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Mimicking biological phenomena in hydrogel-based biomaterials to promote
dynamic cellular responses

Nicholas P. Murphy and Kyle J. Lampe
Introduction

The extracellular matrix (ECM) was long thought of as simply an inert
structural support inside of which cells self-regulate their activity. Prior to 1980, the
field of cell biology had accepted that cells alone contain all of the inherent
biological phenomena sufficient to create mature tissues!. The recognition of
integrins in 1987 as prominent cell adhesion molecules? sparked the study and
discovery of many other cell adhesion molecules3-> forever altering the consensus
view of the ECM. These linkages between cells and their ECM promote adhesion,
transduce mechanical force, and initiate signals both from the cell to the ECM, such
as secreted proteases and mechanical stretching of ECM proteins, and from the ECM
to the cell, such as released growth factors and countering forces via cytoskeletal
reorganization. The importance of ECM on cell viability and activity is evident in a
recent review that summarized ECM reorganization and loss of function!. As one
example, the loss of fibronectin is lethal to the developing embryo, partially due to
insufficient morphogenesis during defects in neural tube formation. We now know
that the ECM is not present to simply hold cells in place, an unchanging background
in which cells simply exist. It is an active, temporally and spatially organized,
environmental template that continuously influences and responds to the
embedded cells. Furthermore, the ECM’s bioactivity does not just come from the
sequestered signaling molecules such as soluble growth factors. It is in and of itself a
potent signaling molecule.

A classic example of ECM bioactivity is seen in the provisional wound matrix
of the wound healing response. The provisional wound matrix acts to trap growth
factors that guide regenerative cells to the site of injury and to stimulate the cells to
transition into regenerative phenotypes undergoing proliferation, differentiation,
and/or synthesis and deposition of new matrix. The provisional matrix is an
insoluble fibrin clot initiated by thrombin cleaving fibrinogen. Growth factors
secreted by platelets including platelet-derived growth factor (PDGF), transforming
growth factor beta (TGF-[3), and fibroblast growth factor (FGF) are sequestered in
the matrix, and act as chemotactic cues to promote fibroblast infiltration®.
Fibroblasts then modify their integrin receptors, generating a phenotypic change
from migrating fibroblasts to proliferating, regenerative fibroblasts. The change in
fibroblast integrin receptor profile as well as the ability for fibroblasts to migrate
through the matrix is dependent on the presence of fibrin’. Aside from depositing
new ECM molecules, the cells secrete matrix metalloproteinases (MMPs) to
specifically remove injury-degraded ECM molecules, while MMP-inhibitory tissue
inhibitors of metalloproteinases (TIMPs) are simultaneously secreted to ensure that
functional ECM molecules are not degraded. This elegant cell-ECM control loop
serves to clearly show the importance of the ECM in its stimulation of cell activity.
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Mechanical and biochemical facets from the native ECM can be incorporated
into user-defined hydrogel materials to stimulate cells with an environment
conducive to a given regenerative application. Some of the earliest examples of this
biological incorporation are grafting full enzymes onto a polymer membrane® and
crosslinking a synthetic polymeric material with protease-cleavable polypeptides
such as poly(2-hydroxyethyl-L-glutamine)®. As discussed later, hydrogels can be
made completely from native ECM molecules to impart bioactivity through already
present adhesion domains and protease cleavable sites. To promote a desired
cellular response, researchers often pursue more controllable materials where they
can independently tune variables such as material stiffness and biochemical ligand
presentation. The seminal work of Discher and coworkers suggested that stem cell
fate is a direct result of the substrate stiffness. Differences in polyacrylamide (PA)
substrate stiffness led to completely altered gene expression profiles in
mesenchymal stem cells (MSCs), with neurogenic differentiation selected at low
stiffness, myogenic differentiation selected at medium stiffness, and osteogenic
differentiation selected at high stiffness!0. This result may in part be due to the
manner in which ECM proteins were tethered to the substrate surface, as stiffness-
dependent cell fate was later shown to be at least partly a result of lower density of
ECM docking sites as substrate stiffness decreases (and porosity increases)!!. More
recent work found that MSC fate is a product of substrate stiffness alone and not
ECM protein tethering!2.

In addition to human MSCs (hMSCs) which can differentiate into many tissue
types, the fates of hematopoietic stem cells (HSCs)!3 and neural stem cells (NSCs)14
15 are confined to blood cell types and neural cell types, respectively. These “tissue-
specific” stem cells maintain activity when surrounded by matrices having
mechanical properties similar to their native tissue. The viability and neuronal
differentiation of NSCs encapsulated within 3D hydrogels has been shown to be
maximized at moduli mimicking native brain tissuel6-18. Matrix dimensionality is
also a critical variable for cell survival and activity, as sensory neurons display
native morphological phenotypes on 3D matrices, but not on 2D matrices!®. 3D
environments are also sufficient for matrix deposition?? while 2D environments are
not?1. Similarly, Lampe and coworkers found that the neurite outgrowth of dorsal
root ganglion neurons (DRGs) in 3D is maximized at moduli similar to their native
environment (~0.5 kPa) while higher moduli are increasingly inhibitory to neurite
outgrowth and viability (Figure 1A). Incorporation of the arginine-glycine-aspartate
(RGD) adhesion motif from fibronectin into the scaffold similarly stimulated
enhanced neurite outgrowth (Figure 1B). RGD incorporation provided encapsulated
cells with a direct way to sense and respond to the mechanical properties of their
surrounding matrix designed for the application of regenerating neural tissue?2.

Acting as a set of tissue-specific dynamic microenvironments, the native ECM
is invariably undergoing cell-mediated reconstruction through matrix deposition
and degradation. As cells develop, bioactive ECM domains are temporally presented
to cells both statically or dynamically. Mechanical properties of the ECM, such as
stiffness and porosity, also change over time as cells develop. Biological factors such
as growth factors or signaling molecules are released by cellular demand from the
ECM. Soluble biomolecules are also secreted and degraded by cells, and can in some
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cases bind to the ECM itself via fibronectin, as one example?3. The inherent
complexity of the native ECM provides a challenge in fabricating an ideal, completely
bio-mimetic hydrogel material for cell culture and tissue regeneration. However,
synthetic materials have been used to provide a template to introduce specific ECM
moieties in order to determine individual or combinatory contributions. Partially
synthetic materials are ideal for fabricating cell-responsive materials because all of
the bioactivity can be user-defined and tuned as needed. We describe here efforts in
which hydrogel materials were imparted with discrete bio-mimetic functionalities
such as dynamic stiffening, growth factor presentation, and cell-mediated
degradation to stimulate encapsulated cells to differentiate, proliferate, or stretch.
Before hydrogel materials are introduced, we provide a perspective on the native
biological phenomena that lays the groundwork for tissue-mimetic materials design.

Biological framework for materials design
ECM composition and regulation

The ECM is a highly dynamic environment whose set of molecules act as a
code interpreted and edited by local cells. The ECM is a tapestry of different
molecules including fibrous proteins like fibronectin, collagens, laminins, vitronectin
and elastin; specialized proteins like growth factors, heparin, and integrin-binding
glycoproteins; polysaccharides like glycosaminoglycans (GAGs) and HA; and
proteoglycans like chondroitin sulfate proteoglycans (CSPGs)?4. Different ECM
molecules can have varying effects on cellular processes such as adhesion. For
example, laminin and CSPGs play an important role in axon guidance as the former
is stimulatory to neurite migration2® and the latter is inhibitory to neurite
migration?é. CSPGs can be targeted by GAG-degrading chondroitinases to allow
neurite sprouting and growth in spinal cord injury?7; this phenomenon could
potentially be modeled in an engineered hydrogel system (Figure 2A). Besides
regulating cells, the ECM can also regulate itself. The production of one ECM
molecule can be up- or down-regulated in response to the presence of another ECM
molecule?8. This mesh of molecules creates a matrix with a bulk stiffness sensed by
cells through mechanotransduction followed by matrix tension signaling to cells via
integrin linkages mediated by the Rho/Rho-associated protein kinase (ROCK)
signaling cascade, which can regulate cell fate decisions important in wound repair.
For instance, as the matrix contracts protein kinase B (Akt) is dephosphorylated,
converting a survival signal into an apoptotic signal?® 3%. As another example,
matrix-mediated changes in cell shape can activate Ras homolog gene family,
member A (RhoA) signaling, and can regulate osteogenic differentiation31.

The ECM can sequester and release many stimulatory factors: signaling
molecules like amphiregulin and Wnts, growth factors such as TGF-f3 and FGF, and
also cell-mediated ECM cleavage fragments. The NC1 domain from collagen, a
degradation fragment, stimulates neuronal axon growth3? (Figure 2B). Cell-secreted
TGF-f interacts with latent TGF-[3 binding protein (LTBP) to form large latent
complexes (LLCs). TGF-p is released from the ECM upon cell contacts applying force
to the ECM, uncoupling the LLCs33. In this way, TGF-f3 signaling can be tuned by the
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rigidity and composition of the ECM. Normal and disease-state remodeling of the
ECM by cellular degradation can also affect cell morphology and movement. This
often takes place through MMPs that can cleave ECM proteins, thereby reducing the
crosslinking density of the matrix (and therefore changing the stiffness which has
impact previously discussed) and potentially opening “highways” for cell migration.
For example, osteoblast-secreted MMP-9 releases Kit Ligand from the matrix, which
interacts with the Kit tyrosine kinase receptor on hematopoietic stem cells (HSCs),
creating a signal triggering HSC locomotion34.

Cellular adhesion and migration

The ECM can act as a docking site for cell adherence and migration via
adhesion receptor binding and unbinding, providing an additional means to signal
to encapsulated cells. All cellular adhesions involve cell surface receptors like
integrins, selectins and cadherins, and interactions with the actin cytoskeleton.
Integrins are transmembrane receptors for ECM molecules and are critical for cell-
matrix adhesion. There are three main classes of adhesions: (1) focal adhesions3%,
(2) focal complexes36, and (3) fibrillar adhesions3’. Focal adhesions, flat structures
that are regulated by RhoA and actomyosin contractility, involve anchoring of actin
microfilaments that mediates strong adhesion to the matrix. Focal complexes, dot-
like precursors to focal adhesions, are induced by the Rho-family GTPase Rac.
Fibrillar adhesions can be long or dot-like structures, and involve adhesion via ECM
fibrils. Many types of molecules are involved in cellular adhesion, including
integrins, adhesive non-integrin molecules such as syndecan-4 and urokinase
receptor (uPAR), and integrin-actin linkers such as focal adhesion kinase (FAK),
down-regulated in rhabdomyosarcoma LIM protein (DRAL), and integrin-linked
kinase (ILK). Cell adhesion is a product of probing for mechanical forces. Once
attached, focal adhesions provide a means to exert countering forces onto the
matrix38. There are many biochemical ways for cells to respond to mechanical
stimuli including cell adhesion receptors, stretch-activated ion channels3® and
mechanically gated ion channels*0.

The ECM is not just a structural scaffold but also a bioactive director. As
already discussed, the fibronectin-derived RGD sequence promotes cell adhesion
and is responsible for mediating fibronectin fibrillogenesis. In the context of native
ECM, this can lead to fibroblast stimulation and myofibroblast and macrophage
migration into a wound site covered topically with adhesion-site-rich fibronectin.
On the opposite end of the spectrum when fibronectin is knocked-down, myocardial
precursor migration is completely eliminated leading to cardia bifida*!. In another
example of ECM activity fibrillar collagen can ligate and physophorylate mammary
gland receptor tyrosine kinases*2. Covalent modifications can be made to the ECM
by cell-secreted molecules such as growth factors that bind to heparin*3 and
through biological crosslinking via the transglutaminase factor XIlla*4. When ECM
makeup is heterogeneous, gradients in ECM composition can lead to gradients in cell
locomotion velocity. For example, neural crest cells will migrate significantly faster
on versican-containing matrix than aggrecan-containing matrix*°. In some cases, as
in epiblastic cell movement during primitive streak formation, cells can ‘carry’ their
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ECM along their migration®. Thus, the ECM is not set in its location as it is also not
set in its composition and mechanical properties.

Cryptic domains and ECM remodeling

One way for cells to remodel their environment is to mechanically alter their
local matrix. Fibronectin fibrillogenesis is an important integrin-mediated
phenomenon that involves soluble fibronectin components transitioning to
insoluble fibrillar fibronectin (Figure 2C). Fibronectin can initiate its own
multimerization, but the respective domains are “cryptic” such that they are hidden
in fibronectin'’s stable, globular state mostly within its FNIII domains338. Cryptic sites
can be unearthed by either mechanical stretching*” or proteolytic cleavage*s.
Simulations have led to predictions of a ‘multimerization sequence’ and
experimental work has distilled these predictions to a seven-amino-acid sequence
sufficient to induce multimerization. The proposed multimerization sequence,
termed ‘CPB’ and having the primary structure SLLISWD, was experimentally shown
to be cryptic and to interact with fibronectin in a manner that exposes other cryptic
hydrophobic domains#°. As important domains involved in fibronectin
fibrillogenesis are now known, it is possible for biomaterials engineers to begin
thinking about how to controllably induce fibril formation of native or engineered
ECM via cell stretching. Aside from associating with itself, fibronectin interacts with
other ECM molecules including tenascin>%, CSPGs®1, heparin®2 and hyaluronic acid>2.
Fibronectin-ECM interactions can be both inhibitory>? and stimulatory># to cell-ECM
adhesion.

Before fibrillogenesis, secreted fibronectin must be unfolded in order for it to
polymerize. The actin cytoskeleton and signaling effectors are essential for this
process?4. Fibronectin fibrillogenesis is tightly regulated in native environments;
this regulation seems to be lost in diseased environments. Tumor cells give rise to
extra-stiff ECM, and this is partly due to increased unfolding of fibronectin>>.
Fibronectin fibrillogenesis is not only a product of cellular forces, but can also result
from cell-independent mechanical forces and thus from the surrounding matrix.
Fibronectin can stretch and subsequently multimerize on different materials. Garcia
and coworkers showed that soluble fibronectin can spontaneously form fibrils on a
poly(ethyl acrylate) substrate but not on a poly(methyl acrylate) substrate, with
myogenic differentiation of murine C2C12 myoblasts enhanced on the former
material®6. Biomaterials engineers may thus design matrices that utilize cell- or
matrix-derived mechanical forces to control matrix fibril formation.

The length scales and heterogeneity of fibronectin remodeling limits the use
of high-resolution fluorescent microscopy to 2D surfaces. To combat the length scale
and time scale challenges of monitoring fibronectin remodeling, the Vogel group
developed microfabricated tissue gauges (LTUGs) that can be combined with
fluorescence resonance energy transfer (FRET) to observe high resolution 3D
remodeling of user-supplied, cell-assembled fibronectin onto a polymerized
collagen scaffold. Collagen-colocalized multimerized fibronectin was observed to be
compact and progressively unfolded, with bidirectional strain gradients appearing.
The role of fibronectin seems to change with time of incorporation into the scaffold.
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Fibronectin that is incorporated early into the matrix is mostly compact and acts to
stabilize the initial structure, while fibronectin assembled later are stretched by
cells and multimerized (Figure 3A) corresponding to increased matrix tension
(Figure 3B)%7. Information about the spatio-temporal remodeling of ECM proteins
can help with design of in vivo injury interventions or biomaterial implantations
where force-mediated remodeling is a critical design feature.

Hydrogels as tissue-like biomaterials

Native tissue is characterized by high water content, and therefore hydrogels
composed of hydrophilic polymers, synthetic or natural, present good models
conducive to transport of exogenous or cell-derived bio-factors. Purely synthetic
hydrogels can promote healing phenotypes such as tunable differentiation,
proliferation and migration, based off of mechanical properties alone, but it is the
dynamic marriage of mechanical and biochemical properties that is a hallmark of
native tissue, behavior now pursued in tissue engineering strategies. Biochemical
motifs such as growth factors, cytokines, and chemotactic gradients can be
incorporated and tightly tuned within a hydrogel®8.

Here we describe two classes of therapeutic hydrogels: (1) purely natural
and (2) partially-synthetic materials. While synthetic materials are frequently
referred to as “inert” they often have specific bioactivity that can be beneficial>® or
inhibitory®?. Purely synthetic materials can give insight into natural phenomena
such as ECM-composition-dependent cell maturation. For example, cardiomyocytes
derived from human induced pluripotent stem cells (iPSC-CMs) exhibited the largest
mitochondrial function and intermediate filament gene expression on a 4% PEG-
96% PCL material relative to other compositions®l. Synthetic materials need not
incorporate cell-interactive elements to abate scarring and an engulfing phagocytic
response®? 63, but these cell-interactive elements are desirable to promote tissue
regeneration within a hydrogel environment.

Purely natural hydrogelling materials

Materials derived from natural sources serve as a model that can inherently
mimic the native extracellular milieu. Cell culture studies incorporating natural
scaffolds have allowed researchers to gain an understanding of the complex action
of the native ECM. Purely natural materials have been used to deliver cells and as a
means for cell infiltration to promote in vivo matrix remodeling®*. We will discuss
here ECM-derived materials that have been successfully used in a modified format
(i.e., attachment of biomolecules).

Collagen type I is the most abundant protein in the majority of tissue
matrices and is widely used for regenerative purposes because it contains
numerous domains for adhesion of cells as well as to other ECM molecules like
fibronectin. The triple-helical structure of gelled collagen type I proceeds via pH-
and temperature-induced multimerization of a monomer solution. Collagen is a
physical hydrogel and mechanically weak material, but can be strengthened by
chemical glycation®® or a secondary crosslinking mechanism®®. Biomolecules can be
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covalently or non-covalently introduced into a collagen scaffold via natural
interactions#3, collagen-binding sequences recombinantly engineered into a
protein®’ or by chemical coupling®8. Collagen from animal sources has led to adverse
immunogenic reactions in vivo®®, prompting the use of recombinantly-derived
collagen?0. Gelatin is a denatured form of collagen and gels similarly in tissue
culture’! or protein delivery?? applications. Another widely used material for its role
in clotting and tissue regeneration, fibrin, is derived from the polymerization of
fibrinogen with thrombin and is recognized by many cell-adhesion receptors?3 and
contains many covalent crosslinks susceptible to proteases’4. Thus, cell migration
through fibrin occurs almost exclusively via proteolytic degradation. Fibrin can be
covalently functionalized by crosslinking with a protein incorporating a
transglutaminase domain via its natural polymerizer, the transglutaminase factor
XIIIa7>. Un-modified fibrin has been used in a rat model of spinal cord injury to
promote neural fiber and astrocyte infiltration into the lesion site’® (Figure 4).

A non-protein material, HA is an anionic linear glycosaminoglycan composed
of D-glucuronic acid and N-acetyl-D-glucosamine that can be produced by bacterial
fermentation. HA has been used for the repair of cartilage’’, bone’’, and vocal
cord’8, as well as for angiogenesis’?. HA hydrogels take in much water due to their
anionic character and thus have weak mechanical properties. However, direct
modifications of its functional groups with more hydrophobic moieties have
resulted in HA hydrogels with diverse mechanical properties8? 81. HA is unable to
bind to integrins and is slowly degraded by the protease hyalurodinase, thus HA
materials have been modified with cell-adhesion ligands®8? and protease-cleavable
sequences?3. Hydrogels based off of a blend of HA with methylcellulose termed
HAMC have become a novel means to transport regenerative retinal stem-
progenitor cells into the degenerating retina8+.

Alginate, while grouped here as a natural material since it is extracted from
seaweed, is the only natural material in this section not natively present within the
human body. Despite that, alginate has been used in numerous clinical applications
including as a wound healing dressing®> and as a drug8¢ and cell®’ carrier. Alginate is
an anionic polysaccharide composed of 3-D-mannuronic acid and a-L-gluronic acid
that can be crosslinked via divalent cations, typically Ca?*, Mg?*, or that create inter-
macromer bridges between the gluronic acid groups®8. Alginate is regularly used to
create tunable viscoelastic hydrogels but perhaps due to its source, does not have
inherent biological activity. Alginate has been modified in a number of ways
discussed further below, to endow it with enhanced crosslinking and cell-interactive
functionality. Covalent crosslinking can also be performed with multi-functional
molecules such as poly(ethylene glycol) (PEG)-diamines to improve durability and
increase stiffness8. To incorporate biomolecules, the carboxylic groups of alginate
sugar residues can be crosslinked to peptides via amide linkages?°.

Partially Synthetic Materials
Purely synthetic materials inherently do not have any specific bioactive

domains, but their mechanical properties are sufficient to promote biological
responses such as stiffness-dependent differentiation or as a surface for cells to
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attach, as is the case with polyornithine. Engineering single or multiple biological
components into a synthetic material can be useful to obtain a desired cellular
response or to understand the contributions of a particular biomolecule. The RGD
adhesion site from fibronectin has been widely used in partially synthetic materials
to allow cells to dock with the scaffold and establish forces necessary for spreading
and differentiation. RGD incorporation into an elastin-like polypeptide (ELP)
scaffold enhanced neurite outgrowth of encapsulated DRGs?2 91,92,

The classic RGD sequence from fibronectin is the most frequently used, but
other adhesion sites from other ECM molecules have been identified including
IKLLI, IKVAV, LRE, PDSGR, and YIGSR?3 94 from laminin as well as DGEA from
collagen. IKVAV and IKLLI had the greatest effect on PEG-encapsulated B-cells,
resulting in significantly increased survival and higher insulin production relative to
other peptides®. There is also evidence of synergistic effects of multiple adhesive
peptides, such as PDGSR and YIGSR on glucose-stimulated insulin release®>, RGD
and IKVAV on human umbilical vain endothelial cell (HUVEC) growth?, as well as
antagonistic effects such as RGD and YIGSR on HUVEC cell growth®® and PC12 cell
neurite extension®’. Full-length proteins can be covalently conjugated into synthetic
gels that display appropriate end groups. Conjugation of laminin into a PEG-N-
hydroxysuccinimide (NHS) hydrogel resulted in increased neurite extension of
encapsulated DRGs?8. For delivery applications, oxidized antibodies can be
covalently attached to a hydrogel consisting of HA with adipic dihydrazide end
groups®°.

Dynamic Materials

While synthetic hydrogels provide a system in which static mechanical
properties are easily tuned and user-defined, mechanically static materials are likely
not the end-all solution regardless of enhancements by pendant biochemical
moieties. The heterogeneity within a given tissue is increasingly recognized in
current research with positional tissue stiffness gradients existing in mature
eukaryotes!90. Analogously, there also exist gradients with respect to both space and
time in eukarotic tissue. For instance, a stiffness gradient in time and space is
explicitly understood during development, wound healing and disease. As a classic
example, the mature chicken heart has a stiffness of roughly 10 kPa; however, the
originating mesoderm is a much softer ~0.5 kPa material. Complete stiffening of the
chicken heart takes approximately two weeks101. Fibrosis, a response in wound
healing as well as after heart attack, is another example of natural tissue stiffening,
but in this case to an unnatural, scar-like statel02. Matrix stiffening is apparent in
diseased states as well as aging and can contribute to corresponding adverse
phenotypes. Amidst aging and progression of atherosclerosis, the blood vessel wall
stiffens leading to increased endothelial cell permeability due to elevated cell
contractility, thus widening cell-cell junctions190.

There have been recent developments in mimicking this dynamic stiffening
of native ECM. Young and Engler have developed a stiffening material from thiolated
hyaluronic acid (HA-SH)103. For these HA-SH materials, initial gelation is achieved by
crosslinking with PEG-diacrylate (PEGDA). Further time-dependent stiffening is
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then allowed to occur by free acrylate groups on the HA backbone polymerizing
with leftover HA-SH groups from the initial crosslink reaction. They were able to
create a material that stiffened from 1.9kPa to 8.2kPa over 19 days post-
polymerization, corresponding to development of the native chicken heart. It should
be noted that this temporal stiffening was not linear, but rather followed a decaying
exponential, such that the majority of stiffening occurred after three days. The
stiffening HA-SH hydrogel allowed for significantly improved pre-cardiac cell
maturation into myocytes, as seen by a 3-fold increase in expression of the mature
marker Troponin T as well as a significant increase in mature myofibrils, relative to
cells cultured on a static PA material. However, the HA-SH materials are a liability in
vivo as they caused a significant increase in macrophage and lymphocyte infiltration
at the site of an intramyocardial injection. Follow up work attributes this immune
response to the free thiol groups, since a non-thiolated HA did not cause an immune
responsel®; however, the process of stiffening may also contribute.

Guvendiren and Burdick have more recently developed methacrylated HA
(Me-HA) based hydrogels that are capable of stiffening in a stepwise manner>. For
initial gelation, methacrylate groups were crosslinked with dithiothreitol (DDT). At
a user-defined time point later, further crosslinking of unreacted methacrylates can
be induced by addition of UV light with a photoinitiator (Figure 5A,B). Switch-like
stiffening can alter the fate of uncommitted precursors (Figure 5C), and the
composition of cell types in a bi-potential media can be tuned by varying the time of
further stiffening. For hMSCs cultured on Me-HA hydrogels in a bipotential media
promoting osteogenesis and adipogenesis, osteogenic markers were more apparent
for materials stiffened at earlier time points, and adipogenic markers were more
apparent for materials stiffened at later time points. This fate-tuning is realized
because differentiating cells do not respond to mechanical stimuli, as do
uncommitted cells. By using hydrogels that incorporate switch-induced stiffening
like the Me-HA based materials, it is possible that the exact fate and composition of
uncommitted progenitors or stem cells could be tuned and induced at a user-
defined time point103 106,

Bioactive peptide domains can be introduced into the scaffold to mimic
native dynamic presentation. For instance, hMSCs early during their differentiation
into chondrocytes upregulate fibronectin production thus providing increasing RGD
domain concentration. One week after differentiation, fibronectin is downregulated,
freeing the cells to a more spherical morphology necessary for chondrogenic
differentiation. To recapitulate this dynamic native RGD presentation, the Anseth
group designed a peptide sequence incorporating RGD as well as a MMP-13-
cleavable sequence (PENFF)197. This peptide design was realized because MMP-13 is
upregulated in chondrocytes as fibronectin is downregulated. Upon incorporating
this peptide into a PEGDA hydrogel, RGD could be cleaved on a physiological time
scale specifically by cell-secreted MMP-13, and the appropriate hMSC response was
observed - initial adhesion followed by detachment.

Researchers are now utilizing light irradiation to induce user-defined
temporal and spatial degradation gradients in synthetic materials crosslinked with
photo-labile bonds. Near-infrared-light irradiation was used to trigger release of
various neurotransmitters such as dopamine from polypyrrole nanoparticles in
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order to remote-control brain activity 198. In a further iteration of the temporal RGD
presentation design, RGD was attached to the backbone of a PEGDA scaffold via a
photo-cleavable bond, resulting in a hydrogel in which RGD could be released at
user-defined times to enhance chondrogenic differentiation1%°. Unlike with cell-
demanded matrix degradation, the researcher can tune the cellular
microenvironment with micron-scale resolution to understand how cells respond to
such changes. The decrease in crosslink density that arises from photodegradation
results in an increased porosity of the material advantageous for cell spreading and
diffusion of secreted molecules. In photo-labile hydrogels encapsulating hMSCs, a
light-induced polymer density gradient supported a corresponding gradient in
hMSC spreading and areall0.

Porosity may also be a desirable variable to temporally tune in a hydrogel
system. A low-porosity material may provide an initial barrier to protect fragile
precursor cells from the outside environment; however, a more porous material is
required for the diffusion of growth factors, cell spreading and migration, matrix
deposition, and angiogenesis. Thus, the design of a time-dependent increase in
hydrogel porosity is attractive. A scaffold composed entirely of MMP-degradable,
RGD-presenting spherical microgels that anneal via factor XllIa, termed
microporous annealed particle (MAP) gels, was designed to attain microporosity
upon cellular degradation of the microgels!!!. Compared to non-porous PEG-VS
scaffolds, the MAP gels showed increased cellular network formation, proliferation,
wound closure, and a decreased immune response. Advancing on this work is a
methacrylated-gelatin-based material implementing three porogens that degrade in
response to different stimulil?2. Compared to one and two sequential treatments,
collagen Il and X deposition was markedly increased in the thrice-treated hydrogel
and cell density was increased in the twice-and thrice-treated hydrogel.

These control features of step-changes in either stiffness or porosity are
useful new tools that allow researchers to understand and direct cell fate in vitro.
However, they lack broad clinical applicability due to the added challenge of
accessing the implantation site to provide the stimulus/trigger to cause the desired
change. These designs are sufficient for proof-of-concept applications, but materials
are ultimately needed to provide all necessary bioactivity without necessitating user
input, and surgical access, after implantation. Materials that are inherently bioactive,
designed to respond to cellular inputs like protease secretion or cell stretching, are
ultimately what are needed.

Bio-responsive release and degradation

Biomaterials engineers hope to take advantage of cell-mediated matrix
degradation as a design strategy that builds into the system an ability for
encapsulated cells to “talk” to their surrounding matrix. This communication can
include matrix degradation via cell-secreted proteases coupled with other cell-
matrix interactions that dictate fate decisions. Materials that cell-responsively
degrade are important to the regenerative capacity of encapsulated cells:
presentation of non-degradable crosslinks negatively directs cell fate and blocks
traction force generation in a manner analogous to myosin inhibition1. In
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applications where protease activity is detrimentally upregulated such as after a
myocardial infarction, materials can be designed to provide feedback on cell-
mediated degradation?13.

Growth Factor Delivery

Designing a material to release stimulatory factors in response to cell inputs
“on demand” will be more useful than in response to user-dictated, extrinsic inputs.
This allows cells to customize their environment with factors available as needed
during development rather than at step-change intervals convenient to researchers.
One natural cell input that could induce growth factor release is degradation,
realized with bulk material-sequestered factors (bulk degradation) or factors
covalently attached to the scaffold via a tether (tether degradation). Freedom of
design is available in either method - protease-sensitive sites in the bulk material
backbone can be cleaved to release sequestered growth factors, or growth factors
can be tethered to the scaffold by Michael-type addition with free acrylate groups.
When using synthetic macromers for hydrogel formation, the choice of crosslinking-
active end groups is important for the degradation application. For example,
crosslinking PEG acrylates will form ester bonds cleaved over time by hydrolysis,
while crosslinked PEG vinyl sulfones (PEG-VS) will not degrade in response to
water!14, Incorporation of protease-cleavable substrates into the latter hydrogel will
result in cell-mediated degradation as the sole mechanism of remodeling 115. This
situation is ideal for immobilizing growth factors, as their degradation-mediated
release can be cell-responsive in both time and space (Figure 2D).

Multiple growth factors may need to be delivered in some clinical
applications where matrix degradation and remodeling are important to healing,
and in some cases, proteases can have multiple regulating growth factors.
Exogenously added growth factors can work in concert with natural ECM- and cell-
derived cues. A PEG-VS hydrogel crosslinked with a bifunctional vascular
endothelial growth factor (VEGF) protein and pendant, engineered RGD peptide
significantly increased cell migration relative to the control without the adhesion
peptidell®. The presence of VEGF stimulated HUVEC production of latent MMP-2,
subsequently activated by sequestered TGF-f1. Thus, VEGF and TGF-1 can work
together in an engineered hydrogel system to mediate HUVEC synthesis and
activation of MMP-2.

Zisch and coworkers used a 4-arm PEG-VS hydrogel crosslinked with free
thiol-bearing MMP-sensitive peptides, and plasmin-sensitive VEGF variants
including VEGF121.¢ys (Figure 6A) were attached as pendant molecules via Michael-
type additionl’. Encapsulated HUVECs showed similar radial outgrowth with the
bound growth factor and with the soluble form. When these hydrogels were grafted
onto a chicken chorioallantoic membrane, a highly localized blood vessel growth
response was seen at the graft site, a result not seen in hydrogels with soluble or no
VEGF (Figure 6B). Delivering growth factors in the form of molecules bound by a
protease-cleavable tether can result in a highly localized source, critical for
angiogenesis!17.
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Cell-mediated ECM degradation can also facilitate the delivery of drug-
delivering nanoparticles that can cross the cell membrane. Nanoparticles can be
conjugated to a PEG scaffold through the biotin/streptavidin complex!18. To
facilitate released based on cellular inputs, end-thiolated protease-cleavable
peptides were attached to nanoparticles via maleimide chemistry. Release rates
were tuned not only by peptide sequence but also by degree of peptide modification,
with fewer tethers per nanoparticle resulting in a faster release. Aside from the
coupled growth factor delivery with matrix degradation, nanoparticles permanently
tethered to the scaffold could provide a sustained release of encapsulated growth
factors.

Many protein growth factors bind to heparin with high affinity, providing
another means to sequester growth factors to the scaffold. This phenomenon has
prompted the use of bound heparin as a means to sequester exogenously supplied
growth factors for either passive or cell-demanded release realized by heparinase.
Mathematical modeling incorporating material balances utilizing
association/dissociation rate constants for basic fibroblast growth factor (bFGF)
binding to heparin yielded optimal conditions such that passive release is much
slower than cell-demanded release. A 500-fold molar excess of heparin to bFGF was
the optimal condition, leading to a 2-fold increase in neurite extension of DRGs!1°.

Peptide Design

Peptides linked into a hydrogel system allow a broad design space to control
many variables that are part of the bulk material properties or cell response.
Foremost, a peptide can be designed to crosslink with the polymer. To allow
crosslinking and subsequent gelation with acrylate or vinyl sulfone groups, peptides
can be designed with cysteines or lysines on each end. Thiols are present in proteins
naturally but are usually in the form of disulfide bridges; crosslinking with these
thiols could denature the protein. Designing recombinant proteins is a useful tool
for engineering crosslinkable peptides into the scaffold. Proteolytic degradation
depends on protease activity, adhesion ligand concentration, and matrix crosslink
density115. Depending on the peptide used, sensitivity to a particular protease or
multiple proteases can be designed into the material, which could be useful for
specific applications. For example, urokinase-type plasminogen activator (uPA) is a
protease secreted from the tips of growing neurites. A hydrogel made from ELPs
composed of uPA-sensitive sites and adhesion sequences aided neuronal
differentiation20 121,

Enzymatic crosslinking is an option that can provide non-cytotoxic
crosslinking as well as site-specificity. For example, the coagulation factor XIIla
catalyzes the acyl-transfer between the a-carboxamide group of glutamines and the
e-amino group of lysines. To facilitate factor XIlla-induced crosslinking, peptides can
be designed with the glutamine acceptor NQEQVSPL!22 (Figure 6 C,D). It may be
desirable to control the susceptibility to a particular enzyme since particular
proteases are upregulated during the wound healing response. The amino acid
sequence of peptides can be tuned to control Michaelis-Mentin kinetics. By changing
the alanine in a natural collagen I-derived sequence to a tryptophan, the Kn
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decreased 1.5-fold and the keac increased 3-fold to MMP-1115. The kinetics are also a
function of polymer molecular weight. Thus, a number of user-defined variables
regarding protease-sensitive peptides can be tuned to control the rate of hydrogel
degradation including amino acid sequence and bulk polymer molecular weight.

The rate of degradation and protease-sensitivity of materials presenting
protease-cleavable substrates is very sensitive to the amino acid sequence of the
peptide substrate. The collagen-derived substrates GPQG | IAGQ or GPQG | IWGQ are
the most readily used to induce cell-mediated degradation, though these are
relatively slow degrading and non-specific. Combinatorial methods using oriented
peptide libraries as well as phage-display libraries have produced peptides with up
to 600-fold increases in kcat/Kwu relative to GPQG | [AGQ123. Secreted-protein-acidic-
and-rich-in-cysteine (SPARC)-derived peptides have been identified to be cleaved
mainly by plasmin, and show a broad range of kinetic parameters. When
crosslinking a protease substrate into a hydrogel, the kcac scales directly with
hydrogel degradation rate. Since the kcat values of many protease-sensitive peptide
substrates have been studied and tabulated, it is now fairly simple to tune the cell-
mediated degradation rate upon knowing the protease profile of the particular cell
type in usel24,

The ability of cells to locally degrade their surrounding matrix directly affects
their locomotive capacity. Proteolysis is the usual primary mechanism to allow cell
migration; however, if proteolysis is not an option, cells can adopt an amoeboid
migration strategy. This mesenchymal-to-amoeboid transition has been shown to
occur upon MMP activity inhibition, but only when the matrix porosity is large
enough to sustain amoeboid migration. Cell migration through nanoporous fibrin is
highly dependent on MMP modulation, while migration through porous collagen is
independent of MMP activity modulation!25. For all migrating cells, the cell speed is
aresult of a balance between the forces of adhesion and contraction. Inside of a
given matrix system, the optimum speed of a given cell will stay constant upon
reducing cell adhesivity (i.e. blocking integrin receptors) by increasing the matrix
ligand density and decreasing the matrix stiffness26.

A new class of self-assembling peptides has been developed termed
multidomain peptides (MDPs)127. These MDPs can form hydrogels at physiological
pH and are designed to display user-defined length and functional domains. Charged
residues can be carefully designed into the flanking regions to provide water
solubility and oppose fiber assembly. Varying the number of flanking charged
groups can control the stiffness. When an MMP-2 site was engineered into the core
region of a MDP, the expected cleaved peptides were released as well as degradation
products of released peptides. The combination of adhesion and degradation
domains into the core region was shown to have a combinatory effect on cell
spreading.

Cell-triggered drug release from biomaterials

The strategies discussed herein are not used exclusively to engineer new
tissue. They are now frequently being adapted to create cell-responsive drug release
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in native tissues. Biodegradable polymeric nanoparticles are broadly used in drug
delivery because their release rate can be tuned and surface can be modified with
protective groups or targeting ligands. For example, PEG can be attached to a
particle surface to increase circulation time and diffusion through the brain
parenchymal?8. Drug release from polymeric nanoparticles and micelles remains a
challenge as it is often too slow for clinical tumor therapy. Recent efforts have taken
advantage of the intrinsic intracellular environment for faster drug release.
Different chemistries have been deployed to prepare pH-sensitive nanoparticles
based on acid-labile ortho ester!??, hydrazone!39, cis-aconityl131, and acetal'3? bonds.
Bae and coworkers prepared micelles based off of an amphiphilic block copolymer
containing a critical hydrazone-drug bond that would release the drug upon acidic,
intracellular pH (Figure 7A,B)133. pH-sensitive drug delivery particles are design-
limited because the pH difference between extracellular environment and the
endosome is small. Incorporation of disulfide bond into the polymer chemistry will
render degradation in the presence of high antioxidant content, such is the case in
the cytosol where glutathione levels are approximately 2-10 mM. Chen and
coworkers recently created a dual-responsive micelle, combining pH- and redox-
sensitive motifs utilizing PEG-SS-poly(2,4,6-trimethoxybenzlidene-pentaerythritol
carbonate)!34. These two motifs - the acetal for pH sensitivity and the disulfide bond
for redox sensitivity - resulted in a synergistic drug release effect. A diblock
copolymer of PEG and polycaprolactone (PCL) linked by a disulfide bond capable of
self-assembly showed markedly increased intracellular payload release relative to
that without a disulfide bond?3> (Figure 7C,D).

Ligands with different functions can be attached to the surface of polymeric
nanoparticles, or liposomes. Distinct ligands can be engineered to appear at varying,
appropriate times during delivery. Longer PEG chains can shield other
functionalities on a particle surface, like cell-penetrating peptides, until the cell-
targeting antibody has helped the particle reach its target tissuel3¢. The acid-labile
hydrazine bonds used to attach the antibodies and long, shielding PEG chains cleave
and release the functional particles into inflammatory regions with low pH. These
“smart” drug delivery nanoparticles were shown to internalize into fibroblasts and
astrocytoma cells, but only when the shielding PEG linkages were pH-cleavable.
Gillies and coworkers developed also a “smart” shielding-mediated pH-responsive
drug delivery system using a dendrimer as the vehicle3’. This dendrimer was based
on PEG with hydrophobic groups (2,4,6-trimethoxybenzaldehyde) attached to the
periphery via acid-labile bonds (1,3-diol of serinol). This dendrimer was designed to
shed its protective hydrophobic core upon acidic conditions, rendering the
dendrimer surface hydrophilic, resulting in destabilization of the polymer and
ultimately drug release.

Reactive oxygen species (ROS) are another key feature of inflamed
environments. Newly designed poly(propylene sulfide) (PPS) increases in
hydrophobicity when oxidized by converting to poly(propylene sulfoxide) and
ultimately poly(propylene sulfone)!38. PPS was used in combination with poly(N-
isopropylacrylamide) (PNIPAAM) and poly(N,N-dimethylacrylamide) (PDMA) to
synthesize an ABC tri-block polymer that was both thermo-responsive and bio-
responsive, releasing drug in response to ROS!39. Curcumin release from PPS
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microparticles was shown to be dependent on ROS concentration, and both empty
and loaded microparticles were cell-protective against ROS stress, indicating a free
radical scavenging ability of PPS140.

“Charge-conversional polymers” can be used to create drug delivery carriers
that switch from a negative to positive charge in the endosome. Cationic
polyaspartamide derivatives were modified with cis-aconic anhydride to result in
anionic groups linked via an acid-labile bond!4!. Upon endosomal uptake, the
polyanions leave the complex, resulting in di-protonated modules capable of
endosomal disruption. Later work incorporated disulfide moieties into the particle
core to take advantage of the reductive cytosol'42. In a growing theme, multiple
tunable steps are attractive to both drug delivery and tissue engineering strategies,
and recent technology developing a three-step sequential enzyme cascade created
bioresponsive polymeric materials that change morphology43.

Summary and Outlook

Native cells respond to many different mechanical and biochemical cues
throughout their life cycle. It is our goal as biomaterials engineers to utilize complex,
native biological phenomena to design predictable, repeatable, interactive hydrogel
materials. We aim to have tunable design control of static and dynamic hydrogel
materials. These should incorporate native biochemical and physical features in
order to achieve a desired cellular response or set of responses over a specified
regeneration time scale. Much success has come from work implementing biological
factors such as recombinant, bound growth factors and protease-cleavable peptides
into the scaffold backbone, and mechanical factors such as stiffening and dynamic
porosity.

A future challenge in the field is to be able to tune what we call “indirect
material responses.” For instance, as we have discussed, researchers commonly
tune cell-mediated material degradation to control what fragments are to be cleaved
and the time scale over which they are released. In native tissue, degradation
fragments, such as the collagen degradation fragment NC1 domain, can play key
roles in cellular development. How can we control the input to a cell from a pre-
designed material? In some cases, cell-inputs from the material are only realized
after cell stretching has revealed a cryptic domain. Can cryptic domains be
engineered into partially synthetic materials to reproducibly examine the cellular
response? Many cryptic domains have been identified such as the fibronectin
multimerization sequences*® and gelatin-binding sitel44. The cryptic fibronectin
multimerization site is exposed upon mechanical stretching, and this has been
applied in cell-free in vitro systems to fabricate assembled fibronectin matrices4s.
In native ECMs, there is a tight cell-mediated feedback mechanism in place to
carefully control fibronectin multimerization>>. Materials should be predictably
remodeled by cells through a combination of different cell inputs including protease
degradation and stretching to unveil a cryptic multimerization domain or
channels/pores suitable for axon extension or cell migration. These remodeling
events should then via a feed-forward input controllably induce a cascade of cellular
responses.
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Hydrogel materials in the future need not be designed to have a direct, one-
step functionality, such as protease degradation leading to cellular migration.
Rather, materials design incorporating multiple steps and multiple biochemical and
mechanical phenomena will better mimic the complex native ECM146. A hypothetical
situation could be: protease degradation leads to cellular migration to a new
microenvironment via a chemotactic gradient where stimulatory factors are
released conducive to proliferation. The cells begin to stretch the new matrix to
reveal a cryptic domain that stimulates matrix-matrix bonding, increasing matrix
stiffness, which then stimulates the cells to differentiate into mature, regenerative
cell types. Finally, the material degrades to leave behind regenerative cells and their
deposited matrix, thus closing the gap between proliferating precursors and tissue
regeneration. The native ECM provides a “toolbox” of biological phenomena that can
be engineered into biomaterials, some of which are highlighted in Figure 2.
Materials that are designed beginning at the molecular level implementing carefully
selected bioactive motifs that evolve and adapt in response to cell inputs will better
mimic the native ECM and enable more regenerative clinical outcomes.
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Figure 1. Dorsal Root Ganglion (DRG) growth is dependent on mechanical and
biochemical inputs. (A) Maximized neurite outgrowth is seen in the ELP hydrogel
(A) with stiffness mimicking the native neural environment (~0.5 kPa) and (B)
incorporating the extended RGD adhesion sequence derived from fibronectin.

Reproduced from Lampe et al?2.
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Figure 2. Cell-ECM bidirectional communication inherent to tissue function can
be engineered into tightly controlled designer biomaterials. (A) CSPGs as part
of the ECM are inhibitory to axon growth, a circumstance typically associated with
the glial scar after CNS injury. Local chondroitinase delivery can be used to degrade
the glycosaminoglycan thus allowing axon regrowth or new sprouting. (B) Cell-
secreted proteases can degrade the ECM releasing fragments that act as signaling
molecules. For example, the NC1 domain, a collagen degradation fragment, can
enhance neurite outgrowth of DRGs. (C) Cells can stretch fibronectin upon binding
via cell surface receptors. This stretching can reveal cryptic domains critical for
fibronectin-fibronectin multimerization to result in fibril formation. (D) Cell-
secreted proteases can release growth factors from the ECM leading to proliferation.
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Figure 3. Cells remodel and unfold fibronectin over space and time. (A) Cells
remodel an initial collagen scaffold by depositing and stretching fibronectin. FRET
reveals increased fibronectin stretching over time and clear gradients in fibronectin
stretching in the Xy and xz planes of the microtissue. Ia refers to the acceptor
fluorophore emission intensity, and Id refers to the donor fluorophore emission
intensity; higher FRET ratios correspond to less fibronectin stretching as indicated
by warmer color. Blebbistatin treatment to eliminate cell-binding forces reveals that
approximately 40% of fibronectin stretching is due to cellular contractility. (B)
Fibronectin deposition onto an initial collagen scaffold corresponds to increasing
matrix tension. Reproduced from Ref. 57 with permission from the Royal Society of
Chemistry.

No treatment Fibrin scaffold
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Figure 4. Fibrin scaffold implantation promotes spinal cord regeneration after
lesion. (A) A nuclear stain shows that after spinal cord injury, implantation of a
fibrin scaffold into the lesion site promotes cellular infiltration into the lesion. (B) In
the fibrin-scaffold-treated group, neural fibers (Tuj1, red) penetrate through the
glial border (GFAP, green) into the lesion site (marked L) and localize with GFAP-
positive astrocytes. Reproduced from Johnson et al’®.
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Figure 5. Switch-like hydrogel stiffening induces phenotypic cellular changes.
(A) Methacrylated hyaluronic acid (MeHA) hydrogel is initially gelled by
crosslinking with DTT. At a user-defined time point later, stiffening is induced by
secondary crosslinking via UV light photoinitiation. (B) Rheological data show
switch-like stiffening of Me-HA only with UV-initiated radical polymerization. (C)
Morphology and cell area after the stiffness “switch” at one day of soft culture is
similar to that of hMSCs cultured on the stiff material for the entire period.
Reproduced from Guvendiren and Burdick0.
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Figure 6. Engineering matrix proteins with cell-induced degradability
enhances implanted hydrogel regenerative potential. (A) Exogenous cysteine
residues were added to VEGF121 such that the growth factor could be presented as a
pendant molecule onto a PEG-VS scaffold crosslinked with free-thiol bearing, MMP-
sensitive peptides also presenting RGD as a pendant molecule. The empty star
indicates endogenous reactive cysteine. The filled star indicates exogenous reactive
cysteine. (B) Neither the control hydrogel without VEGF nor the hydrogel with
soluble VEGF elicited an angiogenic response after engraftment into a chicken
chorioallontoic membrane (CAM) membrane. Conversely, the PEG hydrogel
presenting VEGF bound to the scaffold via both MMP- and plasmin-sensitive tethers
resulted in a highly localized angiogenetic response when grafted into a CAM
membrane. Adapted from Zisch et al'?. (C) Transglutaminase factor XIIla was used
to crosslink an engineered MMP-sensitive peptide with a glutamine donor (GIn)
peptide and a fusion GIn-RGD peptide with PEG-CS. (D) Neonatal normal human
dermal fibroblasts within MMP-sensitive gels show extensive spreading and form
connections with other cells. Non-resorbable gels (MMP-insensitive) prevent cell
spreading and organization. Adapted from Ehrbar et al'?2.
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Figure 7. Environment-responsive drug delivery vehicles support cell-
mediated release. (A) Micelles were formed from self-assembling polymers
containing PEG, aspartate, and the anti-tumor drug adriamycin (ADR) where ADR
was bound to aspartate by a pH-sensitive hydrazone bond, designed to release the
payload upon the acidic tumor environment. (B) Micelles from (A) release their
payload inside tumor cells (Nuclei-blue; ADR-pink). Reproduced from Bae et all33.
(C) Reduction-sensitive micelles consisting of the diblock copolymer PEG-SS-PCL
were designed to shed their PEG layer under reductive conditions such as high GSH
concentrations indicative of the cytosol providing location-specific drug release. (D)
Fluorescent microscopy of micelle uptake into mouse leukemic monocyte
macrophage (RAW) cells after 2 hours shows that micelles rendered reduction-
insensitive without the disulfide bond (i) released much less payload than
reduction-sensitive micelles (ii). Reproduced from Sun et al3>.
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Statement of Novelty:

Novel methods to endow cell-responsiveness into hydrogels are explored and
successful work is summarized.



