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in different length- and timescale frames. The topology of the material
undergoing testing, the geometry of the probe, the magnitude of the
exerted stress, and the resulting deformation should be carefully considered to choose a proper technique for each application. Lastly,
we discuss several applications of viscoelasticity in 3D cell culture and tissue models for regenerative medicine, including organoids,
organ-on-a-chip systems, engineered tissue constructs, and tunable viscoelastic hydrogels for 3D bioprinting and cell-based therapies.
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microenvironment and contributes to the larger tissue-scale
development and homeostasis.” Cell—cell communication by
gap junction and E-cadherin is also regulated by microenviron-
ment mechanics.”” In development and tissue morphogenesis,
the cell size, shape, numbers, position, gene expressions, and
metabolism are regulated by biochemical patterning and
mechanical forces."”"’

Whereas the chemical, molecular, and cellular processes that
are triggered by mechanical forces are increasingly well
understood for healthy tissues.'" How these processes differ
in the diseased state, and how changes in the mechanical
properties of cells and their microenvironments contribute to
disease pathology, are areas of growing scientific interest.' For
example, in epithelial-type cancers as well as fibrosis, the
interplay between cells and their microenvironment causes the
extracellular matrix (ECM) to stiffen signiﬁcantly.12 In the case
of epithelial cancers (not fibrosis), cancerous cells that are

Cells sense their physical environment and respond to
chemical, electrical, and mechanical stimuli.' > They probe
the mechanics of their environment through mechanotrans-
duction processes that often begin at the level of mechanor-
eceptor activation, such as through membrane-localized
integrin proteins, and proceed via transmission of mechanical
stimulus information to the cytoskeleton through changes to
the polymerization of actin and myosin. This remodelling of
cytoskeleton networks can influence cell behavior through
modifying gene expression, with microtubule-actomyosin
crosstalk altering nuclear morphology and chromatin accessi-
bility." Reciprocally, biochemical signaling in motor proteins
within the cells, such as myosin and F-actin, can activate force
generation by cells to influence their environment. The back-
and-forth between mechanical and biochemical signals are
known as mechanochemical feedback loops,1 which are
understood to regulate cellular processes such as migration,

polarization, and fate specification. Additionally, cells exerting May 2, 2023 MATERIALS ™
forces to their environment require energy and depends on the October 8, 2023

mechanical properties of the microenvironment which October 10, 2023

consequently affect cells’ metabolism.>° Cell-cycle progression June 18, 2024

and division, which also require applying force to the
microenvironment, are regulated by the mechanics of the
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transitioning from epithelial to mesenchymal-type will soften,
thereby enhancing their ability to migrate and invade
surrounding tissues.'> However, stiffening the ECM negatively
impacts the response to chemotherapy'*'® and thus has been
viewed as a druggable target.16 In addition, recent studies have
shown that mechanical forces affect the dynamic and
mechanical properties of chromatin.'” Nucleus response to
mechanical forces has been assessed in health and disease
states, and the contribution of Lamin and chromatin to
mechanical properties of the nucleus has been investigated.'®
Other examples of changes in mechanical properties of ECM
that are considered as signs of injury or disease include aging
(drooping of facial skin) and wound healing (collagen
deposition at the site of injury). Taken together, this evidence
suggests that the mechanical properties of the cell, cell
organelles, and ECM play multifaceted roles in development,
homeostasis, and disease.

Biological tissues form a 3D structure and exhibit the
behavior of partially solid and partially liquid materials. Solid
materials (e.g., collagen fibers) react to external forces
instantaneously, whereas liquid (e.g, water) and fluid (e.g,
plasma) respond in a time-dependent fashion. Fluid
deformation (displacement) is not reversible when the stress
is removed. If the stress on solids is small enough that it does
not cause permanent (plastic) deformation or a fracture, they
demonstrate an elastic response, recovering to their original
state after removal of the stress. The time-dependent behavior
of liquid materials to external stress is called viscosity.'” In the
ECM, macromolecules such as collagen and elastin, generally
behave like solids and contribute to the elastic response of the
ECM. But, any rearrangement of these macromolecules also
takes some time, so while they contribute to the viscosity of
the ECM to some degree, their contribution is not as
significant as that of liquid within the ECM. Other molecules
within the ECM, such as hyaluronic acid, attract water, which
contributes to its viscous response.”” In a cell, filaments such as
actin, myosin, and microtubules contribute to its elastic
response, while the cell-filling cytoplasm contributes to its
viscous behavior.” Due to this solid—liquid-like behavior of
biological tissues, which mediates their dual elastic and viscous
responses to applied stress, they are considered viscoelastic
materials. It is worthwhile to note that other behaviors such as
plasticity and nonlinear elasticity from high levels of stress, as
well as poroelasticity due to the porosity of tissue, also impact
the behavior of biological tissues to mechanical forces, but
these topics our outside the scope of this review.

ECM viscoelasticity and cell mechanotransduction play
critical roles in tissue development, wound healing, aging, and
diseases such as cancer and fibrosis. Thus, efforts to better
understand and model the viscoelasticity of the tissue
microenvironment and the mechanisms of mechanotransduc-
tion health and disease could lead to new methods for disease
treatment, called mechanotherapy.” Here, we provide an
overview of basic concepts in the field of linear viscoelasticity
and then discuss various measurement techniques that are
commercially available or under development. Lastly, we
summarize how these viscoelasticity measurement technologies
could benefit research within the fields of regenerative
medicine and tissue engineering.
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External forces on a body of material (solid, liquid, or a
mixture of the two) result in either movement of the body as a
whole or motion in some particles called deformation.
Deformation can be reversible (elastic as observed for solid
materials) or irreversible (viscous, flow, plastic, or fracture), as
depicted in Figure 1. Plastic deformation and fracture are
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Figure 1. (a) Axial force causes elongation or compression in the
direction of force and inverse deformation on the perpendicular
direction of force (Poisson’s ratio). (b) Tangential (shear) force
causes shear deformation. (c) Volumetric pressure results in bulk
deformation. (d) Shear stress on fluid causes flow of the material.

observed in solids. Viscous deformation and flow of the
material are observed in liquids. In the field of rheology, a
material’s behavior is described in the form of constitutive
equations that specify the properties of material which depend
only on its nature, not on its of size or shape. When a material
is subjected to an input of energy, a portion of this energy is
stored, and the rest is dissipated. This is a simple consequence
of the second law of thermodynamics. Because the dissipation
never occurs instantaneously, the material properties are
known to be time-dependent. Dissipation occurs via viscous
mechanisms (flow); therefore, a material’s displacement
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(deformation) lags the excitation force. The length of the lag
or delay depends on the duration of the excitation force. For
example, if the excitation time is very short, material molecules
do not have sufficient time to rearrange. If the excitation is very
long, then there is sufficient time for molecules to rearrange.
Almost all biological materials show both elastic and viscous
properties and, therefore, they are classified as a viscoelastic
material. If the applied stress is small enough, the material will
behaves within a region called linear viscoelasticity or linear
time-dependent. However, when the input energy is high, the
material’s behavior will become nonlinear.

The most important feature of viscoelastic behavior is the
time dependency property of the material. Applied stress on
the material rearranges particles inside the material, and for any
real material, a finite time is required for the rearrangements.
When rearrangement occurs very quickly, the material is
regarded as purely viscous, and all of the energy required to
cause the deformation is dissipated as heat. When the material
rearrangement takes a very long time, it is regarded as a purely
elastic material, in which case the energy is stored and can be
recovered after releasing the force. Water is considered to be
close to a purely viscous material, while steel behaves almost
like a purely elastic material. In a typical viscoelastic material,
the rearrangement time is comparable with the time of applied
stress (also referred to as experiment). For a time-dependent
material, the relation between shear stress and shear strain is
given by

o(t) = G(t)e

where o(t) is the time-dependent stress, ¢ is the deformation,
and G(t) is called the shear modulus or relaxation modulus.
Another form of describing the stress—strain relationship is

by
e(t) = J(t)o

where J(t) is creep compliance. J(t) and G(t) are not the
inverse of each other, because material responds differently in
time with stress excitation or strain excitation. The relation
between G(t) and J(t) is given by

G(t)J(t) <1

and the equal sign is valid only when time is infinitely short or
infinitely long.

Applying a tensile force or compression force in the axis of
the rod causes deformation in the form of extension or
elongation, which is the simplest form of deformation. For a
Hookean solid or purely elastic material, the relationship
between stress and strain is linear. E is a constant known as the
Young’s modulus or elastic modulus and is often called
stiffness. The constitutive equation is written as

E:U/El

where o is the stress and ¢ is the strain. If the force is exerted
tangentially on the material, then it can cause a different form
of deformation. This force is called shear force, and shear stress
is defined by the tangential force over the surface area. The
shear strain is defined by a change in radians. The shear
modulus is defined as

G =o0/¢

For materials that are homogeneous and isotropic, the shear
modulus and Young’s modulus are related by
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G=E/(1+0v)

v is called Poisson’s ratio and is the ratio of lateral contraction
to the elongation in the infinitesimally small uniaxial extension.
For compressible materials, applying force volumetrically from
every angle causes shrinkage or change in the volume, and the
relationship between stress and strain is defined by bulk
modulus. Most materials, including all liquids, are incompres-
sible. If the liquid is contained between two parallel plates and
one plate moves at a constant velocity, at the steady state
situation, liquid velocity establishes a gradient depending on
the separation of plates. The constitutive equation is written as

n=o/¢

The coefficient of shear viscosity (7) or viscosity in short is a
material property independent of its form and shape. The
liquid materials obeying this constitutive equation are called
Newtonian Fluids.

When designing a new biomaterial such as hydrogels for 3D
bioprinting or for cell therapies that need a hydrogel as a
delivery mechanism, the elastic and viscous moduli as well as
Poisson’s ratio need to be tuned closely to the host tissue for
optimal biomimicry. Another example of tuning viscoelasticity
of the ECM is organs-on-a-chip for understanding and
modeling the disease. By tuning the viscoelasticity of the
organoid ECM close to the in vivo case, the model can
recapitulate the disease progression and response to the
therapy closer to the in vivo case and provide a more accurate
model and eventually a better clinical outcome.

In rheology, the material of interest is under known stress, and
the strain is measured over time or vice versa. It is important to
note the difference between the viscoelasticity and the
plasticity of a material. A deformed plastic material will not
return to its original shape and form after stress is removed, but
a viscoelastic material will return to its original shape after the
deforming force is removed if the deformation is small enough
and the material is probed within its linear viscoelasticity
region. Some materials might show a combination of elasticity
and plasticity. They partly return to the origin, and some
permanent deformation remains in the material after removal
of the stress load. Figure 2a depicts various materials’ behavior
under stress conditions. In this review, we focus on viscoelastic
materials. The experiments performed on viscoelastic materials
are categorized to two major types: transient and dynamic. In
the transient experiment, a sudden deformation is applied to
the material, and its response is observed over time. The
dynamic experiment is the one in which either stress or strain
is varied cyclically over time, and the response is observed at a
range of frequencies of deformation. In practice, transient
experiments are easier to perform and to understand. The
transient experiments can be done in two ways. One is to load
the material with sudden stress and observe the deformation
over time. It is called the Creep test. Figure 2b shows how the
strain changes over time with constant stress. Compliance is
defined by strain over stress which is approximately inverse of
stiffness. The second type of transient experiment is called the
stress relaxation experiment. In this test, a material goes under
sudden deformation (controlled strain), and the stress that is
required to sustain the deformation is measured over the time.
Due to viscoelastic properties of the material, the stress
required to keep the material at a constant deformation fades
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Figure 2. (a) Relationship between the stress and strain in elastic,
plastic, elastic-plastic, and viscoelastic material. (b) Creep test over
time for various materials. (c) Relaxation test over time for different
material types.

away; this is referred to as relaxation. Figure 2c shows how the
stress changes over time with a constant stain.

Both stress-relaxation and creep tests can be executed easily,
and the measurement data can be simply interpreted.
However, dynamic testing can offer much more insights into
the material behavior over a wide range of stress/strain rates
even if the geometry of the material is rigged. Dynamic testing
especially is suited for biological materials that are nonlinear in
nature, but if the deformation is small enough, they can be
considered linear in that region. In dynamic testing, the
material is subjected to stress or strain sinusoidally at varying
excitation. If the material is purely elastic, the stress and strain
functions will have no delay or lag with respect to each other as
shown in Figure 3-top.

For a purely viscous material, the sinusoidal strain is
proportional to the variation of accelerations in strain, which
results in the stress lagging the strain by 90°. For a viscoelastic
material, the response is partly elastic and partly viscous.
Therefore, the response to sine excitation would lag between
0° and 90°. If the modulus is measured at the highest strain, it
is defined as the storage or elastic (real) modulus. If the
modulus is measured at the highest strain rate, it is defined as
loss or viscous (imaginary) modulus. When G’ is the storage or
elastic modulus and G’’ is the loss or viscous modulus, the
shear modulus representing storage and loss moduli and the
phase difference § are computed as follows:

G(w) = G'(w) + jG"(w)

IG(w)] = YG (@) + G"(w)?

_ G(w)
tan 6 = (@)

Forces exerted on cells are sensed by either protein-based
mechanosensors or cytoskeletal- and nuclear-deformation-
mediated molecular responses. These external mechanical
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Figure 3. (top) Purely elastic materials show no phase difference
between stress and strain. (middle) Viscoelastic materials show phase
difference between the stress and strain signal. (bottom) Shear
modulus in viscoelastic materials is a vector summation of two
orthogonal components, storage (elastic) modulus and loss (viscous)
modulus.

cues are translated into biological signals that can be
transmitted from the membrane to the cytoplasm and nucleus
in a process called mechanotransduction. For example, in the
cell-matrix interface, focal adhesions on the membrane convert
mechanical information in the ECM to biological activities and
propagate the signals to the nuclear membrane through
cytoskeletal filaments.”> Linker of nucleoskeleton and
cytoskeleton (LINC) complexes form a bridge between the
cytoplasm and nucleus, and which can help to convey
mechanical signals to the nuclear lamina and associated
chromatin in the nucleus,” and thereby influence gene
expression.'’~>" These ideas are summarized in Figure 4,
which depicts the cascading effects of ECM viscoelasticity on
cellular and gene regulatory processes.

With the understanding that living tissues and the ECM
exhibit more complex mechanical properties such as
viscoelasticity rather than linear elasticity, it follows that cell
and ECM viscoelasticity causes the applied forces to partially
store and partially relax within the cells or tissue, which in turn
elicits a shifting pattern of biochemical responses to these
forces.”* Recent years have witnessed efforts to decipher the
influence of matrix viscoelasticity on diverse biological
processes including embryogenesis, tissue development, tissue
function, homeostasis, disease grogression, response to
therapy, and cell metabolism.”>™>> Here, we briefly review
some of the ways in which tissue viscoelasticity, and the
corresponding celll ECM interactions, regulate cell and tissue
behaviors during normal development as well as in disease
progression.

Cells comprise a bilipid membrane (flexible), cytosol (fluid),
nucleus, and the organelles in the cytoplasm. The three major
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Figure 4. The process of mechanotransduction translates the microenvironment viscoelasticity and cell—cell tension forces into chemical signals to
regulate the cell processes. Typically, integrin proteins form the focal adhesion between the cell and ECM. Cadherin proteins are responsible for
cell—cell forces. Focal adhesion is regulated by environment viscoelasticity and through polymerization of actin and myosin; the mechanical cues
are transmitted to the nucleus and result in change of gene and protein expressions. Focal adhesion kinase (FAK); muscle LIM protein (MLP);
myocardin-related transcription factor A (MRTFA); yes-associated protein (YAP). Adapted with permission from reference 24. Copyright 2014

Nature Publishing Group.

biopolymers within the cytoskeleton are actin filaments,
microtubules, and intermediate filaments.’® These flexible
filaments are sufficiently rigid to provide mechanical support
for the cell, and together with the nucleus, these filaments, each
of differing rigidity, form the major determinants of a cell’s
elastic character. A cell’s viscous property stems from the
cytosol, which is the fluid confined within the flexible
membrane.”* Under stress, water molecules of the cytosol
move within the membrane and dissipate the exerted energy
on the cell, which determines the viscous component of the
cell. The filaments resist deformation, and when stress is
removed, they will restore the cell to its original shape. It is
important to note that the filaments in the cytoskeletons are
not static. They are nonlinear and flexible structures.’® In
addition to forming a scaffold for the cell, they provide
pathways for motor proteins to move and attach the membrane
to the rest of the cell. Their assembly is spatially organized
within the cytoskeleton.”” The nonlinearity of the filaments is
especially important under conditions where a large magnitude
of stress is exerted upon the cell, filaments display higher
rigidity (elastic modulus) to limit their deformation. In helping
to maintain cell shape, this nonlinearity plays a protective
mechanism. Filament entanglement through branching, cross-
linking, and bundling forms a heterogeneous network in which
the pattern of linkages between filaments and the §eometry of
their arrangement give rise to the cell’s elasticity.”” Although
the surface charge density of filamentous networks does not
affect the elasticity of filaments, the status of these biopolymers
as highly charged anionic polyelectrolytes comes into play as
filaments bind to proteins and form the geometry of the
network, which shapes contributes to the overall elasticity of
the cell.”’

The nucleus is the largest and stiffest organelle in eukaryotic
cells, and the elucidation of the molecular pathways that
transmit mechanical forces from the cell membrane to the
nucleus is under active study. Much evidence suggests that the
sensing of external forces by integrin receptors on the cell
membrane leads to nuclear deformation and chromatin
reorg.;anization.37 Nesprin and SUN proteins form an
important structural link between the nucleoskeleton and
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cytoskeleton. On the inner nucleus membrane, the SUN
proteins are connected to the nuclear lamina that affect
chromatin rheology and eventually gene expressions.’” Figure
S illustrates the force transmission from the cytoskeleton to the
nuclear lamina.

3

motor protein

(kinesin) ;o .
B, F-actin

Nucleus

N

Figure 5. Nucleus and cytoskeleton connection. Outside the outer
nuclear membrane (ONM), different nesprin isoforms connect to F-
actin, intermediate filaments (IF), and microtubules (MTs). SUN
proteins bind to nesprins in the perinuclear space (PS) and interact
with nuclear lamina through lamin A in the inner nuclear membrane
(INM). Emerin proteins connect the Sun proteins to lamin A and
directly interact with chromatin. Adapted with permission under a
Creative Commons [CC-BY 4.0] from reference 37. Copyright 2018
Frontiers Media.

Rheological studies on lamins and chromatin have reported
that lamin-A and lamin-B1 contribute to the elastic modulus of
the nucleus, while its viscous modulus mostly stems from
lamin-A and nucleoplasm.'® The viscosity of nucleoplasm
impacts the rates of molecular transport inside the nucleus.'”
Viscoelasticity of the nucleus plays an important role in the cell
epigenetic state and cell reprogramming. A recent experiment
has shown that a rapid (millisecond) nuclear deformation
through a microfluidic channel caused a boost in conversion of
ﬁbrob_jlgasts into neurons at the early stage of cell reprogram-
ming.
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Less is known about the effect of cell and ECM
viscoelasticity on the behavior and function of other cell
organelles, and vice versa. A recent study demonstrated that
membrane ruffling acts as a mechanosensor of ECM viscosity
that regulates single-cell motility, focal adhesions, and forces
generated by the cell.”” The reciprocal connection between
viscoelasticity and cell metabolism is another area of interest,
whereby tissue mechanics may help to pattern cell nutrient
utilization and mitochondrial shape mitochondrial shape, as
part of a control mechanism for energy generation and
biosynthesis of macromolecules.*’

The emerging field of mapping both elastic and viscous moduli
of the ECM is gaining prominence. The viscous modulus of
tissue microstructure represents a promising novel biomarker
for disease, and hence the longitudinal tracking of tissue
viscoelasticity in patients could revolutionize diagnostic
medicine. For example, pathologies such as tumors and
fibrosis are characterized by consistent changes in the
structural properties of these anomalies, with a stiffer segment
appearing within tissue. While histological examination can
reveal this microstructural change, repeated measurements of
tissue viscoelasticity in a noninvasive fashion could document
these biological changes over time, which might in turn inform
uncovering possible targets for therapeutic intervention.

At the microscale, the two main components of tissue are
the ECM and active cells, such as fibroblasts and smooth
muscle cells. As mentioned above, cells residing in the tissue
are viscoelastic. Cells display changes in their viscoelastic
properties when they progress to malignancy. For example,
malignantly transformed fibroblasts have a reduced loss
modulus compared to normal fibroblasts."" Accordingly,
developing techniques to monitor the changes in cells’ and
tissue’s viscoelastic properties has great potential to help the
early identification of disease progression. In this section, we
will focus on the other component of the tissue micro-
structure—ECM.

During development, the ECM undergoes continuous
remodeling to maintain tissue homeostasis, which includes
not only the homeostasis of biochemical molecules but also
mechanical homeostasis related to tissue-level structural
integrity and functionality.*” To illustrate this point, Figure 6
highlights the remodeling of the cervical ECM during

Collagen fiber — PGs ety Epithelium
=—— Elastin fiber = Basement membrane e Fibroblast
=== Hyaluronic acid © Matricellular protein Muscle cell

Figure 6. Remodeling of the cervical ECM during pregnancy. (a) The
architecture of ECM components in nonpregnant women. (b) The
morphological changes near the end of pregnancy. Water contents
increased, the diameter of collagen fibers increased, crimping
increased, and PGs are loosened in (b). Adapted with permission
under a Creative Commons [CC-BY 4.0] from reference 20.
Copyright 2020 Sensors.
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pregnancy. The mechanical properties of the ECM mainly
depend on fibrillar collagens, elastic fibers that consist of
elastin and microfibrils, glycosaminoglycans (GAGs), and the
related proteoglycans (PGs), with each of these ECM
components subserving a load-bearing role.

Providing structural support to the ECM, fibrillar collagen
counteracts tissue deformation when there is mechanical
loading. Herein, the density, orientation, and cross-linking of
collagen fibers within the ECM change dynamically in
response to the forces experienced by the tissue environment.

Elastic fibers contribute to the elasticity of ECM. Elastin
fibers are pre-stressed during their formation and upon their
assembly. They stretch to discharge the stress, which causes
them to curl around the attached collagen fibers, while collagen
fibers contract during stress. Operating like springs, elastin
fibers support the collagen fibers by recoiling. They withstand
repeated loading cycles and have linear responses up to 100%
strain with an average stiffness of 0.4 MPa (approximately 2
orders of magnitude lower than collagen). Mechanical damage
or abnormal proteolytic degradation of these fibers leads to
irreversible changes in tissue structure and functionality,
resulting in the transition of tissue from a healthy to diseased
state.”

Glycosaminoglycans (GAGs) and the related proteoglycans
(PGs) also contribute to the viscous properties of the ECM by
filling in the space between the fibers in an orthogonal,
scattered network. They provide support for the bending
action of collagen. GAGs and the attached PGs attract water
and generate an osmotic pressure, thereby operating like a
dashpot or dampener against compression and relaxing stress
on the ECM.”

The overall architecture of the ECM, which is comprised of
a naturally formed interpenetrating polymer network of fibers
and glycans, also endows viscoelasticity. Soft tissues including
breast, liver, skin, muscle, and adipose substantially relax over
the stress in a time scale of 10 to 100 s. Even skeletal tissues
such as bone, cartilage, tendons, and ligaments are viscoelastic.
Rheological data, including dynamic response and stress
relaxation tests, show that biological tissues exhibit viscoelastic
response with a viscous modulus of about 10—20% of the
storage modulus. The viscoelasticity of ECM and tissue has
also been observed to be highly variable (the loss modulus of
different tissues was measured from several to billion
Pascals),” which suggests the important role of matrix
viscoelasticity on the regulation of cell behaviors.

There exists a reciprocal crosstalk between cells and their
matrices."”*> While cells sense the mechanical changes of
ECM and respond through the formation of nascent integrin
adhesions and reorganization of cytoskeletal filaments,** the
macromolecules in ECM also assemble/reassemble according
to the secretion of biochemical signals from cells. The
disruption of cell-ECM interactions is recognized as a key
factor in diverse pathologies including fibrosis, osteogenesis
imperfecta, and even carcinomas.”® Therefore, understanding
the interplay between cells and ECM is critical to help the early
diagnosis of diseases and to provide possible solutions for
disease treatments. Since cells and ECM are both viscoelastic
and the viscoelastic properties differ in healthy and abnormal
cells and tissue, it is of prominent importance to elucidate the
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role of viscoelasticity on cel-ECM interactions to uncover the
mechanisms for disease prevention and detection.

In recent years, it has been established that matrix stiffness
regulates fundamental cell behaviors, such as cell morphology,
metabolism, migration, proliferation, and differentiation of
diverse cell types.*”*’~>* Recent studies have highlighted the
role of matrix physical properties that, through intracellular
processing, influence specific pathways of cell metabolism.
Healthy cells typically modulate glycolysis based on surround-
ing mechanical properties, and in the case of lung epithelial
cells, reduce activity on softer substrates. 5 Other works
demonstrate that softer substrates can increase lipid synthesis.’
Substrate mechanical properties can also directly influence
cell—cell interactions,” via changes in gap junction formation,
or chromatm accessibility by modulating actomyosin assem-
bly.*

Environmental mechanical properties can directly influence
the cell phenotype and disease-state. By developing measure-
ment techniques for profiling the physical parameters of
different tissues, and then engineering strategies for tuning the
mechanical properties of biomaterials to that of healthy or
diseased tissue, researchers can translate the field of tissue
biomechanics from basic science into clinical medicine. For
example, AFM measurement of the stiffness of human brains at
different ages revealed the role of niche stiffness on the aging of
central nervous system progenitor cells, a finding which holds
1mp11cat10ns into the diagnosis of neurodegenerative disor-
ders.”® The construction of three-dimensional (3D) hydrogels,
whose mechanical properties better mimicked those of
hematopoietic tissues, enabled studies on how matrix stiffness
regulates the proliferation of some acute myeloid leukemia
types in a biphasic manner by autocrine regulation, knowledge
that has relevance in cancer treatment.”

Nevertheless, the plethora of roles that viscoelasticity can
play across different biological systems remains poorly
understood. The development of tools for measuring the
viscoelastic properties of materials will empower researchers to
investigate the unique function of viscoelasticity in modifying
cellular processes. Matrix viscoelasticity has been shown to
influence cell geometry, migration, differentiation, spheroid
and organoid morphogene51s, cartilage matrix formation, and
vascular morphogenesis.”>~*’ Likewise, matrix viscoelasticity
may precipitate the transition alteration between normal and
abnormal tissue to unravel the contribution of the matrix
viscoelasticity on disease development. For example, a
microrheology-based force spectrum analysis (FSA) technique
has been developed to identify the active and passive
fluctuations of the ECM in 3D cell culture models, which
demonstrated simultaneous cell-mediated matrix stiffening and
fluidization causing breast cancer invasion.”’ However,
mechanotransduction pathway studies are needed to under-
stand how cells sense viscoelasticity and distinguish it from
other physical properties of the ECM, which significantly
depends on the development of viscoelasticity measurement
techniques.>

The magnitude of forces that exist between cell-ECM and
cell—cell span from pico-Newtons to near micro-Newtons, and
the time of their interactions can span from milliseconds to
weeks. Therefore, viscoelasticity measurements of biological
tissues may range from a few Pascals (e.g, fibrin) to giga-
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Pascals (e.g., bone) across a time scale of a few milliseconds to
hours.** A single instrument cannot capture this broad range of
stress and time scales. Consequently, many different instru-
ments for assaying viscoelasticity of biological samples have
been designed, and a subset of these have been commercial-
ized. The more prominent techniques that have gained traction
in industry and research laboratories are highlighted below;
before selecting an approach for accurately and precisely
measuring viscoelasticity, the researcher must consider how the
sample geometry and size, boundary conditions, the nature of
the material and of the supporting material (e.g., glass slide,
hydrogel matrix, plastic cell culture dish, etc.), and the overall
experimental workflow (e.g, number of samples to be
measured, frequency of measurement, time constraints of the
assay, etc.).

Rotational rheometers are the most used class of instruments
to measure the viscoelasticity of a soft material. The sample is
sandwiched between a rotary plate and a stationary plate, and
the shear stress generated by the relative movement of these
two plates causes the sample to deform. Two basic schemes are
used in controlling the rotary axes:

(1) Controlled Stress input and measuring the resulting
shear rate or CS-rheometers.

(2) Controlled Shear Rate input and measuring the resulting
shear stress or CSR-rheometers.

A representation of the above two methods is illustrated in
Figure 7.

Dual head or SMT
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Combined motor & transducer
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Figure 7. (a) Controlled Shear Rate system diagram. (b) Controlled
Shear Stress system diagram.

Some modern equipment can operate under both schemes,
but generally, they are optimized for one mode. In addition to
measuring either the shear stress or shear rate, in both modes,
the phase difference between the shear stress and shear rate in
the dynamic test is measured, which indicates how slow or fast
the material responds to the external mechanical stimuli. The
viscosity is not directly measured by rheometers, but instead, it
is deduced from the interdependency of the shear rate and
shear stress. The Controlled Stress rheometers are designed to
provide high sensitivity at very low values of shear rate, for
which simple viscometers cannot provide accurate data. In
non-Newtonian fluids such as x and y, the increase in shear rate
does not lead proportionally to an increase in shear stress, as is
the case for Newtonian fluids such as a and b. Therefore, for
non-Newtonian fluids, the Controlled Shear Rate rheometers
offer better sensitivity. For very soft solid materials that show
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elastic and viscous behavior as a function of shear rate and
shear history, the Controlled Stress rheometers outperform the
Controlled Shear Rate rheometers. In short, the Controlled
Stress rheometers are especially designed to determine the
viscoelastic properties of fluids and soft solid materials. The
samples are subjected to a small strain oscillation amplitude in
a dynamic test and small strain in a creep test.

Various geometries of material holders are offered by the
manufacturers, and special attention to the size and shape of
these geometries should be paid according to the viscosity of
the sample before choosing one. These geometry options
include:

(1) Concentric Cylinders; for very low to medium viscosity
fluids

(2) Cone and Plate; for very low to high viscosity fluids

(3) Parallel Plate; for very low viscosity to soft solid
materials.

(4) Torsion Rectangular; for solids

Figure 8 highlights some geometries for the rotational plates,
and Figure 9 depicts a variety of plate sizes.

Concentric Cone and Parallel Torsion
Cylinders Plate Plate Rectangular
m -
Very Low Very Low Very Low
to Medium to High Vlszosny Solids
Viscosity Viscosity to Soft Solids
Water to Steel

Figure 8. Geometries are available for rotational rheometers.

TTTo

Figure 9. A variety of sizes of cones and plates are available. The
larger sizes are recommended for low viscosity materials, and smaller
sizes are recommended for high viscosity materials.

Based on the viscosity of the material, the proper geometry
of either the cone or cylinder should be considered. If the
viscosity is very low and the material is very fluid, concentric
cylinders are preferred. Cone and plate are used for low
viscosity fluids. Parallel plate is mostly used for soft materials
such as gels and hydrogels. For solid materials, a rectangular
torsion is recommended to measure Young’s modulus.

The concentric cylinders are used for very low viscosity
fluids, weakly structured samples, and high shear rate
measurements. Various shapes of cups and rotors are available
to cover a wide range of fluids. The parallel plate geometry is
mostly used for soft gels, low to high viscosity fluids, materials
with large particles, and samples with a long relaxation time.
Temperature ramps and sweeps are available if the material’s
properties need to be measured over a range of temperatures.
The parallel plate requires a good grasp of the material at the
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top surface to accurately measure the shear rate. For very soft
materials where the top plate might slip, crosshatched and
sandblasted plates should be considered to avoid slippage.
Larger diameter plates apply higher shear stress than smaller
plates. The gap between two plates should be carefully
considered, because by reducing the gap, the shear rate
increases. Effective shear rate varies across a parallel plate
because the distance from the center to the edge varies.
Therefore, for any given angle of deformation, there is a greater
arc of deformation on the section of the material that is located
near the edge versus the center of the plate. For solid materials,
rectangular and cylindrical torsions are used to measure elastic
and viscous moduli and compute the phase difference between
them. Also, DMA bending and tension are available to measure
Young’s modulus.*>**

On the parallel plate, the cone plate applies a constant shear
rate on the sample as depicted in Figure 10. The distance

AP <<¢”
éﬂ

Figure 10. Parallel plate vs cone plate. The cone plate applies
constant shear rate.

between the apex of the cone to the plate is called truncation
or gap. Cone plate is used for fluids with very low viscosity,
high shear rate, and unfilled samples. The cones come in
different diameters and different angles. By decreasing the
diameter of the cone, the shear stress increases, and by
reducing the angle of the cone, the shear rate increases. The
gap should be at least ten times bigger than the particle size in
the material.

In 1986, the IBM scientists who had developed the scanning
tunneling microscope introduced the Atomic Force Micro-
scope (AFM). AFM uses the mechanical force between the tip
and the surface of the sample to generate an atomic resolution
image of the material. This technique can be applied to any
material in ambient atmospheric pressure and even in aqueous
environments, and it can achieve a spatial resolution of 0.01
nm and a force resolution of pico-Newtons. This spatial
resolution translates to 300 million times magnification. The
AFM system consists of an atomic-scale sharp probe attached
to one end of a microcantilever. The cantilever length is in the
range of several micrometers. The other side of the
microcantilever is connected to a dither piezo actuator that
brings the cantilever and consequently the tip of the probe very
close to the surface of the sample. Such proximity of the tip to
the sample creates either a very weak retention or repulsive
force between the tip and sample. The magnitude of this force
changes the deflection of the cantilever. A laser beam impinges
upon the top end of the cantilever, and its reflection is detected
by a photodiode. The photodiode is designed for a quadrant
position-sensitive geometry that can detect normal and
torsional cantilever deflection simultaneously. The force
exerted on the surface of material is proportional to the
angle of deflection of the cantilever, which translates to a
change in the angle of reflection of the laser beam as illustrated
in Figure 11. The sample is placed on a piezoelectric positioner
to scan the surface of the sample, and that is how the
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Figure 11. (a) The first drawing of the AFM tip in the vicinity of the sample. (b) Basic system diagram of AFM. By moving the cantilever on the
sample surface, the angle of laser reflection from the cantilever changes, which the photodetector records. (c) Information obtained by AFM is in
the form of a force—distance curve. Each pixel requires at least one force—distance plot to obtain material property at that point. Adapted with
permission from references 64 (Copyright 2003 The American Physical Society) and 65 (Copyright 2021 Portland Press).
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Figure 12. A variety of cantilever tips are available for different material types and stiffnesses. Pyramidal tip shape is mainly used for solids. For
softer material, other shapes of the tip should be considered. Each tip has its own computational model to extract the material properties accurately.
Adapted with permission from reference 66. Copyright 2019 Springer Nature.
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Figure 13. AFM operates in 3 distinct modes. In contact mode (left), the tip of the cantilever touches the surface of the material and scans it. In the
noncontact mode (middle), the tip hovers above the surface of the material and oscillates at a very small amplitude. The retention and repulsive
forces between the tip and the material of interest cause deflection on the cantilever, which changes the amplitude or the frequency of oscillation. In
the semicontact mode (right), while the tip oscillates above the surface of the sample, occasionally touches the material to eliminate the effect of
material adhesion and friction. Adapted with permission under a Creative Commons [CC-BY 4.0] from reference 67. Copyright 2018 BioMed

Central.

topography of the sample in the X—Y-plane is imaged. The
AFM scanner can move in the Z-direction; however, that
movement is limited to a few micrometers. The force—distance
curves measured by AFM quantify the forces between the tip
and the sample and the mechanical response of the sample
under the loading condition. For properties that are time-
dependent such as the viscous modulus of the sample, force is
plotted over time in force—time curves. To address the
heterogeneity of the sample or mapping the mechanical
properties or morphology of the sample, at least one force—
distance curve or force—time curve is recorded per pixel of the
image that is measured by AFM topography.

The principle of detecting the mechanical properties of the
sample is based on the forces between atoms of the tip and the
sample. When the tip is too far from the sample, the forces are
attractive, and when the tip is very close to the sample, they are
repulsive.
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Modes of Operation. There are three modes of operation
of AFM: 1) contact mode, 2) noncontact mode, and 3)
semicontact mode. 1) In the contact mode, the tip is in direct
and slight contact with the sample, and the scanner maintains a
constant force. The tip indents the sample, which causes
deflection on the cantilever. Such an indentation enables
measuring the mechanical properties of the sample if the
indentation is very small. Local indention results in a very high
spatial resolution of the mechanical properties. With deeper
indentation, the estimation of material properties becomes very
difficult when the tip is a very sharp pyramidal type. To
simplify the calculation of mechanical properties, conical,
cylindrical, spherical, and wedge shapes of the tip have been
introduced as shown in Figure 12. In this mode, the force can
be kept constant to extract the mechanical properties of the
sample. 2) In the noncontact mode, the tip hovers over the
sample with a distance around S0—150 A. A very low-
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Figure 14. The tip of the AFM can be functionalized to perform other types of measurements in addition to the mechanical properties. Ligands and
antibodies could be attached to the tip, and during the scan, they will bind to specific molecules for chemical contrast, molecule recognition, and
structural information. If the tip has a conductive layer, it can detect electrochemical information from the surface of the sample. Adapted with
permission from reference 78. Copyright 2018 Annual Review of Analytical Chemistry.

amplitude oscillation is delivered to the tip, and interaction
between the tip and sample is measured by monitoring the
change in amplitude of oscillation or shift in frequency. The
cantilever detects long-range forces, such as van der Waals
forces or electrostatic forces. Due to the nature of noncontact
operation, the sample integrity is completely preserved.
However, the noncontact mode produces images at lower
resolution than contact mode. 3) In semicontact mode, which
is also called tapping mode, the cantilever oscillates above the
sample at a frequency close to the natural resonance frequency
of the cantilever. The tip intermittently contacts the sample.
Tapping mode effectively eliminates the influence of lateral
force and reduces the force caused by absorption. It produces
higher image resolution than noncontact mode as shown in
Figure 13.

Environmental Conditions. AFM can be operated in an
environment that is physiologically relevant to the sample. For
example, the sample can be fully immersed in the buffer
solution, and the temperature, pH, humidity, CO, concen-
tration, and atmospheric pressure can be adjusted to obtain the
native functional and properties of the sample as much as
possible. For very soft material in buffer solution, the
contamination with macromolecules from the sample and
buffer solution can alter the interaction of the cantilever and
sample. Therefore, routinely checking the contamination is
necessary for biological applications.

Selection of Cantilever. Choosing the proper cantilever
for the correct measurement of mechanical properties of the
sample is crucial. The spring constant of the cantilever needs to
be close to the elastic modulus of the sample. Otherwise, the
force detection would not be sensitive enough for that
particular material. If the cantilever is much stiffer than the
sample, the deflection of the cantilever would be very small and
not a good representation of the sample properties. If the
cantilever is much softer than the sample, it will not indent the
sample sufficiently to estimate the mechanical properties
correctly. Procedures have been introduced to estimate the
spring constant of the cantilever before an experiment.
Variation in the depth of indentation will cause considerable
differences between measurements.

Obtaining Viscoelasticity from Force—Distance
Curves. Calculation of mechanical properties of soft matter
from force—distance curves is not a trivial task, and still more
models are proposed to account for the limitations of current
models. Hertz, Derjaguin—Miiller—Toporov, and Johnson—
Kendall-Roberts models have been used often. Each model is
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proposed for a specific cantilever and tip geometry. Some
models do not consider the time dependency of the material. If
the viscous modulus of the sample is the subject of
investigation, then the models that account for time depend-
ency should be considered. For time dependent materials, the
loading rate is a critical parameter to quantify the viscous
modulus. Some models take into account the effect of the
adhesive and friction properties of the surfaces. There are also
compounds to passivate the probe by nonadhesive molecules
such as polyethylene glycol.

Multifrequency Imaging. Advanced noncontact mode
includes frequency modulation, amplitude modulation, and
multifrequency mode imaging, which offer higher frame rates
to reduce the data acquisition time. Multifrequency imaging
opens up exciting possibilities for studying biological systems.
In this mode, the cantilever simultaneously excites and detects
multiple harmonics of fundamental resonance frequency of the
cantilever. The key idea is to relate the observables by AFM
such as amplitude, phase, and frequency shifts of cantilever
vibration to material properties such as topography,
viscoelasticity, adhesion, flexibility, magnetism, or electro-
staticity.

High-Speed Imaging AFM. In general, AFM imaging is a
very slow process. The cantilever is the slowest component of
the AFM and to achieve high speed imaging, the cantilever’s
response time needs to be reduced. Hence, smaller cantilevers
are developed. Another factor that affects the speed of imaging
is the mechanical vibration in the Z-direction. For this purpose,
counterbalancing the impulse generated by quick z-displace-
ments and actively damping the vibrations can be taken into
account.

Multifunctional AFM through Functionalized Probes.
In addition to examining the mechanical properties of the
material by force spectroscopy, functionalizing the tip of the
probe expands AFM applications to obtain chemical, electro-
chemical, and structural information and molecular recognition
of the surface of the sample. Functionalizing the probe, as
depicted in Figure 14, usually entails the covalent attachment
of a specific molecule (ligands, antibodies) to the tip that can
bind to specific molecules on the sample to map a specific
interaction with the sample. This technique provides
information about the localized receptors as well as binding
forces, which can be measured in real time with topography.
Some examples include quantifying cell adhesion, monitoring
assembly and binding events of viruses, measuring kinetic and
thermodynamics of ligand—receptor interactions, correlating
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the structure and assembly of soluble proteins, and mapping a
. o 64—66,68—77
particular binding site.

Nanoindentation is a point-probe-based technique where the
probe indents the surface of the sample in the range of
nanometers, while the applied force for such known
indentation is measured precisely. Knowing the depth of
indentation, the geometry of the probe, and the exerted force
provide the information to extract mechanical properties of the
surface of the sample. Nanoindentation is widely recognized as
the preferred method for the thin film interfacial properties.
Hence, there is a growing interest to study biological sample
surfaces by nanoindentation. While there seems to be a
similarity between AFM and the nanoindentation probe, the
mechanism of sensing is very different. AFM measures atomic
forces between the tip and the sample. In nanoindentation,
external force pushes the tip of the indenter on the surface of
the material, which creates a nanoscale impression referred to
as a nanoindentation. The external force is measured and
controlled, and the nanometer depth of indentation is
measured along with the time that the force was applied and
displacement occurred, as shown in Figure 15. The loading
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Figure 15. (a) Nanoindentation records stress versus displacement at
the tip of the indenter and, based on the tip geometry, computes the
mechanical properties of the sample. The difference between loading
and unloading curves shows the hysteresis of the material, which is an
indication of viscoelasticity. (b) and (c) depict different probe tip
shapes which result in different load—distance curves. (d) and (e) If
the material causes negative changes in the load-distance curve, the
effect of adhesion should be subtracted from material mechanical
properties. Adapted with permission from reference 79. Copyright
2005 Woodhead Publishing.

system that exerts pressure on the sample can be electrostatic,
electromagnetic, or mechanical. Due to very small indentation,
microscopy usually accompanies the indenting process to
ensure the correct location of the point of interest. In the early
days of development, nanoindentation was favored because it
provided the material elasticity and its surface hardness. The
load/unloading displacement curves provide critical informa-
tion in the extraction of material properties. In addition to
elasticity and surface hardness, other information about the
deformation process can be obtained from them, such as
fracture events, phase transformation, and the effects of
temperature and surface chemistry on material properties.
Some studies have shown that the material adhesion properties
can be obtained using nanoindentation. The geometry of the
tip is important in accurately calculating the material properties
accurately. Various geometries are available, such as cones,
pyramids, cubes, spheres, and paraboloids. The user needs to
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pay close attention to the calibration process and the material
that was used for the calibration. If the calibration was done
with a material that shows very different properties than the
sample under the test, the results will not be accurate. Most
data analyzing techniques rely on unloading curve versus
loading curve because, during loading, plastic properties of the
material contribute to the force—displacement curve. But
during unloading, only the elasticity of the material is the main
component of the force—displacement curve. The more recent
techniques add a small oscillating load component to the DC
load, which causes the sample to act like a spring and a
damper. Using this method, the viscoelasticity of the material
in dynamic mode can be obtained by sweeping over a range of
frequencies. Figure 16 depicts a schematic diagram of a
nanoindentation setup.
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Figure 16. (a) A system diagram of the nanoindentation setup. The
probe tip contacts the material and, based on displacement and the
applied stress, force—distance curves are obtained. (b) The diagram of
the recent nanoindentation device that is based on deflection of the
ferrule and light interferometry. The tip of this device has a spherical
shape and is more suitable for very soft materials such as hydrogels
and cells. Adapted with permission from references 80 (Copyright
2003 National Institute of Standards and Technology) and 81
(Copyright 2012 Review of Scientific Instruments).

Anisotropic elasticity and plasticity of the bone and dental
enamel have been studied by nanoindentation techniques. In
some cases, the bone elasticity was measured in a liquid that
requires the viscosity of the fluid environment to be considered
during loading/unloading of indenter. For the soft biological
materials, the viscous modulus and the adhesion properties of
the surface of the sample will cause changes in deformation
and loading/unloading—displacement curves that need to be
taken into account when calculating the material properties.

Recently, instead of stiff probe and spring loading, a new
technique that is based on a ferrule-top probe connected to a
cantilever was developed that utilizes a fiber optic terminated
with a spherical tip as the indenter. The deflection of the
cantilever during loading/unloading is measured through light
Fabry—Pérot interferometry. The force exerted on the sample
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Figure 17. Representation of the series of processes needed to measure the sample viscoelasticity. (1) Diagram of the sample holder and the flexible
membrane with known mechanical properties. The sample is loaded in the sample holder. The diameter and height of the holder are fixed
dimensions. (2) After loading the sample into the machine, an ultrasonic probe vibrated the sample inside the holder. An optical system measures
the displacement on the surface of the sample and calculates the viscoelasticity of the sample. (3) Elastic and viscous moduli are plotted over time,
before, during, and after the gelation. The user can record how long the gelation takes time and how much the gel mechanics have changed.
Adapted with permission from reference 83. Copyright 2017 Society for Biomaterials.

can be in the range of nano-Newtons. The resolution of the
displacement is reported around 2 nm. Static and dynamic
indentation can be applied to obtain the elastic and viscoelastic
properties of the material.

In 3D cell culture and regenerative medicine where
biomaterials are mixed with cells, sample preparation usually
takes several days, and spending such an amount of time by
specialized personnel makes the process costly. In some cases
in which samples are made from primary cells, the sample is
precious. For these reasons, destructive tests to obtain
mechanical properties of the sample are not good options,
and having a nondestructive test that can be sterile is very
attractive. Rheolution Inc., a Canadian company, has
commercialized a patented technology that measures the
viscoelasticity of soft materials without mechanical contact.
This technique uses a proprietary flexible membrane and a
cylindrical sample holder with dimensions of 22.1 mm in inner
diameter and 19 mm in height. It requires the sample to be
pourable and have a volume of 0.5—0.7 mL. The gelation or
cross-linking is expected to happen when the sample is poured
in the holder. The flexible membrane vibrates, and its vibration
is propagated to the sample. A laser-based imaging system
detects the vibration at the surface of the sample as shown in
Figure 17. The membrane and sample holder were
characterized in terms of mechanical response to vibration.
The only unknown factor is the sample in the holder. Models
have been developed to obtain the elastic modulus and shear
modulus from the combination of membrane vibration and
laser detection of the sample. It has been reported that the
viscoelasticity of the material can be measured in 3
configurations: 1) during a liquid-to-solid phase (gelation or
polymerization); 2) during a steady solid state (hydrogels
evolving over time); 3) during a solid-to-liquid phase (melting
5283

of degrading hydrogels

365

Conventional ultrasound elastography and magnetic resonance
elastography provide mechanobiology information at a spatial
resolution of about 0.1—10 mm with a depth of penetration of
a few centimeters. AFM probes materials with a resolution of
nanometers. The spatial resolution gap between these
methodologies and demand for noninvasive methods provide
opportunity for optical techniques since they can provide
spatial resolution of 5—15 um and depth of penetration of
about 2 mm. Several optical elastography methods have been
proposed, such as Optical Coherence Elastography (OCE),
Brillouin Microscopy, digital holography, laser speckle, and
ultrasound-modulated optical tomography. For smaller-length
scale samples in the range of 100 pm or less, multiple
microrheology techniques have been proposed, such as passive
microrheology, active microrheology, dynamic light scattering,
diffusive wave spectroscopy, and optical tweezers.”*™®

3.5.1. Optical Coherence Elastography (OCE). A
combination of mechanical loading and optical coherence
tomography (OCT) can provide information about the
viscoelasticity of the sample. OCT is based on low-coherence
interferometry and typically achieves a resolution of 5—15 pm
in the axial direction, and the beam width of the laser
determines the lateral resolution. 3D image acquisition of a
volume with dimensions of 10 mm X 10 mm X 2 mm takes
about less than 1 s. External loading is required in the OCE to
generate the stress signal and deform the sample. Compression
loading is a popular method, and it is typically applied in a
stepwise and quasi-statical way (low speed) to avoid inducing
detectable wave propagation. In compressional loading, the
stress is assumed to be uniform across the sample, and
measuring only the deformation provides a qualitative
measurement of elasticity of the sample. The other form of
loading is applying continuous oscillatory mechanical waves at
the resonance frequency of the sample, which includes the
geometry of the sample and its boundary conditions. The
harmonics of the resonance frequency induce tissue motion
which can be detected by an OCT. The geometry of the
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Figure 18. Various methods of excitation in the OCE and their comparison with the Brillouin method, which does not need external force. (a) A
compression plate applies force uniformly on the sample and deforms it. Light coherent microscopy measures the deformation, and the instrument
calculates viscoelasticity based on stress and measures strain. (b) An external force generator applies mechanical waves to generate standing waves
in a defined boundary. OCE measures harmonics of standing waves to calculate the mechanical properties. (c) External mechanical waves are
applied to the surface of the material, and shear wave velocity is measured, which is related to Young’s modulus. (d) In Brillouin microscopy, there
is no external force. Photons interact with phonons inside the sample and measure their vibrations. The Brillouin technique measures longitudinal
properties, not the elastic or viscous modulus. Adapted with permission from reference 85. Copyright 2017 Nature Photonics.

sample and boundary conditions need to be known to extract
material viscoelasticity from the tissue motion in higher
harmonics. Transient mechanical loading using an indenter,
acoustic radiation force, noncontact air jet pulse, or laser pulses
can be applied to generate either surface acoustic waves
(propagate only the surface of the material), shear waves
(propagate deeper into tissue), or Lamb waves (propagate
between two layers). Such a technique requires knowledge of
material uniform density, local homogeneity, and its Poisson’s
ratio. These waves dissipate quickly in materials with a liquid
content. Therefore, the loading should be scanned through the
sample surface, which can be time-consuming. Figure 18
illustrates the basic differences between the OCE and Brillouin
techniques.

Deformation detection in the OCE is done by two
approaches: speckle tracking and phase-sensitive measurement.
In speckle tracking, consecutive 2D or 3D images that are
obtained at different loading conditions are cross-correlated to
estimate the displacement. Cross-correlating 3D images gives
an advantage to speckle tracking. Also, speckle tracking is less
sensitive to tissue motion and artifacts but has lower resolution
than typical OCT imaging. In phase-sensitive imaging, the
Fourier-domain detection in the OCT offers interferometric
optical phase imaging, which enables nanoscale particle
tracking. The phase shift is proportional to the laser
wavelength and inversely proportional to the refractive index
of the sample. A phase difference of greater than 27 limits the
measurable displacement, which requires the use of phase
unwrapping algorithms. Phase-sensitive imaging is mostly done
on axial displacement. To obtain viscoelasticity information,
the lateral dis})lacement needs to be incorporated with
OCE.#78088793 Figure 19 depicts a system diagram of an
OCE setup and compares it with other measurement
techniques.

3.5.2. Brillouin Microscopy. Brillouin scattering was
introduced in 1922 mainly for investigating condensed material
properties. It offers an alternative assessment of elasticity
through investigation of the longitudinal modulus at GHz
frequencies. Its underlying physics principle is based on the
interaction of light with spontaneous, thermally induced
density fluctuations. These fluctuations are intrinsic to the
material and described by a population of microscopic acoustic
waves called phonons. So, unlike the case for an OCE,
Brillouin microscopy does not need an external stimulus for
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Figure 19. (top) Optical system block diagram of the OCE. (bottom)
Comparison of the OCE with other viscoelasticity techniques over
spatial resolution and field of view. AFM (atomic force microscopy),
OT (optical tweezers), UE (ultrasound elastography), MRE
(magnetic resonance elastography), MPM (multiphoton microscopy),
CBM (confocal Brillouin microscopy), LSI (laser speckle imaging),
HI (holographic imaging). Adapted with permission from reference
88. Copyright 2015 Wiley-VCH.
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mechanical loading. Phonons collectively represent periodic
excitation of the atomic and molecular densities in solids and
liquids. The elastic scattering of light from a material has the
same frequency as the light source. The elastic scattering of
light is called Rayleigh scattering. However, a small portion of
photons interact with phonons and exchange energy and
momentum in their interactions. Phonons diffract light, and
because they have traveling velocity, they change scattered
light frequency by the Doppler effect. Doppler phenomena
generate two additional frequency peaks in the scattering
spectrum called Stokes and Anti-Stokes Brillouin peaks. For a
material with known density and refractive index, these
frequency shifts represent the material complex longitudinal
modulus, for which the real part is the peak frequency and
contains information about elasticity, and the imaginary part is
the bandwidth of the Stokes frequency and has information
about material viscosity, as depicted in Figure 20. It should be
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Figure 20. (left) Light scattering from a solid-like material (for
example, collagen fibers) and liquid-like material (cytosol). (right)
The Brillouin frequency shift is larger in solid-like materials compared
with liquid-like materials, but the line width is smaller in rigid
materials compared with liquid-like materials. Adapted with
permission under a Creative Commons [CC-BY 4.0] from reference
97. Copyright 2019 Nature Methods.

noted that the longitudinal modulus is not the same as the
shear modulus, and in order to obtain viscoelasticity of the
material, the Poisson’s ratio needs to be known. For soft
materials in which Poisson’s ratio is very close to 0.5, the
longitudinal modulus is several orders of magnitude larger than
the shear modulus, and quantifying an accurate value for
viscoelasticity from the longitudinal modulus can be very
challenging. The Brillouin spectrum is measured at GHz
frequencies and requires an optical spectrum analyzer.

In cell mechanobiology, actin polymerization and branching
of actin fibers can be studied by the Brillouin technique.
Protein aggregation and liquid-phase-separated organelles lead
to a differential Brillouin shift. Also, myosin contractility has
been observed by a shift in Brillouin scattering. The change in
Stokes peak bandwidth that is related to the viscous modulus
of the material has not been attributed to any biological effect
yet, and it remains an opportunity to be explored by future

. 94—102
experiments.

Microfluidic devices are essential for studying the behavior of
complex fluids in micrometer-scale geometry. They have
enabled the possibility of probing the bulk rheology of a fluid
on a very small scale when the sample size is limited. They also
provide the means to integrate the rheological devices with
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other microfluidic lab-on-the-chip devices.'”® Bulk rheological
properties can be measured in shear and extensional flow.
Particle-based methods have been used to probe the local
viscoelasticity response from nanoparticle motion in the fluid.
They impose a defined boundary condition to study complex
fluids such as crystal liquids."”* In a typical microfluidic
channel, at least one length’s scale is smaller than 100 pm.
Surface roughness, hydrophobic versus hydrophilic interactions
at the wall interfaces, and electrical forces in ionic liquids could
cause apparent slip and become the source of nonhomogeneity
in the fluid that affects rheological measurements. For very low
viscosity liquid, that elastic modulus may not be easily
measured by other rheological measurement techniques, but
in microscale geometries, the elasticity measurement is
possible.'**

Microfluidic devices possess several advantages over AFM,
nanoindentation, noncontact tweezer technologies, and micro-
pipette rheometry when it comes to single-cell analysis,
especially for circulating cells in the bloodstream. They can
be high throughput and cost-effective and are not technically
difficult to implement. Similar to flow cytometry, they can be
used in clinical settings as well. All three forms of microfluidic
devices have been shown to be effective in measuring single
cell deformability by a change in osmotic pressure. However,
only capillary and contraction point flow devices have the
ability to detect actin disassembly.'”> A combination of
microfluidic devices with controlled acoustic fields has been
explored in microfluidic acoustophoresis techniques, and it has
been shown that it can increase the resolution and sensitivity of
cell separation in circulating tumor cell (CTC) devices.'*>""”

As depicted in Figure 21, in the capillary configuration, the
cells flowing in the microfluidic channel change their shape
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Figure 21. Three configurations for microfluidic devices have been
introduced to measure rheologically complex fluids. (a) The capillary
devices are used for measuring shear viscosities. The viscosity is a
function of flow rate Q and pressure drop AP throughout the length
of the channel L. w and d represent the width and depth of the
channel, respectively. Two main approaches of controlled pressure
drop and controlled flow are identified for capillary viscometry.
Viscosities in the range of 0.001—10 Pa-s have been measured over a
range of shear rate of 0.1—0.001/s. In some cases, a sample volume in
the range of nanoliters was successfully measured. (b) The stagnation
point flow is used for extensional deformation. Near the stagnation
point, the flow is in a vorticity-free state, which can result in
orientation of the microstructural components of the fluid. Video or
fluorescent microscopy is used for observing the flow birefringence at
the stagnation point to obtain the rheological information. (c)
Contraction devices measure the sudden pressure drop in an imposed
flow. Adapted with permission from reference 104. Copyright 2009
Elsevier.

from a circular particle to an oval-shaped particle. The
deformability of the cell is defined by its deviation from a
perfect circle. The deformability of the capillary device is not as
large as that of the stagnation device. In the stagnation point
flow, the cells are under stress from two flows in opposite
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directions, which causes elongation in the axial direction and
shrinkage in the lateral direction. The cell deformability is
defined by the aspect ratio of the changes in the axial and
lateral directions. In contraction geometry, cells are under
stress in the narrowed channel, and the time of passage from
the channel defines the deformability of the cell.'*®

Since the 1970s, micropipette aspiration has been used to
conduct studies on biological tissue mechanics. This technique
includes a micropipette that is positioned very close to the
material of interest (almost in contact with it) and is connected
to a pump or water reservoir to create negative pressure plus
the imaging setup (microscopy). A pump applies the negative
pressure to the tip of micropipette and pulls the material into
the pipet as depicted in Figure 22. Biomechanical models have
been developed to extract viscoelasticity of the material by
measuring the negative pressure and the displacement of the
material into the pipet.
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Figure 22. (A) A simple diagram of the micropipette aspiration
technique. By applying negative pressure to the tip, the particle will
gradually move into the pipet. The experiment is done either by
constant pressure or by constant ramp pressure. (B) The pressure
changes either in step function or by a ramp function over time. (C)
The length of the material drawn into the pipet changes over time,
and the curve of change of the length depends on the change in
pressure. Adapted with permission from reference 108. Copyright
2019 Biophysical Society.

Usually, two types of experiments are defined by micro-
pipette aspiration: 1) constant pressure similar to the creep test
and 2) ramp pressure similar to constant shear rate. The
aspirated length is measured over time. Depending on the
aspirated length and time of aspiration, different models for
viscoelastic and poro-viscoelastic materials are proposed where
the porosity of the material makes a significant difference in
measurements. Versatility and ease of use of pipet have allowed
additional measurements to be done by micropipette, as shown
in Figure 23. Examples are 1) using microindentation to probe
the local mechanical properties of the cell, 2) including
florescent and confocal microscopy to observe biomolecules
during mechano-sensing activities, 3) using functionalized
coated beads to assess push/pull forces of a cell, 4) measuring
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the required force to detach a cell from substrate, S) studying
cell—cell attachment forces during morphogenesis using two
micropipettes, and 6) measuring surface tension forces in a
growing cell aggregate.'”®™'"? Recent advancements have
allowed the use of optical interferometry with micropipettes
to obtain subnanometer spatial resolution'"*

Interfacial rheometry studies the 2D deformation or response
of an interface to shear stress. The interface could be Iic%uid—
liquid, liquid—gas, liquid—solid,""® and solid—solid.""® In
biology, interfacial rheometry has applications in biofilm,
monolayer''” or bilayer lipid, membrane, and alveoli''®
rheology. For example, oxidative damage to lung epithelial
cells and air-pollutant-induced lung surfactant damage have
been studies by interfacial shear rheometry.'” Another
example is the rheological properties of the tear film. A
uniform tear film that sustains the hydration of the cornea is
critical for ocular health. The effect of lens care solutions on
tear lipid rheology has been studied since some surfactants can
destabilize the tear film and cause the emulsification of the
lipid layer of the tear film.'*” Interfacial rheology has been used
to study the protein adsorption at multilayer and single-layer
surfaces at the aqueous-buffer—air interface."*" Viscoelasticity
of a thin polymer layer on a solid can be studied by interfacial
rheology as well as how a liquid drop sits or moves on a
substrate material which can be useful for 3D bioprinting.'**

Molecular tension sensors are an emerging technology that
overcomes certain limitations of AFM and tweezers rheometry
techniques to investigate the intracellular mechanism of force
transduction (AFM and tweezers are mainly applicable to the
cell surface). They enable detection of a few pico-Newtons
force experienced by an individual protein in a living cell,
organoids, and organisms at single-molecule resolution. This
technique utilizes Forster resonance energy transfer (FRET) to
monitor changes in the applied force and displacement. So far,
two types of sensor molecules have emerged: genetically
encoded tension sensors, which are protein biosensors with
sensitivity to forces below 10 pN, and synthetic tension
sensors, which have been synthesized using poly(ethylene
glycol) (PEG), nucleic acids, and proteins. Synthetic sensors
can detect forces between 4 and 100 pN and are used to study
cell surface receptors and cell—cell interactions. Generally,
three categories of polymer behavior have been considered for
molecule tension sensors as depicted in Figure 24. The first
category is a well-solvated polymer called entropic-spring
behavior. The tension sensor consists of a flagelliform linker
sequence polymer flanked by fluorophores. By applying
tension to this sensor, the linker is extended, and the
fluorophore is moved away from the quencher, which causes
a measurable increase in fluorescence. The second category is
also a well-solvated polymer, but its behavior is a switchlike
extension behavior. Examples of these polymers are DNA
duplexes, DNA hairpins, and proteins. They are folded
constructs in 3D, and their unfolding shows a sudden change
in displacement in response to a narrow range of forces. The
third category is unsolved polymers. They require a large force
to extend beyond the force employed in biology; therefore, this
type is not practical for studying biological systems. The
microscopy readout can be based on the fluorescence intensity,
ratiometrics, fluorophore lifetime, fluorescence polarization,
super-resolution microscopy, and multivalent tension sensors.
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with permission from reference 108. Copyright 2019 Biophysical Society.
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Figure 24. (a) PEG and genetically encoded tension sensor extension. (b) Tension gauge tether rupture. (c) DNA hairpin extension. (d) Change
in force of genetically encoded tension sensors translates into an analog change in fluorescence. (e) Rupturing the tension gauge causes an abrupt
(digital) change in fluorescence that is reversible. (f) Change in DNA hairpin force translates into a digital and irreversible change in fluorescence.
Adapted with permission under a Creative Commons [CC-BY 4.0] from reference 123. Copyright 2021 ACS.

The nonmicroscopy readout methods include flow, catalytic
amplification, and TGEB Aptamer.”*'**~'**

When the sample size is extremely small, most forms of
rheology techniques are not applicable. On the other hand,
providing information at the microscopic level for heteroge-
neous materials is valuable to understand the interplay of
various molecules within the bulk of the material. For these
reasons, several noninvasive microrheology techniques have
been developed that utilize micron-sized particles as probes to
locally deform the sample. There are two broad classes of
manipulation of these particles: a) one uses external forces and
actively moves the particles, and b) the other one measures the
passive motions of the embedded particles which are due to
local thermal fluctuations or Brownian movements. These two
classes are called active and passive microrheology, respec-
tively. External forces applied in active microrheology are in
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the form of radiation forces for small particle manipulation
such as magnetic, optical, and ultrasound tweezers. 207132
3.10.1. Magnetic Tweezers. Magnetically manipulating a
paramagnetic or ferromagnetic micrometer-sized probe
embedded in a material is the oldest implementation of
microrheology. The magnetic probe is manipulated by external
magnetic sources that generate gradient forces due to their
distance to the particle. Often, two or four external magnetic
sources are used to create a relatively uniform magnetic field in
the region of interest. The movement of the particle is
observed by video microscopy to assess the displacement of
the probe. If only one magnetic particle is embedded in the
material and one external magnet is used to move the probe,
then the experiment is a qualitative measurement of the
rheological properties. To obtain quantitative measurement of
the viscoelasticity of the material, either Hall sensors need to
be embedded into the material to measure the magnetic force
at the location of the particle, or at least two external magnets
are needed to have a uniform magnetic field and consequently
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a constant force on the particle to compute the viscoelasticity
parameters. The force scale in magnetic tweezers is in the
range of pico- to nano-Newtons, and the particle displacement
is in the range of 20 nm to a few microns. Magnetic tweezers
have been used to investigate the viscoelastic properties of
actin filaments,"*” cytoplasm,'** fibroblasts,'*> macro-
phages,n’5 endothelial cells,'3%!3¢ dictyostelium cells,"®”
viscoelasticity change in collagen matrices during fibroblast-
collagen contraction,** and 2D protein network at liquid
interfaces.'*’

3.10.2. Optical Tweezers. Optical tweezers (trapping)
were developed in the 1970s, and they are used to trap a
micrometer-sized particle for micromanipulations such as
applying forces at the level of pico-Newtons and measuring
the displacement in the range of nanometers. The size of the
bead must be either much smaller than or near the wavelength
of the light. When the bead is much smaller than the
wavelength of the light, it experiences almost a uniform electric
field that induces polarization on the bead as a simple dipole.
The dipole will respond to the movement of the electric field
and follows it, as shown in Figure 25. That is the principle of
optical trapping in the Rayleigh regime for particles much
smaller than the wavelength.
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Figure 25. Schematic of the optical path and the converging beam.
The focal point is aligned with the center of the material thickness.
Adapted with permission under a Creative Commons [CC-BY] from
reference 140. Copyright 1970 Physical Review Letters.

When the size of the bead is close to the wavelength of the
light, the ray optics regime explains the trapping process. The
reflections and refractions of the light impinging on the bead
cause a change in momentum. The summation of all of the
rays gives a gradient force to the particle that pulls it toward
the center of the trap. That is how the particle can follow
highly focused light.

The optical trapping instrument is relatively complex, as
shown in Figure 26. Single-particle trapping provides
viscoelasticity information on a local region where the bead
is embedded. If necessary, molecules can be tagged, and using
fluorescent microscopy visualizes the molecule of interest’s
movements. Two-particle trapping can provide viscoelasticity
information at the macro scale. Since most materials of interest
are not a continuum but have networks of macromolecules, the
mesh and pore size of the network is important for bead
selection. The bead should be about 3 sizes larger than the
mesh size, and the surface of the bead should be coated with
neutral polymers to avoid adhesion of the bead to the material.
Figure 26 demonstrates a schematic of the instrument for
microrheology experiments. The back focal plane force
detection is achieved via a condenser and position sensing
detector (PSD). Precision movement of the trap relative to the
sample is achieved via a piezoelectric stage and/or mirror
(GM-1). The mercury arc lamp, fluorescence filter cubes, 1064
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nm dichroic, and CMOS camera are needed for fluorescence
imaging. The polarization beam splitters (PBS), the second
mirror (GM-2), and second PSD are needed for two traps. The
remaining components are standard for optical tweezers.

To measure the linear viscoelasticity of the material, the
trapped bead is sinusoidally oscillated by a wide range of
frequencies to generate dynamic stress/strain fields, and by
measuring the stress and strain, material properties can be
extracted. To measure the nonlinear viscoelasticity of the
material, large-scale displacement can be made by either a
constant shear stress rate or constant strain rate. One method
to perform a creep/relaxation test is to displace the bead in
large-scale and with a constant strain rate and then turn off the
laser and record the recoil of the bead. Measuring the time of
recoil provides relaxation over time curves, and viscoelasticity
parameters can be obtained from the curves. The bead can be
functionalized to bind to a macromolecule to investigate the
interactions among its constituents. Optical tweezers can be
incorporated with microfluidic perfusion devices to study
changes in the mechanical properties of the material while
undergoing a chemical reaction. Optical tweezers have played a
crucial role in investigating properties of biopolymers such as
DNA, actin, microtubules, intermediate filaments, and worm-
like micelles.*”"**"?!

3.10.3. Acoustic Tweezers. Acoustic tweezers offer
another contactless technique to apply a mechanical pressure
field to a small particle for the purpose of trapping and
manipulating it. Acoustic tweezers can be used for length scales
from 0.1 ym to 10 mm with a power level as small as 10 mW
to avoid damage to the cells. Originally, they were used for
particle levitation and sorting. If the particle (bead) is
functionalized, then it can be used for interrogating cell
mechanics. Some studies have shown the use of a single
ultrasound transducer with highly focused beam to study cell
mechanics, as depicted in Figure 27. The pressure field can be
generated by a single transducer, an array of transducers, and
interdigit transducers. The underlying physics behind acoustic
tweezers is very similar to that of optical tweezers. The
summation of refractive and reflective fields pulls the particle
to the center of the pressure field. Recent advancements with
metamaterial reflective surfaces have enables researchers to
generate acoustic levitation of multi-particles with arbitrary
distances, which can be used for high throughput pro-
cesses. 171

3.10.4. Passive Microrheology. Unlike the tweezers
rheometry that use an external force to manipulate a particle
inside the material of interest, passive microrheology does not
require an external mechanical force but relies on Brownian
movements of the embedded particles due to thermal
fluctuations. The Generalized Stokes—Einstein relation ex-
plains the basic principle of passive rheometry. The Brownian
movements of the particle probes depend on the temperature,
the size of the particle, and the stiffness of the material. It is
important to note that the particle movement in passive
microrheology is 3D, and the mean-squared displacement is
usually measured as a value that reflects the strain that
accumulates due to thermal stress. A micrometer-sized particle
moves about 0.1—10 nm in a very soft material and allows
elastic modulus measurement of up to S00 Pa. Passive
Microrheology has a smaller range than active rheology, but
it has the advantage of measuring the linear viscoelasticity
regime because no external forces are used. To measure the
movement of the particles, techniques such as dynamic light
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Figure 26. Basic schematic diagram for optical trapping. Adapted with permission from reference 87. Copyright 2018 ACS Macro Letters.
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Figure 27. (a) Illustration of the focused acoustic beam in the vicinity of the particle. (b) Configuration of trapping forces applied to the particle.
(c) A pair of interdigit transducers to generate a planar standing-wave field for 3D manipulation of a particle. (d) Numerical simulation of an
acoustic beam near the particle in 3D. Adapted with permission under a Creative Commons [CC-BY 4.0] from references 147 (Copyright 2015

Elsevier) and 144 (Copyright 2018 Nature Publishing Group).

scattering, diffusing wave spectroscopy, interferometric track-
ing, and video microscopy have been used. In the dynamic
light scattering technique, a coherent laser beam illuminates
the sample and scatters. A detector with an angle to the axis of
incident laser beam collects the scattered light. The scattered
light is generated from many single scatterers that cause a
random diffraction pattern called a speckle. The movement of
particles changes the intensity of light in the speckle pattern
over time, and using the Generalized Stokes—Einstein relation,
the mechanical properties of the material are computed. The
dynamic light scattering technique is used when the media is
transparent or mildly opaque.
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If the sample is translucent or highly turbid, diffusive wave
spectroscopy is used. Diffusive wave spectroscopy solves the
problem of multiple scattering inside the sample; therefore, the
scattering angle is unknown. Diffusive waves are solved in two
distinct geometries: transmission and backscattering. The
optical setups for these two geometries are different. In the
transmission geometry, the light decays faster than back-
scattering, which can translate into the transmission geometry
reporting the microscale rheology of the sample better than the
backscattering geometry. Passive microrheology is mostly used
to measure polymer, surfactant, and protein solution
rheological properties. Diffusive wave spectroscopy can be
used to measure the longest relaxation time of entangled
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polymer solutions. That requires measuring weak rheological
properties and short time scales of the relaxation time, which
are important in elastic instabilities in microscale flows such as
microfluidic processes. Obtaining short time scale relaxation is
attributed to high frequency rheometry that reveals informa-
tion about the smallest filaments within the sample. This
technique is used to measure viscoelasticity of F-actin
filaments, rod-like viruses, and other supramolecular assemblies
and macromolecular proteins that are semiflexible poly-

130,131
mers.

Recently, ultrasound elastography has been widely used to
measure tissue stiffness. Tissue characterization is useful in
early stage disease detection when morphological changes may
not be so apparent. It could also improve the accuracy of
diagnosis by evaluating the size of the lesions and the level of
progression. Also, it could provide some assessment of the
response to certain treatments such as radiofrequency ablation
and chemotherapy. Mapping the stiffness can provide valuable
information for physicians with relevant diagnostic values.
There is an intuitive, practical, and simple relationship between
palpation and elastography. Wherever the palpation has been
shown to be relevant, elastography can be considered as a
diagnostic tool. The advantages of elastography versus
palpation are that elastography does not depend on the
experience of the clinicians since it is a quantifiable technique,
and it can be applied in deeper tissue where palpation is not
feasible."*"~'*> Clinical ultrasound elastography applications
include assessing liver fibrosis in chronic liver disease, >">
assessing malignancy of masses in the liver, breasts, kidneys,
thyroid, Sprostate, and lymph nodes,"”” evaluation of peripheral
nerves,'” assessing tendon injury,>’ identifying disorders
presenting with cardiac or muscle pathology,”*”"*" and
assessing plantar fascia™’ and ligaments." In commercial
ultrasound imaging machines, the elastic modulus is obtained
either by Acoustic Radiation Force Impulse (ARFI) or the
Shear Wave Imaging technique. In ARFI, Young’s modulus is
obtained by

E=o0/¢

and in Shear Wave Imaging, Young’s modulus is obtained by
measuring the propagation speed of shear wave:

E=2(140)G =3G = 3pC*

where v is the Poisson ratio of the tissue, G is the shear
modulus, p is the density of the tissue, and C is the shear wave
propagation speed in the tissue. It is assumed that the Poisson
ratio for incompressible material is almost 0.5 and constant.
Also, it is assumed that the density of the tissue is known and
constant. Other terms used for these two techniques are strain
imaging or quasi-static imaging for ARFI and the dynamic
method for shear wave imaging.

Elastography can be categorized by the excitation method
and measured physical quantity such as follows: 1) Strain
elastography: In this method, the strain values within the
region of interest are displayed, and the excitation is a quasi-
static method. It is a qualitative method. 2) Acoustic Radiation
Force Impulse (ARFI): Focused pulses are applied to the
specified region, and the displacement due to the excitation is
measured. It is similar to strain imaging, and it is also a
qualitative method. 3) Shear Wave Speed Measurements and
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Imaging: Acoustic radiation forces are applied as pulses with a
short duration of time, and the generated shear waves within
the region of interest is measured. The information is
presented as either shear wave speed or Young’s modulus, or
an image is generated by that information. 4) Transient
elastography: A controlled excitation pulse is applied to
generate a shear wave, the speed of propagation of the shear
wave is measured, and Young’s modulus is calculated. Figure
28 depicts these techniques. It is mostly used for liver tissue. It
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Figure 28. (top) Strain elastography method. (middle) ARFL
(bottom) Shear Wave Measurements. Adapted with permission
under a Creative Commons [CC-BY 4.0] from references 153,162.
Copyright 2018 Springer Nature. Copyright 2015 Elsevier.

is not used for imaging. In breast cancer diagnosis, the
elasticity of the mass is scored in a five-point scale to classify
the mass from benign to malignant as follows: score 1
(benign), score 2 (probably benign), score 3 (benign or
malignant is equivocal), score 4 (malignancy suspected), and
score S (malignancy strongly suggested). In the case of cysts,
because the level of the internal echo signals from a cyst is low,
it can be used for cyst diagnosis, like a lateral shadow or
posterior enhancement on typical ultrasound imaging.'>*~"'**
3.11.1. Limitations and Artifacts in Ultrasound
Elastography. Biological tissues are known to be nonlinear,
heterogeneous, and viscoelastic. Due to these mechanical
properties, the propagation of acoustic waves in these materials
is very different than what has been modeled by linear,
homogeneous, and elastic materials. Just including the effect of
viscosity implies that the stiffness and shear wave speed depend
on the excitation frequency and is known as dispersion.
Dispersion is one reason why there are differences between
various commercial systems in shear wave imaging. Non-
linearity of the tissue indicates that the response to stress
depends on the initial strain of the material. Therefore, the
values of strain depend on tissue compression, which happened
in both strain imaging and shear wave imaging. Some studies
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Table 1. Comparison of the Various Rheometry Methods

Applied Force Displacement Site of
Method Range Range Measurement

Rotational Plate mN mm Bulk
AFM pN 0.01 nm Surface
Nano Indentation nN 2 nm Surface
Rheolution mN pHm Bulk

Instrument
OCE nN—mN ~ 10 ym Map
Brillouin N/A N/A Map
Microfluidic nN—uN pm Bulk
Micropipette nN—-uN pm Bulk

Aspiration
Interfacial Shear nN—uN pUm Surface interface
Biomolecular pN—nN pm Molecule
Magnetic Tweezer pN—nN nm-—gm Surface
Optical Tweezer pN nm Molecule
Acoustic Tweezer HN—mN pm—mm Surface
Passive Microrheology pN—nN nm Bulk
Ultrasound uN—mN pm Bulk

Elastography

have shown that increasing transducer compression during
breast and prostate cancer measurements resulted in increasing
shear wave speeds. That is why applying minimal compression
is desirable to improve the reproducibility of the shear wave
technique. Nonhomogeneity of the tissue can cause artifacts
and leads to incorrect shear wave estimation. Especially at the
structural interfaces, the reflection of the shear wave could
result in a soft center artifact in a very stiff lesion. It is
recommended to exclude the structural boundaries that can be
recognized by B-mode imaging when performing shear wave
imaging.'®*™"° The use of ultrasound technology in assessing
mechanical properties of biologics and biological tissues have
been limited to acoustic tweezers'*"! > W11 g
acoustofluidic devices in cytometry.'’'%” Ultrasound elastog-
raphy requires a lot of elements in the probe to apply force and
measure displacement of the region of interest. This has
limited the use of ultrasound in in vitro and ex vivo models.
However, due to the nature of noncontact assessing of tissue
mechanics by ultrasound elastography, there is increasing
interest in developing miniaturized ultrasonic probes to
measure viscoelasticity of complex whole tissues and of 3D
constructs from tissue engineering applications and from cell
therapy modalities, such as soft biomaterials designed to
deliver cells into host tissue for biomimicry and regenerative
medicine.'>" "%

3.11.2. Comparison Table of the Discussed Techni-
ques. To guide researchers on their choice of tools for
measuring rheological parameters across different biomaterials,
Table 1 provides a succinct comparison of the different the
aforementioned viscoelastography techniques mentioned
above. Because Table 1 summarizes the most basic features
of these techniques, researchers are cautioned to carefully
consider special attention should be the geometry of the
sample and the environment of its natural state so as to define
boundary conditions that approximate the real case for optimal
biomimicry. In particular, cells that are dynamic and adapt
their actin polymerization to different environments should be
measured in a manner that represents the endogenous state or
host tissue. For example, circulating cells in bloodstream are
best measured in a microfluidic channel, and adherent cells are
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Sample Size Examples

10-20 mm  Gel, hydrogel
Atomic scale  Biopsy, gel, hydrogel, organoid, cell, cell organelle, protein,
antibody
pm Cell, gel, hydrogel
20 mm Gel, hydrogel
pum—mm Cell, ECM, organoid, biopsy
Molecular Actin, myosin, cell, organoid
scale
pm Circulating cells
pm Cells, macromolecules, organoid
pum Cell membrane, tear drop
nm DNA
pm Cells, ECM, organoid
nm—pm Cell, DNA, actin
pm Cells, ECM, organoid
pum Actin filament, macromolecules
mm Tissues, biopsy

preferred to be measured by AFM or OCE. Also of note, some
techniques measure the viscoelasticity of the sample in a bulk
(volume) format, meaning that all the components inside the
sample contribute to its viscoelasticity and the measured values
represent a homogeneous material with such viscoelasticity
values. An example of such a technique is rotational plate
rheometer. If the material is a homogeneous gel or hydrogel,
bulk measurement is acceptable. But, if the material is
heterogeneous such that mapping the variances in viscoelas-
ticity across the sample provides more insight, then techniques
that can provide spatial information on the sample’s
viscoelasticity should be considered.

NIH refers to regenerative medicine as the process of replacing
or regenerating human cells, tissues, or organs to restore or
establish normal function. The promise of regenerative
medicine is to regenerate damaged tissues and organs in the
body by either replacing the damaged tissue or stimulating the
body’s own repair mechanisms to heal tissues or organs. If the
body is unable to heal itself, laboratory-grown tissues and
organs may be generated and safely implanted into the
damaged tissue. Approximately one in three Americans could
potentially benefit from regenerative medicine. Examples of
regenerative medicine include cell therapies (the injection of
stem cells or progenitor cells); immunomodulation therapy
(regeneration by biologically active molecules administered
alone or as secretions by infused cells); and tissue engineering
that consists of transplantation of laboratory grown organs and
tissues such as bone, cartilage, blood vessels, bladder, and skin.
Often, the tissues involved require certain mechanical and
structural properties for their proper functioning. Some cell
therapy techniques require biomaterials to support the injected
cells. The mechanical properties of the material are critical for
cell survival, retention, and functionality. Table 2 lists notable
tissue-engineered products that are either approved through
clinical trials or are advancing through the approval process.
These products could potentially benefit from the inclusion of
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tissue stiffness and viscoelastic characterization as part of
manufacturing or product release assays. Therapies that aim to
replace native tissues should match, or correlate to, the
endogenous mechanical properties in a 0patient-speciﬁc manner
to improve regenerative outcomes.'’'”" This goal would
benefit from the nondestructive measurement of healthy host
tissue and the batch-specific characterization of the engineered
product to better match implants with the intended host;
applicable measurement techniques, with a focus on those that
preserve the sterility of the manufacturing process and that
achieve measurements in a noninvasive or nondestructive
manner, are mentioned below. Due to these criteria, many of
the tools described here are expensive and nontrivial to
operate, requiring technical expertise; these caveats pose a
sizable barrier to the wide deployment of these tools for
measuring biomaterial and tissue viscoelasticity immediately
prior to patient implantation.

Articular cartilage is composed of a chondrocyte-laden
extracellular matrix and plays a major role in movement by
dissipating forces between joints. Specific organization of
collagens and proteoglycans leads to a viscoelastic tissue that
can resist compressive, tensile, and shear forces."”* In the case
of articular cartilage repair, implanted grafts must align with
the mechanics of the surrounding tissue to enable proper
regeneration.'””'”"'”* Chondrocytes cultured on mechanically
matching substrates, compared to native cartilage, have an
enhanced cartilage-specific extracellular matrix.'”" In another
study, strain compliance, and a stiffness lower than that of
healthy tissue, led to improved regenerative outcomes.'”* AFM
has been utilized to characterize multiscale stiffness and the
friction coeflicient to demonstrate the positive effect of
mechanical conditioning on improving the quality of
engineered cartilage implants.'”” In addition, viscoelastic
properties of the cell's microenvironment can regulate their
phenotype and change the secretion and organization of the
cartilage extracellular matrix. Engineered cartilage hydrogels
with high degrees of stress relaxation lead to increases in
encapsulated cell collagen type II and aggrecan content as well
as promote cell proliferation and survival.'”* Recently, the
influence of implant viscoelasticity was evaluated with
hyaluronic acid and alginate-based hydrogels with tunable
mechanical properties, characterized via shear rheometry. This
study demonstrated that an increase in hydrogel viscoelasticity
led to enhanced chondrogenic cell phenotypes and improved
glycosaminoglycan and collagen maturation within regenerated
cartilage in vivo.'” Currently, cartilage grafts are fabricated
using a patient’s own cells, which may vary widely patient-to-
patient or be influenced by patient disease state. Different
products are cultured for varying durations (days to weeks)
before implantation and are not typically tested for their
mechanical properties within standard lot release assays.
Consideration of both graft stiffness as well as viscoelasticity
relative to the patient’s healthy cartilage may be important for
improving therapeutic outcomes and increasing the chance of
successful grafting.

Within the cardiovascular system, blood vessels are rich in
collagens and elastin, which give rise to viscoelastic properties.
The ability to dissipate circumferential forces along the vessel
walls reduces fatigue, which is critical for long-term
maintenance of function.'”® When occluded or blocked vessels
need to be replaced, tissue-engineered vascular grafts represent
a promising approach that reduces side effects compared to
that of autologous implants.'”” The importance of matching
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vascular graft mechanical properties for lon§-term vessel
patency was identified over 40 years ago.'”®'”” Therapeutic
blood vessel implants, such as those in late-stage development
by Humacyte, utilize an extended cell culture period prior to
decellularization to generate vessel-specific extracellular matrix
grafts. Mechanical properties of the graft upon implantation are
critical, and retention strength, burst pressure, and percent
compliance are commonly evaluated."®” Dynamic mechanical
analysis, among other techniques, can provide insight into
vascular graft viscoelastic properties and be used to achieve
more physiologically relevant engineered tissues.'®' With
variations in cell source and patient valve mechanical
properties, consideration of viscoelastic measurements for
blood vessel grafts may provide useful insights for the in vitro
maturation manufacturing step as well as improve patient-
specific outcomes.

Heart valves are made up of interstitial cell-produced fibrillar
collages, chondroitin sulfate proteoglycans, and elastin that
give rise to its specific structure and mechanical properties."**
Proper valve biomechanics are required to maintain the
direction of blood flow. In conditions such as stenosis,
stiffening of the valve prevents function, and the valve must be
replaced. Biologic heart valve replacements are typically treated
with %lutaraldehyde, which significantly affects graft viscoelas-
ticity. > This contrasts with the long-standing notion that
valves demonstrate anisotropic viscoelastic behaviors critical to
proper function and have been characterized using dynamic
mechanical analysis'®* and modeled.'® Interestingly, these
studies highlight spatial differences in the viscoelastic proper-
ties of different regions within individual native valves. Again,
considerations of native tissue properties, namely, coordinating
valve viscoelasticity with healthy tissues, may improve
therapeutic outcomes.

Among others, viscoelastic properties play imsportant roles in
other structural tissues, such as the meniscus.'*® In the nervous
system, mechanical matching of implant to host minimizes
foreign body reaction; stiffness above the native tissue
threshold often precipitates a fibrotic response.'®’

Bioprinting respresents one exciting, emerging technology with
numerous applications in the generation of functional tissue
constructs to replace injured or diseased tissues. It offers high
reproducibility and precise control over the fabricated
constructs in an automated manner, potentially enabling high
throughput production. During the bioprinting process,
bioinks, which are solutions of biomaterials in the hydrogel
that usually encapsulate the desired cell types, are used to print
tissue constructs. These bioinks can be cross-linked or
stabilized during or immediately after bioprinting to generate
the final shape, structure, and architecture of the designed
construct. Figure 29 reviews important characteristics of the
bioinks. The mechanism and duration of cross-linking changes
the viscoelasticity of the bioink. Bioinks may be made from
natural or synthetic biomaterials alone, or a combination of the
two as hybrid materials. An ideal bioink should possess proper
mechanical, rheological, and biological properties of the target
tissues, which are essential to ensure correct functionality of
the bioprinted tissues and organs. The presence of strong
viscoelastic character better supports vascularization'®® and
enhances stem cell differentiation outcomes.'®” The most
promising way to integrate stress relaxation properties to
bioink formulations is to integrate physical or dynamic cross-
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Figure 29. Some material properties that are critical for 3D printing.

links. These types of bonds can dissociate and reorganize
under load'”® or be directly remodeled by pushing forces of
embedded cells.'”" Interestingly, examples such as hydrazone
chemistry also introduce pro-bioprinting characteristics of
shear thinning and self-healing.'”* Even with these techniques,
the ability to match the viscoelasticity of the tissue construct
with that of the native host tissue remains a major challenge.
Although noninvasive measurement probes permit more facile
recording of bioink viscoelasticity, measuring the viscoelasticity
of a hydrogel material is, in itself, very difficult due to the
fluidity of the material. If the bioink includes live cells,
nondestructive methods and probe sterility must also be
considered. Overall, rigorous efforts should be adopted to
ensure that target mechanical properties of the tissue
constructs are achieved so as to maximize cell survivability
and proper functionality after transplantation.'”?

2D cell cultures have been primarily used to study cell
behaviors and their responses to drugs in the last 100 years.
However, the cells’ response to a drug in the body is very
different than 2D cell culture platforms due to interaction of
cells with other cells, the ECM, the effect of perfusion, and
other chemical and mechanical stimuli in the 3D body that do
not exist in 2D models. On the other hand, while animal
models have contributed significantly both to our under-
standing of physiology and disease and to the development of
new medicines, it has been known that animal testing is not a
good predictor of human response to a drug. Some drug
candidates may be terminated for lack of efficacy in animals or
discovery of hazards or toxicity in animals that might not
necessarily be relevant to humans. All these reasons give rise to
a constant interest in the design of culture systems that can
better sustain tissue functionality for extended times in vitro,
which has led to the introduction of the microphysiological
systems by NIH in 2011. The microphysiological systems are
aimed to provide or support biochemical/electrical/mechan-
ical responses to model a set of specific properties that define
organ or tissue function. They are also called tissue chips and
organs-on-a-chip. To improve biological mimicry, these
organs-on-a-chip need 3D scaffolds to achieve 3D tissue
constructs and include fluid flow for perfusion and
experiencing shear stress. Each cell type requires a specific
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viscoelastic property of the scaffold, which has led to the
introduction of biomaterials with tunable viscoelasticity.

It is important to consider tissue-specific viscoelastic
character, ranging from seconds in brain tissue to tens to
hundreds of seconds for soft tissues such as muscle and
skin.***° Viscoelasticity is not only critical to establish
representative tissue models,"”* but can also be indicative of
age195 or disease state.'”® In these studies, brain stiffness and
viscoelasticity, typically measured with magnetic resonance
elastography, decrease with disease progression and age.'”’
Given methodological improvements in the generation of
tissue-specific substrates with tunable stiffness and viscoelas-
ticity, a worthy goal is not only the refinement of tissue-
mimetics to encompass a variety of disease and age-specific
mechanical characteristics, but also the generation of tissue
substrates whose viscoelasticity is matched to the individual
patient, thereby enabling a precision medicine approach to
evaluating treatment efficacy. Finally, tools that enable the
collection of a longitudinal record of time-varying changes in
mechanical properties during treatment could furnish an
informative supplement to standard biochemical measure-
ments and potentially improve predictions of drug efficacy.

One of the major benefits of in vitro drug screenings is the
ability to evaluate over 100 types of anticancer drugs on the
cells of a patient’s own cells. However, these screenings cannot
sufficiently and accurately predict the efficacy and toxicity of
the drug without mimicking the tumor microenvironment,
namely the dynamic viscoelastic properties.'”® It is essential to
capture the biophysical conditions that tumors encounter
during development and cancer progression, such as increases
in tissue fluidity'”" or microenvironment stiffening'”” that have
direct influence on tumor growth and metastasis. Inconsistent
mechanical properties compared to native conditions can
influence cell and tumor phenotype and subsequently
negatively affect screening reliability. As this review has
illustrated, the viscoelastic properties of the tumor environ-
ment result from the unique interaction between cancer cells,
cancer-associated fibroblast cells, ECM, and vasculature.
Moreover, it has been increasingly appreciated that modulating
the tumor environment represents a druggable target for
therapeutic intervention.'> In one promising approach,
researchers have developed new bioprinting techniques to
not only print the cells within their ECM but also print
vasculature networks.”” In addition, tumor size can be
controlled to obtain reliable and quantitative drug re-
sponses.”’’ To develop cancer drug screening platforms,
patient cancer cells (including associated fibroblasts and
endothelial cells) can be derived from the biopsy sample and
used to build a realistic model of the tumor in vitro.
Importantly, the hydrogel substrate used for encapsulation
must match the viscoelasticity of patient ECM'”® and also
consider parameters of adhesivity and degradability”®” that
have direct influence on cancer cell state. Thus, in the long
term, being able to create 3D organoids that mimic the tumor
environment would enable clinicians to screen a bank of
candidate anticancer drugs to develop personalized cancer
treatment regimens. Using the methodologies discussed in this
review, tumor microenvironment viscoelasticity can be
monitored over time as a predictive indicator for in vivo
efficacy, since a stiffer microenvironment promotes metastasis
and correlates with therapy resistive response.zo‘g_206 Thus,
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establishing and monitoring tumor microenvironment viscoe-
lasticity in 3D in vitro models may improve functional
screening to obtain the best possible clinical outcome for
patients.

4.5. In Vitro Models for Precision Clinical Trials. In
December 2022, a new legislation was signed into law by
President Joe Biden that new medicines need not be tested in
animals to receive U.S. Food and Drug Administration (FDA)
approval. This will open a new era in clinical trials that uses
organ-on-a-chip devices to replace animal testing. Organ-on-a-
chip devices can recapitulate key functional aspects of tissues
and organs. They use cell lines, primary cells, and induced
pluripotent stem cells (iPS) to build a specific part of an organ.
Each cell type requires its own scaffold with a specific range in
viscoelasticity. Using patient-derived primary cells or iPS cells
on the organ-on-a-chip devices creates a patient-on-a-chip
model for testing drug toxicity and efficacy. So far 10 organ-on-
a-chip have been linked to create body-on-a-chip to study drug
pharmacokinetics and pharmacodynamics as a model for the
whole body. It is anticipated that the use of these in vitro
models increases significantly for precision medicine and
precision clinical trials.”’’~*"* While still under development,
awareness toward generating patient- and organ-specific
viscoelasticity as well as measuring dynamic changes in
viscoelasticity over time can provide valuable insights that
are more challenging to obtain with traditional animal models.

Of the aforementioned approaches for measuring viscoelas-
ticity of biological samples, most require direct contact of the
device with the sample. Herein, there has been intense interest
to develop contactless methods, an endeavor that holds
particular relevance for assaying viscoelasticity in fragile
biomaterials or in cell culture and tissue specimens which
would suffer irreparable damage or physical destruction by
microbial contamination or direct probe contact, respectively.
A few exciting examples of work within this arena at both the
basic research and commercial level include: a contactless
interfacial method to perform interfacial shear rheology on
liquid/liquid interfaces using the broadly available imaging
modality of confocal microscopy;”'* a colloidal-probe atomic
force microscope for measuring the viscoelastic rheological
properties of soft gels over a wide range of frequencies;*"> and
a commercial tool (ElastoSens Bio)**** for non-destructively
measuring the viscoelastic properties of viscoelastic soft solids
relevant to life science and biomedical research with
repeatability and sensitivity. Other barriers to the widespread
application of these tools for viscoelasticity measurement are
their expense, their complexity in set-up and operation, and the
technical expertise required for accurate data analysis and
interpretation. More cost-effective, turn-key options are
required in order to promote the widespread adoption of
these methods for collecting viscoelasticity data in basic
biological research as well as in the clinical setting. With
respect to the latter, there is an urgent need to integrate
rheological measurements with standard biological assess-
ments, such as histopathology and patient health parameters
from clinical evaluation, so as to instigate investigations into
the bidirectional crosstalk between tissue biomechanics,
biochemical processes, and gene regulatory events in health
and in disease. In parallel with recent innovation in
microfluidic platforms for profiling individual cells in
multiomics,”'® advancements in platforms for nondestructive
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sample (both cell- and tissue-level) handling and rheological
characterization at the single-cell level will enable the
productive integration of these technologies in the future for
“multiomics+mechanical” studies. This may hold particular
relevance for cancer biology, and degenerative diseases, where
there remains tremendous unmet clinical need. Another
foreseeable application of combining microfluidic with micro-
rheology techniques is in cell sorting based on the
viscoelasticity of cell organelles. It has been shown that high
frequency microrheology can distinguish benign and malignant
cancer cells.”'” At high frequency or short timescales, the
dynamics of cell organelles emerge due to their short length-
scale. Combining high frequency microrheology with flow
cytometry can provide a high throughput method to examine
changes in cell organelle mechanics to elucidate disease
progression and response to therapies. Overall, the stand-
ardized collection of viscoelasticity datasets may augment our
understanding of the multifaceted relationships between
environmental mechanics, and tissue homeostasis, disease
progression, and tissue regeneration at the resolution of single-
cell trajectories.

We discussed the concept of viscoelasticity and its relevance to
biomedical sciences. Several validated techniques for measur-
ing viscoelasticity have been highlighted, and the accompany-
ing comparison tables have been contructed with the explicit
goal of helping biologists navigate how to apply the study of
viscoelasticity to their own which method could best address
their specific biomedical applications. Herein, recent techno-
logical advancements in viscoelasticity measurement techni-
ques have greatly improved scientists’ ability to characterize
the mechanical properties of living tissues and of engineered
biomaterials. These advancements are anticipated to drive
discovery in several critical fields, from basic research and drug
discovery in the R&D setting, to clinically-minded innovation
in regenerative medicine and precision treatment of disease.
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