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Biomaterials are widely used to study and control a variety of cell behaviors, including stem cell differ-
entiation, organogenesis, and tumor invasion. While considerable attention has historically been paid to
biomaterial elastic (storage) properties, it has recently become clear that viscous (loss) properties can also
powerfully influence cell behavior. Here we review advances in viscoelastic materials for cell engineering.
We begin by discussing collagen, an abundant naturally occurring biomaterial that derives its viscoelas-

Keywords: tic properties from its fibrillar architecture, which enables dissipation of applied stresses. We then turn

Viscoelastic to two other naturally occurring biomaterials that are more frequently modified for engineering applica-

i?l!agen tions, alginate and hyaluronic acid, whose viscoelastic properties may be tuned by modulating network
ginate

composition and crosslinking. We also discuss the potential of exploiting engineered fibrous materials,
particularly electrospun fiber-based materials, to control viscoelastic properties. Finally, we review mech-
anisms through which cells process viscous and viscoelastic cues as they move along and within these
materials. The ability of viscoelastic materials to relax cell-imposed stresses can dramatically alter migra-
tion on two-dimensional surfaces and confinement-imposed barriers to engraftment and infiltration in
three-dimensional scaffolds.

Hyaluronic acid
Electrospun fibers
Cell migration
Mechanobiology
Stress relaxation

Statement of significance

Most tissues and many biomaterials exhibit some viscous character, a property that is increasingly un-
derstood to influence cell behavior in profound ways. This review discusses the origin and significance
of viscoelastic properties of common biomaterials, as well as how these cues are processed by cells to
influence migration. A deeper understanding of the mechanisms of viscoelastic behavior in biomateri-
als and how cells interpret these inputs should aid the design and selection of biomaterials for specific
applications.

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Polymer hydrogel biomaterials are widely employed in tissue
engineering, disease modeling, and mechanistic studies. Over the
past two decades, it has become clear that scaffold mechanical
properties can strongly influence many key cell behaviors, includ-
ing migration, differentiation, and morphogenesis [1-5]. This im-
portant body of work has drawn closer attention to the mechan-
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ics of the biomaterial used for a given application. For example, it
is increasingly appreciated that traditional culture surfaces such as
glass and tissue-culture polystyrene are substantially stiffer than
nearly all tissues in the body, which may produce unintended
consequences when modeling or recapitulating physiological pro-
cesses.

The vast majority of effort to engineer hydrogel mechanics has
focused on elastic properties, i.e. the ability of the scaffold to store
applied stresses. However, most tissues are viscoelastic and capa-
ble of dissipating as well as storing stress, and recent studies have
revealed the importance of this dual character in controlling cell
and tissue behavior, such as in the tendons, skin, and brain [6,7].
These studies have revealed the importance of viscoelasticity not
only in normal physiological processes, but also in disease progres-
sion. As a result, increased effort has been devoted to incorporat-

https://doi.org/10.1016/j.actbio.2022.03.058

Please cite this article as: E.M. Carvalho and S. Kumar, Lose the stress: Viscoelastic materials for cell engineering, Acta Biomaterialia,



https://doi.org/10.1016/j.actbio.2022.03.058
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actbio
mailto:skumar@berkeley.edu
https://doi.org/10.1016/j.actbio.2022.03.058
https://doi.org/10.1016/j.actbio.2022.03.058

JID: ACTBIO

E.M. Carvalho and S. Kumar

ing viscous (loss) properties into biomaterials for engineering ap-
plications. In native biomaterials, stress relaxation is closely tied
to material microstructure. For example, the fibrillar architecture
of collagen-based tissue enables dissipation of stress through re-
arrangement of the fibers [6]. As another example, brain matrix
derives its viscoelastic properties from the high water content and
noncovalent crosslinking of its hyaluronic-acid-rich network [8].

Hydrogels can also be tuned to mimic the viscoelastic nature of
native tissue or introduce specific properties to study a given pro-
cess or phenomenon. Some biomaterials are commonly crosslinked
noncovalently, such as collagen, alginate, and electrospun fibers,
and thus may dissipate stress through force-induced remodeling
of the network. This stress-relaxing behavior is uncommon in co-
valently crosslinked networks, where the crosslinks are not eas-
ily broken by force. Therefore, stress-relaxation properties can be
further tuned through a variety of chemical modifications, includ-
ing crosslinks that may be broken under force and then reformed
[9-16]. Accordingly, these modulations also enable fabrication of
slow stress-relaxing hydrogels, such as hyaluronic acid networks,
which are commonly crosslinked covalently, to have viscoelastic
properties that more closely mimic tissue. The development and
refinement of viscoelastic materials have added new complexity to
relationships that had been well-established for elastic materials.
For example, it had previously been shown that for mesenchymal
stem cells (MSCs), adhesion to soft and stiff 2D elastic substrates
biases differentiation towards adipogenic and osteogenic lineages,
respectively [1,17]. However, more recent studies with viscoelas-
tic materials reveal that the rate of stress relaxation can strongly
modulate stiffness-dependent differentiation, with rapid stress re-
laxation reducing adipogenic differentiation on soft materials and
slow stress relaxation reducing osteogenic differentiation on stiff
materials [18]. Such recent studies have also revealed how vis-
coelasticity effects mechanosensing [19,20] and neurogenesis [21],
and several excellent reviews cover the effect of viscoelastic cues
on broad range of cell behaviors [6,22-25]. Efforts to understand
the basis of these striking results have yielded new mechanistic
insights into how cells process viscous cues, which we discuss in
depth later in the context of cell migration.

2. Measuring viscoelastic properties

We begin with a very brief overview of common rheological
measurements taken for viscoelastic materials used for cell engi-
neering, such as hydrogels for in vitro models. We refer readers in-
terested a more extensive discussion to excellent past reviews on
the subject [17,26]. The rheology of a material describes the re-
lationship between the stress (force/area) applied to the material
and the resulting strain (fractional deformation). To a first approx-
imation, the internal structure of a material can respond to stress
in two ways: by absorbing or storing the stress through reversible
deformation (elastic character) or by dissipating the stress through
internal frictional interactions (viscous character). For example, a
rubber band is an elastic material that stores applied stresses
through molecular deformation within the constituent crosslinked
polymer network. When the stretch is removed, the strain disap-
pears, and the rubber band recovers its original shape. By contrast,
water is an example of a purely viscous material, which dissipates
applied shear stresses through internal flow, with friction between
adjacent fluid layers releasing heat. In a purely and linearly elastic
material, the stress is proportional to strain, whereas in a purely
and linearly viscous (Newtonian) material, stress is proportional to
the rate (first time derivative) of the strain. Many if not most bio-
logical materials are viscoelastic and can both store and dissipate
applied stress.

Viscoelastic properties are commonly measured with shear rhe-
ology, in which a sample of the material is placed between two
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surfaces, commonly a cone and plate or two parallel plates capa-
ble of rotation. A shear stress (or strain) is applied to one surface,
and the resulting strain (or stress) is measured. In practice, rhe-
ological measurements are often obtained in an oscillatory (“AC")
fashion, which enables high measurement sensitivity at compar-
atively small stresses/strains by taking advantage of relationships
between trigonometric functions. In this scenario, stress (7) and
strain (y) are applied and/or measured as time (t)-dependent
wavefunctions with some frequency (w) (Fig. 1a—c). For example,
a purely and linearly elastic material experiencing a sinusoidal
time-dependent strain y = y osin(wt), will exhibit an instanta-
neous, sinusoidal stress T = t,sin(wt), because stress is propor-
tional to strain (7, and y, are the stress and strain amplitudes)
(Fig. 1c). Conversely, a purely and linearly viscous material sub-
jected to a time-dependent sinusoidal strain will exhibit a delayed
time-dependent stress in the form of a cosine (t = t,cos(wt)),
because stress is proportional to the rate of strain, and a cosine
is the first derivative of a sine (Fig. 1c). The degree to which
the time-dependent stress curve is offset from the time-dependent
strain curve is captured in the phase lag or phase angle (§, where
y = yosin(wt) and T = Tesin(wt + §)). Since the radial offset
between a sine and cosine is 7 /2, the value of § lies within in
the interval 0 < § < /2, serving as a convenient measure of
viscoelastic character. In this framework, 6 = 0 for purely elas-
tic materials and § = /2 for purely viscous materials. There-
fore, for frequency-dependent shear moduli, § can be combined
with the complex modulus (G*, the ratio of the maximal stress to
the maximal strain) to obtain the elastic or storage (G’) and vis-
cous or loss (G”) moduli: G’ = G*cos(é) and G” = G*sin(8), with
G* = G’ for purely elastic materials and G* = G” for purely viscous
materials [26,27].

The time-dependent mechanics of viscoelastic materials have
two important implications that recur throughout our discussion.
First, viscoelastic materials do not dissipate stress instantaneously
but do so in a time-dependent fashion, with more stress dissipated
the longer the stress is maintained. This phenomenon can be mea-
sured in a stress-relaxation (constant strain) (Fig. 1d-f) or creep-
response (constant stress) measurement. Whereas a viscoelastic
solid eventually resists and stores the applied strain and the mea-
sured stress plateaus, a viscoelastic liquid continuously dissipates
the applied strain, and the measured stress falls to zero (Fig. 1f).
Like the phase angle &, stress dissipation serves as a convenient
measure for viscoelastic character, where the faster or slower a
material can dissipate stress, the more viscous or elastic it is, re-
spectively (Fig. 1f). The time to reach half the initial stress (7,,)
serves as a quantitative measure, where faster stress relaxation is
accompanied by a smaller 7, value. We note that much deeper
and more rigorous descriptions of terms used to describe viscoelas-
tic materials may be found elsewhere [6,22,23]. Second, viscoelas-
tic properties are highly frequency-dependent, with both G’ and G”
rising with the frequency of the stress/strain. Viscoelastic solids,
such as polymer hydrogels, often follow the standard-linear solid
model, where a spring (frequency-independent elastic shear stiff-
ness f1) is in parallel with a dashpot (viscous unit ) and spring
(viscoelastic shear stiffness u ;) in series, whereas a viscoelastic
liquid, such as an entangled but non-crosslinked polymer solu-
tion, follows the Maxwell model (u, in series with n) (Fig. 1g).
At high frequencies, G’ is independent of frequency for both elas-
tic and viscoelastic solids, plateauing at the value G’ =y { +
5, because the stress is delivered more rapidly than the mate-
rial can dissipate it (Fig. Th). While elastic solids do not have the
ability to dissipate stress (G’ remains constant at this value), vis-
coelastic solids can start to dissipate stress below a characteristic
infinite-frequency limit (“plateau frequency”), with G’ falling with
lower frequencies (longer periods of time). However, as frequency
approaches the zero limit, G’ will have another plateau (G’ = pu
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Fig. 1. Shear Rheology for Polymer Systems. (a) In an oscillatory rheological measurement, the rheometer probe rotates sinusoidally at a given frequency (or over a “sweep”
of frequencies, see (h) below), and thus (b) strain (1) and (c) stress () oscillate with time (t). In a purely elastic material, T and A are instantaneously coupled, whereas
in a purely viscous material the two quantities are offset by a phase angle (§) = /2 (see text). Materials between these two extremes are considered viscoelastic. Unlike
oscillatory tests, (d) stress-relaxation tests are performed at constant strain, so (e) strain and the resulting (f) stress change monotonically with time. A purely elastic material,
such as an elastic solid, resists with a constant stress, reflecting storage rather than dissipation of the mechanical input. For a viscoelastic solid, stress falls (relaxes) with time
to some plateau value, where the initial and plateau stress correspond to effective spring constants for the material (1; + pp and py, respectively). For a viscoelastic fluid,
such as a non-crosslinked polymer solution, stress eventually falls to zero. A purely viscous material does not hold stress at all. (g) All of these materials can be abstracted
into models of springs and dashpots, where a purely elastic and purely viscous materials comprise of simply a spring or dashpot, respectively. Viscoelastic solids follow the
standard-linear solid model, comprised of a spring in parallel with a spring and dashpot in series. Viscoelastic liquids typically follow the Maxwell (spring and dashpot in
series) model. (h) Each type of material responds characteristically when frequency is systematically varied (“frequency sweep”). Here storage (elastic) and viscous (loss)
moduli are represented as G’ and G” respectively (see text), and the blue arrows represent progression from elastic to viscous character. G’ (solid lines) is constant for a
purely elastic solid and increases with frequency for a viscoelastic material, as expected from (f) given that frequency represents a sort of inverse time. For a viscoelastic
solid, G’ = p; at zero frequency and increases to a plateau value of G’ = p; + p, at high frequency. For viscoelastic liquid, G’ decays to 0 at the 0 limit. For G”, systems with
a spring and dashpot in series have a maximum at p, /7. Schematics are adapted from figures and text in the following references [27-29].

1), corresponding with the stress-relaxation plateau value at in-
finitely long timescales, where the network lacks additional capac-
ity to dissipate stress (Fig. 1h). In practice, it is often easier and
more accurate to measure this value in a static stress-relaxation

3. Types of materials

Here we will discuss the viscoelastic properties (and efforts to
engineer these properties) of four common biomaterials: collagen

experiment vs. an oscillatory measurement, given that measure-
ment times can typically be extended much more accurately and
precisely than frequencies can be shortened. Lastly, G” does not
necessarily always increase with frequency; instead, in the cases
of both viscoelastic solids and liquids, where 11, is in series with 7,
G” has a maximum at p/n [27-29] (Fig. 1h).

I, alginate, hyaluronic acid, and electrospun fibers. We have lim-
ited our focus to these materials because of their tunability and
widespread use in basic and translational applications. Nonethe-
less, many of the themes discussed below can be used to approach
other materials, many of which are explored in a recent review
[24].
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Fig. 2. Architecture and stress-relaxation relationships for Collagen. (a) Schematic showing the multiscale architecture of collagen, along with how properties of the net-
work lead to viscoelastic properties. Collagen hydrogels are characterized by a hierarchical, fibrillar structure encoded within the primary sequences of the protein chains.
Collagen hydrogels derive viscoelastic properties from a combination of entanglement, crosslinking (covalent and noncovalent), and fibril/fiber deformation and sliding. (b)
Experimental stress-relaxation curves compiled and reformatted from two different studies [16,18]. Collagen hydrogels [16,18] relax stress faster than HA-collagen IPNs [16].

3.1. Collagen 1

The extracellular matrix (ECM) protein collagen makes up ~30%
of total body protein mass and plays essential roles in tissue struc-
ture and mechanics. While 28 types of collagen have been de-
scribed, ~90% of the body’s collagen consists of the fiber-forming
collagen I. Collagen I is most abundant in connective tissues, such
as tendons, skin, bone, and lungs, giving these tissues mechanical
strength and elasticity. This fibrous network can be broken down
in a hierarchical fashion to highlight the origins of its viscoelas-
tic nature (Fig. 2a). The basic building block of collagen I is an
alpha chain encoded by the COL1 gene, which like all collagens,
self-assembles into triple helical structures (1.5 nm diameter) me-
diated by glycine-X-Y repeats [30,31]. Here, X and Y are predom-
inantly proline and hydroxyproline, the latter of which is formed
from posttranslational modification of proline residues [30,31]. The
triple helices then self-assemble by staggering in parallel into a
collagen fibril (20-280 nm diameter), with hydroxypolines and hy-
droxylysines frequently participating in inter- and intramolecular
covalent crosslinks [30,31]. Vitamin C (ascorbate) is an essential
cofactor in hydroxyproline and hyroxylysine synthesis, which ac-
counts for the catastrophic loss of tissue integrity seen in chronic
vitamin C deficiency (scurvy). The fibrils then bundle together to
form thicker collagen fibers (1-300 um), where proteogylcans such
as decorin can noncovalently crosslink the fibrils together to in-
crease strength and stability [30-37]. In vitro, these large colla-
gen fibers can entangle with each other to form a hydrogel with
complex viscoelastic properties. In tissue, collagen I is often highly
ordered, with fibers organizing into specialized architectures, such
as parallel bundles (tendon, ligament), orthogonal lattices (cornea),
concentric rings (bone, blood vessels), and basket weaves (skin)
[38,39]. The relationship between these tightly regulated in vivo
geometries and mechanical properties remains incompletely un-
derstood and is an area of active study.

Due to its high relevance to connective tissue ECM and abun-
dant availability from animal sources, collagen I (hereafter simply
referred to as collagen) is perhaps the most frequently used natural
biomaterial in the laboratory, clinic, and marketplace. When recon-
stituted in the laboratory, collagen can form a three-dimensional
(3D) hydrogel stabilized by fiber branching and entanglement. Of

high practical importance, collagen hydrogel assembly can be trig-
gered from solution through a step change in temperature or pH.
While this may appear to function as a simple “switch,” the mech-
anism of collagen hydrogel assembly is very complex, with hy-
drogel structure and mechanics heavily influenced by kinetic fac-
tors that can be difficult to control, such as the rate of tempera-
ture change [40]. Moreover, because collagen is typically purified
from tissue rather than recombinantly expressed, there can be sig-
nificant variation within and between tissue sources [41]. Recon-
stituted collagen hydrogels also differ from tissue collagen in at
least two important respects. First, spontaneously assembled col-
lagen gels lack the ordered architecture of tissue collagen, which
as noted above, is often key to structural and mechanical functions
[38,42] and can give rise to nonlinear elastic properties (e.g. strain-
stiffening) [43]. Second, collagen fibers in tissue are frequently dec-
orated with accessory factors, such as fiber-associated collagens
and proteogylcans, which both assist in crosslinking and tightly
regulate fiber length, diameter, and organization [32]. The specific
form of crosslinking significantly influences both the mechanical
properties of collagen scaffolds and how cells integrate into these
scaffolds [44,45]. Without the crosslinking mechanisms normally
found in tissue, reconstituted collagen matrices typically lack the
high elasticity and tensile strength of collagen-rich tissues. For the
same reason, collagen hydrogel mechanics depend strongly both
on tissue source and extraction method, particularly the extent to
which native crosslinks are retained, and these differences may
strongly influence cell responses.

Because collagen self-assembly is driven primarily by physical
entanglement rather than covalent crosslinking, collagen hydrogels
are inherently viscoelastic due to dissipation of imposed stresses
by fiber slipping and rearrangement. While much of the field’s
mechanistic understanding of collagen viscoelasticity is based on
inferences from bulk measurements, increasing effort has been
made to bridge length scales by explicitly connecting bulk and
microscopic measurements [33,37,43,46-49]. For example, compu-
tational creep tests performed on collagen-like peptides treated
as Kelvin-Voigalgint (KV) elements have revealed strong nonlin-
ear viscoelastic behavior, with molecular-scale viscosity orders of
magnitude lower than past measurements of fibrils [33]. Scaleup
of the model by constructing grids of KV elements in series and
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Fig. 3. Architecture and stress-relaxation relationships for Alginate. (a) Schematic of alginate network architecture, showing how the network may be modified to tune
viscoelastic properties by controlling alginate molecular weight and by introducing PEG spacers between the alginate chains. (b) Experimental stress-relaxation data compiled
and reformatted from two different studies [18,74]. Decreasing alginate MW and increasing PEG spacer MW tends to enhance viscous character. Further, a smaller degree of

saturation (DS) is needed for a larger PEG spacer [74].

parallel captured some but not all fibril properties, suggesting that
other mechanisms contribute to fibril mechanics, such shearing
and displacement of water between the triple helices [33,34,50].
Additional studies further support the idea that the relative mobil-
ity of fibers and fibrils within the network enables further stress
dissipation [51-54]. For example, one set of experimental stress-
relaxation measurements of collagen gels revealed a range of char-
acteristic relaxation times spanning <1 s to >100s, which the au-
thors attributed to fiber/fibril sliding at different length scales [37].
On the macroscopic scale, the viscoelastic behavior of collagen tis-
sues and hydrogels has been widely explored [37,43,46,47,55-69].

The tools of materials engineering have proven valuable for the
manipulation of collagen stress-relaxation capabilities. This is espe-
cially useful when trying to mimic tissue, for the absence of non-
covalent crosslinking proteins in reconstituted collagen hydrogels
leads these materials to relax stress faster than collagen-rich tissue
and other tissue-based biomaterials [18]. One approach to decrease
collagen’s stress-relaxation ability is to create an interpenetrating
network (IPN) with another, less stress-relaxing material. For ex-
ample, formation of an IPN between collagen and hyaluronic acid
(HA) formed through both supramolecular and covalent crosslink-
ing reduces the stress-relaxation abilities below even that of na-
tive tissue [16,18] (Fig. 2b). Other approaches achieve a simi-
lar effect by introducing tissue-like or tissue-derived crosslink-
ers, by suspending the collagen hydrogel in a proteoglycan ma-
trix, or by using chemical crosslinking reagents such as genipin,
glutaraldehyde, EDC-NHS, procyanidin, or photo-active compounds
[33,37,43-45,49,70-72].

3.2. Alginate

Another common and inherently viscoelastic biomaterial is al-
ginate, a plant-derived polysaccharide that can be noncovalently
assembled into hydrogels through calcium ion-mediated crosslink-
ing. Alginate has emerged as an attractive ECM biomaterial due
to the ease with which it can be reconstituted and chemically
modified. As with collagen, alginate is naturally viscoelastic due

to the ability of the network to dissipate stresses by breaking
and reforming noncovalent crosslinks. Alginate’s viscoelastic prop-
erties can be further tuned to achieve targeted stress-relaxation
kinetics (Fig. 3a). When the molecular weight (MW) of the al-
ginate chains decreases, the chains rearrange more easily, lead-
ing to faster stress relaxation [73] (Fig. 3b). Hydrogel stress re-
laxation may be further enhanced by appending PEG spacers to
the alginate chains, which sterically hinders crosslinking, leading
to further stress relaxation (Fig. 3b). As expected, this steric hin-
derance not only depends on the MW, but also the density of
the PEG spacers, where one parameter may be tuned to com-
pensate for changes in the other. For example, equivalent stress-
relaxation rates may be achieved either by using a low density of
HMW PEG spacers or a high density of LMW PEG spacers [18,74]
(Fig. 3b).

The mechanical properties of alginate hydrogels may be fur-
ther tuned by incorporating covalent crosslinking with a diamine
crosslinker, such as adipic acid dihydrazide (AAD), which reacts
with alginate’s carboxylic acid. By using covalent crosslinking, the
network cannot break and reform bonds, rendering the network
more elastic with slower stress-relaxation capabilities [75,76]. With
increasing amount of crosslinker, covalently [75] and ionically
[76] crosslinked alginate relax stress more quickly.

3.3. Hyaluronic acid

Hyaluronic acid (HA), an anionic, non-sulfated glycosaminogly-
can, is another natural biomaterial that is abundant in a variety of
tissues. While HA is classically associated with the ECM of brain
and cartilage, it is also found in skin, muscle, and other connective
tissues. HA-dominant ECMs such as brain ECM lack the fibrillar ar-
chitecture of collagen-based ECMs and instead consist of a dense
meshwork in which HA is noncovalently organized by large pro-
teins (tenascin and lectins) [8]. Together with the high water con-
tent driven by HA’s extreme hydrophilicity, the transient binding
and unbinding of these crosslinks contributes to the viscoelastic
properties of brain tissue.
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to enhance viscoelastic properties. HA hydrogels may be transiently crosslinked to introduce viscoelastic character via IPNs, hydrogen bonds, coordinated metal ions, and
host-guest chemistries. (b) Experimental stress-relaxation data compiled and reformatted from three different studies. Cd-Ad-based crosslinking [12] and IPN networks of
HA-collagen [21] stress relaxes faster than hydrazone crosslinking (HA-ALD and HA-BLD single networks) [16].

When HA hydrogels are reconstituted in the laboratory, HA is
typically either co-gelled with a second network (e.g. collagen) or
covalently modified to introduce chemical “handles” that permit
covalent crosslinking. Commonly introduced moieties include acry-
lates, methacrylates, thiols, norbornenes, and cyclic alkynes, which
can then be crosslinked with a variety of efficient chemistries, of-
ten in the presence of cells. For example, our own work has made
extensive use of HA-methacrylate crosslinked with dithiols [77,78]
or LAP photo-initiators [79] and HA-dibenzylcyclooctyne (DBCO)
crosslinked with diazides [80].

While it has been challenging to precisely match stress-
relaxation time scales seen in tissue HA matrices, the use of
crosslinks that can be broken and reformed under force, such
as cyclodextrin-adamantane (Cd-Ad) host-guest chemistries and
hydrazine-aldehyde dynamic covalent bonds (hydrazone bond),
allows introduction of more pronounced viscoelastic properties
(Fig. 4a). The structure and chemistries of these supramolecular
crosslinkers play an important role in the kinetics of breaking and
reforming bonds, and thus, stress dissipation. With respect to the
hydrazone bond, an aliphatic aldehyde (HA-ALD single network
(SN)) can stress relax much faster than the benzyl aldehyde (HA-
BLD SN) due to less steric hinderance [16] (Fig. 4b). Further, a
higher HA MW dissipates stress even slower, while the addition
of a collagen IPN enables faster stress dissipation. Recent stud-
ies have also used dynamic bonds to connect HA to other stress-
relaxing materials, such as an imine-aldehyde bond to collagen
[21] or Diels-Alder bond to Chondroitin Sulfate (CS) [81]. The HA-
collagen network can be further manipulated to have even greater
stress relaxation by increasing the percentage of aldehyde from
0 to 18% (Fig. 4b). However, the Cd-Ad hydrogel can stress re-
lax several orders of magnitude faster than the HA-ALD and HA-
collagen hydrogels, but plateaus at a higher p; value due to its
non-dissipative covalent crosslinks [12,16,21] (Fig. 4b). Other host-
guest chemistries such as cyclodextrin-azobenzene (Cd-Azo) and
cucurbit[6]uril-polyamines (CD[6]-PA) have been used for biomed-
ical applications, but their viscoelastic properties have not been
thoroughly explored [82]. The molecular structure of Cd is cone-
shaped and CB[6] is ball-shaped, which may contribute to differ-
ences in affinity and stress-relaxation kinetics of the two crosslink-

ing chemistries [83]. A recent review provides an extensive analysis
of the kinetics of reversible bonds [84], and there have been sev-
eral additional rheological studies of host families Cd [9-14] and
CB[6] [15].

A variety of other noncovalent HA crosslinking strategies have
been explored and reviewed elsewhere [85]. For example, HA has
been crosslinked by appending nitrogenous bases, such as cytosine
and guanosine, which hybridize via hydrogen bonds [86] (Fig. 4a).
Electrostatically crosslinked HA networks have also been formed
using positively-charged crosslinkers, such as multivalent poly(2-
aminoethyl methacrylate) (PAEM) [87] or unfolded Bovine serum
albumin (BSA) [88]. HA may also be decorated with moieties that
can chelate and coordinate metal cations [89-96] (Fig. 4a). These
hydrogels have been used for injection and self-healing applica-
tions, but the ways in which their chemical compositions can be
manipulated to tune viscoelastic properties remain an open area
of study.

3.4. Electrospun fibers

As noted above, natural biomaterials such as collagen derive
viscoelastic properties from their fibrous architecture. Fibrous ar-
chitecture can be introduced into synthetic biomaterials by de-
ploying these materials as electrospun fibers. While many meth-
ods have been developed to fabricate these micro- and nano-scale
materials, perhaps the most common approach is to extrude a
polymer solution in the presence of an electric field, where re-
pulsion between like charges on the droplet surface deforms the
droplets into threads that can be solidified and collected. Electro-
spun nanofiber fabrication has proven highly attractive due to its
compatibility across a wide variety of chemical compositions and
the ease with which fiber properties (e.g. diameter) may be engi-
neered by controlling elecrospinning conditions [97]. Electrospun
fiber-based materials are expected to exhibit viscoelastic proper-
ties through the same mechanisms as natural fiber-based materi-
als, i.e. dissipation of stress through fiber slippage and rearrange-
ment (Fig. 5a). These mechanisms are explained in further detail
in the collagen section. That said, it is important to note that the
viscoelastic properties of electrospun networks remain very incom-
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Fig. 5. Architecture and stress-relaxation relationships for Electrospun Fibers. (a) Schematic showing network architecture of electrospun fibers, along with how this network
facilitates viscoelastic properties. Electrospun fibers derive viscoelastic properties analogously to collagen, due to their common fibrillar architecture, where fiber diameter,
sliding, and density all play a role. (b) Experimental stress-relaxation curves compiled and reformatted from a single study [98]. As fiber diameter increases, the extent of

stress dissipation also increases.

pletely characterized. Because the features of electrospun fibers
(and the resulting networks) can be engineered much more pre-
cisely than natural fibrous materials, they offer a prime opportu-
nity to dissect relationships between structure and mechanics. For
example, one study has demonstrated that electrospun fiber net-
work stress relaxation may be engineered by controlling the diam-
eter of the constituent fibers [98] (Fig. 5b). Stress-relaxation mea-
surements of electrospun PVA from this and a related study reveal
that stresses plateau and do not dissipate to zero [98,99]. Adding
motifs, such as the host-guest chemistries of Cd-Ad [100] or dy-
namically covalent hydrazone bonds [101], introduces additional
properties, such as shear-thinning and self-healing, and perhaps
most pertinently to viscoeastic properties, rearrangement under
mechanical stress. A relatively new fabrication strategy based on
fragmenting and reassembling electrospun fibers offers an addi-
tional degree of tunability [102,103]. Much additional opportunity
remains to characterize effects of fiber alignment and density on
viscoelasticity.

There is ripe opportunity to engineer electrospun fiber net-
works that capture defining features of natural fibrous materials
through control of inter-fiber entanglement and mobility, which
would presumably influence stress dissipation. The use of elec-
trospun fibers as well-controlled mimics of native ECM scaffolds
has already yielded great insight into mechanisms through which
cells sense mechanical and topographical cues in 3D matrices
[104-107].

3.5. Summary

The fibrous character of collagen and electrospun materials al-
lows each network to dissipate stress through fiber slippage and
rearrangement. Similarly, alginate is also commonly crosslinked
noncovalently, allowing it to stress relax through association and
dissociation of the crosslinks, whereas hyaluronic acid is most
commonly crosslinked covalently, inhibiting fast stress relaxation.
That said, crosslinking strategies traditionally associated with one
material can be used for other materials. For example, collagen and
alginate may be covalently crosslinked with genipin and diamine
crosslinkers, respectively, and HA may be dynamically crosslinked,
e.g. using adamantane/cyclodextrin host-guest interactions.

4. Cell motility

We now discuss how scaffold viscoelastic properties influence
migration in two-dimensional and three-dimensional matrices.

4.1. Two-dimensional motility

The vast majority of cell biological studies continue to be per-
formed in 2D culture due to its ease of setup, high throughput
and parallelizability, and strong compatibility with optical imag-
ing. On purely elastic materials, cell spreading depends strongly
on substrate elasticity and adhesivity, with spread area commonly
observed to increase with both parameters up to some maximum
[77,108-112]. These substrate-dependent increases in area are typ-
ically accompanied by greater assembly and/or area of integrin-
dependent adhesive complexes. Substrate viscoelastic properties
and adhesivity may cooperatively regulate spreading in unexpected
ways. For example, at low adhesivity (e.g. RGD peptide concen-
tration), fibroblasts have been reported to spread more robustly
on elastic, covalently-crosslinked alginate hydrogels than on ioni-
cally crosslinked, stress-relaxing alginate hydrogels [75]. When ad-
hesivity is increased, cells spread more on stress-relaxing hydro-
gels than on elastic hydrogels and produce stress fibers. On all
four modulations of adhesive and viscoelastic character, cells in-
crease their spreading area as stiffness increases. Revisiting the
materials discussed earlier in which dynamic HA-collagen IPNs are
crosslinked with hydrazone-based chemistry, MSCs on HA-ALD IPN
gels spread in a manner that was grossly independent of stress-
relaxation time. Cells on HA-BLD IPN gels were rounder on slower-
relaxing gels and spread more on gels with faster stress relax-
ation [16]. The opposite trend was observed for HA Cd-Ad gels:
RGD-decorated, elastic hydrogels supported greater cell spreading
than on their viscoelastic counterparts, where cells on both sur-
faces also increase spreading as stiffness increases [14]. This dis-
crepancy may be a function of the differences in stress relaxation
of Cd-Ad and hydrazone crosslinked hydrogels, where the Cd-Ad
gel relaxes stress quickly but plateaus at a higher p; value due to
its non-dissipative covalent crosslinks. In addition to the density of
adhesive ligands, the type of adhesive moiety matters as well; for
example, a fibronectin fragment Fn9*10 supported less spreading
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Fig. 6. 2D Cell Spreading. A general theme from 2D motility studies is that when a
sufficiently high density of adhesive ligands is provided on stiff, fast-relaxing hydro-
gels, cells spread more on viscoelastic surfaces than on their elastic counterparts.

than RGD on the Cd-Ad gels [13]. Similar to the Cd-Ad gels, greater
stress relaxation is achieved on the elastic compared to viscoelas-
tic polyacrylamide gels, which could also be attributed to covalent
crosslinking, lack of plasticity within the network, how protein is
affixed to the gel, and differences in cell and matrix timescales in
the motor-clutch model (explained in the next paragraph) [113].
Thus, a general theme (but not an absolute rule) from these stud-
ies is that when a sufficiently high density of adhesive ligands is
provided on stiff, fast-relaxing hydrogels (smaller t,), cells spread
more on viscoelastic surfaces than on their elastic counterparts
(Fig. 6).

For purely elastic surfaces, cell migration speed is classically
observed to depend biphasically on substrate stiffness [108,114].
On very soft surfaces, cells are unable to generate sufficient con-
tractile force to support tension-dependent focal adhesion matura-
tion, preventing migration. On very stiff substrates, high tension-
dependent reinforcement of adhesions suppresses the turnover of
adhesions needed for productive motility. Intermediate-stiffness
surfaces balance adhesion formation and turnover and thus sup-
port the fastest migration. This relationship has been framed in
terms of a motor-clutch model in which cellular process exten-
sion is driven by a relationship between protrusion, myosin-driven
retrograde flow, and the molecular “clutches” that couple the two
processes [115,116]. These relationships change on viscoelastic sub-
strates, due to introduction of a relaxation timescale that competes
with other timescales within the model, including clutch binding
[117,118]. The viscoelastic motor-clutch model describes that ele-
vated stiffnesses saturate the binding clutches, leading to similar
spreading areas, which is also the outcome when substrate relax-
ation timescale is much faster than the clutch binding timescale
[117]. This relationship between the hydrogel mechanics and clutch
engagement may explain the differences in cell spreading between
the hydrogels described above. A new study found that the inter-
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mediate filament vimentin also regulates cell adhesion and spread-
ing on viscoelastic substrates [119].

Another study reveals cells migrating minimally on soft, elastic
hydrogels, but much more robustly on soft stress-relaxing hydro-
gels [120]. In addition to changing migration speed, introduction
of viscous cues can also alter the mode of migration. Cells have
been observed to shift from a lamellipodial mode of motility on
stiff, elastic matrices to filopodia-based migration involving fewer,
weaker adhesions on viscoelastic surfaces [120]. Analogous efforts
have been made to understand how collective migration changes
between elastic and viscoelastic surfaces [121-123].

4.2. Three-dimensional motility

The 3D geometry of tissue figures centrally in the progression
of many processes in physiology and disease, such as organoid for-
mation and cancer invasion. Modes and mechanisms of 3D migra-
tion have been the subject of extensive study, but the field’s under-
standing of how viscoelasticity regulates 3D muotility is still emerg-
ing [124]. In 3D, the role of viscoelasticity becomes even more
complex because it influences and is influenced by many other fac-
tors known to regulate 3D migration speed, including pore size,
degradability, and viscoplasticity [6]. Matrix viscoelastic properties
may be leveraged by cells to facilitate motility in sterically confin-
ing environments. For example, in the absence of other adaptive
mechanisms, cells are often unable to migrate effectively through
3D matrices with pore sizes below ~3 pm, which is typically the
case for alginate and hyaluronic acid hydrogels [6,125]. These steric
barriers can be overcome through a combination of matrix degra-
dation and deformation, which are coupled in interesting ways. For
example, local matrix degradation also changes local viscoelastic
properties. Degradation creates smaller, non-crosslinked polymer
chains, increasing local viscous character, a phenomenon that has
been demonstrated by microrheology [126].

When the matrix is not degradable, cells may exploit the me-
chanical plasticity of the matrix to overcome steric barriers to
motility, with cells deforming and reorganizing the matrix through
stretching and softening in order to creating a path for migra-
tion [124] (Fig. 7a). In one study, cancer cells were observed to
use invadopodia to force open migration channels in highly plas-
tic alginate-rBM (reconstituted basement membrane) IPN hydro-
gels [125], whereas in another study the force for path creation
was provided by a nuclear piston mechanism [73]. Recently, a
chemo-mechanical model has been developed to investigate how
pores are opened via a number of intracellular factors including
myosin recruitment, actin polymerization, matrix deformation, and
activation of mechanosensitive signaling pathways [127]. Cyclical
actin polymerization and myosin recruitment produces invadopo-
dia, whose progressive advance plastically deforms the matrix to
open a migration channel. An important advance of this model is
that it incorporates and independently manipulates plastic (perma-
nent) matrix deformation in addition to viscoelastic properties. A
discrete model has also been created to show how matrix prop-
erties, such as fiber concentration and amount of crosslinker, reg-
ulate matrix remodeling and stress profiles, which was validated
with fibroblasts in a collagen matrix [128]. As predicted, higher
fiber concentration and crosslinking leads to less remodeling. Many
studies have also characterized the ways that cells mechanically
remodel collagen networks via plastic deformation, such as strain-
stiffening and fiber reorientation, with fiber reorientation of creat-
ing contact guidance cues for migration [64,122,129-132]. Not only
were cancer cells predominantly found to be oriented on aligned
collagen fibers in mammary tumors, but once explanted onto ran-
domly ordered collagen fibers, cells radially aligned the fibers to
facilitate faster invasion [133]. lon channels have also been pro-
posed to drive 3D motility through an osmotic engine mechanism,
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Fig. 7. 3D Cell Motility. (a) In 3D viscoelastic hydrogels, cells can viscoplastically
deform and displace network chains to open cell-sized pores to facilitate migra-
tion. (b) This network rearrangement allows large groups of cells in tumors and
organoids to facilitate branching and budding.

the activation of which presumably would be regulated by matrix
viscoelastic properties. A number of creative strategies are lend-
ing insight into mechanisms of path creation, such as the use of
fluorescent microbeads to track matrix deformation during migra-
tion [73] and the development of new computational models of
cell migration through materials of defined viscoelastic properties
[134]. An important challenge for the field will be to determine
the significance of regulatory events gleaned from reductionist 3D
viscoelastic materials in complex physiologic and disease settings.

Similar to the general theme seen with 2D spreading, cells
have also been observed to spread more in 3D matrices with
high adhesivity, stiffness, and fast stress relaxation. For example,
in rapidly stress-relaxing alginate hydrogels, MSCs elongate and
proliferate more rapidly with increases in relaxation speed [18,74].
Chondrocyte spreading and proliferation also increase with faster
stress relaxation due to reduced confinement and osmotic pressure
[135]. Further, in PEG hydrogels dynamically crosslinked with hy-
drazones, myoblasts spread more on viscoelastic aliphatic aldehyde
(ALD) gels vs elastic-like benzaldehyde (BLD) gels [136]. Similarly,
MSC volume increases in viscoelastic boronate-crosslinked PEG hy-
drogels [137]. Lastly, the importance of stress-relaxation amplitude
was shown in a study of fibroblast migration speed, proliferation,
and circularity in gelatin-alginate hydrogels [138].

Beyond the migration of individual cells, viscoelastic proper-
ties are increasingly understood to control collective cell migration,
such as in morphogenesis and tumor invasion [139]. Recent work
shows that in viscoelastic alginate matrices, MCF10A spheroids
and intestinal organoids not only increase in cross-sectional area,
but also decrease circularity either through branch formation or

[m5G;May 6, 2022;14:18]

Acta Biomaterialia xxx (XxxXx) Xxx

budding (Fig. 7b). Cells within the branches also display high
FAK phosporylation, nuclear YAP, and proliferation. Differences in
spheroid area and circularity become more drastic as stiffness in-
creases. Small intestine organoids cultured in reversible hydrogen
bonded PEG hydrogels showed greater budding in materials with
greater viscoelastic character [140]. As yet another example, hu-
man induced pluripotent stem cells undergo apoptosis with re-
duced matrix adhesivity and stress relaxation, whereas an increase
in both of these parameters leads to lumen formation [141].

4.3. Summary

While the field’s understanding of how viscoelastic properties
regulate 2D and 3D migration remains complex, some general
themes are emerging. In 2D, an important similarity between the
materials (alginate, HA-collagen IPNs, and HA dynamic networks)
is that cell spreading is regulated by adhesivity, stiffness, and
rate of stress relaxation. For example, in the setting of sufficiently
high adhesive density, cells are able to spread more on stiff, fast-
relaxing surfaces than on their elastic counterparts. These regula-
tory relationships are even more poorly understood in 3D, where
much energy has focused on how incorporating viscoelasticity into
matrices can help overcome confinement limitations. Specifically,
plastic deformation is vital to open migratory paths. While plas-
ticity is pertinent for 3D migration, its role in 2D migration is not
fully understood. Of course, these themes are very broad, and our
understanding of the underlying regulatory relationships is likely
to change as new materials are characterized.

5. Conclusion

While the field’s consideration of biomaterial mechanics has
traditionally focused on elastic properties, the importance of vis-
cous properties is becoming increasingly appreciated. In this re-
view, we have discussed the origin and significance of viscous
properties in native and engineered hydrogel materials. We have
also discussed how viscous properties can influence cell migration
in 2D and 3D, which has prompted fresh examination of relation-
ships derived from purely elastic materials. An important future
challenge will be to better integrate these lessons into engineered
materials, especially in fibrous materials that have the capability of
mimicking fibrous matrices found in tissue.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgements

The authors gratefully acknowledge the support of the National
Science Foundation (Graduate Research Fellowship to EMC) and the
National Institutes of Health (RO1CA260443 to SK).

References

[1] S. Dupont, L. Morsut, M. Aragona, E. Enzo, S. Giulitti, M. Cordenonsi, F. Zan-
conato, J.Le Digabel, M. Forcato, S. Bicciato, N. Elvassore, S. Piccolo, Role of
YAP/TAZ in mechanotransduction, Nature 474 (7350) (2011) 179-183.

[2] AJ. Engler, S. Sen, H.L. Sweeney, D.E. Discher, Matrix elasticity directs stem
cell lineage specification, Cell 126 (4) (2006) 677-689.

[3] AJ. Keung, E.M. De Juan-Pardo, D.V. Schaffer, S. Kumar, Rho GTPases mediate
the mechanosensitive lineage commitment of neural stem cells, Stem Cells 29
(11) (2011) 1886-1897.

[4] M. Paszek, N. Zahir, K.R. Johnson, ].N. Lakins, G.I. Rozenberg, A. Gefen,
C.A. Reinhart-King, S.S. Margulies, M. Dembo, D. Boettiger, D.A. Hammer,
V.M. Weaver, Tensional homeostasis and the malignant phenotype, Cancer
Cell 8 (3) (2005) 241-254.


http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0001
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0002
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0003
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0004

ARTICLE IN PRESS

JID: ACTBIO
E.M. Carvalho and S. Kumar

[5] TA. Ulrich, E.M. De Juan Pardo, S. Kumar, The mechanical rigidity of the ex-
tracellular matrix regulates the structure, motility, and proliferation of glioma
cells, Cancer Res. 69 (10) (2009) 4167-4174.

[6] O. Chaudhuri, J. Cooper-White, P.A. Janmey, D.J. Mooney, V.B. Shenoy, Ef-
fects of extracellular matrix viscoelasticity on cellular behaviour, Nature 584
(7822) (2020) 535-546.

[7] B. Corominas-Murtra, N.I. Petridou, Viscoelastic networks: forming cells and
tissues, Front. Phys. 9 (2021) 314.

[8] KJ. Wolf, S. Kumar, Hyaluronic acid: incorporating the bio into the Material,
ACS Biomater. Sci. Eng. 5 (8) (2019) 3753-3765.

[9] C.B. Rodell, A.L. Kaminski, J.A. Burdick, Rational design of network proper-
ties in guest-host assembled and shear-thinning hyaluronic acid hydrogels,
Biomacromolecules 14 (11) (2013) 4125-4134.

[10] C.B. Rodell, RJ. Wade, B.P. Purcell, N.N. Dusaj, J.A. Burdick, Selective prote-
olytic degradation of guest-host assembled, injectable hyaluronic acid hydro-
gels, ACS Biomater. Sci. Eng. 1 (4) (2015) 277-286.

[11] A.M. Rosales, C.B. Rodell, M.H. Chen, M.G. Morrow, K.S. Anseth, J.A. Burdick,
Reversible control of network properties in azobenzene-containing hyaluronic
acid-based hydrogels, Bioconjug. Chem. 29 (4) (2018) 905-913.

[12] C.B.R. Steven, R. Caliari, Jason A. Burdick, Spatiotemporal control over hydro-
gel viscoelasticity towards stem cell mechanobiology, in: Proceedings of the
10th World Biomaterials Congress, Montréal, Canada, 2016.

[13] E. Hui, L. Moretti, T.H. Barker, S.R. Caliari, The combined influence of vis-
coelastic and adhesive cues on fibroblast spreading and focal adhesion or-
ganization, Cell. Mol. Bioeng. 14 (5) (2021) 427-440.

[14] E. Hui, K.I. Gimeno, G. Guan, S.R. Caliari, Spatiotemporal control of viscoelas-
ticity in phototunable hyaluronic acid hydrogels, Biomacromolecules 20 (11)
(2019) 4126-4134.

[15] MJ. Rowland, M. Atgie, D. Hoogland, O.A. Scherman, Preparation and
supramolecular recognition of multivalent peptide-polysaccharide conjugates
by cucurbit[8]uril in hydrogel formation, Biomacromolecules 16 (8) (2015)
2436-2443.

[16] J. Lou, R. Stowers, S. Nam, Y. Xia, O. Chaudhuri, Stress relaxing hyaluronic
acid-collagen hydrogels promote cell spreading, fiber remodeling, and focal
adhesion formation in 3D cell culture, Biomaterials 154 (2018) 213-222.

[17] N. Huang, Rheological characterization of pharmaceutical and cosmetic for-

mulations for cutaneous applications, Curr. Pharm. Des. 25 (21) (2019)

2349-2363.

0. Chaudhuri, L. Gu, D. Klumpers, M. Darnell, S.A. Bencherif, J.C. Weaver,

N. Huebsch, H.P. Lee, E. Lippens, G.N. Duda, D.J. Mooney, Hydrogels with tun-

able stress relaxation regulate stem cell fate and activity, Nat. Mater. 15 (3)

(2016) 326-334.

[19] A. Liu, K. Wu, S. Chen, C. Wu, D. Gao, L. Chen, D. Wei, H. Luo, ]. Sun,

H. Fan, Tunable fast relaxation in imine-based nanofibrillar hydrogels stim-

ulates cell response through TRPV4 activation, Biomacromolecules 21 (9)

(2020) 3745-3755.

P. Agarwal, H.P. Lee, P. Smeriglio, F. Grandi, S. Goodman, O. Chaudhuri,

N. Bhutani, A dysfunctional TRPV4-GSK3p pathway prevents osteoarthritic

chondrocytes from sensing changes in extracellular matrix viscoelasticity, Nat.

Biomed. Eng. 5 (12) (2021) 1472-1484.

S. Chen, A. Liu, C. Wu, Y. Chen, C. Liu, Y. Zhang, K. Wu, D. Wei, J. Sun, L. Zhou,

H. Fan, Static-dynamic profited viscoelastic hydrogels for motor-clutch-regu-

lated neurogenesis, ACS Appl. Mater. Interfaces 13 (21) (2021) 24463-24476.

[22] A. Elosegui-Artola, The extracellular matrix viscoelasticity as a regulator of
cell and tissue dynamics, Curr. Opin. Cell Biol. 72 (2021) 10-18.

[23] O. Chaudhuri, Viscoelastic hydrogels for 3D cell culture, Biomater. Sci. 5 (8)
(2017) 1480-1490.

[24] E. Hui, J.L. Sumey, S.R. Caliari, Click-functionalized hydrogel design for
mechanobiology investigations, Mol. Syst. Des. Eng. 6 (9) (2021) 670-707.

[25] K. Dey, S. Agnelli, L. Sartore, Dynamic freedom: substrate stress relaxation
stimulates cell responses, Biomater. Sci. 7 (3) (2019) 836-842.

[26] PA. Janmey, P.C. Georges, S. Hvidt, in: Basic Rheology for Biologists, Methods
in Cell Biology, Elsevier, 2007, pp. 1-27.

[27] T. Mezger, The Rheology Handbook, Vincentz Network, 2014.

[28] J. Weickenmeier, M. Kurt, E. Ozkaya, M. Wintermark, K.B. Pauly, E. Kuhl, Mag-
netic resonance elastography of the brain: A comparison between pigs and
humans, J. Mech. Behav. Biomed. Mater. 77 (2018) 702-710.

[29] ].D. Ferry, Viscoelastic Properties of Polymers, John Wiley & Sons, 1980.

[30] EH. Silver, M. Jaffe, R.G. Shah, Structure and behavior of collagen fibers,
in: Handbook of Properties of Textile and Technical Fibres, Elsevier, 2018,
pp. 345-365.

[31] JK. Mouw, G. Ou, V.M. Weaver, Extracellular matrix assembly: a multiscale
deconstruction, Nat. Rev. Mol. Cell Biol. 15 (12) (2014) 771-785.

[32] J.E. Scott, Supramolecular organization of extracellular matrix glycosamino-
glycans, in vitro and in the tissues, FASEB ]. 6 (9) (1992) 2639-2645.

[33] A. Gautieri, S. Vesentini, A. Redaelli, M.J. Buehler, Viscoelastic properties of
model segments of collagen molecules, Matrix Biol. 31 (2) (2012) 141-149.

[34] EH. Silver, J.W. Freeman, G.P. Seehra, Collagen self-assembly and the develop-
ment of tendon mechanical properties, J. Biomech. 36 (10) (2003) 1529-1553.

[35] K.A. Robinson, M. Sun, C.E. Barnum, S.N. Weiss, J. Huegel, S.S. Shetye, L. Lin,
D. Saez, S.M. Adams, R.V. lozzo, L]J. Soslowsky, D.E. Birk, Decorin and biglycan
are necessary for maintaining collagen fibril structure, fiber realignment, and
mechanical properties of mature tendons, Matrix Biol. 64 (2017) 81-93.

[36] G.D. Pins, D.L. Christiansen, R. Patel, FH. Silver, Self-assembly of collagen
fibers. Influence of fibrillar alignment and decorin on mechanical properties,
Biophys. J. 73 (4) (1997) 2164-2172.

[18]

[20]

[21]

10

mb5G;May 6, 2022;14:18

Acta Biomaterialia xxx (XxxXx) Xxx

[37] B. Xu, H. Li, Y. Zhang, Understanding the viscoelastic behavior of collagen ma-
trices through relaxation time distribution spectrum, Biomatter 3 (3) (2013)
e24651.

[38] J. Lin, Y. Shi, Y. Men, X. Wang, J. Ye, C. Zhang, Mechanical roles in formation
of oriented collagen fibers, Tissue Eng. Part B Rev. 26 (2) (2020) 116-128.

[39] K.E. Kadler, Fell muir lecture: collagen fibril formation in vitro and in vivo, Int.
J. Exp. Pathol. 98 (1) (2017) 4-16.

[40] J. Zhu, LJ. Kaufman, Collagen I self-assembly: revealing the developing struc-
tures that generate turbidity, Biophys. ]. 106 (8) (2014) 1822-1831.

[41] C.C. Wy, SJ. Ding, Y.H. Wang, MJ. Tang, H.C. Chang, Mechanical properties of
collagen gels derived from rats of different ages, ]. Biomater. Sci. Polym. Ed.
16 (10) (2005) 1261-1275.

[42] F. Sabeh, R. Shimizu-Hirota, S.J. Weiss, Protease-dependent versus -indepen-
dent cancer cell invasion programs: three-dimensional amoeboid movement
revisited, J. Cell Biol. 185 (1) (2009) 11-19.

[43] S. Nam, K.H. Hu, M.J. Butte, O. Chaudhuri, Strain-enhanced stress relaxation
impacts nonlinear elasticity in collagen gels, Proc. Natl. Acad. Sci. 113 (20)
(2016) 5492-5497.

[44] M.G. Haugh, CM. Murphy, R.C. Mckiernan, C. Altenbuchner, FJ. O'Brien,
Crosslinking and mechanical properties significantly influence cell attach-
ment, proliferation, and migration within collagen glycosaminoglycan scaf-
folds, Tissue Eng. Part A 17 (9-10) (2011) 1201-1208.

[45] ].C. Tiller, G. Bonner, L.C. Pan, A.M. Klibanov, Improving biomaterial properties
of collagen films by chemical modification, Biotechnol. Bioeng. 73 (3) (2001)
246-252.

[46] J.M. Egan, A constitutive model for the mechanical behaviour of soft connec-
tive tissues, ]. Biomech. 20 (7) (1987) 681-692.

[47] R. Puxkand], 1. Zizak, O. Paris, J. Keckes, W. Tesch, S. Bernstorff, P. Purslow,
P. Fratzl, Viscoelastic properties of collagen: synchrotron radiation investiga-
tions and structural model, Philos. Trans. R. Soc. Lond. Ser. B Biol. Sci. 357
(1418) (2002) 191-197.

[48] M. Shayegan, N.R. Forde, Microrheological characterization of collagen sys-
tems: from molecular solutions to fibrillar gels, PLoS One 8 (8) (2013) e70590.

[49] H. Mori, K. Shimizu, M. Hara, Dynamic viscoelastic properties of collagen gels
in the presence and absence of collagen fibrils, Mater. Sci. Eng. C 32 (7) (2012)
2007-2016.

[50] EH. Silver, Mechanosensing and Mechanochemical Transduction in Extracel-
lular Matrix: Biological, Chemical, Engineering, and Physiological Aspects,
Springer Science & Business Media, 2006.

[51] A. Mlyniec, K.A. Tomaszewski, E.M. Spiesz, T. Uhl, Molecular-based nonlinear
viscoelastic chemomechanical model incorporating thermal denaturation ki-
netics of collagen fibrous biomaterials, Polym. Degrad. Stab. 119 (2015) 87-95.

[52] N.A. Kurniawan, LH. Wong, R. Rajagopalan, Early stiffening and softening
of collagen: interplay of deformation mechanisms in biopolymer networks,
Biomacromolecules 13 (3) (2012) 691-698.

[53] C. Guidry, F. Grinnell, Contraction of hydrated collagen gels by fibroblasts:
evidence for two mechanisms by which collagen fibrils are stabilized, Coll.
Relat. Res. 6 (6) (1987) 515-529.

[54] S. Munster, LM. Jawerth, B.A. Leslie, ].I. Weitz, B. Fabry, D.A. Weitz, Strain
history dependence of the nonlinear stress response of fibrin and collagen
networks, Proc. Natl. Acad. Sci. 110 (30) (2013) 12197-12202.

[55] Y. Fung, Elasticity of soft tissues in simple elongation, Am. J. Physiol. Leg. Con-
tent 213 (6) (1967) 1532-1544.

[56] A. Anssari-Benam, D.L. Bader, H.R.C. Screen, A combined experimental and
modelling approach to aortic valve viscoelasticity in tensile deformation, ]J.
Mater. Sci. Mater. Med. 22 (2) (2011) 253-262.

[57] E. Peiia, ].A. Pefia, M. Doblaré, On modelling nonlinear viscoelastic effects in
ligaments, J. Biomech. 41 (12) (2008) 2659-2666.

[58] S.LY. Woo, G.A. Johnson, B.A. Smith, Mathematical modeling of ligaments and
tendons, J. Biomech. Eng. 115 (4B) (1993) 468-473.

[59] R.C. Haut, RW. Little, A constitutive equation for collagen fibers, J. Biomech.
5 (5) (1972) 423-430.

[60] BJ. Rigby, N. Hirai, J.D. Spikes, H. Eyring, The mechanical properties of rat tail
tendon, J. Gen. Physiol. 43 (2) (1959) 265-283.

[61] N. Sasaki, N. Shukunami, N. Matsushima, Y. Izumi, Time-resolved X-ray
diffraction from tendon collagen during creep using synchrotron radiation, J.
Biomech. 32 (3) (1999) 285-292.

[62] X.T. Wang, RF. Ker, Creep rupture of wallaby tail tendons, J. Exp. Biol. 198 (3)
(1995) 831-845.

[63] T. Azuma, M. Hasegawa, A rheological approach to the archtecture of arterial
walls, Jpn. J. Physiol. 21 (1) (1971) 27-47.

[64] S. Nam, ]. Lee, D.G. Brownfield, O. Chaudhuri, Viscoplasticity enables mechan-
ical remodeling of matrix by cells, Biophys. J. 111 (10) (2016) 2296-2308.

[65] S. Meghezi, F. Couet, P. Chevallier, D. Mantovani, Effects of a pseudophysio-
logical environment on the elastic and viscoelastic properties of collagen gels,
Int. J. Biomater. 2012 (2012) 1-9.

[66] H. Khayyeri, A. Gustafsson, A. Heuijerjans, M.K. Matikainen, P. Julkunen,
P. Eliasson, P. Aspenberg, H. Isaksson, A fibre-reinforced poroviscoelastic
model accurately describes the biomechanical behaviour of the rat achilles
tendon, PLoS One 10 (6) (2015) e0126869.

[67] J.M. Barrett, ].P. Callaghan, A one-dimensional collagen-based biomechanical
model of passive soft tissue with viscoelasticity and failure, ]. Theor. Biol. 509
(2021) 110488.

[68] F. Sauer, L. Oswald, A. Ariza De Schellenberger, H. Tzschdtzsch, F. Schrank,
T. Fischer, J. Braun, C.T. Mierke, R. Valiullin, I. Sack, J.A. Kds, Collagen net-
works determine viscoelastic properties of connective tissues yet do not


http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0005
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0006
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0007
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0008
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0009
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0010
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0011
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0012
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0013
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0014
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0015
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0016
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0017
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0018
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0019
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0020
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0021
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0022
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0023
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0024
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0025
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0026
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0027
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0028
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0029
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0030
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0031
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0032
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0033
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0034
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0035
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0036
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0037
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0038
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0039
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0040
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0041
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0042
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0043
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0044
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0045
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0046
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0047
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0048
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0049
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0050
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0051
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0052
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0053
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0054
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0055
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0056
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0057
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0058
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0059
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0060
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0061
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0062
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0063
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0064
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0065
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0066
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0067
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0068

ARTICLE IN PRESS

JID: ACTBIO
E.M. Carvalho and S. Kumar

hinder diffusion of the aqueous solvent, Soft Matter 15 (14) (2019) 3055-
3064.

[69] L.P. Li, W. Herzog, RK. Korhonen, ].S. Jurvelin, The role of viscoelasticity of
collagen fibers in articular cartilage: axial tension versus compression, Med.
Eng. Phys. 27 (1) (2005) 51-57.

[70] H. Mori, K. Shimizu, M. Hara, Dynamic viscoelastic properties of collagen
gels with high mechanical strength, Mater. Sci. Eng. C 33 (6) (2013) 3230-
3236.

[71] G. Tronci, C.A. Grant, N.H. Thomson, S.J. Russell, D.J. Wood, Multi-scale me-
chanical characterization of highly swollen photo-activated collagen hydro-
gels, J. R. Soc. Interface 12 (102) (2015) 20141079.

[72] L. He, C. Mu, ]J. Shi, Q. Zhang, B. Shi, W. Lin, Modification of collagen
with a natural cross-linker, procyanidin, Int. ]. Biol. Macromol. 48 (2) (2011)
354-359.

[73] H.-P. Lee, F. Alisafaei, K. Adebawale, ]. Chang, V.B. Shenoy, O. Chaudhuri,
The nuclear piston activates mechanosensitive ion channels to generate
cell migration paths in confining microenvironments, Sci. Adv. 7 (2) (2021)
eabd4058.

[74] S. Nam, R. Stowers, ]. Lou, Y. Xia, O. Chaudhuri, Varying PEG density to con-
trol stress relaxation in alginate-PEG hydrogels for 3D cell culture studies,
Biomaterials 200 (2019) 15-24.

[75] O. Chaudhuri, L. Gu, M. Darnell, D. Klumpers, S.A. Bencherif, J.C. Weaver,
N. Huebsch, D.J. Mooney, Substrate stress relaxation regulates cell spreading,
Nat. Commun. 6 (1) (2015) 6365.

[76] A. Bauer, L. Gu, B. Kwee, W.A. Li, M. Dellacherie, A.D. Celiz, D.J]. Mooney, Hy-
drogel substrate stress-relaxation regulates the spreading and proliferation of
mouse myoblasts, Acta Biomater. 62 (2017) 82-90.

[77] B. Ananthanarayanan, Y. Kim, S. Kumar, Elucidating the mechanobiology of
malignant brain tumors using a brain matrix-mimetic hyaluronic acid hydro-
gel platform, Biomaterials 32 (31) (2011) 7913-7923.

[78] Y. Kim, S. Kumar, CD44-mediated adhesion to hyaluronic acid contributes
to mechanosensing and invasive motility, Mol. Cancer Res. 12 (10) (2014)
1416-1429.

[79] R. Lei, E.A. Akins, K.CY. Wong, N.A. Repina, KJ. Wolf, G.E. Dempsey,
D.V. Schaffer, A. Stahl, S. Kumar, Multiwell combinatorial hydrogel array for
high-throughput analysis of cell-ECM interactions, ACS Biomater. Sci. Eng. 7
(6) (2021) 2453-2465.

[80] J. Baek, P.A. Lopez, S. Lee, T.S. Kim, S. Kumar, D.V. Schaffer, 3D Microenviron-

ment-Specific Mechanosensing Regulates Neural Stem Cell Lineage Commit-

ment, Cold Spring Harbor Laboratory, 2021.

M. Mihajlovic, M. Rikkers, M. Mihajlovic, M. Viola, G. Schuiringa, B.C. Ilo-

chonwu, R. Masereeuw, L. Vonk, J. Malda, K. Ito, T. Vermonden, Viscoelastic

chondroitin sulfate and hyaluronic acid double-network hydrogels with re-

versible cross-links, Biomacromolecules 23 (3) (2022) 1350-1365.

K.M. Park, J.A. Yang, H. Jung, ]. Yeom, J.S. Park, K.H. Park, A.S. Hoffman,

S.K. Hahn, K. Kim, In situ supramolecular assembly and modular modifica-

tion of hyaluronic acid hydrogels for 3D cellular engineering, ACS Nano 6 (4)

(2012) 2960-2968.

[83] E.A. Appel, J. Del Barrio, XJ. Loh, O.A. Scherman, Supramolecular polymeric
hydrogels, Chem. Soc. Rev. 41 (18) (2012) 6195.

[84] MJ. Webber, M.W. Tibbitt, Dynamic and reconfigurable materials from
reversible network interactions, Nat. Rev. Mater. (2022), doi:10.1038/
s41578-021-00412-x.

[85] M. Mihajlovic, Hyaluronic acid-based supramolecular hydrogels for biomedi-
cal applications, Multifunct. Mater. 4 (3) (2021) 032001.

[86] X. Ye, X. Li, Y. Shen, G. Chang, J. Yang, Z. Gu, Self-healing pH-sensitive cy-

tosine-and guanosine-modified hyaluronic acid hydrogels via hydrogen bond-

ing, Polymer 108 (2017) 348-360.

D. Cross, X. Jiang, W. Ji, W. Han, C. Wang, Injectable hybrid hydrogels of

hyaluronic acid crosslinked by well-defined synthetic polycations: prepara-

tion and characterization in vitro and in vivo, Macromol. Biosci. 15 (5) (2015)

668-681.

A. Tabet, J.Y. Park, J. Shilts, K. Sokolowski, V.K. Rana, M. Kamp, N. Warner,

D. Hoogland, O.A. Scherman, Protein-mediated gelation and nano-scale

assembly of unfunctionalized hyaluronic acid and chondroitin sulfate,

F1000Research 7 (2019) 1827.

T. Miyazaki, C. Yomota, S. Okada, Development and release characterization of

hyaluronan-doxycycline gels based on metal coordination, J. Control. Release

76 (3) (2001) 337-347.

[90] T. Nakaji-Hirabayashi, K. Kato, H. Iwata, Hyaluronic acid hydrogel loaded with
genetically-engineered brain-derived neurotrophic factor as a neural cell car-
rier, Biomaterials 30 (27) (2009) 4581-4589.

[91] L. Shi, Y. Han, J. Hilborn, D. Ossipov, Smart” drug loaded nanoparticle deliv-
ery from a self-healing hydrogel enabled by dynamic magnesium-biopolymer
chemistry, Chem. Commun. 52 (74) (2016) 11151-11154.

[92] L. Shi, H. Carstensen, K. Holzl, M. Lunzer, H. Li, ]J. Hilborn, A. Ovsianikov,
D.A. Ossipov, Dynamic coordination chemistry enables free directional
printing of biopolymer hydrogel, Chem. Mater. 29 (14) (2017) 5816-
5823.

[93] L. Shi, Y. Zhao, Q. Xie, C. Fan, J. Hilborn, J. Dai, D.A. Ossipov, Moldable hyaluro-
nan hydrogel enabled by dynamic metal-bisphosphonate coordination chem-
istry for wound healing, Adv. Healthc. Mater. 7 (5) (2018) 1700973.

[94] ]. Lee, K. Chang, S. Kim, V. Gite, H. Chung, D. Sohn, Phase controllable
hyaluronic acid hydrogel with iron(Ill) ion-catechol induced dual cross-link-
ing by utilizing the gap of gelation kinetics, Macromolecules 49 (19) (2016)
7450-7459.

[81]

[82]

[87]

[88]

[89]

n

mb5G;May 6, 2022;14:18

Acta Biomaterialia xxx (XxxXx) Xxx

[95] Z. Guo, S. Mi, W. Sun, The multifaceted nature of catechol chemistry: bioin-
spired pH-initiated hyaluronic acid hydrogels with tunable cohesive and ad-
hesive properties, ]. Mater. Chem. B 6 (39) (2018) 6234-6244.

[96] J. Kim, S. Kim, D. Son, M. Shin, Phenol-hyaluronic acid conjugates: correlation
of oxidative crosslinking pathway and adhesiveness, Polymers 13 (18) (2021)
3130.

[97] Y. Sun, S. Cheng, W. Lu, Y. Wang, P. Zhang, Q. Yao, Electrospun fibers and their
application in drug controlled release, biological dressings, tissue repair, and
enzyme immobilization, RSC Adv. 9 (44) (2019) 25712-25729.

[98] M.C. Wingert, Z. Jiang, R. Chen, S. Cai, Strong size-dependent stress relaxation
in electrospun polymer nanofibers, ]. Appl. Phys. 121 (1) (2017) 015103.

[99] S. Waheed, A.L. Butcher, M.L. Oyen, The viscoelastic response of electrospun
poly(vinyl alcohol) mats, ]. Mech. Behav. Biomed. Mater. 77 (2018) 383-388.

[100] B. Miller, A. Hansrisuk, C.B. Highley, S.R. Caliari, Guest-host supramolecular
assembly of injectable hydrogel nanofibers for cell encapsulation, ACS Bio-
mater. Sci. Eng. 7 (9) (2021) 4164-4174.

[101] M.D. Davidson, E. Ban, A.CM. Schoonen, M.H. Lee, M. D’Este, V.B. Shenoy,
J.A. Burdick, Mechanochemical adhesion and plasticity in multifiber hydrogel
networks, Adv. Mater. 32 (8) (2020) 1905719.

[102] M.D. Davidson, M.E. Prendergast, E. Ban, KL. Xu, G. Mickel, P. Mensah,
A. Dhand, PA. Janmey, V.B. Shenoy, J.A. Burdick, Programmable and contrac-
tile materials through cell encapsulation in fibrous hydrogel assemblies, Sci.
Adv. 7 (46) (2021) eabi8157.

[103] M.E. Prendergast, M.D. Davidson, J.A. Burdick, A biofabrication method to
align cells within bioprinted photocrosslinkable and cell-degradable hydrogel
constructs via embedded fibers, Biofabrication 13 (4) (2021) 044108.

[104] B.M. Baker, B. Trappmann, W.Y. Wang, M.S. Sakar, LL. Kim, V.B. Shenoy,
J.A. Burdick, CS. Chen, Cell-mediated fibre recruitment drives extracellu-
lar matrix mechanosensing in engineered fibrillar microenvironments, Nat.
Mater. 14 (12) (2015) 1262-1268.

[105] X. Cao, E. Ban, B.M. Baker, Y. Lin, J.A. Burdick, C.S. Chen, V.B. Shenoy, Multi-
scale model predicts increasing focal adhesion size with decreasing stiffness
in fibrous matrices, Proc. Natl. Acad. Sci. 114 (23) (2017) E4549-E4555.

[106] K.H. Song, S.J. Heo, A.P. Peredo, M.D. Davidson, R.L. Mauck, ].A. Burdick, Influ-
ence of fiber stiffness on meniscal cell migration into dense fibrous networks,
Adv. Healthc. Mater. 9 (8) (2020) 1901228.

[107] Y. Xu, G. Shi, ]. Tang, R. Cheng, X. Shen, Y. Gu, L. Wu, K. Xi, Y. Zhao, W. Cui,
L. Chen, ECM-inspired micro/nanofibers for modulating cell function and tis-
sue generation, Sci. Adv. 6 (48) (2020) eabc2036.

[108] A. Pathak, S. Kumar, From molecular signal activation to locomotion: an in-
tegrated, multiscale analysis of cell motility on defined matrices, PLoS One 6
(3) (2011) e18423.

[109] A. Engler, L. Bacakova, C. Newman, A. Hategan, M. Griffin, D. Discher, Sub-
strate compliance versus ligand density in cell on gel responses, Biophys. ]J.
86 (1) (2004) 617-628.

[110] AJ. Engler, L. Richert, J.Y. Wong, C. Picart, D.E. Discher, Surface probe mea-
surements of the elasticity of sectioned tissue, thin gels and polyelectrolyte
multilayer films: Correlations between substrate stiffness and cell adhesion,
Surf. Sci. 570 (1-2) (2004) 142-154.

[111] F. Rehfeldt, A.EX. Brown, M. Raab, S. Cai, A.L. Zajac, A. Zemel, D.E. Discher,
Hyaluronic acid matrices show matrix stiffness in 2D and 3D dictates cy-
toskeletal order and myosin-II phosphorylation within stem cells, Integr. Biol.
4 (4) (2012) 422.

[112] D.E. Discher, P. Janmey, Y.L. Wang, Tissue cells feel and respond to the stiff-
ness of their substrate, Science 310 (5751) (2005) 1139-1143.

[113] E.E. Charrier, K. Pogoda, R.G. Wells, P.A. Janmey, Control of cell morphology
and differentiation by substrates with independently tunable elasticity and
viscous dissipation, Nat. Commun. 9 (1) (2018) 449.

[114] S.R. Peyton, AJ. Putnam, Extracellular matrix rigidity governs smooth muscle
cell motility in a biphasic fashion, ]J. Cell. Physiol. 204 (1) (2005) 198-209.

[115] B.L. Bangasser, S.S. Rosenfeld, D.J. Odde, Determinants of maximal force trans-
mission in a motor-clutch model of cell traction in a compliant microenviron-
ment, Biophys. J. 105 (3) (2013) 581-592.

[116] B.L. Bangasser, D.J. Odde, Master equation-based analysis of a motor-clutch
model for cell traction force, Cell. Mol. Bioeng. 6 (4) (2013) 449-459.

[117] Z. Gong, S.E. Szczesny, S.R. Caliari, E.E. Charrier, O. Chaudhuri, X. Cao, Y. Lin,
RL. Mauck, PA. Janmey, J.A. Burdick, V.B. Shenoy, Matching material and
cellular timescales maximizes cell spreading on viscoelastic substrates, Proc.
Natl. Acad. Sci. 115 (12) (2018) E2686-E2695.

[118] M. Cantini, H. Donnelly, M.]. Dalby, M. Salmeron-Sanchez, The plot thick-
ens: the emerging role of matrix viscosity in cell mechanotransduction, Adv.
Healthc. Mater. 9 (8) (2020) 1901259.

[119] M. Swoger, S. Gupta, E.E. Charrier, M. Bates, H. Hehnly, A.E. Patteson, Vi-
mentin intermediate filaments mediate cell morphology on viscoelastic sub-
strates, ACS Appl. Bio Mater. 5 (2) (2022) 552-561.

[120] K. Adebowale, Z. Gong, J.C. Hou, KM. Wisdom, D. Garbett, H.P. Lee, S. Nam,
T. Meyer, D.J. Odde, V.B. Shenoy, O. Chaudhuri, Enhanced substrate stress
relaxation promotes filopodia-mediated cell migration, Nat. Mater. 20 (9)
(2021) 1290-1299.

[121] J.Y. Zheng, S.P. Han, Y.,J. Chiu, A.K. Yip, N. Boichat, S.\W. Zhu, J. Zhong, P. Mat-
sudaira, Epithelial monolayers coalesce on a viscoelastic substrate through re-
distribution of vinculin, Biophys. J. 113 (7) (2017) 1585-1598.

[122] A.G. Clark, A. Maitra, C. Jacques, A. Simon, C. Pérez-Gonzdlez, X. Trepat,
R. Voituriez, D.M. Vignjevic, Viscoelastic Relaxation of Collagen Networks
Provides a Self-Generated Directional Cue During Collective Migration, Cold
Spring Harbor Laboratory, 2020.


http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0068
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0069
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0070
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0071
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0072
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0073
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0074
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0075
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0076
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0077
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0078
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0079
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0080
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0081
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0082
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0083
https://doi.org/10.1038/s41578-021-00412-x
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0085
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0086
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0087
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0088
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0089
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0090
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0091
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0092
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0093
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0094
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0095
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0096
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0097
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0098
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0099
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0100
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0101
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0102
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0103
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0104
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0105
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0106
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0107
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0108
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0109
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0110
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0111
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0112
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0113
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0114
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0115
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0116
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0117
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0118
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0119
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0120
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0121
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0122

ARTICLE IN PRESS

JID: ACTBIO
E.M. Carvalho and S. Kumar

[123] E.H. Barriga, R. Mayor, in: Adjustable Viscoelasticity Allows for Efficient Col-
lective Cell Migration, Seminars in Cell & Developmental Biology, Elsevier,
2019, pp. 55-68.

[124] K.M. Yamada, M. Sixt, Mechanisms of 3D cell migration, Nat. Rev. Mol. Cell
Biol. 20 (12) (2019) 738-752.

[125] K.M. Wisdom, K. Adebowale, J. Chang, ].Y. Lee, S. Nam, R. Desai, N.S. Rossen,

M. Rafat, R.B. West, L. Hodgson, O. Chaudhuri, Matrix mechanical plasticity

regulates cancer cell migration through confining microenvironments, Nat.

Commun. 9 (1) (2018) 4144.

K.M. Schultz, K.A. Kyburz, K.S. Anseth, Measuring dynamic cell-material inter-

actions and remodeling during 3D human mesenchymal stem cell migration

in hydrogels, Proc. Natl. Acad. Sci. 112 (29) (2015) E3757-E3764.

Z. Gong, KM. Wisdom, E. Mcevoy, J. Chang, K. Adebowale, C.C. Price,

0. Chaudhuri, V.B. Shenoy, Recursive feedback between matrix dissipation

and chemo-mechanical signaling drives oscillatory growth of cancer cell in-

vadopodia, Cell Rep. 35 (4) (2021) 109047.

B. Slater, J. Li, D. Indana, Y. Xie, O. Chaudhuri, T. Kim, Transient mechanical

interactions between cells and viscoelastic extracellular matrix, Soft Matter

17 (45) (2021) 10274-10285.

H. Mohammadi, PD. Arora, CA. Simmons, PA. Janmey, C.A. McCulloch,

Inelastic behaviour of collagen networks in cell-matrix interactions and

mechanosensation, J. R. Soc. Interface 12 (102) (2015) 20141074.

[130] A. Malandrino, X. Trepat, R.D. Kamm, M. Mak, Dynamic filopodial forces in-
duce accumulation, damage, and plastic remodeling of 3D extracellular ma-
trices, PLoS Comput. Biol. 15 (4) (2019) e1006684.

[131] J. Kim, J. Feng, C.A.R. Jones, X. Mao, L.M. Sander, H. Levine, B. Sun, Stress-in-
duced plasticity of dynamic collagen networks, Nat. Commun. 8 (1) (2017)
842.

[132] Y.L. Han, PR. Kamm, M. Lenz, C.P. Broedersz, G. Xu, A. Malandrino, M. Guo,
Cell contraction induces long-ranged stress stiffening in the extracellular ma-
trix, Proc. Natl Acad. Sci. 115 (16) (2018) 4075-4080.

[126]

[127]

[128]

[129]

12

mb5G;May 6, 2022;14:18

Acta Biomaterialia xxx (XxxXx) Xxx

[133] P.P. Provenzano, K.W. Eliceiri, ].M. Campbell, D.R. Inman, J.G. White, PJ. Keely,
Collagen reorganization at the tumor-stromal interface facilitates local inva-
sion, BMC Med. 4 (1) (2006) 38.

[134] T. Heck, D.A. Vargas, B. Smeets, H. Ramon, P. Van Liedekerke, H. Van Oost-

erwyck, The role of actin protrusion dynamics in cell migration through a

degradable viscoelastic extracellular matrix: insights from a computational

model, PLoS Comput. Biol. 16 (1) (2020) e1007250.

H.P. Lee, L. Gu, D.J. Mooney, M.E. Levenston, O. Chaudhuri, Mechanical con-

finement regulates cartilage matrix formation by chondrocytes, Nat. Mater.

16 (12) (2017) 1243-1251.

D.D. Mckinnon, D.W. Domaille, ]J.N. Cha, K.S. Anseth, Biophysically defined and

cytocompatible covalently adaptable networks as viscoelastic 3D cell culture

systems, Adv. Mater. 26 (6) (2014) 865-872.

[137] S. Tang, H. Ma, H.C. Tu, H.R. Wang, P.C. Lin, K.S. Anseth, Adaptable fast relax-
ing boronate-based hydrogels for probing cell-matrix interactions, Adv. Sci. 5
(9) (2018) 1800638.

[138] J. Hazur, N. Endrizzi, D.W. Schubert, A.R. Boccaccini, B. Fabry, Stress relaxation

amplitude of hydrogels determines migration, proliferation, and morphology

of cells in 3-D culture, Biomater. Sci. 10 (1) (2022) 270-280.

A. Elosegui-Artola, A. Gupta, AJ. Najibi, B.R. Seo, R. Garry, M. Darnell, W. Gu,

Q. Zhou, D.A. Weitz, L. Mahadevan, D.J. Mooney, Matrix Viscoelasticity Con-

trols Spatio-Temporal Tissue Organization, Cold Spring Harbor Laboratory,

2022.

[140] A. Chrisnandy, D. Blondel, S. Rezakhani, N. Broguiere, M.P. Lutolf, Synthetic

dynamic hydrogels promote degradation-independent in vitro organogenesis,

Nat. Mater. 21 (4) (2021) 479-487.

D. Indana, P. Agarwal, N. Bhutani, O. Chaudhuri, Viscoelasticity and adhesion

signaling in biomaterials control human pluripotent stem cell morphogenesis

in 3D culture, Adv. Mater. 33 (43) (2021) 2101966.

[135]

[136]

[139]

[141]


http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0123
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0124
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0125
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0126
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0127
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0128
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0129
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0130
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0131
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0132
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0133
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0134
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0135
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0136
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0137
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0138
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0139
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0140
http://refhub.elsevier.com/S1742-7061(22)00196-9/sbref0141

	\advance \chk@titlecnt \@ne Lose the stress: Viscoelastic materials for cell engineering\global \chk@titlecnt =\z@ 
	1 Introduction
	2 Measuring viscoelastic properties
	3 Types of materials
	3.1 Collagen I
	3.2 Alginate
	3.3 Hyaluronic acid
	3.4 Electrospun fibers
	3.5 Summary

	4 Cell motility
	4.1 Two-dimensional motility
	4.2 Three-dimensional motility
	4.3 Summary

	5 Conclusion
	Declaration of Competing Interest
	Acknowledgements
	References


