/density factor as constant. Thus,
the relative longitudinal modulus has one-to-one
mapping to Brillouin frequency shift measured
directly by spectroscopy 2 « VM.

0

2
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16.3.1 Longitudinal Modulus

Brillouin frequency shift provides a measure-
ment of the local longitudinal modulus within
the probed volume inside the sample. In a solid
material, longitudinal modulus is the ratio of the
uniaxial stress to the uniaxial strain, and can
be related to Young’s shear modulus and bulk
modulus, in a straightforward manner [23].
Figure 16.2 illustrates the geometry of stress
and strain of an object in several cases that can
each be quantified by various elastic moduli. In
elastic solids, the relationship between longitudi-
nal modulus and other mechanical moduli is well
known. The longitudinal modulus is similar to the
Young’s modulus as they both describe a uniaxial
stress-strain test, but the key difference is that in
the case of Young’s modulus, the object is also
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bulk (B) shear (G)

Fig. 16.2 Illustration of stress-strain relationships that
are described by (a) bulk, (b) shear, (¢) Young’s, and (d)
longitudinal moduli. Bulk elastic modulus describes the
amount of volume change of an object due to a change in
the pressure. Shear and Young’s moduli are the most com-

allowed to deform in the direction perpendicular
to the applied stress.

In general, to completely describe the elastic
properties of a material, one must consider the
complete elastic tensor c;y; [23]. For a general
material, this is a fourth-rank tensor, with 21 in-
dependent elements that relate the stress to strain.
For example, the elastic tensor of an isotropic
material is given below. This tensor can be sim-
plified due to symmetry, and it can be expressed
using only two independent parameters. It is
given by the following 6 x 6 reduced notation'
matrix.

cii|cizfecz|0 0 0
ci1)c12 0 0 0
c11 |0 0 0
3 (ci1—c12) 0 0
3 (c11 —c12)| 0
3 (c11 — 1)

The element cj; is the longitudinal modulus
M, while ¢, is known as the Lamé constant A.
The element % (c11 — c12) is the shear modulus
G. Young’s modulus is

'Each numerical index denotes one of the following
pairs of Cartesian indices. 1 = xx, 2 = yy, 3 = zz,
d=yz=zy, S=xz=zx, 6=xy=yx.

Young's (E)  longitudinal (M)

monly measured in lab using conventional rheometers,
since they describe the geometric deformation of an object
when a constant stress is applied in a fixed direction.
Longitudinal modulus quantifies the relationship between
the uniaxial stress and the uniaxial strain

(c11 — c12) (c11 + 2¢12)
ci1+c2 ’

In terms of bulk modulus B and shear modulus
G, the complete elastic tensor for an isotropic
material can be written as.

Qoo o
Q olocolo
Qoo oo o

In theory for crystalline materials, Brillouin
shift gives us the ability to directly measure the
full elastic tensor. This intriguing possibility has
been recently demonstrated in silk and collagen
by varying the scattering angle [24, 25]. How-
ever, biological tissue and cells do not follow the
straightforward rules of elastic solids. In these
the relationship between longitudinal modulus
and other moduli is more complex. First, for the
application of measuring cells and tissue, due to
their near incompressibility and high water con-
tent, the shear modulus is significantly smaller
than the bulk modulus (G << B). Therefore,
the longitudinal modulus measured by Brillouin
spectroscopy is much higher than the traditional
Young’s or shear moduli. Second, in biological
materials, the value of the elastic constants usu-
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ally depends on the timescale on which the force
is applied. Namely, the elastic tensor depends on
the frequency of the periodically applied stress.
In practice, two limiting regimes are usually
considered: the low frequency ¢;;(0) and high fre-
quency c;;(00). The regular mechanical rheome-
ters perform quasi-static measurements, and they
measure c;(0) while techniques such as Brillouin
scattering measure the c¢;;(00), the elastic tensor
at high frequency. In liquids and polymers, the
high-frequency component of the elastic tensor
has a higher value, because during fast deforma-
tion of the material, some of the slower molecular
relaxation processes do not have any contribu-
tion, thus effectively “stiffening” up the material.
It has been shown that there exists a strong corre-
lation between the mechanically measured low-
frequency elasticity (shear or Young’s moduli)
and high-frequency Brillouin elasticity (longitu-
dinal modulus).

logM =a logG + b.

where G is the shear (or Young’s) modulus mea-
sured at low frequency and a and b are material-
dependent coefficients [21, 22]. This empirical
correlation is consistent with the power-law scal-
ing of elastic moduli with frequency that has pre-
viously been found in tissue, polymers, and cy-
toskeleton [26, 27]. However, the interpretation
of the longitudinal modulus in the cell-matrix
context and its relation to traditional quasi-static
Young’s modulus still need thorough theoretical
understanding.

16.3.2 Brillouin Instrumentation

For many decades, the spectra of Brillouin scat-
tered light have been used to characterize the
mechanical properties of materials such as glass,
polymers, metals, and minerals [28]. In common
materials and in backscattering configuration, the
frequency shift of Brillouin scattered light is on
the order of 5-10 GHz. A 5 GHz frequency
shift of the 532 nm laser corresponds to about
0.005 nm change in the wavelength. This is a
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very small change that cannot be measured with
traditional filters or grating-based spectrometers
used in Raman or Fluorescence measurements.
The basis of spectrometer design for many years
has been a Fabry-Perot interferometer where high
spectral resolution is obtained through the mul-
tiple interference of light at two parallel reflect-
ing surfaces. Specifically, in the 1970s, Sander-
cock demonstrated the use of a multi-pass Fabry-
Perot interferometer to achieve accurate mea-
surements of Brillouin scattering in a reliable
instrument [29]. Instruments based on Sander-
cock’s design have been the workhorse of Bril-
louin spectroscopy research throughout the world
for nearly 50 years. In the 1980s, the first biolog-
ical characterization was performed by Vaughan
and Randall, who characterized elastic proper-
ties of the lens and cornea of the eye [30, 31].
However, Brillouin research in biology has been
scarce since then because the multi-pass FP inter-
ferometer has very long acquisition times (min-
utes to hours per single spectrum).

This bottleneck was overcome in 2008 when
Brillouin spectrometers based on a different
element, the virtually imaged phase array
(VIPA), were introduced by Scarcelli and
Yun which overcame the speed limitations of
traditional Fabry-Perot interferometers [32].
VIPA etalons had been first developed in 1996 by
Shirasaki [33]; similarly to FP interferometers,
the high spectral resolution comes from the
multiple interference at two parallel reflecting
surfaces; unlike FP interferometers though, the
front surface is totally reflective (other than
for an input anti-reflective window) so that
no reflection interference is formed, and all
the light is used to form a transmitted pattern.
To further improve acquisition speed, VIPA
etalons were used in tilted configuration with
input divergent beam so that all the different
components of the spectra could be measured
with one shot. This improvement and the many
others on the same VIPA-based platform has led
to spectral measurements performed in about
0.1 s which enabled Brillouin-based imaging
biological materials [34, 35].



16 Noninvasive Imaging: Brillouin Confocal Microscopy
16.3.3 Brillouin Microscopy

Inverted confocal microscope is one possible
experimental setup for Brillouin measurement
(Fig. 16.3). On most microscopes a port for cou-
pling laser light into the objective is already built
in. Lasers of any visible wavelength can be used.
For example, 532 nm frequency doubled Nd-
YAG is a common choice due to its stability and
narrow natural linewidth. Laser light is focused
onto the sample by an objective that also serves
as the collector lens for the backscattered laser
light. In this case the scattering angle 6 is 180°,
and the Brillouin frequency shift in Hertz can be
written as

Q 2n
= — = v M.
VB )\,\/ﬁ

2

The backscattered light can be separated from
the illumination light by using a polarizing beam
splitter and a quarter-waveplate, as it is usually
done in the confocal reflectance experiments.
The collected light is then coupled into a single-
mode optical fiber that leads into the Brillouin
spectrometer. There is no need for the pinhole
in the setup, since the aperture of the optical
fiber serves the same purpose and assures that
the collected light comes from a single confocal
volume in the sample. Thus, the samples can be
characterized with a spatial resolution dictated by
the objective lens of the confocal microscope.

Current VIPA-based spectrometers are
comprised of two apodized cross-axis VIPA
stages with a relay telescope and square-hole
spatial filter between them [35, 36]. Linearly
variable intensity filters are used for apodization
[22]. The diffraction pattern after the final VIPA
stage is detected with an electron-multiplying
charge-coupled device (EM-CCD) camera with
low noise, so that very low signals can be
detected [37].

To scan the sample in 3D, a motorized stage
is placed on the microscope, and laser beam is
raster-scanned through the sample space. Bril-
louin image scans can then be easily acquired,
by recording individual spectra for each position
in the sample and performing a least squares
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curve fitting on the spectrum to determine the
position of the Brillouin peaks. An example of
a 3D scan of a cell sitting on glass is shown in
Fig. 16.4. Performing cell measurements is also
possible without a motorized stage and within a
microfluidic chip by flowing cells and recording
the Brillouin shift value as they travel through the
focus of the illumination [38].

To become a widely adopted technique in cell
and tissue biomechanics, Brillouin technology
still needs improvement. Acquisition speed is
now at the point that a two-dimensional (2D)
image of a single cell with 1 micron resolution
takes approximately 2 min. The more recent
addition of flow cytometry has enabled cell char-
acterizations at higher throughput [38]. Improv-
ing Brillouin microscopy technology is a very
active area of research. Specifically, enhancing
measurement through nontransparent tissue [39—
42], reducing artifacts due to interfaces [43—45],
improving acquisition speed [46—48], and inte-
grating program automation for high-throughput
sampling have recently seen great progress.

16.4 Intracellular Mechanics

Brillouin microscopy has shown the ability to
characterize not only biological tissue [49-54]
but also to measure the mechanical properties
of cells and subcellular components. In the past
few years, several groups have shown the ca-
pability of Brillouin microscopy to measure cy-
toplasmic/cytoskeletal properties and their per-
turbations. In the cytoplasm, a complex mixture
of liquid and solid components regulates cell
mechanical properties [55]. The cytoskeleton and
its constituent components (actin, microtubules,
and intermediate filaments) form the backbone
of cell mechanical strength. Focusing on recon-
stituted actin gels, Scarcelli et al. demonstrated
that Brillouin microscopy can detect differences
in actin polymerization and branching, two key
mechanisms cells used to modulate their internal
stiffness [22]. Inside cells, they also observed
significant decrease in modulus when perturbing
cells with cytochalasin D. The molecules of cy-
tochalasin D bind strongly to the (4) ends of the
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Fig. 16.3 Schematic of the experimental setup.
Backscattered laser light is sent to the VIPA-based
Brillouin spectrometer which acquires an image of the
spectrum on the EMCCD camera. The distance of the

Fig. 16.4 An example of
the 3D confocal scan of a
detached MCF10A cell
that is resting on a glass
coverslip. Color represents
the measured Brillouin
shift in GHz

z=0 um

F-actin, thus preventing new addition of G-actin
and the growth of the actin cytoskeleton, which
inhibits actin polymerization and thus decreases
the stiffness of the cell. Antonacci et al. ob-
served similar effects of reduced modulus using
Latrunculin A, which is another widely used drug
that prevents cytoskeletal assembly [56]. Using
plant cells, Elsayad et al. observed that cells
do not have uniform modulus, but it is sym-
metrically patterned when cells undergo direc-
tional growth [57]. Using red blood cells, Meng
et al. also observed a nonuniform distribution of
modulus within the cell featuring the cell edge

z=5 um

Vg Vi
e —

1 v ((;Hz)

Intensicy

Brillouin
spectrometer

¥

\ Lase;u]

Brillouin peaks in GHz from the central laser frequency
is a measurement of the local mechanical properties at the
confocal volume on the microscope

8.0 (GHz)

7.4

with higher Brillouin shift than the cell center
[58].

Recently, beyond the cytoplasm, Brillouin mi-
croscopy was applied to the measurement of
nuclear mechanical properties. This is very im-
portant as the nucleus is inaccessible from the
exterior, and thus nearly all previous mechani-
cal techniques require extraction of the nucleus
before characterization. Zhang et al. treated cells
with Trichostatin A (TSA), a drug that inhibits
the activity of histone deacytelases. This treat-
ment leads to chromatin decondensation, and its
effects on cytoplasmic and nuclear stiffness were
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examined by Brillouin microscopy. As shown in
Fig. 16.5, the Brillouin frequency shift of TSA-
treated cells compared to the control group dis-
played significant differences. The nucleus pre-
sented decreased modulus, while the cytoplasm
was not affected by the effects of TSA [38].

All these experiments show that Brillouin mi-
croscopy is a powerful addition to the set of
techniques for measuring cell mechanics. As a
non-contact method, it can be easily used to
detect changes inside of the cells that might be
difficult to quantify by other means.

16.5 Applicationsin Cancer
Mechanobiology

Biomechanics influences the progression of indi-
vidual cancer cells in the process of tumorigene-
sis as well as through cell and tumor interactions
with the microenvironment [59]. More recent
studies have propelled interest in the intersec-
tion between mechanics, genetics, and biochem-
ical pathways associated with cancer progression
[60]. As an all optical noncontact technology
with micron-scale resolution, Brillouin confocal
microscopy is appealing for many studies in can-
cer mechanobiology involving primary tumors,
metastatic dissemination, and interactions with
the extracellular matrix (ECM).
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16.5.1 Tumor and the
Microenvironment

The biomechanical interaction between tumors
and the extracellular matrix has been largely
established as a critical regulator of tumor pro-
gression [61]. Tumor progression is promoted
by the extracellular matrix stiffness by enhance-
ment in integrin signaling through a well-known
mechanically coupled pathway [5]. Extracellular
matrix stiffening has been shown to modulate
ERK and Rho pathways, increase cytoskeletal
tension, increase integrin expression, and drive
the assembly of focal adhesions [59]. On the
other hand, the inhibition of integrin signaling
through matrix softening lowers the potential for
malignancy transformation of mammary epithe-
lial cells [62]. The importance of the mechanical
connection between tumors and the extracellular
matrix is widely accepted in breast cancer. It has
been measured that mammary tumor tissue has a
higher elastic modulus than healthy tissue [5, 59,
63]. Diagnostic measures based on these mechan-
ical signatures, such as palpation, ultrasound,
and magnetic resonance elastography, are well-
established clinical screening procedures [64—
66]. However, the link between tumor tissue
elastic modulus, genetic signatures, and tumor
biochemical pathways is an area which requires
further investigation [67]. Moreover, in other
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types of cancers, there is limited information
regarding tumor stiffness and tumor progression
consequences. For example, separate studies ana-
lyzing the mechanical properties of glioblastoma
tumor tissue showed contrasting view points on
the relationship between tumor stiffness and tu-
mor grade [68].

As our understanding of the biochemical and
molecular basis of these complex interactions is
growing, it is becoming increasingly important to
better understand the biomechanical interaction
between the tumor and the ECM. Experiments
in three-dimensional environments provide an
increased number of physiologically relevant pa-
rameters; thus, it is crucial to investigate me-
chanical properties in this manner [69]. Particle-
tracking microrheology has been so far the only
method to study matrix-cell mechanics in 3D
cultures, yet it is suboptimal as it is still invasive
and not label-free. Brillouin confocal microscopy
enables the characterization of tumor and ECM
mechanics without contact at high 3D resolution
which can be applied to the characterization of
small tumor nodules or cells in 3D microenviron-
ments. This could improve our understanding on
the mechanical changes which occur at the cel-
lular level and their correlation with microscopic
and macroscopic tissue stiffness.

MCF10A

7.9

7.8

7.7

7.6

7.5

8.1(GHz) o

16.5.2 Mechanical Properties
of Metastatic Cells

Biomechanical interactions are thought to be im-
portant also in the metastatic cascade. During
metastasis cancer cells progress through several
phases which include the escape from a primary
tumor, intravasation, extravasation, and finally
recolonization to a distant location. This series
of events involves interaction with many different
types of microenvironments, progression through
multiple cell types, and modulation through sev-
eral cell mechanisms (e.g., adhesion, migration,
proliferation).

It appears that metastatic cells have an ad-
vantage by mechanically softening to facilitate
migration and invasion of a crowded ECM envi-
ronment. Several studies have consistently shown
that metastatic cells have a lower elastic modulus
compared to non-cancerous ones [15, 70-76].
These studies characterize cells that grow on flat
2D substrates or cells that are floating in sus-
pension. Recent measurements using Brillouin
microscopy have shown similar results by com-
paring the images of non-tumorigenic MCF-10A
and metastatic MDA-MB-231 breast epithelial
cell lines, as shown in Fig. 16.6.

MDA-MB-231
s 8.1 (GHz)
8
5
7.9
7.8
€ 10
7.7
15 7.6
7.5
20
0 5 10 15
um

Fig. 16.6 Characterization of the intracellular stiffness of non-tumorigenic MCF-10A and metastatic MDA-MB-231
breast epithelial cell lines. Bright field images are in the insets; scale bar is 10 pm
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Mechanical plasticity, i.e., the ability of a cell
to change their modulus in response to different
mechanical environments, appears to be another
advantage for metastatic cells. Malignant cells
could possess an increased plasticity compared
to normal cell lines which could correlate with
increasing metastatic potential [77-79]. The elas-
ticity modulation of cells as a response to the
substrate stiffness has been demonstrated in sev-
eral cell types [80]; Brillouin microscopy has
characterized this effect in fibroblasts [51]. The
elasticity modulation of metastatic cells in re-
sponse to different mechanical environments is
a central topic to which Brillouin microscopy
could contribute much due to the unique ability
to investigate cells within different microenviron-
ments.

16.6 Perspectives

The advantage of Brillouin confocal microscopy
for studying tumors and metastatic cells is that
it can be paired with experiments that put cells
in scenarios which mimic real situations that
these cells experience or potentially in in vivo
settings. Up to now, the elastic moduli of 2D
and suspension cell cultures have been measured
and have enabled extensive studies of mechan-
otransduction [15, 70-76]. Brillouin microscopy
could extend these types of experiments of can-
cer mechanobiology in 3D extracellular matri-
ces, during intravasation and extravasation, in-
side of microfluidic devices, i.e., in experimental
settings where direct contact is not possible,
and measurements should be non-perturbative.
We recently demonstrated this capability in mi-
crofluidic channels, which are easily accessible to
the Brillouin high-throughput measurement. The
mechanical characterization on the population
level is potentially very useful for evaluating
the heterogeneity in the cancer samples. Further-
more, it is possible to combine Brillouin flow
cytometry with other cell-flow techniques such as
fluorescence microscopy and cell sorting which
opens doors to a wide range of possible exper-
iments. Importantly, Brillouin spectroscopy is a
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new tool for adding subcellular elastic properties
to the list of biomarkers which are accessible to
high-throughput flow experiments [38].

In addition, there are a number of robust
models that use reconstituted three-dimensional
ECM gels to probe the nature of cancer cells
[81]. A particular area of interest is the study
on in vitro tumors. Despite the advances in the
characterization of collective growth of cancer
cells, there is still the complex mechanics that
takes place during the process of malignant tissue
formation [82]. Three-dimensional mechanical
properties of both cells and tumors are accessible
to the Brillouin microscopy. In the near future,
Brillouin studies of the 3D cancer model systems
could help shape the understanding of cancer
growth in its environment.

Beyond measuring individual cells or tumors,
Brillouin microscopy could enable mapping of
the mechanical microenvironment. Measure-
ments of the elastic modulus of ECM are critical
for mapping the mechanical cues presented to
cells, and conversely, for identifying the cell-
induced microenvironment modifications [5,
61]. Understanding the bidirectional interaction
between cells and their environment is a
vigorous area of research, to which Brillouin
can contribute precious information about the
local mechanical changes occurring because
of architectural changes and cell interactions.
However, for highly hydrated systems like recon-
stituted extracellular matrices, current Brillouin
signatures need to be further refined [25].

The wultimate application of Brillouin
microscopy is to measure in vivo animal models
of cancer development. Brillouin microscopy
has been previously used in animal and human
subjects in vivo for the analysis of ocular tissue
[21, 49, 51]. However, being an optical technique
with limited signal strength, the penetration depth
and the time required to perform a measurement
in in vivo setting is currently limited. A strong
focus of the instrument development future
of Brillouin microscopy thus revolves around
the improvement of penetration depth [39-42,
45] and speed of the measurement [46—48].
The translation of Brillouin technology to in
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vivo studies could also be accelerated by using
multimodal microscopes [22, 57] where faster
imaging modalities can characterize large areas
of tissue/cells and identify small region of inter-
ests or a limited number of points where Brillouin
mechanical analysis should be performed.
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