TISSUE ENGINEERING: Part C
Volume 28, Number 7, 2022
© Mary Ann Liebert, Inc.

DOI: 10.1089/ten.tec.2022.0040 Tissue Engineering

& Regenerative Medicine
International Society

Open camera or QR reader and
scan code to access this article
and other resources online.

REVIEW ARTICLE

Viscoelastic Biomaterials for Tissue Regeneration

David T. Wu, DMD,~® Nicholas Jeffreys, SM,"? Mani Diba, PhD,'? and David J. Mooney, PhD'?

The extracellular matrix (ECM) mechanical properties regulate key cellular processes in tissue development
and regeneration. The majority of scientific investigation has focused on ECM elasticity as the primary me-
chanical regulator of cell and tissue behavior. However, all living tissues are viscoelastic, exhibiting both solid-
and liquid-like mechanical behavior. Despite increasing evidence regarding the role of ECM viscoelasticity in
directing cellular behavior, this aspect is still largely overlooked in the design of biomaterials for tissue
regeneration. Recently, with the emergence of various bottom-up material design strategies, new approaches
can deliver unprecedented control over biomaterial properties at multiple length scales, thus enabling the design
of viscoelastic biomaterials that mimic various aspects of the native tissue ECM microenvironment. This review
describes key considerations for the design of viscoelastic biomaterials for tissue regeneration. We provide an
overview of the role of matrix viscoelasticity in directing cell behavior toward regenerative outcomes, highlight
recent strategies utilizing viscoelastic hydrogels for regenerative therapies, and outline remaining challenges,
potential solutions, and emerging applications for viscoelastic biomaterials in tissue engineering and regen-
erative medicine.

Keywords: viscoelasticity, biomaterials, hydrogels, extracellular matrix, mechanotransduction, regenerative
medicine

Impact Statement

All living tissues are viscoelastic. As we design viscoelastic biomaterials for tissue engineering and regenerative medicine,
we must understand the effect of matrix viscoelasticity on in vitro cell behavior and in vivo regenerative outcomes.
Engineering the next generation of biomaterials with tunable viscoelasticity to direct cell and tissue behavior will contribute
to the development of in vitro tissue models and in vivo regenerative therapies to address unmet clinical needs.

Introduction

HISTORICALLY, THE MECHANICAL properties of bioma-
terials have been one of the most fundamental deter-
minants of their suitability for biomedical use. At earlier
times, biomaterials were employed mainly in the form of
implants aiming to structurally replace missing tissues or
body parts. Subsequently, in addition to the requirement to

be ‘“‘bioinert,”” biomaterials were designed with a key aim of
being mechanically strong to withstand mechanical loadings
in patients.'?

Over time, with our improved understanding of in vivo
biomaterials function, more complex design parameters for
optimal biomaterials were identified. For instance, bone loss
around metallic implants that were stiffer than adjacent bone
tissue was observed and the stress shielding phenomenon
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was identified, highlighting the importance of matching the
mechanical properties of surrounding bone in biomaterial
design for bone replacement.”

With the emergence of tissue engineering in the 1990s,
biomaterials scientists shifted their focus largely toward the
design of biomaterials for tissue regeneration rather than
replacement.’ In these strategies, biomaterials commonly
serve as temporary scaffolds that mimic the native extra-
cellular matrix (ECM), aiming to provide a favorable envi-
ronment for desired cellular activities and the formation of
tissue(s) of interest.’

In native tissues, resident cells exist within a complex and
physically confining three-dimensional (3D) ECM, which
provides key signals directing cellular behavior. In the
ECM, in addition to biochemical signals such as growth
factors and chemokines, cells sense mechanical cues
within their microenvironment. The cell-ECM mechan-
otransduction is facilitated through binding between cell
surface receptors, such as integrins, to ECM adhesion
motifs, such as arginine—glycine—aspartate (RGD) li-
gands.*

Early research identified substrate elasticity (or stiffness)
as a key factor directing cell spreading and migration.”
Subsequently, several research groups demonstrated the
role of substrate stiffness on a wider range of cellular be-
havior such as differentiation of mesenchymal stem cells
(MSCs).>” Accordingly, design strategies evolved aiming at
developing biomaterials with superior regenerative capacity
by tuning the biomaterial elasticity.®'°

Despite this focus on elasticity of biomaterials for
tissue engineering applications, natural tissues are vis-
coelastic, not purely elastic materials. While some ma-
terials such as metals typically exhibit purely elastic
responses under loading before undergoing plastic de-
formation, tissues exhibit a viscoelastic behavior as they
respond to mechanical deformation or force in a time-
dependent manner.’

A Stress Relaxation Test

FIG. 1. Mechanical be-
havior and design of visco-
elastic biomaterials. (A)
Stress relaxation test is per-
formed to determine the de-
crease in stress in a material
in response to constant strain. =

Strain

The half-stress relaxation Time
time (7/,), defined as the
time taken for relaxing half
of the initial stress value
generated under a constant
deformation. The viscoelas- —

ticity of biomaterials can be /( '
/

B Elastic Material

)&
regulated by (B) the types ,.(m__/_/
and strength of the bonds T~ \\
cross-linking the matrix, and \’/H_ / f."' _
(C) molecular weight of the R 7\\ N
polymer. el ;Q

- -~

@ Covalent Bond

Viscoelastic Material C

& lonic Bond

WU ET AL.

Indeed, recent findings have shown that even hard tissues
such as bone are viscoelastic, and temporary structures
involved in bone healing such as blood clots or fracture he-
matomas in particular are highly viscoelastic.”"''* Sig-
nificant research has globally been devoted to altering
chemical composition, morphology/architecture, and stiffness
of biomaterials to facilitate tissue regeneration.2 Nevertheless,
despite the increasing evidence regarding the role of ECM
viscoelasticity in directing cellular behavior, this aspect is still
largely overlooked in the design of regenerative biomaterials.

Previous reviews highlighted approaches to tune visco-
elasticity of hydrogels for 3D cell culture,'> summarized
hydrogel cross-linking and characterization strategies,'® and
discussed the biological impact of matrix viscoelasticity on
cell and tissue behavior.'”! However, a focused review on
key considerations in the design of viscoelastic biomaterials
for applications in tissue regeneration and the underlying
cellular mechanobiology mechanisms for sensing and re-
sponding to viscoelasticity is lacking.

Therefore, since hydrogels are the most commonly used
type of viscoelastic biomaterials, here we provide an over-
view of viscoelastic hydrogels for tissue regeneration, and
discuss the role of matrix viscoelasticity in directing cell
behavior toward regenerative outcomes, and molecular
mechanisms of viscoelasticity sensing. Subsequently, we
outline recent strategies that have successfully employed
viscoelastic hydrogels for regenerative therapies and high-
light important insights gained from these investigations.
Finally, we describe challenges, potential solutions, and
emerging applications for viscoelastic hydrogels in tissue
engineering and regenerative medicine.

Viscoelastic Properties of Biomaterials

Elasticity versus viscoelasticity

The terms stiffness and elasticity are commonly used
interchangeably to refer to the ability of a material to resist
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elastic deformation.'® Elastic materials have long been used
to understand how the stiffness of the ECM affects cellular
behavior.''*° These materials include hydrogel and elasto-
mer systems such as polgacrylamide (PAM) and poly-
dimethylsiloxane (PDMS). % When subjected to a force,
purely elastic materials maintain a constant deformation as
long as the force is constant, and immediately return to their
original shape upon removal of the force (Fig. 1A).'® While
energy is stored in purely elastic materials, it is dissipated in
viscous materials as they flow.

Living tissues and organs are viscoelastic, as they exhibit
aspects of both elastic and viscous materials.” When a force
is applied to biological tissues or their ECMs, they exhibit
an instantaneous solid-like elastic response. Over time,
however, these forces are dissipated, and stresses are relaxed
following a time-dependent liquid-like viscous behavior
(Fig. 1A).

Tissue viscoelasticity is mainly derived from the dynamic
mechanics of cells, ECM, and extracellular fluids.”'” The
ECM consists of a complex 3D network of fibrous structural
proteins, adhesive proteins, and polysaccharides forming a
space-filling nanoporous gel. The interactions between these
ECM components, for instance, the release of polymer en-
tanglements, structural protein unfolding, and breaking of
weak non-covalent bonds between collagen fibers all con-
tribute to viscoelasticity.?' In addition, cell cytoskeletal
network and nuclear dynamic rearrangements, and intersti-
tial fluid movement within the ECM in response to me-
chanical forces also result in viscoelastic responses.

Strategies for viscoelastic hydrogel design

Viscoelastic biomaterials have been developed to reca-
pitulate the structure and mechanical properties of living
tissues and elucidate the effects of viscoelasticity on cell
behavior and function. While different types of biomaterials
can be designed to exhibit viscoelastic behavior, available
literature in this area is largely focused on hydrogel-based
biomaterials.

Hydrogels are 3D interconnected networks within an
aqueous phase and are typically composed of natural or
synthetic hydrophilic polymers that are cross-linked. These
materials are widely used as tissue engineering scaffolds and
cell delivery vehicles for regenerative medicine.”” The me-
chanical properties of hydrogels are determined by factor such
as polymer structure and composition, cross-link type and
density, and conditions of their aqueous phase (e.g., ionic
strength).”® Accordingly, these determinants can be exploited
to engineer hydrogels and tune their viscoelasticity.

Hydrogel viscoelasticity specifically can be tuned through
various methods including (1) changing the molecular
weight or length of polymer chain, (2) varying polymer
concentration or cross-linking density, (3) altering the
strength and dynamics of non-covalent and/or covalent
bonds (Fig. 1B, C).!!"-16-2024=27

Viscoelastic hydrogels are based on two primary cross-
linking approaches: non-covalent physical cross-linking
and/or dynamic covalent interactions. Non-covalent inter-
actions used for viscoelastic hydrogel des 8gn include ionic
bonding/electrostatic  interactions,’ - hydrogen
bonding,***’ hydr })hOblC interactions, and metal-
ligand coordination.”*** Furthermore, thioester exchange,
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hydrazone adaptable covalent networks, and reversible
boronate bonds are among the dynamic covalent interac-
tions employed for viscoelastic hydrogel design.***’

Moreover, static covalent bonds (e.g., through Michael
addition reaction) have been also employed together with
non-covalent interactions to tune the viscoelasticity of hy-
drogel materials.*® Cross-linking strategies used to tune the
properties of viscoelastic hydrogels were recently reviewed
in depth by Ma er al.'®

The design of hydrogels with tunable viscoelasticity re-
quires appropriate measurements and methodologies for in-
depth analysis of their viscoelastic behavior at relevant
length-scales. One parameter often used is the quantification
of stress relaxation behavior. In particular, the half-stress
relaxation time (t,,,), defined as the time taken for relaxing
half of the initial stress value generated under a constant
deformation, is often used to characterize hydrogels
(Fig. 1A)."1%2* An overview of viscoelastic hydrogel
systems applicable to tissue regeneration along with their
stress relaxation behavior is provided in Table 1.

Another indication of viscous behavior of hydrogels is their
creep behavior, defined as change in strain over time under the
influence of a constant stress.”'®** A creep parameter often
used to compare materials is the time required to reach a strain
level that is 150% of the initial, elastic response value (‘53/2).16
The loss moduli of biomaterials is another parameter related to
viscous response that is often determined for viscoelastic
materials.® To obtain these various measures, a variety
techniques have been developed to characterize the visco-
elastic properties both at the macroscale and microscale.'®

For the design of regenerative biomaterials, it is important to
consider the mechanical properties of tissues at multiple length
scales and their differences arising from the hierarchical
structure of native tissues.”’ One well-known example is bone
tissue, which is a composite material consisting of collagen and
mineral building blocks. The hierarchical assembly of these
building blocks in bone from nano- to macro-scale can result in
cortical or cancellous bone, which exhibit different mechanical
properties.>* Historically, the viscoelasticity of hydrogels could
only be evaluated at the macroscale with static mechanical
testing (i.e., stress relaxation under constant deformation and
creep tests under constant stress), and dynamic mechanical
testing (i.e., frequency-de; ;)endent [oscillatory] rheology tests
and cyclic loading tests).'>!7#°

Although macroscale mechanical testing methods, such as
compression testing, and oscillatory rheology, provide in-
sight into the mechanical properties of bulk hydrogel
and biomaterials-based devices, cells experience bioma-
terial mechanical properties at a much lower length scale.
Recently, advances in nanomechanics (i.e., depth-sensing
nanoindentation, atomic force microscopy (AFM)-based
nanoindentation) and micromechanics (i.e., particle-based
microrheology) have enabled the characterization of visco-
elasticity at the nano- and micro-scale.”*>°

In addition to the length scale of the mechanical cues, it is
important to also consider the types (i.e., compressive,
tensile, and shear forces) and the magnitude (i.e., values of
stress and strain) of mechanical cues that are experienced
and/or exerted by the cells embedded within the ECM.

For instance, experimental evidence indicate that cells
typically experience strain of up to 3-4% in two-
dimensional (2D) culture and 20-30% in 3D culture.®%3
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Living tissues also experience deformation during phys-
iological function. Previous studies have reported strains
of 5-15% in alveoli during respiration, 30% in contract-
ing muscles, and up to 40% in skin of knees during
movement.%4~6°

In addition, traction stresses generated by cells in 2D and
3D cultures fall within the range of 100 to >1000 Pa."? In
comparison, peak stresses generated during the stress relax-
ation tests of various tissues are within the range of stresses
generated by cells. More specifically, stress relaxation tests
on tissues measured peak stresses of ~ 70 Pa for coagulated
bone marrow, ~ 150 Pa for adipose tissue, ~310 Pa for
brain, ~380 Pa for liver, and ~ 1kPa for fracture hemato-
ma.!' Overall, methods including particle-based micro-
rheology, depth-sensing nanoindentation, and AFM-based
indentation that can provide a high spatial resolution are
valuable tools for in—de(?th local characterization of visco-
elastic hydrogels.'720-67:68

Role of Viscoelastic Biomaterials on In Vitro

Cell Behavior

An increasing number of investigations have recognized
the viscous behavior of hydrogels as an important me-

Cell Migration

Cell Spreading

ECM Deposition
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chanical cue that dictates behavior of embedded cells such
as spreading. migration, proliferation, differentiation, and
matrix deposition (Fig. 2).”'¢7

Cell spreading and migration

The viscoelasticity of biomaterials controls cell spreading
behavior in both 2D and 3D cell culture systems. In 2D,
modulating the loss modulus of PAM hydrogels indepen-
dently of elastic modulus enabled the creation of substrates
with varying viscoelasticity and similar storage modulus.
Studies with these gels demonstrated that increased creep
under cell-generated stresses promoted spreading of MSCs
in 2D culture.®

Prior studies using viscoelastic RGD-modified alginate
hydrogels with similar initial moduli demonstrated sub-
strates with rapid stress relaxation enhanced U20S cell and
myoblast spreading.*”° Similar findings were observed in
3D cultures, with fibroblasts and MSCs exhibiting greater
spreading within fast relaxing ionically cross-linked alginate
hydrogels (11, ~1min) compared to slow relaxing gels
(112 ~1h) and covalently cross-linked gels.” In addition,
myoblast spreading in 3D with extended lamellipodia and
filopodia occurred in fast relaxing, reversibly cross-linked

Cell Proliferation

Viscoelastic biomaterials
regulate MSC differentiation:

= Osteogenesis
Adipogenesis
) Chondrogenesis

¢ Myogenesis

Cell Differentiation

FIG. 2. Viscoelastic biomaterials regulate various aspects of cell behavior. Viscoelastic biomaterials, notably hydrogels,
provide time-dependent mechanical cues (i.e., stress relaxation) that affect cell behavior including cell spreading, migration,
proliferation, differentiation, and ECM deposition. MSCs have osteogenic, adipogenic, chondrogenic, and myogenic po-
tential, which can be enhanced by appropriate tuning of biomaterial viscoelasticity. ECM, extracellular matrix; MSCs,

mesenchymal stem cells.
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poly(ethylene glycol) (PEG) hydrogels.”! Several mecha-
nistic models have been proposed to explain enhanced cell
spreading on viscoelastic biomaterials, including variations
on the molecular clutch model.”*"®

Originally proposed by Mitchison and Kirschner, the
molecular clutch model is a leading concept in the field of
mechanobiology to explain the coupling between the actin
cytoskeleton and ECM through a macromolecular com-
plex of focal adhesion molecules (FAs) including integrin,
talin, and vinculin.”’~®° Biophysical cues provided by the
ECM can alter the dynamics and interactions of FA pro-
teins to change FA composition, morphology, or signaling,
all of which result in downstream changes in FA-
dependent gene expression and cellular functions.”® The
dynamics of this model has been explored in depth by
Gong et al.”

While viscoelasticity plays a regulatory role in cell mi-
gration, the mechanisms underlying its effects remain un-
clear. Mechanical cues from viscoelastic substrates can
initiate and guide collective cell migration,81 and substrate
stress relaxation can enhance cell migration on soft sub-
strates.®? MSCs migrate robustly on substrates with fast
stress relaxation, but migrating cells did not extend la-
mellipodial protrusions. Instead, migrating MSCs exhibited
rounded morpholo§y with filopodia protrusions extending at
the leading edge.®

Moreover, MSCs have been shown to migrate rapidly in
nanoporous, physically confining viscoelastic hydrogels
with rapid stress relaxation.” Mechanistically, MSCs may
use the nucleus as a piston to activate mechanosensitive ion
channels in confining viscoelastic microenvironments.*?
In this model, the resulting increase in osmotic pres-
sure outcompetes hydrostatic pressure to drive protrusion
expansion.®

Cell proliferation

Viscoelastic matrices have been demonstrated to pro-
mote and regulate the proliferation of several cell types.
For instance, studies have shown that alginate and PAM
hydrogels with fast stress relaxation promoted MSC pro-
liferation.'"*" In addition, both myoblasts and fibroblasts
exhibited higher proliferation rates in fast relaxing algi-
nate hydrogels compared to elastic hydrogels with the
same initial modulus.'"’® Similarly, when encapsulated
in viscoelastic chitosan-modified poly(L-lactide-co-¢-
caprolactone) scaffolds with comparable stress relaxation
time as that of native cartilage, chondrocyte proliferation
was promoted.®*

It is currently unclear whether nuclear translocation of
Yes-associated protein (YAP) and transcriptional co-
activator with PDZ-binding motif (TAZ), a key mechan-
otransducer in cellular responses to mechanical cues, is in-
volved in the promotion of cell proliferation in response to
viscoelasticity.''** Further studies are needed to understand
the cellular mechanism of viscoelasticity sensing leading to
cell proliferation.

Cell differentiation and ECM deposition

Matrix viscoelasticity can regulate the differentiation of
various cell types used in tissue engineering and regenera-
tive medicine. For example, hydrogels with rapid stress

WU ET AL.

relaxation (71, < 100s) led to greater osteogenic differen-
tiation of MSCs in 3D culture than gels with slow relaxation
rates.'" Interestingly, the optimal stress relaxation rate for
osteogenesis matched that of human fracture hematomas
isolated from patients.'"'? In contrast, adipogenic dif-
ferentiation was found to be enhanced in gels with slow
relaxation.!' Viscoelastic hydrogels have also been suc-
cessfully applied to regulate cell-to-cell, and cell-matrix
interactions for regeneration of bone and cartilage defects
with MSC spheroids.®>%’

ECM deposition is often a key aspect of cell differenti-
ation in the engineering and regeneration of various con-
nective tissues, including bone and cartilage. Viscoelastic
alginate hydrogels with fast stress relaxation time (7,
~ 1 min) that promoted MSC osteogenic differentiation also
increased production of bone-like matrix with mineralized
collagen I.'' Similarly, chondrocytes encapsulated in scaf-
folds with similar viscoelasticity as native cartilage tissue
had greater deposition of cartila§e-like matrix composed of
type 2 collagen and aggrecan.®® Similarly, hydrogels with
faster stress relaxation promoted an increase in matrix for-
mation, while slow relaxing gels impeded chondrocyte
volume expansion and activated inflammatory IL-1B sig-
naling associated with cartilage degradation and cell
death.®®

The immune system plays a critical role in tissue repair
and regeneration outcomes, = and promoting tissue regen-
eration through immune modulation is an active area of
research.”® Interestingly, ECM viscoelasticity has been
recently found to play a role in inflammation and im-
munomodulation.”’ Elastic ECM with slow stress relaxa-
tion drive pro-inflammatory polarization of human bone
marrow-derived monocytes and differentiation into antigen-
presenting cells.”’ MSCs encapsulated in a viscoelastic hy-
drogel consisting of an interpenetrating network of alginate
and fibrillar collagen type I with interferon y (IFN-v) loaded
heparin-coated beads suppressed proliferation of human
T cells.”?

Cellular mechanosensing of viscoelasticity

Mechanotransduction within viscoelastic biomaterials is
an active field of investigation. There are a myriad of ca-
nonical mechanosensitive signal transduction pathways that
enable cells to transmit mechanical cues of their microen-
vironment into biochemical signals (Fig. 3).°*%°

Integrins are well-characterized mechanosensors that
bind to ECM ligands like RGD-containing peptides, and
activate focal adhesion kinases (FAK), thus regulating cell
adhesion to their respective substrates.”®®” During pro-
cesses such as spreading, cells can maintain mechanical
homeostasis by modifying focal adhesion ligand affinity,
regulating focal adhesion assembly and disassembly, and
by regulating intracellular machinery such as the actin
cytoskeleton through actomyosin contractility in a me-
chanical feedback control loop that responds to ECM
mechanics.”® 10!

Focal adhesion complexes and their mechanical coupling
to cytoskeletal components activate mechanosensitive sig-
naling, such as ras homolog family member A (RhoA) and
mitogen-activated protein kinase (MAPK), leading to the
activation of downstream effectors of mechanotransduction
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B. Nuclear-
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pathways like Rac family small GTPase 1 (Racl) and RhoA
signaling.'%*'% Focal adhesion assemblies can also lead to
the activation of YAP/TAZ, resulting in nuclear transloca-
tion and downstream transcriptional activities.'®*

An important aspect of mechanotransduction is the
direct linkage of the actin cytoskeleton to the nucleus,
allowing changes in the physical properties of cell-ECM
and cell-cell adhesions to directly alter gene expression
via molecular complexes such as the Linker of Nu-
cleoskeleton and Cytoskeleton (LINC).'% These signal-
ing pathways are strongly implicated in a myriad of
biological processes ranging from cell spreading to stem
cell differentiation.'"?

Cell-extrinsic mechanical forces also regulate cell func-
tion through ECM receptors, cadherin complexes, and
stretch activated ion channels (SACs).'”® Mechanosensing
of ECM stiffness and viscoelasticity through SACs such as
Transient receptor potential vanilloid-type 4 (TRPV4) are
implicated in processes such as cartilage homeostasis and
osteogenesis by MSCs.'””'% SACs such as Piezol and
Piezo2 are implicated in processes such as stem cell lineage
specification by neural stem cells.'*

The focus of mechanotransduction has largely been on a
limited set of mechanosensors such as integrins and SACs.
However, there exists other mechanosensitive pathways in
which viscoelasticity has potential to be exploited to both
understand and control biological processes (Fig. 3). For
example, the notch signaling pathway requires mechanical

force to be proteolytically activated and is involved in
various developmental | processes ranging from angiogenesis
to embryogenesis.''*!

Cadherins facilitate mechanical coupling between cells
and are important in cell migration, stem cell differentiation,
and the epithelial-to-mesenchymal transition.''*™''> Synde-
cans are proteoglycans that can bind to ECM and interact
with cytoskeletal and focal adhesion associated molecules
that maintain cell homeostasis (e.g., nucleus pul;l)osus cell
phenotype in intervertebral disc regeneration).' 6117 Ex-
ploring the effects of viscoelasticity on these and other
signaling pathways could lead to new fundamental insights
on how cells and tissues mechanically interpret their mi-
croenvironments. This could further lead to translational
applications for design of new biomaterials for tissue engi-
neering and regenerative medicine.

Exploiting Viscoelastic Biomaterials for In Vivo
Tissue Regeneration

In regenerative medicine, biomaterials are typically used to
deliver cells or are applied as acellular systems that exploit
endogenous mechanisms employing host cells in vivo for in
situ tissue repair." Although there are few studies demon-
strating the impact of viscoelastic mechanical stimuli in vivo,
there exist both direct evidence and indirect correlations
demonstrating the importance of viscoelasticity as a bioma-
terial design parameter for regenerative medicine.
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Applications in regenerative medicine

Matrix viscoelasticity has been demonstrated to impact
in vivo tissue regeneration. Application of ionically cross-
linked, viscoelastic chitosan hydrogels in osteochondral
defects in rabbits led to enhanced cartilage matrix formation
and woven bone deposition for defects filled with the
gels."'® In addition, implantation of alginate hydrogels with
rapid stress relaxation carrying human MSCs into rat cal-
varial defects led to greater new bone formation than slow
relaxing gels, and extensive matrix remodeling.'? Interest-
ingly, fast relaxing hydrogels without encapsulated human
MSCs also significantly enhanced new bone formation,
suggesting the mechanical environment alone provided by
these gels enhanced progenitor cell invasion into the scaf-
fold to promote bone regeneration.'

Viscoelastic hydrogels have also enhanced the therapeutic
potential of MSC spheroids for bone formation and repair
in vivo.®” MSC spheroids encapsulated in ionically cross-
linked fast relaxing viscoelastic hydrogels in combination
with the use of bone morphogenetic protein-2 (BMP-2) and
hyaluronic acid (HA) nanoparticles led to spatially uniform
osteogenic differentiation and greater bone formation than
slow relaxing gels.®” Together, these investigations suggest
that viscoelastic properties of biomaterials can serve as a
powerful regulator of cell behavior in vivo, which can be
harnessed for regenerative medicine.

The hidden effect of viscoelasticity

One may speculate that viscoelasticity could also be a
hidden factor that may explain the regenerative potential of
various biomaterials presented in past work in the field of
tissue engineering. First, some of the most widely used
biomaterials are hydrogels made of collagen, hyaluronic
acid, and reconstituted basement membrane matrix, which
are typically viscoelastic materials. These have been suc-
cessfully applied to promote the formation of liver, neural,
and skeletal muscle organoids.''*~'

Several studies have also demonstrated that hydrogels
with rapid degradation enhance tissue regeneration, but in
certain of these studies matrix degradation/dissolution was
controlled by varying the polymer molecular weight, which
will impact viscoelastic properties.'**~'?¢ Similarly, syn-
thetic hydrogels with tunable degradability have been
demonstrated to suggort organoid formation and enhance
colonic wound,"*”'*® but the cell activities leading to gel
degradation might have transitioned these biomaterials lo-
cally to a viscoelastic state with rapid stress relaxation.’

The Future of Viscoelastic Biomaterials

While significant advances have been made, several
materials-related challenges remain in the design and ap-
plication of viscoelastic hydrogels, including the mechanical
stability under physiological condition, full decoupling of
materials properties (e.g., viscoelasticity, elasticity, swell-
ing, degradation), processability and handling for clinical
applications. More specifically, high-stiffness hydrogels can
suffer from inferior processability (e.g., through extrusion-
based bioprinting) and clinical handling (e.g., through
minimally invasive injection) due to limited injectability.
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While application of uncross-linked hydrogel precursors
can overcome this limitation, excessively rapid or slow
gelation kinetics can result in issues such as non-uniform
gelation or lack of cohesion of resulting hydrogels, respec-
tively. Finally, in terms of development of precision medi-
cine for regenerative therapies utilizing viscoelastic
biomaterials, a potential challenge is the increasing sophis-
tication of biomaterial development creating manufactur-
ing challenges and/or driving up costs of these novel
therapeutics.

Viscoelastic biomaterials play an important role in the
development of in vitro organoid models. These promise to
reduce in vivo animal experiments that often do not reliably
recapitulate the intricacies of human biology, fail to predict
therapeutics responses in humans, and have ethical and fi-
nancial considerations. The recent developments of human
organ-on-a-chip technologies have demonstrated the ability
to recapitulate human physiology and disease states besides
human patient responses to therapeutics with higher fidelity
compared to other in vitro models and animal studies.'*’

With increasing awareness regarding the role of matrix
viscoelasticity in cellular function and tissue and organ
development, significant research efforts is now focused on
the design of viscoelastic hydrogels as tunable ECM mim-
ics.Z"%° Subsequently, the development of in vitro models
utilizing viscoelastic hydrogels could enable large-scale
experiments combined with computational biology to make
fundamental discoveries in developmental biology and or-
gan regeneration for applications in regenerative medicine.

Advances in the design of viscoelastic biomaterials will
enable researchers to further explore the relationship be-
tween viscoelasticity and higher-order biological behaviors
of living organisms ranging from development, organo-
genesis, tissue regeneration, and disease progression.’ Vis-
coelastic biomaterials may be useful to reconstruct complex
and highly organized tissues. Biofabrication of tissue engi-
neering scaffolds with different layers of distinct visco-
elastic properties may further enhance regeneration of
complex tissues with precise anatomical organization. For
example, utilizing strategies such as intra-operative 3D
bioprinting of different tissues in a stratified arrangement
with controlled spatial bioink deposition allows the simul-
taneous reconstruction of various tissues including bone,
skin, and composite hard/soft tissues.'''*?

The design of viscoelastic biomaterials may also benefit
from merging expertise from various disciplines including
computational biology and biomechanics, mathematical
modeling, and 3D printing.'* The application of machine
learning combined with high-throughput theoretical predic-
tions and experiments could further enhance biomaterials sci-
entists’ capability to generate and analyze vast amount of data
leading to discovery of new biomaterial formulations, optimi-
zation of biomaterial properties toward regenerative outcomes,
and better understanding of cell-matrix interactions.'**

Although the viscoelastic properties of a biomaterial
play a significant role in directing cellular behavior toward
tissue regeneration, it is only one of many key parameters
that should be taken into consideration for the design of
tissue regenerative biomaterials. These parameters include
biochemical properties (e.g., inclusion of ligands for
cell receptors, biodegradability), the interior morphology
of scaffolds (e.g., porosity and pore size), and exterior
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architecture of the final tissue engineered construct/
device.'*> Altogether, these add to the complexity of de-
signing matrices for applications in regenerative therapies.
Exploring the interrelationship between these design pa-
rameters and uncovering their potential synergism is an
important area for future research.

In conclusion, viscoelasticity is a key design parameter of
biomaterials for tissue engineering and regenerative medi-
cine. Developing the next generation of biomaterials with
tunable viscoelasticity to control cell and tissue behavior has
promising applications in both in vitro tissue models and
clinical applications in regenerative medicine. Additional
investigations are needed to expand the mechanical tun-
ability of viscoelastic biomaterials and to understand the
role of matrix viscoelasticity in guiding complex interac-
tions at the tissue and organ level. These will enable us to
harness the regenerative potential of viscoelastic biomate-
rials in vivo in order to address unmet clinical needs and
improve human health.
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