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Abstract

Many pathologic conditions lead to the development of tissue scarring and fibrosis, which are
characterized by the accumulation of abnormal ECM and changes in tissue mechanical properties.
Cells within fibrotic tissues are exposed to dynamic microenvironments that may promote or
prolong fibrosis, which makes it difficult to treat. Biomaterials have proved indispensable to better
understand how cells sense their extracellular environment and are now being employed to study
fibrosis in many tissues. As mechanical testing of tissues becomes more routine and biomaterial
tools become more advanced, we are beginning to understand the impact of biophysical factors in
fibrosis. Here we review fibrosis from a materials perspective, including the role and mechanical
properties of ECM components, the spatiotemporal mechanical changes that occur during fibrosis,
current biomaterial systems to study fibrosis, and emerging biomaterial systems and tools that can
further our understanding of fibrosis initiation and progression. We conclude this review by
highlighting considerations in promoting wide-spread use of biomaterials for fibrosis
investigations and by suggesting future /7 vivo studies that we hope will inspire the development
of even more advanced biomaterial systems.
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1 Introduction

Fibrosis is defined as the accumulation and abnormal distribution of ECM with associated
tissue stiffening in response to injury. It affects almost all tissues in the body, including skin,
liver, lung, kidney, and vasculature. Progressive fibrosis leads to a loss of tissue function and
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eventual tissue failure, which makes it a major indication for organ transplantation, the only
effective treatment in most cases. The lack of success in developing therapies via the
conventional path of identifying soluble factor signaling pathway inhibitors has led
researchers to turn to alternative approaches, including the manipulation of
mechanobiological pathways.[1] Fibrosis is a palpable disease, and just as physicians can
feel the increased stiffness of fibrotic tissues, cells can sense this also. Mechanical properties
of tissues change during fibrosis development due to increased matrix deposition,
remodeling, chemical modification, and degradation, as well as the actions of cells (e.qg.,
contraction) and changes in their phenotype (e.g., myofibroblast activation). It is becoming
clear that ECM mechanical changes affect the function of all adherent cells within an organ,
and it is imperative to understand the contribution of these outside-in signals in the context
of both healthy and diseased tissues.

Initial /n vitro studies on fibrosis were carried out using tissue culture polystyrene (TCPS) or
glass, where the rigid environment activates cells towards a fibrotic phenotype without
exogenous signals. Although much progress in fibrosis research has been made using these
two-dimensional (2D) systems, it is difficult to separate the effects of soluble factors and
mechanical inputs in cell phenotype, and cell behavior in 2D (seeded atop a surface) may
differ from that in three-dimensions (3D) (embedded within a material). Engineered systems
which decouple soluble and mechanical factors and permit 3D culture have now been
developed to address many of these concerns. Here we will review the ECM and its
composition along with the mechanical changes and key cellular players in fibrosis of tissues
including the skin, heart, lung and liver. We will also describe major advances in our
understanding of the mechanobiology of fibrosis that have been discovered using engineered
systems and will identify emerging biomaterial technologies to study fibrosis in the future.

2 Fibrosis from a materials perspective

Fibrosis is a normal part of wound healing; however, with injury, particularly chronic injury,
ECM homeostasis is disrupted, and aberrant healing occurs, leading to prolonged and often
permanent changes in the composition and concentration of the ECM. These changes
directly affect cells residing within tissues through both biochemical and biophysical signals.
Materials based on the ECM are being developed to help understand how changes that occur
during fibrosis signal to cells and, potentially, to serve a therapeutic role in reversing these
changes. To provide a foundation for understanding the fibrotic microenvironment that
engineered systems are trying to emulate, we will first cover the structure, function, and
mechanical properties of the major components of the ECM.

Collagen is the major matrix component and source of structure and strength in both normal
and fibrotic tissues, resisting tensile forces. The “collagen domain” of collagens has multiple
repeats, potentially hundreds, of the sequence Gly-X-Y (where X is often Pro and Y often
OH-Pro), which facilitates formation of a rigid, tightly packed hetero- or homomeric triple
helix. While there are nearly thirty collagens, the fibrillar collagens (primarily I, I, 111, and
V) predominate. The collagens in this family are almost entirely triple helical and form rigid
rods that self-assemble to form large fibrils and larger fibers. The bending modulus of
isolated type | collagen fibrils, measured with atomic force microscopy (AFM), is 1.4 GPa
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and 3.8 GPa for native and glutaraldehyde-crosslinked collagen, respectively.[?] Collagen
undergoes a variety of forms of physiological cross-linking, most notably intra- and inter-
molecular covalent cross-linking mediated by lysyl hydroxylase and lysyl oxidase family
enzymes. Collagen can also rapidly form weak dynamic bonds with other collagen
molecules that might contribute to tissue remodeling; however, the nature of these bonds is
unclear. [341As a result of these bonds, fibrillar collagen forms a fibrous network (Box 1).
Such networks are critical to the function of collagen, as they enable cell contractility-
mediated collagen reorganization and alignment, that is often plastic (permanent).[3.5.6]
Increases in collagen cross-linking have also been shown to be responsible for initial tissue
stiffening in both lung and liver fibrosis, and to drive progressive fibrosis.[”:8]

Collagen in fibrosis is typically dense and aligned, structure that has significant functional
impact. For example, the deposition of fibrillar collagens in fibrotic lung prevents expansion
and air exchange; in fibrotic liver, collagen septae disrupt normal blood flow. Collagen is
non-linearly elastic, softening under compression and stiffening in tension.[% Tissues show
the opposite, compression stiffening and tension softening. Recent work suggests that the
interaction between collagen fibrous networks and the cells which adhere to them is critical
in defining tissue mechanics.[19] Another important mechanical feature of collagen is that it
is piezoelectric. None of these properties of collagen have been easy to mimic in engineered
systems. The majority of biomaterials are non-fibrillar and many, including polyacrylamide,
are linearly elastic, in contrast to the fibrous network structure of collagen, and few materials
are piezoelectric. Although biomaterials are often coated with collagen to enable cell
binding, this thin layer of collagen lacks the mechanical properties of collagen fibrous
networks. Biomaterials based on collagen, on the other hand, have the problem that, while
they permit cell-mediated reorganization, they are difficult as a result to tune mechanically.

Non-fibrillar collagens including the basement membrane collagen IV and the filamentous
collagen VI are also important to normal and, in many cases, fibrotic tissues. These
collagens may have significant non-collagenous domains, which add flexibility and enable
them to serve a variety of functions including as linkers or meshes. Collagen IV is a major
component of Matrigel™, a matrix mixture often used to mimic the basement membrane in
in vitro systems. However, Matrigel™ lacks the organized structure of the basement
membrane and is isolated from tumor tissue, which might represent a pre-fibrotic niche.
Additionally, these materials are notorious for batch-to-batch variation, which makes it
difficult to probe the effects of ECM perturbations on cell outcomes.

Elastins make up the second category of major structural proteins. Rich in proline and
glycine, elastins have extensible hydrophobic domains as well as a-helical domains that are
heavily cross-linked by lysyl oxidases; they provide resilience to tissues. Mechanical testing
of elastins highlight their contribution to tissue properties, showing a low stiffness, 1MPa,
and high extensibility (~150% strain at failure) compared to collagen. Fibrin is another
highly extensible ECM protein; it accounts for the mechanical properties of early blood
clots. Fibrin can be strained to three times its original length before failing, and also has
relatively low stiffness (1-10MPa). Fibrin is a common component of /n vitro systems
because it is easy to use for device fabrication and undergoes high levels of cell-mediated
remodeling; however, it is still difficult to tune the properties of this protein. Interestingly,
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fibrin, similarly to collagen, has adaptive properties whereby fibrils and fibers rapidly form
weak dynamic bonds with each other under mechanical force, which contributes to changes
in mechanics and ECM structure without the activity of ECM cross-linking enzymes.[11.12]

Glycosaminoglycans (GAGs) and proteoglycans (GAG-modified proteins) are another key
family of ECM components. This group includes the GAG hyaluronic acid (HA), the small
leucine-rich proteoglycans lumican, fibromodulin, decorin, and biglycan, the basement
membrane proteoglycan perlecan, and the large interstitial proteoglycans versican and
aggrecan. These ECM components, which typically increase in fibrosis (although to
different degrees), have a major impact on the mechanics of tissues. GAGs are highly-
charged, space-filling components of the ECM, forming hydrated gels. GAGs and
proteoglycans, by virtue of their water associations, enable tissues to resist compression;
they are very stiff and provide significant turgor. They can both interact with and regulate the
fibrillogenesis of collagen. The interaction between GAG networks and collagen fibrous
networks increases the stiffness of collagen. While HA is the base of many engineered
materials for fibrosis studies, it is often cross-linked and highly modified, preventing
physiological binding to cells; in physiological form it is rarely used for /n vitro studies.

Other matrix components include the multi-domain adhesive glycoproteins such as
fibronectin and laminin, which have cell-binding, collagen-binding, and GAG-binding
domains and serve as linkers in tissues, connecting cells and different parts of the ECM.
Fibronectin increases in fibrosis and is often one of the first ECM molecules to do so; in
particular, the cellular (as opposed to plasma) variant of fibronectin increases, is bound and
organized by cells (via its RGD domain) and in its relaxed state plays a necessary role in the
organization of collagen and other matrix proteins.[!3] Fibronectin has unusual mechanical
properties — it can be stretched up to 8-fold, becoming remarkably stiff in the process.[14]
While it is frequently used to coat hydrogels, and is deposited atop engineered materials by
cells, it is rarely used in materials to study fibrosis.

It is key to note that, /n vivo, ECM components are organized in large heterogenous
aggregates. These are important to the function of the ECM and are essential to the
organization and mechanics of the fibrillar collagens, which is particularly relevant to
fibrosis. It is clear that the complexity of the ECM is a challenge and not a surprise that it is
rarely represented in engineered biomaterials.

3 Multi-scale mechanical properties of tissues

Healthy, injured and fibrotic tissues all experience forces including compressive (e.g.
squeezing due to ECM-mediated confinement), tensile (e.g. stretching as the result of cell
contractility), and shear (e.g. blood flow). These forces exert stress on tissues, which is
measured as the force over a given area (Newtons/m?) and expressed in pascals (Pa) (Box1).
Tissues resist forces with their stiffness, and these forces, along with soluble factors, regulate
cell phenotype and tissue architecture in healthy and diseased tissues.[15:16] Understanding
such mechanical properties and forces are important as biomaterial platforms are developed
to model fibrosis.
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The macroscale (bulk) multi-axial properties of tissues can be analyzed by taking whole
tissues and straining them in tension (e.g. stretching) or compression (e.g. squeezing) while
measuring the resultant stress with a mechanical testing machine (e.g. Instron). By
calculating the slope of the stress-strain curve, one can obtain the elastic modulus (E), a
commonly used measure of the properties of healthy and fibrotic tissues (Box1). The
properties of tissues under shear as opposed to axial stress can be measured using a
rheometer. The shear storage modulus (G”), which is analogous to E, and loss modulus (G”),
which is a measure of viscosity, can be measured under different levels of compression or
tension (Box1).[917INon-invasive techniques such as elastography and pressure-based
elasticity measurement have been developed for measuring these tissue mechanical
properties /n vivo. Depending on the degree of fibrosis, fibrotic tissues will generally have
higher Young’s, storage, and loss moduli than healthy tissue.

The major limitation of bulk tissue mechanical testing for mechanobiological studies is
scale. Cells sense their environments on a small scale (e.g., a single collagen fiber versus the
entire tissue), and it is unlikely that the bulk properties of a tissue reflect what a cell
experiences. For example, bulk measurements of type I collagen hydrogels using shear
rheology show low storage moduli (G’, 100s of pascals), while individual collagen fibers,
measured via three point bending with AFM probes, are rigid (gigapascal range). Thus,
AFM has been widely employed to characterize the properties of tissues. Most AFMs can
assess tissue mechanics with probe sizes relevant to cells (from <1um up to 50um), can
measure cell scale forces (pN-nN) and strains (<1-15um), and can be positioned above
confocal microscopes to combine mechanical analysis with fluorescence guidance.[18] In
liver fibrosis research, AFM has shown that tissue stiffness is heterogenous at the sub-
cellular scale, significantly changing the way we think about the cell microenvironment in
fibrosis.[1] It is important to note that sample preparation could dramatically influence
measured outcomes when measuring mechanical properties at this scale due to anisotropic
ECM alignment, which is common in fibrotic tissues and has been demonstrated in the
meniscus.[20]

To begin to understand forces generated within tissues, /n7 vitro self-assembled microtissues
have been developed.[?X] Lung microtissues composed of type I collagen, human lung small
airway epithelial cells (SAECs) and lung fibroblasts produced contractile forces of 95 uN,
while TGFR1 treatment increased forces up to 210 uN.[22] Similarly, microtissues assembled
with 3T3 fibroblasts increased contractile forces from 20 UN to 75 uN with TGFR1
treatment.[23] Although microtissues are useful to begin to uncover the traction forces
generated in multicellular fibrotic tissues, the nature of these forces (e.g., tensile,
compressive, shear) and their magnitude is still unclear.

Other mechanical properties are now being studied in tissues across different scales (Box1).
For example, hyperelasticity of tissues has been observed with AFM and compression
testing and changes with fibrosis progression — fibrotic tissues often display linearly elastic
responses to strain while pre-fibrotic tissues display non-linearly elastic responses.[10.24] The
viscoelasticity of tissues can be measured from the macro to microscale using stress
relaxation tests, where a constant strain is applied and the relaxation or decrease in stress is
measured over time. As stress decays, a characteristic relaxation time is obtained and the
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time it takes for the stress to relax to 50% of its peak value (T12) can be reported. Purely
elastic materials (without a viscous component to dissipate force) will not undergo stress
relaxation. Lastly, tissue plasticity (or viscoplasticity) has recently emerged as a material
property that is altered in cancer progression and can be measured using creep-recovery tests
where a stress is applied and then removed to assess permanent changes in strain (Box1).
[3.25]t is unclear if plasticity is altered in fibrosis. Creep-relaxation tests on cardiac, lung and
liver tissues have shown viscoplastic behavior, and that plasticity decreases with age. [2°]
Highly-crosslinked fibrotic tissues likely have low plasticity, while pre-fibrotic tissues likely
have relatively high levels of plasticity; however, this has not been well studied in fibrotic
tissues.[26]

4 Mechanical changes and pathogenesis of fibrosis across tissues

Mechanisms for the development of fibrosis are conserved across tissues. Common
etiologies of tissue damage include traumatic injury, metabolic disease, viral and bacterial
infection, and inflammatory responses (Figure 1). Fibrotic tissues show disruption of tissue
architecture, activation of local tissue fibroblasts into ECM-producing myofibroblasts and
stiffening of the tissue ECM. Chronic injury as well as the properties of the fibrotic tissue
itself serve as potentiating factors driving fibrosis progression. In addition to common
mechanisms of fibrosis, tissues also have unique responses to injury that include differences
in cellular mediators of myofibroblast activation, ECM composition, time course, and
propensity for fibrosis regression. These appear to arise out of differences in the normal
function of the tissue. This section will describe several tissue systems to illustrate critical
differences between them that are important to consider in biomaterial platform design.

4.1 Fibrosis in skin

The skin is a multilayered organ with an outer epidermal layer composed mostly of
keratinocytes and an inner dermal layer composed of sweat glands, hair follicles,
vasculature, fibroblasts, and ECM.[27] Skin fibrosis occurs in the dermal layer, and the major
causes of skin injury that lead to fibrosis include trauma (e.g. abrasions and burns), while
immune reactions are less common (Figure 1). [28:29] Fiprotic conditions of the skin include
hypertrophic scars that last for years, keloids, hypertrophic and proliferative scars that
spread beyond the initial injured area, and scleroderma, a widespread and idiopathic
thickening and stiffening of the skin.[30:31\Wounds that do not heal within 3-4 weeks post
injury will form scars that lack the properties of healthy skin tissue. 32331 /n vitro systems
where mechanical properties can be dynamically changed during culture could be useful to
study the influence of mechanics over time in wound healing responses.

Surface tension measurements of human skin show that hypertrophic scars have a 4-fold
increase compared to healthy skin (3 N/mm for scars and 0.75 N/mm for healthy). Healthy
human skin is heterogeneous in stiffness at the cell scale, and this is likely exacerbated in
fibrosis.[34 The dermal ECM composition is also complex with various biochemical ligands
(e.g, fibrillar (1, 111 and V) and non-fibrillar (V1, XII, XIV and XVI) collagens,
proteoglycans, glycoproteins, laminins and elastins) that change dramatically during fibrosis
(e.g., increases in collagen I, 111, 1V and V such that they predominate). [28:31.32] Thys,

Adv Healthc Mater. Author manuscript; available in PMC 2021 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Davidson et al.

Page 7

biomaterials with the ability to pattern ligands and mechanical properties with high spatial
control will be useful to determine the role of heterogeneity in skin fibrosis initiation and
progression.

During the course of wound healing, dermal fibroblasts and pericytes migrate into the
injured tissue or blood clot and undergo myofibroblastic activation, contract the wound, and
secrete ECM to form granulation tissue.[321 While this myofibroblast activation is necessary
for proper wound healing, prolonged activation can lead to excessive ECM deposition and
hypertrophic scarring. Myofibroblast persistence is likely caused by paracrine signaling with
immune cells and keratinocytes, as well as mechanical abnormalities in the ECM. Platforms
that enable tight control over cell-cell signaling and biophysical properties should open up
new opportunities to probe the factors that drive myofibroblast persistence in skin fibrosis.

4.2 Fibrosis in cardiac tissue

Cardiac fibrosis has three typical histological presentations: perivascular, interstitial, and
focal.[37] The major etiology of cardiac fibrosis is myocardial infarction (M1); however,
other causes include cardiotoxins, metabolic disease and hypertension. Altered cardiac
mechanical properties occur early in disease,[37] and AFM-based mechanical testing shows
the Young’s modulus of the healthy heart to be around 10 kPa, while that of the fibrotic heart
ranges between 20-100 kPa.[37:38] AFM stiffness mapping studies have found heterogeneity
in heart stiffness, as seen in other tissues, and studies of fibrotic hearts show that damaged
and scarred areas have higher moduli than healthy regions.[39]

Stiffening of the ECM can have adverse effects on the function of cardiomyocytes and can
potentiate the activation of cardiac fibroblasts to further promote fibrosis. [371 Thus, it is
generally accepted that cardiac fibrosis is not reversible without therapeutic intervention.
[40]peveloping material platforms that undergo large dynamic stiffness (~1 order of
magnitude) changes with high spatiotemporal resolution should improve our understanding
of how changes in mechanics influence the progression of cardiac fibrosis.

The major stimulus triggering myofibroblast activation is cardiomyocyte death; however,
pressure overload has similar effects.[41] Since cardiomyocyte proliferation is limited,
myofibroblasts maintain the integrity of the tissue by using scar tissue to fill in areas of
cardiomyocyte death. Cardiac myofibroblasts secrete type I and 111 collagens and their
crosslinkers the lysyl oxidases, which stiffen the ECM and increase its resistance to
mechanical stress and degradation. Integrating biomaterial systems with engineered
functional cardiac tissues (e.g., microtissues or organoids) will help elucidate how
myofibroblast-mediated ECM modifications (e.g., stiffening and biochemical changes)
locally influence cardiomyocyte function in fibrosis.

4.3 Fibrosisin lung tissue

Lung fibrosis has a variable presentation depending on its etiology. For instance, pulmonary
artery hypertension leads to vascular fibrosis, while idiopathic pulmonary fibrosis (IPF)
presents with patchy fibrotic regions that distort the normal lung architecture into a
microscopic honeycomb pattern.[42] Although the etiology of lung fibrosis is often unknown
(asin IPF), it can also be caused by viral infections, chronic exposure to aerosolized
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containments, chemotherapeutics, and radiotherapy.[43] Spontaneous lung fibrosis resolution
has been reported in patients with acute respiratory distress syndrome; however, there is no
evidence that IPF can resolve and lung failure typically occurs 2-5 years after diagnosis.[44]
Due to the complex nature of lung fibrosis pathogenesis, biomaterial systems that are
amendable to personalized cell culture systems (e.g., iPSC-derived and organoids) will be
important to improve our understanding of the causes of lung fibrosis.

In IPF, chronic micro-injuries to the lung epithelium are thought to drive abnormal healing
and the deposition of excessive matrix by lung fibroblasts.[43 Animal models of IPF have
shown that collagen crosslinking (as opposed to increased collagen concentration) is a major
reason for tissue stiffening and that inhibiting crosslinking limits stiffening and fibrosis-
related dysfunction.[8] Topography scans of collagen deposits in diseased tissue found that
collagen fibers had smaller diameters and increased stiffness and crosslinking when
compared with normal tissue.

Recent work has also found that normal lung and regions of lung with active fibrogenesis
(fibrotic foci) both display nonlinear elastic properties, whereas mature fibrotic areas of the
lung have linearly elastic responses to strain. [24] To elucidate the consequences of changes
in nanoscale structure, stiffness and non-linear ECM properties in lung myofibroblast
activation, new biomaterial systems that accurately capture these properties are needed.

4.4 Fibrosis in liver tissue

Liver fibrosis is the result of chronic (not acute) injury, including from chronic viral
infection, alcoholic and non-alcoholic fatty liver disease, and autoimmune syndromes. The
histological presentation varies depending on the underlying etiology and may initially show
a periportal, pericentral, or pericellular distribution. Stiffening of the liver, assessed via shear
rheology, precedes ECM deposition and myofibroblast activation and is likely due to
collagen crosslinking shortly after injury.[’] AFM based mechanical testing of the human
liver shows that cirrhotic tissue ex vivo is ~360 Pa, while normal tissue is ~175 Pa,[46] and
animal studies have confirmed that liver stiffness is heterogenous with fibrosis.l147] The
liver has a high capacity for regeneration; however, chronic injury leads to aberrant healing
and fibrosis, which limits the regenerative capacity of hepatocytes.[48]

The liver is different from most epithelial tissues in that epithelial and endothelial cell
populations (hepatocytes and sinusoidal endothelial cells) lack a traditional basement
membrane and are instead bounded by the space of Dissé, an interstitial space with low
density, loosely-organized ECM (mainly composed of collagen IV and laminin) that
transitions towards a stiff and viscous ECM (e.g., Col I, 111, GAGs, and glycoproteins)
during fibrosis.[48]

Liver rheology has shown that with fibrosis progression there can be an increase in the loss
modulus or viscosity, which could be due to increases in GAGs.[”] Liver, like other soft
tissues, undergoes compression stiffening, and this is dramatically increased with fibrosis.
[10.17.24] 1o elucidate the role of ECM structure and organization and force dependent
materials properties (e.g., compression stiffening) on hepatocyte function and myofibroblast
activation, new dynamic material systems (tunable compression stiffening hydrogels) and
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material fabrication strategies (e.g., electrospinning) could be combined to accurately
address these questions. Additionally, to understand how small spatiotemporal changes in
liver stiffness influence hepatocyte function and myofibroblast activation, new biomaterial
systems should be developed where small changes (100s of pascals) can be introduced in a
spatiotemporal manner.

5 Biomaterial design to study fibrosis

Over the past decades, numerous biomaterials have been developed that have enabled
researchers to gain a better understanding of how cells perceive their environment. The
majority of these biomaterials have been hydrogels (water-swollen polymer networks),
although other systems such as elastomers have also been investigated. Since mechanical
changes clearly occur during fibrosis progression, mechanically-variable biomaterials have
been designed to mimic aspects of healthy and diseased tissues. Beyond understanding how
the microenvironment influences cell behavior, an overarching goal of mechanobiological
studies is the identification of new therapeutic targets for fibrosis.[!] Surprisingly, the
majority of /n vitro fibrosis studies are carried out on tissue culture plastic dishes, which are
rigid and cause spontaneous myofibroblast activation. In order to accurately predict
efficacious anti-fibrotic therapies, culture systems are needed where the mechanics can be
tailored to investigate questions related to myofibroblast activation and reversion to a
quiescent state. Before we discuss /n vitro fibrosis studies carried out using biomaterials, we
will first describe various properties that can be introduced into biomaterial systems to probe
mechanabiological questions (Figure 2) and review the general material systems available
(Table 1).

When designing biomaterials it is critical to have a system where biophysical and
biochemical variables such as stiffness, polymer concentration, porosity, and of adhesion site
concentration can be tuned and decoupled. One disadvantage of using natural polymer
systems (e.g., collagen) is that such decoupling is difficult, making it a challenge to
understand how one specific parameter influences cell behavior. Engineered material
systems, however, have been developed where decoupling is possible. Synthetic systems
allow for tight control over adhesion ligand density and porosity, while stiffness can be
changed with crosslinker concentration. Other major features to consider in designing
engineered systems are stability in culture and potential off-target effects. For example, cell
surface CD44 receptors could bind to engineered hyaluronic acid hydrogels or cell-secreted
factors (e.g. ECM) could block cell-material interactions.[4%-51] Additionally, it is important
to understand in engineered systems how changing a given material property will alter the
material from the molecular to microscale. Keeping this in mind, we will next discuss some
of the natural, synthetic, and hybrid materials that have been engineered and their
limitations.

A common natural ECM hydrogel used for cell studies is type I collagen. Collagen is
inherently adhesive and has a fibrillar architecture that can be remodeled by cells. Since
collagen is degradable via cell-secreted proteases, it can be difficult to determine how
mechanical properties influence cell behavior since these properties are coupled.
Additionally, tuning the properties of natural materials may alter degradability,
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microstructure, or adhesion ligand density.[52] In addition to collagen, other commonly used
natural materials include fibrin and Matrigel™. Since all of these materials are purified
forms of natural ECM, they enable incorporation of many aspects of the ECM, including
non-linear mechanics (e.g. strain stiffening, viscoelasticity), nano- to micro-structure, the

potential for cell remodeling, and the capacity for plasticity, into engineered systems.
[3,25,53]

The most common synthetic material used for studies of ECM stiffness is polyacrylamide
(PAA). PAA hydrogels have been utilized for multiple applications (e.g. electrophoresis) due
to their limited non-specific interactions with proteins and are useful for cell culture studies
since cells can not interact with them through surface receptors or foul them with secreted
proteins. PAA hydrogels are often modified using full-length ECM proteins (e.g. fibronectin)
or peptides, which are chemically linked to the PAA, to facilitate cell adhesion.[54] PAA
hydrogels allow for decoupled changes in stiffness and adhesion ligand density, which
makes them a useful tool for understanding how these factors modulate cell phenotype.[®]
Unfortunately, PAA hydrogels are restricted to 2D studies, since the catalysts used for PAA
polymerization are cytotoxic and prevent cell encapsulation.

Poly(ethylene glycol) (PEG) hydrogels are often used as an alternative to PAA hydrogels
since they are similarly inert and tunable, but can be polymerized into hydrogels using
cytocompatible conditions. PAA and PEG polymers have been engineered with tunable
viscoelasticity by changing polymer:crosslinker ratios or tuning the number of dynamic
bonds that undergo stress relaxation and are increasingly used to study the cell response to
viscoelasticity. [56:571 Additionally, PEG-based hydrogels have been developed with
protease- and photo-degradable crosslinkers, which enable cell- or user-directed
modification of hydrogel properties. [58:591 Another commonly-used synthetic polymer is
polydimethylsiloxane (PDMS), which has been engineered to undergo photo-crosslinking-
based stiffening and is widely used for fabricating microfluidic devices.[6%] One major
benefit to the use of PDMS iis that the optical properties of this elastomer allow for the
visualization of cell-mediated substrate contraction (wrinkling) with phase contrast imaging,
which is not possible with other isotropic hydrogels.[62] PDMS is considered an elastomer
and is not hydrated, so it is stable under a range of conditions.

Common chemically-modified natural polymers (hybrid materials) include alginate and
hyaluronic acid (HA). Hydrogels made from these materials are highly tunable and can be
crosslinked under cytocompatible conditions. These polymers have been engineered with
functional groups that allow for spatiotemporal changes in stiffness with exposure to light
and provide the ability to tune dynamic crosslinks that regulate time-dependent properties
such as viscoelasticity and viscoplasticity.[50:62-651 HA has also been engineered with
protease- and photo-degradable crosslinkers.[66.67] Other common hybrid materials used to
make tunable hydrogels include dextran, chitosan, and gelatin.[68.6°1 Gelatin is typically
modified with methacrylate groups (e.g. GelMA), which can be rapidly photo crosslinked
into gels. Gelatin is widely used due to its natural adhesive ligands for cell attachment and
ability to be degraded by cell-secreted matrix metalloproteinases. The latter feature of
gelatin makes mechanobiological studies difficult to interpret due to the potential for
material relaxation and softening with degradation. It is unclear whether cell-secreted
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proteins interfere with the signals presented by synthetic and hybrid materials in 2D;
however, this does occur in 3D culture since nascent proteins are secreted at the cell-material
interface and diffusion of the ECM out of the polymer network is limited.[30]

6 Applications of biomaterials to study fibrosis

6.1 Influence of stiffness on myofibroblast activation

Both mesenchymal stromal cells (MSCs) and fibroblasts are important myofibroblast
precursors in fibrosis, and both have been studied extensively using model biomaterial
systems.[70-72] |nitial studies with collagen hydrogels showed that stiff substrates promote
stress fiber formation and a.-smooth muscle actin (SMA) expression (typical of
myofibroblasts) and that myofibroblasts only respond to the pro-fibrotic factor TGF-R1 in
stiff collagen hydrogels under tension.[”3] Collagen hydrogels in early experiments were not
chemically modified. Some were tethered to a substrate and were considered stiff because
cell traction forces increased tensile stresses (tension) within the hydrogel and stiffened the
matrix, while other hydrogels were free-floating (with minimal tension) and were considered
soft.

To gain further insight into how mechanical properties affect myofibroblast activation,
researchers began using materials that permitted more fine tuning of mechanical properties.
PDMS was used to understand lung fibroblast activation, and the threshold for a-SMA
incorporation into actin stress fibers was found to be ~16 kPa, which is similar to the
stiffness measured for fibrotic skin.[74] Similarly, dermal fibroblasts undergo myofibroblast
activation on stiff PDMS substrates (50 kPa). Initial studies with cardiac fibroblasts found
that collagen-coated agar hydrogels prevented myofibroblast activation, while rigid tissue
culture polystyrene (TCPS) led to myofibroblast activation, and recent work confirmed this
observation with soft PDMS substrates (5 kPa).[”>76] Surprisingly, cardiac fibroblasts
cultured on HA hydrogels with a range of stiffnesses in the range of healthy myocardium (8
kPa) developed a-SMA positive stress fibers; however, a pronounced myofibroblast
phenotype was observed with stiffer 50 kPa hydrogels.l””] Activation of latent TGF-R1 to the
active form also requires a stiff microenvironment, highlighting the intersection between
mechanical and soluble factor signaling and the overall importance of mechanics on
myofibroblast behavior.[341[74]

Stiffness gradients created using PAA hydrogels were used to study the migration behaviors
of lung fibroblasts, with the highest migration speeds observed on intermediate stiffness gels
(=3 kPa); however, fibrosis-like stiffnesses (50 kPa) promoted high expression of COL1A1
and COL3A1 and low expression of MMP-1 relative to fibroblasts on soft gels.[*%] Similarly,
PAA hydrogels have been used to show that hepatic stellate cells and portal fibroblasts
require a stiff environment (~12 kPa) for TGF-R1-mediated myofibroblast activation.[78.7°]
Recent work has shown that isolated MSCs cultured on stiff PDMS (100 kPa) form a
mechanical memory of this fibrosis-like environment and that this memory persists when
MSCs are implanted into dermal wounds where they promote fibrosis.[72] Importantly,
implanted MSCs cultured directly on soft PDMS (5 kPa) do not promote dermal wound
fibrosis.
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6.2 Dynamic mechanical properties

Fibrosis takes months to years to develop in humans, while most /n vitro fibrosis studies take
place over days. Additionally, /n vitro studies place cells into environments that mimic the
final properties of diseased tissue such that cells fail to experience the dynamic changes that
occur within tissues. To recapitulate the temporal aspects of fibrosis, biomaterials capable of
dynamic changes in mechanical properties have been developed.[87] Cardiac fibroblasts
cultured on soft HA hydrogels (8 kPa) that were stiffened (to 50 kPa) underwent
myofibroblast activation in response to stiffening (Figure 3).177] Cardiac fibroblasts also
displayed increased spreading on dynamically-stiffened PDMS.[69] Similarly, dynamically-
stiffened HA hydrogels activated hepatic stellate cells, and nuclear translocation of YAP (an
indicator of mechanotransduction in a stiff environment) occurred more rapidly when cells
were precultured on soft hydrogels for multiple days rather than seeding directly on stiff
hydrogels.[8%] This work suggests that myofibroblast activation /7 vivo might occur rapidly,
and that /n vitroactivation (~7 days) does not accurately recapitulate the timing of
phenotypic changes (perhaps reflecting the need for a recovery period after cell isolation).
Supporting this, a-SMA expression increases in the injured liver after just 3 days.["]

The matrix softening that occurs during fibrosis regression can also be modeled with
dynamic hydrogels, eliminating the need to study myofibroblast reversion by trypsinizing
cells and plating them on new substrates. These systems allow for studies of differences
between quiescent fibroblasts and previously-activated myofibroblasts. Studies using
photodegradable PEG hydrogels that undergo softening during cell culture suggest that
MSCs form a mechanical memory of past stiff environments that is dependent on the time
spent in the stiff environment and that stiff environments promote persistent changes in
chromatin architecture.[196] Dynamically-softened PEG gels have also been used to study
the regression of valvular interstitial myofibroblasts and have shown that myofibroblasts
transition towards a quiescent phenotype within 2 hours of gel softening.[107:108] Thus, basic
studies with these novel hydrogels suggest the possibility that cardiac fibrosis might be
reversible with ECM targeting therapies.

Gradually-softening HA hydrogels with crosslinks that slowly undergo hydrolysis (20 kPa to
3 kPa over ~2 weeks) were used to study how previously-activated hepatic stellate cells
respond to subsequent stiffening (Figure 3),[85] and showed that cells underwent rapid
activation in response to a second exposure to a stiff environment (as has been observed /n
vivo). Phototunable HA-based systems have also been engineered where repeated changes in
stiffness are possible.[67] MSCs in this system reduce cell spreading with initial softening
(14 kPa to 3.5 kPa), while subsequent stiffening (3.5 kPa to 28 kPa) leads to a return of
spreading in these cells. Dynamic systems will be useful to investigate how mechanical
changes in fibrosis affect multiple cells within tissues.[8¢] These experiments are difficult to
plan due to differential growth of cells with varied mechanics, which can alter paracrine
signaling, and require many experimental controls to account for the various chemical
reactions and light exposures that cells experience. Additionally, ECM deposition may
interfere with mechanical dosing experiments as cells are continuously cultured on the same
substrate and previously deposited ECM is not removed. Nonetheless, this kind of multi-cell
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dynamic experiment offers the potential to better understand fibrosis development and
regression at the tissue level.

6.3 Modeling ECM heterogeneity

Spatial heterogeneity of mechanics and ECM components is found in all fibrotic tissues;
however, all of the previously discussed /n vitro systems model the fibrotic environment as a
homogenous substrate. To understand how heterogeneity affects cell phenotype in fibrosis,
multiple material platforms have been used. Spatially patterning stiffness on HA hydrogels
(~24 kPa stiff areas within a soft hydrogel of ~2 kPa) showed that critical areas of stiffness
(areas large enough for cells to spread) are required for primary hepatic stellate cell
myofibroblast activation (Figure 4).[87] Patterned areas of stiffness on PEG hydrogels have
been used to study how cardiac fibroblasts are recruited to stiff regions and how fibroblasts
respond to antifibrotic therapeutics differently based on the local mechanical environment.
[88] To mimic the fractal heterogeneity observed in fibrotic tissues, a hybrid system was
developed whereby stiff collagen fibers were incorporated into PAA hydrogels during
polymerization, yielding a hydrogel with homogenous adhesion ligand density and
heterogenous stiffness and topography.[89] MSCs in this system expressed a-SMA more
slowly than cells on stiff hydrogels; however, they showed less cell-to-cell heterogeneity in
activation than cultures on stiff PAA gels. Microscale mechanical heterogeneity similar to
that observed in AFM studies of fibrotic tissue can be modeled using photodegradable PEG
hydrogels; recent work has shown that valvular interstitial cells respond differently to
regular as opposed to random patterns of softness (focal adhesion sized (4um?) patches),
with the cells showing a less activated phenotype on the random patterns (Figure 4).19]

Engineered systems have been developed to recapitulate the biochemical as well as the
mechanical heterogeneity of the ECM. Polyelectrolyte multi-layers (PEMs) composed of
proteoglycans and fibrillar collagens can be fabricated on top of PAA gels without altering
substrate mechanics. Hepatic stellate cells in the same mechanical environment show
different behaviors in response to the incorporation of lumican in PEMs.[91] A composite
fiber-hydrogel system where fibers can be coated with fibronectin (RGD) or collagen
(GFOGER) adhesion sequences was developed to permit separate control over fiber and
bulk hydrogel properties.[92] Another strategy is to use decellularized matrices from healthy
and fibrotic tissues, which capture many of the complex changes that occur during fibrosis.
193] However, decellularized matrices suffer from the same limitations in tunability that
come with natural materials such as collagen.

6.4 The role of dimensionality on fibrotic outcomes

Most cells reside within a 3D environment /n vivo; however, few studies have investigated
the effects of mechanical properties in 3D. Studies with MSCs show that stiff 3D
environments prevent spreading and nuclear localization of YAP, while soft 3D
environments promote spreading, the opposite of the trends that are observed for cells
seeded atop hydrogels. [%4] Matrix degradability is also important for cell spreading in 3D,
and MSCs spread and differentiate into osteoblasts more frequently in degradable hydrogels
when compared to stiffness-matched non-degradable hydrogels.[%6] Similarly, when valvular
interstitial cells are initially cultured in 3D soft (0.24 kPa) protease-degradable PEG gels,
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they develop a spread myofibroblastic phenotype, while subsequent stiffening causes
fibroblasts to revert to a quiescent state. [%3] Thus, in contrast to what 2D studies and in vivo
tissue characterization of tissues suggest, highly crosslinked and stiff 3D environments
might limit rather than promote fibroblast activation in tissues. This is likely due to reduced
cell spreading in restrictive 3D environments, which influences traction generation and
signaling towards activation. Consistent with this, scar tissue within the cirrhotic liver is
mostly acellular, which might be explained by cells creating a rigid 3D environment that is
not permissive to reorganization and cell infiltration.[%] These findings emphasize the
importance of modeling cell-biomaterial interactions as a way to understand cell behaviors
in tissues.

Microarray studies of the transcriptional changes associated with valvular interstitial cell
culture in 2D versus 3D show slightly higher levels of myofibroblast markers in 2D versus
3D degradable hydrogels engineered to have the same stiffness.[97] Future work is needed to
develop culture systems that capture other aspects of the /n vivo 3D environment (fibrous
topography, viscoelasticity, microporosity) in order to more closely understand how
dimensionality influences myofibroblast activation and persistence. It is likely that cells
activate in stiff 3D environments, but that at stiffness extremes, fiber stiffness prevents cell-
mediated fiber reorganization and prevents activation — suggesting that there is a biphasic
stiffness-response curve in fibrous, 3D environments. Notably however, although 3D culture
more closely represents the /n vivo environment, it is difficult to decouple the effects of
nutrient and oxygen diffusion within these systems from the mechanics.

6.5 Influence of time-dependent mechanical properties on cell behavior

Tissues and the ECM display complex mechanical properties that go beyond stiffness, such
as the non-linear properties of stress relaxation and strain stiffening, and these properties
change as fibrosis progresses. Material systems with tunable viscoelasticity and stress
relaxation are now under development. MSCs and hepatic stellate cells on PAA substrates
with constant storage moduli (~4.5kPa) and varied loss moduli (1-130 Pa) showed dramatic
increases in cell spreading with even small increases in the loss modulus, which correlates
with the increased viscosity observed with fibrosis progression in the liver.[5¢] Subsequent
studies found that stress-relaxing materials promote the spreading of MSCs in both 2D[64]
and 3D,[57:65] and that faster relaxation promotes a myofibroblast-like phenotype (with
higher spreading, increased nuclear YAP, and osteogenic differentiation).

Methods have been developed to limit cell adhesion to the elastic components of multi-
component viscoelastic gels (elastic crosslinked PAA networks mixed with viscous linear
PAA), and these studies show that higher loss moduli reduce cell spreading and hepatic
stellate cell activation when cells are attached to elastic components.[®8] Similarly, PEG
hydrogels with phototunable viscoelasticity showed that the introduction of local areas of
viscoelasticity induces rapid retraction of MSC protrusions, suggesting that subcellular-sized
areas of viscoelasticity may determine cell phenotype (Figure 3).[9 The effects of tissue
viscoelasticity, unlike stiffness, are not straightforward and it is likely that the specific ECM
factors that contribute to tissue viscoelasticity and ECM storage modulus determine cellular
responses to viscoelasticity. [100] Additionally, further characterization of viscoelastic
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hydrogels need to be carried out and clearly described as some materials display viscoplastic

behavior,[85] while others do not have plastic behavior within the cell force-relevant regime.
[98]

6.6 Strain-stiffening ECM and fibrous biomaterials

Multiple collagen-based platforms have been developed to exploit the non-linear properties
of collagen. As previously discussed, cells polymerized within collagen hydrogels contract
and compact the matrix. The Chen group used this property of collagen to create contracted
microtissues around microfabricated posts, such that the collective traction forces exerted by
cells can be quantified by measuring the bending of the calibrated micro post boundaries.
[101] 1y this system, introduction of a gap mimicking a wound in a contracted fibroblast
microtissue led to the observation that cell-secreted fibronectin acts as a provisional matrix
that permits wound closure.[192] Contracted micro- tissues composed of lung myofibroblasts
have been fabricated using similar methods. A fibrosis-like response was induced in this
model with TGF-R1 treatment and used to screen for efficacious anti-fibrosis therapies
(Figure 5).[22]

Although these different platforms provide relevant methods to study fibrosis, multiple
studies point to collagen crosslinking as an important factor in fibrosis initiation, and this is
difficult to tune in reconstituted collagen. To overcome this limitation, synthetic fibrous
hydrogels have been developed where single fiber mechanics can be tuned separately from
adhesion ligand density, fiber network porosity, and fiber diameter. Initial studies with MSCs
showed unexpected trends with cell proliferation, spreading, and focal adhesions being
higher in soft fibers rather than stiff.[103] Similar trends were observed with hepatic stellate
cells, which underwent or maintained myofibroblast activation on soft fibrous hydrogels
while stiff fibrous hydrogels prevented myofibroblast activation.l1%4] To understand the
impact of dimensionality in fibrous environments, composite fiber-hydrogel systems have
shown that increased fiber density promotes fibroblast spreading and myofibroblast
phenotype in 3D (Figure 6).192]

Fibrous networks enable mechanical coupling and cell-cell interactions over long distances.
[5.6] This is emerging as an important factor in fibrosis development, where high levels of
cell-cell interactions are colocalized with active areas of ECM deposition (e.g. fibrotic foci)
and disruption of normal tissue architecture. Initial work showed that myofibroblast
interactions on collagen matrices occur through N- and OB-cadherin junctions, the latter of
which reinforce cell contraction and a-SMA recruitment to stress fibers.[195] Recent work
has demonstrated that the mechanical properties of electrospun fibrous networks regulate
cell-cell interactions through the matrix, with softer fibers enabling the formation of
vascular-like structures by endothelial cells and fibrotic foci-like clusters by hepatic stellate
cells (Figure 5).[104.106]

Heterotypic interactions between myofibroblasts and surrounding cells also appear to be
important for fibrosis outcomes. Myofibroblast contraction rapidly attracts surrounding
macrophages, which can further promote myofibroblast persistence through cadherin-11
signaling (Figure 5).[207.108] Additionally, endothelial cell contraction of fibrillar ECM
might promote myofibroblast activation of hepatic stellate cells through tugging forces that
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activate mechanosensitive pro-fibrotic pathways.[10%] Since long-range force transmission in
fibrous matrices gives rise to aligned patterns of fibers reminiscent of histological patterns of
fibrotic ECM, it is likely that cell contraction of fibrous networks are responsible for ECM
patterns such as bridging fibrosis.[110.111]

6.7 The response of non-fibroblast cells to mechanical changes

Although myofibroblasts are the major contributors to fibrosis and the most studied cells in
regards to their response to mechanical stimuli, it is clear that other cells in tissues suffer
functional consequences with changes in stiffness. Cardiomyocyte beating is optimal on
compliant substrates that mimic the stiffness of the heart and facilitate coherent beating,
suggesting that the beating of cardiomyocytes on the border zone of cardiac scars is
impeded.[38.112] Additionally the propagation of electrical signals through cardiac scar tissue
differs from that through healthy myocardium, which contributes to arrythmias and
increased contraction of myofibroblasts within scars, which in turn can slow electrical
conduction to border zone cardiomyocytes.[113]

Hepatocytes, the major epithelial cells of the liver and cells whose metabolic and
detoxification functions are critical to the survival of the organism, are highly sensitive to the
stiffness of their underlying substrate. Hepatocyte differentiation and function, assayed via
HNF4-a expression and albumin production, were the highest on soft PAA substrates (0.14
kPa) and lost on substrates with the stiffness of the fibrotic liver (1-60 kPa).l[4”] Thus,
hepatocytes adjacent to fibrotic septae or encased in fibrotic ECM likely dedifferentiate,
contributing to liver failure in fibrosis. Small changes in stiffness can have large effects and
it appears that epithelial and mesenchymal cells have different thresholds for responding to
changes in stiffness, even within the same organ. The high sensitivity of epithelial cells
might permit initial recognition of small changes in stiffness and lead to paracrine signaling
to effector cells, such as fibroblasts, that modulate further mechanical changes in the ECM.

Lung epithelial AT2 cells cultured on stiff PAA substrates undergo a transition to
myofibroblast-like cells, with increased fibrillar fibronectin and laminin deposition,
suggesting that epithelial cells might initiate changes in lung stiffness.[114.115] Keratinocytes
cultured on stiff PDMS substrates, when compared to those on compliant substrates,
undergo significant proliferation, which might explain the abnormal growth observed in
keloid scars.[116] Numerous materials systems have been developed to study myofibroblasts
in fibrosis, while only few studies have characterized the response of other cells; thus, this is
an area ripe for exploration.

7 Remaining questions and emerging materials to study fibrosis

Many questions remain regarding the nature of ECM changes during fibrosis and the
consequence of these changes on cells within injured and fibrotic tissues. Biomaterials are
indispensable for defining the effects of ECM properties on cellular outcomes; however, as
with any models, biomaterials reflect only a subset of the properties of tissues that are found
in vivo. To conclude this review, we will cover features of the environment /n vivo that will
help inform biomaterial design and the development of new materials and technologies to
further expand our understanding of fibrosis development and progression. In particular, new
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materials may enable the identification of unifying mechanisms of fibrosis across organs
which could be used to identify new targets for therapies.

A clear theme that has emerged is that as fibrosis progresses, changes in tissue mechanics
are highly dynamic. Along with stiffness, other mechanical properties such as viscoelasticity
and elasticity change at the tissue and subcellular level. Thus, it is critical to characterize the
multiple mechanical properties of tissues at high spatiotemporal resolution in order to better
inform materials development and /n vitro systems. Label-free imaging techniques such as
2"d and 3" harmonic generation imaging integrated with mechanical imaging techniques
such as Brillouin microscopy should aid in these characterizations.[!17] Defining the spatial
organization of ECM heterogeneity and interactions between different ECM molecules and
cells will similarly contribute to the development of new biomaterials. Additionally, the
micro- to nanoscale changes that occur in the ECM during fibrosis progression are often
overlooked. Moving forward, it will be important to characterize the spatiotemporal porosity
and alignment of the ECM along with assessing the posttranslational modifications (most
notably crosslinking), morphology, and distribution of specific proteins. Lastly, an improved
understanding of ECM-ECM (e.g., GAG-collagen) interactions in health and disease will
further our understanding of the ways ECM-protein interactions influence mechanical
properties and how to properly model them in vitro.[118]

At the macroscale, large topographical changes occur during fibrosis. In the skin,
hypertrophic scars remain within the confines of the regenerated tissue; however, keloid
scars grow beyond the initial scar and require surgically removal.[39 Within the liver, there
is the development of macroscale nodules of fibrotic ECM and epithelial cells. It is not clear
what causes this characteristic pattern and how the pattern itself and the size of the nodules
are influenced by ECM mechanics. During liver and lung fibrosis, abnormal ECM
deposition begins in focal regions, but eventually bridges between foci. At the macroscopic
scale, this ECM deposition occurs in fractal patterns, yet we still do not understand what
dictates these patterns or the time-line of ECM deposition.[8%] Models of the ECM and in
vitro studies suggest that scars might interact over long distances through mechanical
coupling, and that matrix properties are important for coupling.[111:119.1201 Sypporting this,
recent studies with synthetic fibrous materials suggest that cells are mechanically coupled
through the matrix and that soft, rather than stiff, matrix permits physical remodeling and
long range cell-cell signaling to promote cell accumulation and formation of fibrotic foci.
[104] Thus, long range cell-cell communication needs to be studied in vivo during the onset
and progression of fibrosis to better inform /n vitro models.

As we gain a deeper understanding of the spatiotemporal dynamics of fibrosis mechanics,
matrix heterogeneity, and abnormal tissue architecture, we can start developing new
materials to understand how these properties affect cell phenotype. It is still unclear exactly
which changes initiate myofibroblast activation. Areas of active fibrogenesis are non-linearly
elastic, at least in the lung, and recently developed stress-stiffening hydrogels could be
employed to understand how changes in stress-stiffening properties of the ECM (for
example, the critical strains where stiffening begins) influence fibrotic phenotypes.[121]
MSCs within these materials display myofibroblast phenotypes (spreading, osteogenic
differentiation) when the materials stiffen at a higher critical stress (19.3 Pa versus 9.4 Pa)
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with matched storage moduli (~250 Pa). Thus, it is likely that soft strain-stiffening ECM
promotes myofibroblast activation, while soft elastic materials do not.

Since lung and liver tissues stiffen prior to ECM deposition, it would be informative to have
tunable materials that mimic LOX-mediated crosslinking of collagen fibers, such that fiber
diameter decreases and stiffness increases.[] Methods to produce fibrous hydrogels on the
scale of collagen fibers that could also be modified to undergo dynamic changes from wide
extensible fibers to narrow rigid fibers using photochemistry would also be useful to
develop.

Local soluble signals, either matrix-derived or paracrine, are important for initiating and
prolonging fibrosis. Multiple biomaterial systems have been developed that could help
understand the role of signaling factor sequestration and release from the ECM in fibrosis.
Recently-developed PEG hydrogels allow for the repeated tethering and release of modified
(i.e. thiolated) proteins with photochemical reactions (Figure 6).[122] Using this system,
TGF-R1 could be patterned and released on cue in the presence of embryonic fibroblasts,
which respond to dynamic changes in ligand presentation with altered TGF-31 signaling.
Using this system, other proteins could be tethered and released in different locations over
time to introduce spatiotemporal ligand heterogeneity.

Similarly, engineered proteins have recently been developed that can be tethered to
hydrogels and released with spatiotemporal control through photochemical reactions.[123]
These materials could contribute to understanding how cell organization and paracrine
signaling drive patterns of ECM deposition and migration in fibrosis. DNA-based materials
(aptamers) have also been engineered that mimic the Large Latent Complex protein that
sequesters TGFR for release under cell generated tractions.[124] These aptamers with bound
growth factors (PDGF or VEGF) can be linked to hydrogels and activated with primary
human dermal fibroblast-mediated traction forces to cause growth factor release. Integrating
these technologies into existing hydrogel systems should provide further understanding of
how sequestered factors within the matrix modulate fibrosis initiation and progression.

Another area for future biomaterial and fibrosis research will be to elucidate how cell-cell
interactions are modulated by ECM mechanics. Since non-fibrotic cells appear to contribute
to myofibroblast activation through mechanical coupling between cells,[197.109] jt will be
important to understand how mechanical changes to the matrix modulate cell-cell
interactions. Stiff matrix limits the mechanical coupling of cells, and thus cell-cell
interactions through the matrix are likely to be more important in the initiation of fibrosis
when the matrix is still extensible. Emerging 3D composite fibrous material platforms could
help to elucidate the importance of these cell-cell interactions (Figure 6). Recent advances in
melt electrowriting (MEW),[225] 3D printing,[126] and the combination of these techniques
makes it possible to precisely control fiber deposition within 3D hydrogels, which could
offer new avenues to study cell-cell interactions through synthetic ECMs.

The electrical impedance of tissues can be measured non-invasively to assess tissue scarring.
For instance, scarred myocardial tissue has lower impedance than healthy myocardium.[127]
Importantly, impedance varies between tissues and can be used to identify different layers of
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tissues (e.g., muscle, adipose) or to distinguish between malignant and benign tumors.[128]
To our knowledge, biomaterials with tunable electrical impedance have not been used in
fibrosis or mechanobiology studies.[129] This is a future area for materials development that
could have important implications in understanding the role of bioelectricity in fibrosis and
wound healing.

Organoid and spheroid cultures are also emerging as important tools for drug development
since they can be fabricated from patient-specific tissue samples, are composed of multiple
cell types, and retain physiologically-relevant cell-cell interactions and function (Figure 6).
[130.131] |ntegrating these cultures into dynamic materials will bridge the gap between
knowledge of single cell responses to changes in ECM properties to tissue level responses.
Specifically, it will be interesting to probe how local mechanical changes (such as softening
and stiffening, ECM density, and porosity) influence fibrosis initiation within organoids
composed of epithelial and mesenchymal cells. Organoid cultures could also shed light on
how fibrosis of organ membranes, such as capsular fibrosis in the liver, affects parenchymal
cell function and intra-organ fibrosis.[132]

Vascular signals and hypoxia are also important in fibrosis, and biomaterials can help
elucidate how these factors influence fibrosis and synergize with mechanical properties.
Angiocrine signals implicated in fibrosis[109.133] could be introduced into fibrosis models by
creating vasculature in tunable biomaterial systems. Microscale molding and 3D printing
technologies (e.g. inks and support materials) provide controlled methods for producing /in
vivo-like vasculature within tunable biomaterials and have been integrated into microfluidic
chips where flow can be introduced.[134-136] Normal tissue oxygen tension is much lower
(1-5% 0,)[137] than that used in most fibrosis studies and excessive ECM deposition is
known to increase local hypoxia within tissues. Importantly, hypoxia differentially regulates
fibroblast activation depending on organs; [138][139] thus, available oxygen needs be tightly
regulated in fibrosis studies. Microfluidic devices and tunable hypoxia-inducing materials
could be used to create oxygen gradients (Figure 6) in order to understand how oxygen
availability couples with mechanical properties, such as stiffness and viscoelasticity, to
promote fibrotic phenotypes.[139-141]

8 Conclusions

Over the past decades, our understanding of the way cells respond to the properties of their
microenvironment has grown substantially. This can be attributed to increased interest in the
mechanobiology of disease, the accessibility of new tools for studying tissue, cell, and ECM
mechanics, and the integration of new properties into biomaterial platforms. As the field
continues to grow, collaborative efforts between biologists, clinicians, materials scientists
and computational biophysicists should enable significant breakthroughs in our
understanding of the ECM and its role in fibrosis. Emphasis should be placed on the clinical
relevance of the questions at hand and on how discoveries will bring us closer to new
therapies. Multiple therapies that target ECM stiffness are currently in clinical trials;[1]
however, pirfenidone is one of the only currently approved drugs for IPF and it only
prolongs the inevitable need for lung transplantation. The small number of efficacious
fibrosis therapies is likely due to the lack of appropriate pre-clinical models of human
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disease — biomaterial platforms should help us to identify and understand targets for future
therapies.

It is clear that relevance of biomaterial platforms designed to probe fibrosis is increasing,
with the inclusion of more complex mechanical properties, more relevant structures, and
increased heterogeneity. New organ-on-a-chip and microfluidic platforms, made possible by
advances in techniques such as microfabrication and 3D-printing, are emerging to add
further complexity to models of fibrosis. A potential limitation to current biomaterial
platforms is the complexity and high level of expertise needed to fabricate such systems. As
biomaterial systems progress, efforts should be made to increase the accessibility of these
systems to their intended users and to explore the development of simple alternative methods
of fabrication and synthesis. Fortunately, some tunable systems are now offered by
commercial vendors,[4%] which should help make the study of mechanobiological questions
more routine.
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Box 1.
Mechanical terms in biomaterials and mechanobiology.
Stress

The force over a given area (Pa). 1 Pa = 1 pN/um?2. Cells exert traction forces on the ECM
in the range of pN-nN over small areas (nm2—pm?), resulting in stresses of 0.02-50 kPa.

Strain

A change in shape (deformation) resulting from applied stress. Cells strain the ECM
through traction stress.

Elastic modulus (E)

The slope of the stress-strain curve, and an intrinsic property of a material. Tissues have
distinct E that influences cell function and differentiation in vitro. AFM measurement of
tissue suggests ~E for (i) Dermis: 0.1-10 kPa,[34] (ii) Heart: 10 kPa, Fibrotic Heart:
20-100 kPa,[38] (iii) Lung 2 kPa, Fibrotic Lung: 17 kPa,[?3] (iv) Liver: 0.150 kPa,

Fibrotic Liver: 1-6 kPa.[47]
| A E=0/¢

Strain €

Stress o

Stiffness

The degree to which an object resists deformation in response to stress. The stiffness of
the ECM is unique to different tissues, and is determined by variables such as ECM
density, tension and crosslinking. Stiffness differs from E in that it is dependent on the
object’s geometry.

Linear elasticity

Materials that display a linear increase in stress with strain have a constant elastic
modulus. Synthetic hydrogels typically have linearly elastic responses.

Non-linear elasticity

A dynamic hyperelastic property of fibrous ECM, where stiffness increases non-linearly
in response to strain. Non-linearly elastic ECM stiffens when cells contract (strain) the
matrix.
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‘ AE: F(e)

Strain €

Stress o

Viscoelasticity

Property of materials exhibiting solid- (elastic) and fluid-like (viscous) properties that are
dependent on time. ECM entanglement and charge can influence interactions with
surrounding ECM and interstitial fluid, which dissipate force and give viscoelastic
behavior. The factors that determine both elasticity and viscosity in cells and tissues are
not fully understood.

Plasticity

Permanent changes in shape in response to stress. Plastic remodeling of the ECM can
result in persistent alignment or densification of ECM fibers through the breakage and
formation of crosslinks.

Fibrous network

A loosely connected web of ECM proteins that have a fibrillar structure. Fiber networks
have large pores relative to fiber diameter and undergo architectural rearrangements in
response to stress. Propagation of traction force can be more than 10 times the cell
diameter in fibrous networks.

F

Stretched y
Compressed f

Lx
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Figure 1. A simplified schematic of fibrosis pathogenesis.
(7)) An ECM network in a healthy tissue has a stiffness that supports epithelial cell function

and stromal cells in a quiescent state. (/) Common injuries to tissues include trauma,
autoimmune reactions (inflammation), chemicals (toxins), and pathogens (bacteria and viral
infections). Acute signaling between injured epithelial and stromal cells triggers ECM
remodeling (degradation and/or stiffening (pink squares are ECM modifying proteins)). (/)
During the wound-healing response, myofibroblasts secrete ECM (grey lines) and ECM-
modifying proteins while also contracting the matrix to re-establish tensional homeostasis.
This provisional matrix can provide a substrate for re-epithelialization; however, excessive
matrix deposition and stiffening can lead to (/1) scarring or fibrosis that alters epithelial
growth and differentiation. Fibrosis is marked by high levels of stiff ECM such as
crosslinked collagen, with resulting myofibroblast persistence. In some tissues, fibrosis
resolves (1) if the underlying stimulus for injury is removed, but often (v4) chronic injury
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leads to a progressive cycle of further wound healing and fibrosis without removal of excess
ECM.
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Figure 2. Schematic of important structural and mechanical features to incorporate into
biomaterial platforms to investigate fibrosis.

These include various features of the extracellular matrix, as well as outcomes of cellular
behavior, such as spreading, morphology and migration.
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Figure 3. Dynamic hydrogels mimic changes in mechanical properties observed in fibrosis.
(a) Stiffening methacrylated-HA hydrogels can be used to mimic the changes in stiffness

that occur during cardiac fibrosis though through photoinitiated (UV) crosslinking of
methacrylate groups to stiffen gels from 8 kPa to 30 kPa in the presence of cells. Cardiac
fibroblasts seeded on 8 kPa hydrogels and either stiffened to 30 kPa or maintained at 8 kPa
showed increased fibrosis markers with increased fibronectin deposition (top and quantified
on right) and large f-actin stress fibers (bottom). (b) Degradable HA hydrogels that gradually
soften over time due to crosslinker hydrolysis can be used to mimic regression of liver
fibrosis. Activated hepatic stellate cells (myofibroblasts) seeded on softening hydrogels
(stiff-to-soft) develop an intermediate phenotype (with regards to a-SMA expression and
cell spreading) between quiescent stellate cells continuously cultured on soft hydrogels
(soft), and activated stellate cells continuously cultured on stiff hydrogels (stiff). Scale bar
100 pm. (c) Dynamic softening and subsequent stiffening hydrogels can be designed to
mimic repeated changes in ECM mechanics using HA hydrogels synthesized with
photodegradable o-nitrobenzyl and methacrylate crosslinking groups that undergo softening
(14.8 kPa—3.5 kPa) through photodegradation of the o-nitrobenzyl crosslinker, and
subsequent stiffening (3.5 kPa--> 27.7 kPa) through photoinitiated methacrylate
crosslinking. MSCs seeded on hydrogels and then softened showed reduced spread area,
while subsequent stiffening increased spread area, as assessed by staining cells for f-actin
after each change in stiffness. (d) Photoinitiator (Irgacure 2959)-modified PEG hydrogels
polymerized with crosslinkers that participate in additional fragmentation chain transfer
reactions (e.g., allyl sulfide bis(azide)) undergo acute changes in loss modulus (G) upon
exposure to light through crosslinker rearrangement, which subsides after cessation of light
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(left). Live imaging of MSC f-actin shows responses to local changes in viscoelasticity
(yellow square) over time by retracting cell projections and locally reducing cell area. Scale
bar 20pm. * **, represent p<0.05, p<0.01. Part () is adapted with permission from ref.[70]
CC-BY-3.0 (https://creativecommons.org/licenses/by-nc-sa/3.0/) 2017 ASCB®, part (b) is
adapted with permission from ref. [791 2016 Oxford University Press, part (c) is adapted with
permission from ref. (631 2017 John Wiley and Sons, part (d) is adapted with permission
from ref. [931 2019 1 CC-BY-3.0 (https://creativecommons.org/licenses/by-nc-sa/3.0/) 0P
Publishing.
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Figure 4. Mechanical heterogeneity in fibrosis and biomaterial systems to mimic this
. (8) Fibrosis in the liver is characterized by fibrotic tracts which ultimately (in cirrhosis)

form nodules. When characterized by atomic force microscopy (AFM), fibrotic tracts of the
diseased liver have higher elastic moduli than non-fibrotic regions. (b) Patterned stiffness,
similar to fibrotic regions in tissue, can be created within soft hydrogels to probe how stiff
area influences myofibroblast activation. Stiff patterns can be created within methacrylated-
HA hydrogels using a photomask and photoinitiated crosslinking (top, bottom left (blue)).
Quiescent hepatic stellate cell activation, assessed by loss of PPAR+y and increased a.-SMA
expression (bottom, right), is promoted by large (multicellular sized) stiff patterns, while
cell-sized patterns to not lead to activation. Scale bar is 200 pm. (c) To mimic subcellular
heterogeneity in ECM mechanical properties observed in tissues, high resolution
photomasks can be used to create small 4 um? patterns of softened (photodegraded) gel
within photodegradable PEG-o-nitrobenzyl hydrogels. Regular and random patterns of soft

regular

random
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matrix can be patterned on stiff matrix, and the response of valvular interstitial cells (VICs)
can be probed. VICs seeded on regular patterns have increased myofibroblast features
(including a-SMA-containing stress fibers), when compared to VICs seeded on random
patterns. Scale bar is 2 um. Part (a) is adapted with permission from ref. [43] 2016 John
Wiley and Sons, part (b) is adapted with permission from ref. [81] 2014 Elsevier, part (c) is
adapted with permission from ref. [84]1 2017 Elsevier.

Adv Healthc Mater. Author manuscript; available in PMC 2021 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Davidson et al.

d

Pro-collagen o-SMA Nucleus

ED-A fibronectin

Untreated

Untreated

Page 35

Electrospinning
hydrogels

OL-SA Nucleus

%

Young's modulus (GPa)

Day 2 Day 4 Day 6

Soft

Fibrillar ¢ollagen ECM i

Figure 5. Fibrous biomaterials to investigate fibrosis.
(@) Lung fibrosis models are fabricated with lung fibroblasts embedded in fibrillar type |

collagen hydrogels. Lung fibroblasts contract collagen matrix around microfabricated
elastomeric (PDMS) posts to create microtissues, which bend soft microposts in response to
microtissue contractile forces (observed through SEM). Lung fibroblast microtissues treated
with TGF-R1 display fibrosis-relevant phenotypes with increased contraction of the matrix
(higher levels of micro-post bending in SEM image, (top)), and fibrosis relevant markers
(bottom) such as a-SMA labeling and collagen/ED-A fibronectin deposition. (b) To mimic
fibrotic fibrous ECM, HA can be modified with different levels of methacrylate groups to
give soft (low modification) and stiff (high modification) electrospun fibrous hydrogel
networks (top). Fibrous networks are created atop microfabricated wells to isolate cell-fiber
interactions. Quiescent hepatic stellate cells undergo myofibroblast activation and form large
a-SMA positive multicellular clusters over 7 days on soft fibers (bottom, left), while stiff
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fibers prevent myofibroblast activation and highly spread cluster formation (bottom, right).
(c) To investigate heterotypic cell-cell interactions in fibrous environments, macrophages
and fibroblasts can be co-seeded on top of type I collagen gels and their interactions tracked
over time with f-actin (myofibroblast) and F4-80 (macrophages) (bottom) labeling, while
observing collagen remodeling (center panels). Macrophages are seeded at various times
after myofibroblast seeding, and are attracted to myofibroblasts during initial ECM
contraction due to dynamic tugging of the ECM which activates macrophage integrin
signaling and directs migration (top). Myofibroblast-induced ECM alignment does not
appear to direct macrophage migration. Scale bar 100 um. Part (a) is adapted with
permission from ref.[8”1 CC-BY-4.0 (https://creativecommons.org/licenses/by/4.0/) 2018
Springer Nature, Part (b) is adapted with permission from ref.[9] 2019 American Chemical
Society, Part (c) is adapted with permission from ref.[102] CC-BY-4.0 (https:/
creativecommons.org/licenses/by/4.0/) 2019 Springer Nature.
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Figure 6. Emerging technologies to study fibrosis.
(a) Sequential tethering and release of signaling factors (e.g., ECM ligands or fibrogenic

factors such as TGF-1) can be achieved using allyl sulfide-modified PEG hydrogels, and
could be used to understand spatial heterogeneity in ECM factors/properties and their
contribution to fibrosis development. (b) Multicellular organoids have been developed from
iPSCs, which enable stromal cell-epithelial cell interactions using personalized cell cultures.
These methods could be expanded to use in biomaterial systems where the influence of
ECM properties on fibrosis outcomes could be studied. (c) Heterogeneity in ECM
topography and mechanical properties can be recapitulated with composite hydrogel systems
composed of Dextran-vinyl sulfone (VS) electrospun fibers embedded in tunable bulk
photocrosslinked hydrogels (gelatin-methacrylate hydrogel shown here). Fibroblasts display
increased spreading and protrusions in 3D in response to local fiber density. Scale bar is 10
pum. (d) Hypoxia-inducible hydrogels can be fabricated with ferulic acid-modified polymers,
where oxygen is consumed in a laccase-mediated reaction that crosslinks ferulic acid groups
and simultaneously creates a hypoxic environment. Hypoxia-inducible gels promote multi-
cellular vascular network formation with endothelial-colony-forming cells (ECFCs, bottom),
while non-hypoxic gels show low levels of single cell network formation (top). Scale bar is
100 pum. Hypoxia-inducible gels have tunable mechanical properties, and thus could be
explored to probe the impact of hypoxia and mechanics on fibrosis outcomes. Part (a) is
adapted with permission from ref.[117] https://pubs.acs.org/doi/full/10.1021/
acscentsci.8b00325 2019 American Chemical Society, part (b) is adapted with permission
from ref.[1211 2019 Elsevier, part (c) is adapted with permission from ref.[86] 2019 American
Chemical Society, part (d) is adapted with permission from ref.[1311 CC BY-NC 4.0 https:/
creativecommons.org/licenses/by-nc/4.0/legalcode 2019 AAAS.
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Table 1.

List of important structural and mechanical features investigated in fibrosis platforms, commonly used
biomaterials to model these features, and representative experimental outcomes.

PAA

Material . . . _
Features Biomaterials Investigated Representative Outcomes
Stiff, relative to normal tissue stiffness, biomaterials:
. Promote myofibroblast activation [l and epithelial cell dysfunction [47]
) . Promote decreased mesenchymal cell migration rate [142]
Stiffness 2D: Alginate, HA, PDMS, PEG,

Soft biomaterials:
. Promote fibroblast quiescence and epithelial cell differentiation

. Promote cell-cell interactions over cell-material interactions

Dimensionality

2D: Alginate, HA, PDMS, PEG,
PAA

2.5D: Electrospun
Dextran/HA/PEG Fibrin,
Collagen

3D: Alginate, Dextran, HA,
PEG, Polypeptides, Fibrin,
Collagen

2.5D biomaterials (e.g., electrospun and natural fibrillar proteins):

. Promote cell spreading, unless adhesive area is limited [103]
. Direct cell morphology with underlying topography (e.g., aligned or
random)

3D biomaterials:h

. Support cell spreading and cell-cell interactions when the hydrogel is
degradable or can be remodeled [57:66]

Viscoelasticity

2D: Alginate, HA, PAA, PDMS,
PEG
3D: Alginate, HA, PEG

Viscoelastic biomaterials:

. Reduce cell spreading in stiff environments, while promoting spreading
in soft environments(100]

. Promote cell spreading with fast stress relaxation and prevents cell
spreading with slow stress relaxation[6465]

Deformability

2D: Alginate, PEG

2.5D: Electrospun Dextran/HA/
PEG, Fibrin, Collagen

3D: Alginate, HA, PEG, Fibrin,
Collagen

Extensible (soft) fibrous materials:

. Support cell spreading['%3, myofibroblast activation!® and cell-cell
mechanical coupling through the matrix[10°]

. May locally stiffen through physical remodeling of the matrix[143]
Non-extensible (stiff) fibrous materials:

. Limit physical remodeling of the matrix, as well as reduce cell
spreading and myofibroblast activation

Plastically deformable hydrogels:

Alginate, HA
Electrospun Dextran/HA/PEG
Fibrin, Collagen

2.5D: Electrospun Dextran . ; o ; [114]

Plasticity Fibrin, Collagen Support cell spreading and cell migration through 3D environments
3D: Alginate, Fibrin, Collagen . Support residual alignment of the matrix after cell remodeling[®!

Nanoscale porosity:
Nanoscale: . Limits cell migration and spreading unless polymer or crosslinks can
Alginate, Dextran, HA, PEG be remodeled/degraded
. Microscale:
Porosity Microscale porosity:

. Permits cell migration and spreading if pores are large enough for cell
components (e.g., nucleus, cytoskeleton) to fit through

2D: two-dimensions, 3D: three-dimensions, HA: hyaluronic acid, PEG: polyethylene glycol, PDMS: polydimethylsiloxane, PAA: polyacrylamide
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