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Tissue repair requires a complex cascade of events mediated by a variety of cells, proteins, and matrix
molecules; however, the healing cascade can be easily disrupted by numerous factors, resulting in
impaired tissue regeneration. Recent advances in biomaterials for tissue regeneration have increased the
ability to tailor the delivery of proteins and other biomolecules to injury sites to restore normal healing
cascades and stimulate robust tissue repair. In this review, we discuss the evolution of the field toward
creating biomaterials that precisely control protein delivery to stimulate tissue regeneration, with a focus
on addressing complex and dynamic injury environments. We highlight biomaterials that leverage
different mechanisms to deliver and present proteins involved in healing cascades, tissue targeting and
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mimicking strategies, materials that can be triggered by environmental cues, and integrated strategies that
combine multiple biomaterial properties to improve protein delivery. Improvements in biomaterial design
to address complex injury environments will expand our understanding of both normal and aberrant
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Introduction

Tissue injuries such as critically-sized bone defects, cartilage
injuries, spinal cord injuries, and chronic skin ulcers pose

Knight Campus for Accelerating Scientific Impact, University of Oregon, 6321
University of Oregon, Eugene, OR, 97401, USA. E-mail: mhettiar@uoregon.edu

Jonathan Dorogin is a Ph.D.
student in the joint bioengineer-
ing program at University of
Oregon and Oregon  State
University, working under the
supervision of Professor Marian
Hettiaratchi at the Knight
Campus for Accelerating
Scientific Impact. He received a
Bachelor of Applied Science
degree  in  Nanotechnology
Engineering from the University
of Waterloo and a Master of
Biomedical Engineering degree
from McMaster University. He is also a co-founder of an on-
demand delivery start-up focused on reducing the negative side-
effects of inefficient chemotherapy protocols. His current research
focuses on developing biomaterials for the spatiotemporal control
of multi-protein delivery for various wound healing applications.

Jonathan Dorogin

This journal is © The Royal Society of Chemistry 2021

tissue repair processes and ultimately provide a better standard of patient care.

major clinical challenges because they do not readily heal
without intervention. Functional tissue regeneration, the
process of cell proliferation and tissue repair, is governed by
complex mechanisms that involve a carefully coordinated
cascade of cytokines, growth factors, metabolites, and multiple
cell types that is difficult to effectively mimic with clinical
therapies." In the case of non-healing tissue defects, the
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normal healing paradigm (inflammation, proliferation, and
remodelling) is impaired or ceases to progress due to ineffec-
tive protein signalling caused by poor tissue revascularization,
injury severity, and systemic factors such as age and chronic
disease.” The use of implantable biomaterials to provide the
missing building blocks and bridge the gap in the tissue
repair process has been a major focus in the field of tissue
engineering. Identification of biomaterials that can effectively
mimic the healing process and restore missing protein signal-
ling observed in disrupted tissue repair may overcome limit-
ations of current clinically-approved treatment strategies and
permit robust tissue regeneration.’

The role of proteins in the healing cascade

A major driving factor of successful healing is the appropri-
ately timed presentation of proteins involved in the healing
cascade.” Although not fully understood for all tissue types,
numerous proteins guide the phases of wound healing (e.g.,
inflammation, proliferation, and remodelling), including cyto-
kines involved in cell recruitment and growth factors to
promote cell differentiation and extracellular matrix (ECM)
deposition.” Altogether, the wound healing paradigm involves
both the breakdown of cells and tissues due to damage as well
as cell proliferation leading to regeneration and remodelling.
Tissue healing, like wound healing, consists of both cellular
breakdown and repair, but more broadly encompasses both
wounds that occur due to distinct injury or trauma and events
involved in maintaining tissue homeostasis. For instance,
bone fractures and skin injuries are classified as wounds, but
the gradual erosion of cartilage or demyelination of an axon
are not necessarily caused by specific traumatic events. As
such, repair of bone fractures and other types of traumatic
injuries may be classified as both wound and tissue healing,
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Fig. 1 Distinction between wound healing, tissue healing, and tissue
regeneration. The wound healing paradigm involves both the breakdown
of cells and tissues due to trauma or injury as well as cell proliferation
leading to regeneration and remodelling. Tissue healing broadly encom-
passes both wounds that occur due to distinct injury or trauma and
events involved in maintaining tissue homeostasis. Tissue regeneration
specifically refers to processes involved in the repair and replacement of
damaged tissues. Figure created with BioRender.com.

but repair in response to gradual tissue degeneration such as
axon demyelination and cartilage breakdown would only be
considered tissue healing. Fig. 1 depicts the distinctions
between tissue regeneration, wound healing, and tissue
healing, as we have described them in this review.

The healing response is initiated by damage to the tissue,
which causes ruptured blood vessels to fill the injury site with
blood and clotting factors that create an ECM-rich hematoma.®
The hypoxic environment of the hematoma promotes the
secretion of hypoxia inducible factor-1a (HIF-1a), which plays
an important role in vascularization and angiogenesis. Platelet
activation and degranulation within the newly formed ECM
promotes the release of inflammatory mediators such as plate-
let-derived growth factor (PDGF), interleukin 1 (IL-1), IL-6,
IL-8, tumor necrosis factor-a (TNFa), and transforming growth
factor p1 (TGF-B1).” The released cytokines act to recruit
additional neutrophils, which amplify the signal, and even-
tually promote the release of monocyte chemoattractant
protein-1 (MCP-1) to attract monocytes and T-lymphocytes.®
During the proliferative phase, progenitor cells, epithelial
cells, and mesenchymal stem cells are recruited by the release
of a multitude of morphogenic factors, such as fibroblast
growth factors (FGFs), insulin-like growth factors (IGFs), bone
morphogenetic proteins (BMPs), vascular endothelial growth
factor (VEGF), and transforming growth factors (TGF-fs).’
These cells deposit ECM molecules, such as collagen, which
are ultimately replaced and remodelled to resemble the ECM
composition of healthy tissue. The numerous cell types and
array of protein signals that participate in the healing process

This journal is © The Royal Society of Chemistry 2021
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Proteins Involved in the Bone Healing Cascade
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Fig. 2 Proteins involved in the normal healing cascade specific to bone tissue repair. Successful tissue repair requires the coordinated presentation
of multiple proteins. This timeline highlights proteins involved in the healing cascade specific to bone. Proteins are grouped based on time of pres-
entation after injury and approximate phase of healing (inflammation, proliferation, remodelling). Ang: angiopoietin; BMP: bone morphogenetic
protein; COL: collagen; FGFs: fibroblast growth factors; HIF: hypoxia inducible factor; IGF: insulin-like growth factor; IL: interleukin; MCP: monocyte
chemoattractant protein; M-CSF: macrophage colony-stimulating factor; PDGF: platelet-derived growth factor; RANK: receptor activator of nuclear
factor kB; RANKL: receptor activator of nuclear factor kB ligand; SDF: stromal cell-derived factor; TGF: transforming growth factor; TNF: tumor
necrosis factor; VEGF: vascular endothelial growth factor. Figure created with BioRender.com.

highlight its complex nature and the need for precisely timed
events to achieve successful tissue regeneration.

Fig. 2 depicts the proteins involved in bone repair, as an
example of a normal healing cascade. In bone repair, major
morphogenic factors include angiogenic factors (Ang 1, FGFs,
VEGF), which promote vascular network repair, BMPs, which
promote osteogenic cell differentiation and mineralization,
and RANK and RANKL, which promote bone remodelling. As
the soft cartilaginous callus mineralizes and is remodelled,
type II and type X collagen are replaced by type I collagen, the
predominant ECM molecule in bone.

Disruption of the normal tissue repair process can be
caused by a variety of factors (e.g. severity of injury, systemic
disease) and can drastically alter the protein cascade, culmi-
nating in tissue injuries that do not heal (Fig. 3). Tissues with
low intrinsic regenerative capacity, such as cardiac tissue,
neural tissue, and cartilage, often heal poorly, resulting in
impaired function. However, tissues that normally heal readily,
such as bone and skin, can also exhibit inadequate
regeneration.

The severity of the injury is a key factor that can disrupt the
normal healing process. Critically-sized defects are tissue
defects that are too large to naturally heal without additional
intervention.'®™"? In the case of bone, critically-sized defects
can cause inadequate hematoma formation or lack of
sufficient immune and progenitor cell infiltration, resulting in
fracture non-union or delayed union.® Critically-sized bone
defects often display dysregulated inflammatory protein
expression and decreased presence of vital cytokines such as
PDGF, VEGF, and TGF-f1, ultimately inhibiting downstream
BMP expression and bone formation (Fig. 3A).">'* Significant
vascular network damage caused by severe bone injury can
prevent initiation of the bone repair process altogether, as the

This journal is © The Royal Society of Chemistry 2021

initial platelet plug formation and release of inflammatory
mediators (e.g. HIF-1a, PDGF, and interleukins) do not occur
(Fig. 3B).”

Systemic factors affecting the patient may also diminish the
intrinsic regenerative capabilities of injured tissues and the
overall healing process. Chronic, systemic diseases such as dia-
betes can disrupt the normal wound healing cascade by for-
mation of prolonged hypoxic wounds and an impaired
immune response.'®> Hypoxic wounds are generally addressed
in the normal protein cascade by HIF-1a release; however, in
diabetic patients, tissue vascularity is impaired by insufficient
levels of growth factors such as HIF-la and VEGF, which
would normally promote vascularization and angiogenesis.” In
bone repair, diabetes can diminish the initial inflammatory
response (e.g. TNFa, PDGF, stromal derived factor-1a (SDF-1a),
interleukins) and inhibit angiogenic factor secretion (Ang 1,
VEGF, FGFs) - both of which can hinder overall bone for-
mation and maturation (Fig. 3C). Taken together, these
example scenarios of impaired bone regeneration illustrate
that many factors can cause the dysregulation of proteins in
the healing cascade and can disrupt the entire process of
tissue regeneration. Similarly, aberrant protein expression
caused by severe injuries, poor vascular network support, and
chronic diseases can also result in impaired healing in other
tissues in the body.

Tunable biomaterial properties to enhance tissue healing

Restoration of critical proteins involved in healing cascades,
such as immunomodulatory cytokines, morphogenic factors,
and ECM molecules, may provide the missing link to achieving
functional tissue regeneration in non-healing tissue injuries.
Thus, a critical challenge that the field of tissue engineering
aims to address is the need for the precise, temporal delivery

Biomater. Sci, 2021, 9, 2339-2361 | 2341
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Fig. 3 Disruption of proteins involved in the bone healing cascade impairs tissue regeneration. A number of complicating factors can dysregulate
the normal healing response leading to delayed or incomplete tissue regeneration. (A) In the specific case of bone regeneration, severe, critically-
sized defects reduce levels of inflammatory cytokines and angiogenic proteins and inhibit expression of osteogenic proteins. (B) Limited vascular
network support inhibits the release of initial chemotactic and inflammatory mediators. (C) Chronic, systemic diseases, such as diabetes, disrupt the
expression of numerous inflammatory cytokines and growth factors, while significantly decreasing levels of angiogenic proteins. The colours of the
proteins indicate their response: normal response (dark grey, bold font), inhibited response (red), diminished response (light red), disrupted regener-
ation (light grey, light font). Ang: angiopoietin; BMP: bone morphogenetic protein; COL: collagen; FGFs: fibroblast growth factors; HIF: hypoxia indu-
cible factor; IGF: insulin-like growth factor; IL: interleukin; MCP: monocyte chemoattractant protein; M-CSF: macrophage colony-stimulating factor;
PDGF: platelet-derived growth factor; RANK: receptor activator of nuclear factor kB; RANKL: receptor activator of nuclear factor kB ligand; SDF:
stromal cell-derived factor; TGF: transforming growth factor; TNF: tumor necrosis factor; VEGF: vascular endothelial growth factor. Figure created

with BioRender.com.

of proteins. By better understanding how the protein cascade
can be disrupted in various situations, new biomaterials can
be engineered to effectively augment the healing process.

A number of biomaterials have been developed as thera-
peutic strategies to overcome disrupted healing cascades and
stimulate the repair of injured and diseased tissues. Hydrogels
have been extensively investigated for tissue regeneration
applications due to their innate hydrophilic characteristic,
which makes them suitable delivery vehicles for cells and
proteins.'®'” Hydrogels are 3D networks consisting of various
natural and/or synthetic polymers, including alginate,'®
gelatin,"® hyaluronic acid,*® polyethylene glycol (PEG),>' and
devitalized or decellularized ECM.>* Synthetic polymer hydro-
gels are highly reproducible and can be extensively functiona-
lized for modular addition of proteins, cells, and other bio-
active ligands; however, since synthetic polymers are typically
biologically inert, multiple functional groups may be required
to achieve a desired biological response.”® In contrast, natural

2342 | Biomater. Sci, 2021, 9, 2339-2361

polymer hydrogels are biocompatible, biodegradable, and have
cell-adhesive ligands and natural affinities for proteins, but are
less reproducible due to batch-to-batch variability that affects
material tunability.>*

Hydrogels typically have highly tunable physical character-
istics that influence their behaviour in the body, such as cross-
linking density, polymer molecular weight, mesh size, and
stiffness.>® These physical characteristics can significantly
impact therapeutic protein delivery and tissue regeneration.
Common protein delivery strategies from hydrogels include
encapsulation in a degradable polymer or immobilization
using chemical or physical interactions.”® Encapsulation
methods where the protein does not interact with the material
(e.g. minimal non-covalent interactions) rely on the cross-
linking density and associated pore size of a hydrogel to
control protein diffusion from the material and can impede
cell migration if the pore size is too small.>” Protein encapsula-
tion typically provides limited controlled protein release and

This journal is © The Royal Society of Chemistry 2021
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subsequently exhibits burst release kinetics.”® Alternatively,
protein immobilization strategies using chemical or physical
interactions can drastically improve protein retention, stability,
and enable controlled delivery.>® Polymer molecular weight
can directly influence cell response due to cell-material inter-
actions and alter the degradation profile of the hydrogel,
which can also affect protein delivery and presentation.®®
Hydrogel stiffness can influence cell behaviour due to cell
mechanotransduction and alter interactions with the sur-
rounding tissue, especially if the defect is load bearing.*'

Engineering biomaterials that can adapt to changes in the
complex injury environment during tissue repair may augment
the healing process and overcome dysregulation of protein
presentation in the healing cascade. This review highlights the
evolution of the field toward creating biomaterials that pre-
cisely control protein delivery and stimulate tissue regener-
ation using a variety of methods, with a focus on addressing
complex and dynamic injury environments. The framework of
the following sections explores biomaterial strategies that
deliver and present proteins involved in healing cascades,
tissue targeting and mimicking strategies, materials that can
be triggered by environmental cues, and integrated strategies
that leverage multiple biomaterial properties to improve
protein delivery. Recommendations for future work and strat-
egies to accelerate biomaterial development conclude the
review. Improvements in biomaterial design to better address
complex injury environments will ultimately provide a better
standard of patient care and expand our understanding of
both normal and aberrant tissue repair processes.

Biomaterial strategies for protein
delivery and presentation

Given the importance of coordinated protein expression in
tissue repair, a common approach to restore normal healing
mechanisms in injured tissues is to deliver exogenous, recom-
binant proteins to the tissue injury site to introduce or
augment a missing biological function. Growth factors that
stimulate cell differentiation, vessel formation, and ECM depo-
sition, such as VEGF, BMPs, and FGFs, are often chosen for
delivery. The materials chosen as protein delivery vehicles can
also significantly impact the efficacy of the treatment by influ-
encing both temporal and spatial protein presentation
through interactions between the protein and biomaterial
matrix.*> The chemical and physical properties of biomaterials
can be manipulated to control the presentation of various pro-
teins. Extended local presentation of bioactive proteins within
injury sites is necessary for lengthy wound healing processes,
and numerous biomaterial strategies have been developed to
ensure sufficient local protein retention within injury sites

(Fig. 4).
Physical encapsulation

Physical encapsulation of proteins, which does not rely on
non-covalent or covalent interactions, typically controls protein

This journal is © The Royal Society of Chemistry 2021
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release through porosity of the matrix (i.e. mesh size) and
material degradation kinetics.*® Physical entrapment of pro-
teins can provide predictable, reproducible protein release
in vitro, where the variables affecting protein release can be
easily controlled. Hydrogel mesh size and degradation rate are
both controlled by polymer molecular weight. In a study using
PEG hydrogels, the release of FGF-2 and bovine serum
albumin (BSA) was accelerated in hydrogels made from higher
molecular weight PEG polymers (4 kDa), which had a larger
mesh size and degraded faster than their smaller counterparts
(2.5 kDa).>* Protein release rate following physical encapsula-
tion in a hydrogel is inversely proportional to the size of the
payload and directly proportional to the pore or mesh size of
the biomaterial.>*?® The Kloxin group demonstrated that
mesh size of a hydrogel could be used to predict release and
retention of proteins of different sizes.’® Using a PEG-based
library of materials, they systematically demonstrated that the
elasticity and swelling of the material directly correlated to
mesh size, and that mesh size, in turn, impacted the release of
a range of proteins, including aprotinin (7 kDa), myoglobin
(17 kDa), BSA (66 kDa), lactoferrin (77 kDa), and thyroglobulin
(663 kDa). Block copolymers can also be manipulated for con-
trolled protein release by modifying the ratio of comonomers,
as is typically done with polyesters.>”*® For example, increas-
ing the ratio of lactic acid to glycolic acid (LA:GA ratio)
increases hydrophobicity and reduces the rate of hydrolysis,
resulting in nanoparticles that degrade more slowly.*>*
However, protein activity may potentially be affected by the
choice of encapsulating polymer as harsh organic solvents
may be required for fabricating polymeric nanoparticles.

Despite the ability to tune the release kinetics of encapsu-
lated proteins by changing material properties, physical encap-
sulation of proteins in biomaterials can often lead to burst
release pharmacokinetics in vivo, resulting in rapid diffusion
of proteins away from the injury site and reduced therapeutic
efficacy.”’ PLGA nanoparticles are commonly used for protein
delivery, but have a tendency to exhibit burst release of mole-
cular cargo. Burst release kinetics can be mitigated by encap-
sulating smaller nanocarriers in larger bulk hydrogels to slow
protein diffusion following release from the nanocarrier.****
Pakulska et al. encapsulated stromal-derived factor-1a
(SDF-1a), neurotrophin-3 (NT-3), and brain-derived neuro-
trophic factor (BDNF) in PLGA nanoparticles which were then
suspended in a bulk hyaluronic acid and methylcellulose
hydrogel.** Similarly, Mancipe Castro et al. entrapped rhoda-
mine B in PLGA nanoparticles and suspended them in PEG
microspheres.”® Both studies demonstrated that the dual-layer
system prevented burst release from PLGA nanoparticles as
they degraded. Pakulska et al. further noted that the method
of drug entrapment within the composite material (i.e. encap-
sulation or adsorption to PLGA) did not significantly impact
the release kinetics of the payload.

Covalent conjugation

Covalently tethering proteins to a biomaterial through irrevers-
ible chemical bonds provides increased spatiotemporal control

Biomater. Sci., 2021, 9, 2339-2361 | 2343
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Fig. 4 Overview of biomaterial strategies for protein presentation. The left side of the wheel identifies several biomaterial strategies for protein
delivery and presentation, including the physical entrapment of proteins in hydrogels, covalent conjugation of proteins to materials, use of ECM-
based materials with natural affinities for proteins, and engineered affinity interactions using antibodies, peptides, and phage display platforms. The
strategies on the right side of the wheel can be broadly categorized as strategies to improve tissue integration, including tissue targeting, tissue
mimicking, and environmentally-responsive materials. Multicomponent strategies combine bioengineering techniques, such as 3D printing, with

other protein presentation strategies. Figure created with BioRender.com.

over protein presentation in vivo compared to physical
encapsulation.*>*® Covalent conjugation strategies are valuable
in situations where long-term protein presentation is necessary
to elicit a sustained cellular response in vivo. Protein immobil-
ization is often achieved using amine-reactive chemistry,
which requires an amine group available for nucleophilic
attack, or carboxyl-reactive chemistry, which requires a car-
boxyl group for electrophilic attack. Proteins can be immobi-
lized on polymers such as poly(lactic-co-glycolic) acid (PLGA)
via carbodiimide crosslinker chemistry, using
N-hydroxysuccinimide (NHS) and  1-ethyl-3-(3-dimethyl-
aminopropyl) carbodiimide (EDC) coupling.”” Building upon
this approach, Wang et al. recently demonstrated enhanced
retention of VEGF on mussel-adhesion protein (MAP)-coated
stents through carbodiimide chemistry.*®* MAP, which is rich
in 3,4-dihydroxy-.-phenylalanine (Dopa), has immense cell-
adhesive capacity.*® MAP substrates coated onto a silicon wafer
were dip-coated in VEGF, which was immobilized using EDC/
NHS chemistry. Substrates containing crosslinked and non-

2344 | Biomater. Sci, 2021, 9, 2339-2361

crosslinked MAP, as well as immobilized and free VEGF were
tested. The tethered VEGF maintained its bioactivity, resulting
in increased spreading of endothelial cells, while crosslinking
of the MAP increased its retention on the stent.*®

Although covalent conjugation of proteins to materials pro-
longs local protein presentation within an implantation site,
this strategy may reduce overall protein bioactivity by causing
protein denaturation during processing or interfering with the
ability of proteins to interact with cell integrins and
receptors.’®>> For example, modification of collagen I with
EDC reduced cell adhesion by inhibiting cationic cell inter-
actions with collagen’s integrin binding domains.>® Moreover,
several studies have demonstrated that non-specific, stochastic
conjugation of primary amines in proteins using NHS esters
can significantly decrease protein bioactivity.’®” As a result,
site-specific protein modification has recently gained popular-
ity as a method to install functional groups on proteins
without decreasing protein bioactivity. Site-specific labelling
techniques enable rational placement of functional groups,

This journal is © The Royal Society of Chemistry 2021
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while avoiding enzymatic and receptor binding sites on pro-
teins. For an in-depth review of methods to achieve site-
specific protein modification, we recommend the recent publi-
cation of Shadish et al.*®

Extracellular matrix-based materials

ECM molecules that naturally occur within tissues, including
glycosaminoglycans (GAGs), collagens, and fibronectin, play a
significant role in modulating protein presentation by retain-
ing and releasing a variety of proteins. Morphogenic proteins
involved in developmental processes, such as BMPs, TGFs,
IGFs, and FGFs, must be presented with precise spatiotem-
poral control to enable patterning of the developing embryo
and thus retain the ability to interact with multiple ECM
molecules.’*®' The many cationic domains of these proteins,
termed “heparin binding proteins,” interact with the anionic
sulphate groups on a variety of GAGs, but often interact with
higher affinity to heparin due to its increased degree of sulpha-
tion compared to other GAGs.®

ECM-based materials use electrostatic payload-vehicle inter-
actions that mimic the natural affinity interactions between
proteins and ECM in the body to provide controlled protein
delivery. These electrostatic interactions enhance retention of
charged biomolecules compared to purely physical encapsula-
tion with minimal protein-material interactions.®® Heparin
binding proteins bind reversibly to biomaterials containing
sulphated GAGs (heparin'®®*°® and chondroitin sulphate®>®”),
non-sulphated GAGs such as hyaluronic acid,®®*”® other
natural polysaccharides derived from plants and animals (algi-
nate’’ and chitosan’>”?), and combinations of these
polymers.”*7® Sulphated GAG-based biomaterials interact with
a variety of protein partners (heparan sulphate to FGF-2,
VEGF-A165, and SDF-1a;°>”7 heparin to BMP-2;"%”° chondroi-
tin sulphate to TGF-f1 and BMPs®®). The abundance of
heparin and heparan sulphate in both normal and injured
tissues strongly suggests that supplementation with GAG-
based biomaterials may improve the efficacy of a protein
therapy.®>%°

The protein-material affinity interactions of ECM-based
biomaterials were traditionally thought to be difficult to
modify, as they involve complex interactions between the
repeating units on the ECM molecules and specific tertiary
structures of the protein.®”> However, the protein binding pro-
perties of GAG-based, electrostatically-driven biomaterials can
be tuned by modifying their sulphate content, which changes
the electrostatic interactions between the protein and material
and subsequently alters protein release from the
material.”®””%1"8 Sulphating non-sulphated molecules such
as hyaluronic acid and alginate increases protein retention,
while desulphating GAGs such as heparin increases protein
release. Sulphation of hyaluronic acid can also slow biomater-
ial degradation by reducing the availability of octosaccharides
necessary for effective degradation by the enzyme hyaluroni-
dase. Limasale et al. systematically manipulated the sulpha-
tion levels of heparin to assess the effect of sulphation on the
diffusion rates of proteins from a composite PEG/heparin-

This journal is © The Royal Society of Chemistry 2021
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based hydrogel (Fig. 5). They demonstrated precise control
over the binding of VEGF-165 to the biomaterial with higher
degrees of sulphation leading to increased protein retention.
This strategy provided negligible control over the release kine-
tics of epidermal growth factor (EGF) and VEGF-121, the non-
heparin binding isoform of VEGF, due to their low affinities
for heparin, while additional heparin-binding proteins such as
SDF-1a demonstrated similar, sustained release kinetics to
VEGF-165. Although ECM-based biomaterials with affinities
for proteins may improve the local retention of specific pro-
teins within injury sites, this does not always translate to
improved therapeutic outcomes.®* Andrews et al. demonstrated
prolonged in vitro retention of BMP-2 in a sulphated GAG-
based (chondroitin sulphate) scaffold compared to a collagen
scaffold; yet, the overall impact on bone healing was compar-
able between the scaffolds after 12 weeks.®® Since protein
release is dependent on both the overall degradation rate of
the scaffold and the strength of the electrostatic interactions
between the protein and material, the slower-degrading col-
lagen matrix with lower BMP-2 affinity likely resulted in
similar protein release to the faster-degrading, GAG-based
scaffold.

Since many proteins interact with ECM molecules, multiple
proteins may interact with the same biomaterial, which may
be advantageous for developing strategies to deliver multiple
ECM-binding proteins.?**> However, the promiscuous binding
of heparin and other ECM molecules to a variety of heparin
binding proteins can also be disruptive when these biomater-
ials are delivered in vivo and non-specific, competitive binding
to abundant serum proteins can result in accelerated payload
release.®® Thus, caution should be exercised when employing
ECM-based biomaterials, which could unintentionally bind
additional proteins involved in other cellular processes, result-
ing in off-target effects and unpredictable protein release
in vivo. Improving the specificity of protein-material inter-
actions may improve the ability of biomaterials to more pre-
cisely control protein delivery in vivo and target specific phases
of the healing cascade.

Engineered protein-material affinities

More sophisticated affinity interactions have been engineered
between proteins and materials to overcome the limited speci-
ficity and tunability of natural ECM-based materials.
Antibodies specific to proteins of interest can be covalently
conjugated®” or physically adsorbed to biomaterials.*®%®
Alternatively, high affinity molecules can be developed to
achieve extremely specific protein-material interactions and
can be produced inexpensively compared to antibodies.?*™*
Some notable strategies include peptides that directly bind to
the protein of interest,*®°° the synthesis of fusion proteins,
consisting of a peptide- or ECM-binding domain and func-
tional protein domain,”*°® and DNA aptamers that contain a
protein sequestering component and a cell adhesive com-
ponent that provides localized cargo release.’”*® A well-charac-
terized fusion domain used to control protein delivery is the
Src homology 3 (SH3) domain, which naturally binds to a
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Fig. 5 Modulation of heparin sulphation degree differentially affects diffusion of proteins from heparin-based hydrogels. (A) Hydrogel building
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binding proteins SDF-1a and VEGF-165 exhibited slower diffusion in hydrogels containing heparin with a higher degree of sulphation. Conversely,
the diffusion of non-heparin-binding proteins EGF and VEGF121 was not affected by degree of heparin sulphation. Diffusion of the proteins through
the heparin-based hydrogels was measured using fluorescence recovery after photobleaching (FRAP). “ns” stands for not significant, *p < 0.05, **p <
0.01, ***p < 0.001, and ****p < 0.0001. Reproduced from ref. 77 with permission from Wiley-VCH, copyright 2020.

variety of short peptide sequences with affinities that enable
sustained protein release. The release of SH3 fusion proteins
from hydrogels can be mediated by immobilizing high-affinity
or low-affinity SH3 binding peptides onto the polymer
network. This strategy has been extensively studied for the
delivery of fusions of FGF-2,°° chondroitinase ABC,>”'%%'°!
ciliary neurotrophic factor,”> and fibronectin,'®® in both
in vitro and in vivo applications.

An interesting alternative approach to enhance the thera-
peutic efficacy of exogenous growth factors is to increase their
binding affinity to the target cell population instead of improv-
ing their retention within the delivery vehicle. Mochizuki et al.
integrated a syndecan binding peptide into VEGF and the
PDGF dimer PDGF-BB.>> The transmembrane proteoglycan
syndecan demonstrated a higher affinity for growth factors
expressed with syndecan-binding domains compared to unmo-
dified growth factors and BSA, enabling higher affinity inter-
actions between the cells and growth factors. This modifi-
cation resulted in tonic signalling (i.e. continuous, low-inten-
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sity signalling) between PDGF and VEGF and their receptors,
leading to extended downstream Akt and ERK phosphorylation
and enhanced bone regeneration. Tonic signalling is beneficial
in the wound healing cascade, as it overcomes the short half-
life and loss of bioactivity commonly associated with exogen-
ous protein delivery, though the inability to turn off signalling
may cause adverse effects after the natural wound healing
process has concluded."®

Biomaterials for endogenous protein sequestration

Although protein delivery is a promising strategy to stimulate
tissue repair, poor control over protein release kinetics in vivo
can reduce the effective protein dose within the injury site,
necessitating the use of supraphysiological protein doses to
stimulate lengthy healing processes. “Empty” biomaterials can
be delivered to sequester endogenous proteins and bio-
molecules that are involved in tissue repair but are usually
present in the body in concentrations that are too low to
improve the healing response. This strategy creates a bio-
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molecule depot within the site of interest and mimics how
ECM molecules in tissues naturally sequester and present pro-
teins to create morphogen gradients during development and
regeneration. Heparin-based and heparin-sequestering bioma-
terials have been used to amplify the effects of heparin-
binding growth factors, such as FGF-2 and IGF binding pro-
teins, within in vitro cell culture environments.'**'% Crispim
et al. used protein-binding peptides to sequester and present
endogenous BMP-2 to promote integration of a ligament graft
and endogenous TGF-f1 to improve vascularization and cell
recruitment following subcutaneous implantation of polyca-
prolactone (PCL) films.*®°° PEG-based biomaterials functiona-
lized with 3-(acrylamido)-phenylboronic acid have been devel-
oped to sequester adenosine, a potent signalling molecule,
within bone injury sites.'®® Phenylboronic acids are especially
useful in sequestration applications because they form
dynamic boronate-ester bonds, allowing them to attract many
different biomolecules. This functionalized PEG biomaterial
has demonstrated utility in both sequestering endogenous
adenosine and delivering exogenous adenosine, resulting in
improved fracture healing. Moreover, this strategy is responsive
to the dynamic injury environment, as adenosine levels within
the biomaterial gradually return back to physiological levels
during fracture healing.

Multiple protein delivery

Since healing is a naturally complex process, requiring many
bioactive components, the delivery of multiple proteins
involved in tissue repair can lead to more effective healing.
Replacing single and dual growth factor delivery strategies
with the delivery of more complex combinations of relevant
proteins involved in the healing cascade is an emerging focus
of protein delivery for tissue repair. Liu et al. co-delivered stem
cells with a “cocktail of growth factors” consisting of IGF-1,
HGF, and PDGF-BB for myogenesis, NGF and FGF-2 for neuro-
genesis, and VEGF for angiogenesis in a hydrogel to assess the
impact of multi-protein presentation.'®” The combinations of
proteins delivered achieved myogenesis, neurogenesis and
angiogenesis; however, multiple growth factor delivery was not
drastically better than the presentation of individual growth
factors. Although release of these heparin binding proteins
was controlled by a heparin-containing hydrogel, regenerative
processes typically require sequential presentation and gradi-
ents of proteins. Thus, the results observed in this study may
be due to the limited ability of the biomaterial to spatially and
temporally control protein release. This suggests that the co-
delivery of multiple growth factors for tissue repair may
require additional focus on sequence and timing of protein
delivery in the future.

Several strategies have been developed to achieve sequential
protein delivery using several different mechanisms, including
material degradation and logic-based systems. These include
the use of multi-layered hydrogels containing different pro-
teins in each layer and nanoparticles fabricated by layer-by-
layer deposition of proteins and polymers.'*'%° Lee et al. con-
tained and released VEGF and BMP-4 in a sequential manner
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by encapsulating BMP-4-containing microparticles within a
VEGF-containing hydrogel, resulting in a burst release of VEGF
and sustained release of BMP-4. Shah et al. developed nano-
layered constructs containing physiologically relevant amounts
of BMP-2 and PDGF-BB in each layer with controlled degra-
dation kinetics, which led to effective bone regeneration over 2
weeks.''” In these examples, the release kinetics of the pro-
teins were based on material degradation and diffusion kine-
tics and not in response to specific cues from the surrounding
microenvironment. In contrast, logic-based release of proteins
can be programmed to respond to microenvironmental cues
and external triggers. Several groups have demonstrated
control over the release of specific payloads by providing light,
pH, or hydrolysis triggers."**""* These stimuli enable precise,
on-demand protein delivery in vitro, but may be challenging to
implement in vivo as the triggers mentioned are either
endogenous stimuli that require many satisfying conditions
throughout the body or difficult to systemically administer.
Ultimately, the choice of protein delivery method depends
on the duration of protein presentation required and surround-
ing environment. We have described a myriad of recent
advances available to tune protein retention and release from
biomaterials in vivo that can be tailored to a variety of injury
types and healing scenarios. Tissue repair that requires long-
term protein presentation and precise spatial control may
benefit from covalent protein immobilization or protein seques-
tration with high-affinity protein-material binding interactions.
Conversely, the delivery of proteins involved in cell recruitment
to injury sites may be more effective if rapidly released from bio-
materials to promote long range chemotaxis. Finally, sequential
protein delivery may be necessary to mimic the phases of the
healing cascade (inflammation, proliferation, and remodelling)
and can be achieved using composite materials that respond to
different stimuli or layer-by-layer protein/polymer deposition.

Strategies to improve tissue
integration

We have described a variety of approaches to enhance protein-
biomaterial interactions for effective protein delivery. However,
there are many other strategies to improve the efficacy of
protein delivery for tissue repair that rely on mediating the
interactions between the biomaterials and surrounding tissue,
including tissue targeting,"'* tissue mimicry,""> and stimuli-
responsive materials. These strategies increase the ability of a
biomaterial to respond to changes in the surrounding tissue
that occur during injury and healing. Broadly, tissue targeting
biomaterials leverage interactions with unique biochemical
markers of an injury site to localize therapeutics, tissue
mimicking biomaterials aim to optimize the biophysical con-
gruency between the therapeutic system and the injury site,
and stimuli-responsive materials respond to internal or exter-
nal stimuli to trigger protein delivery within the effective thera-
peutic window. There is often overlap between strategies that
enhance protein-biomaterial interactions and tissue targeting,
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Fig. 6 Delivery of saporin into MCF-7 breast cancer cells using pH-sensitive hyaluronic acid nanogels. MCF-7 cells overexpress CD44, which has a
high affinity for hyaluronic acid (HA). This enables binding and subsequent uptake of the coiled-coil peptide-crosslinked HA nanogels (HAcNGs) by
MCEF-7 cells. Upon endocytosis, HAcNGs dissociate in the acidic conditions of the endosomes of the cell, due to the pH-sensitive dissociation of the
crosslinker, releasing saporin. Reproduced from ref. 127 with permission from the American Chemical Society, copyright 2018.

mimicry, and stimuli-responsive material strategies, and the
integration of these approaches have led to key developments
in the field, which are discussed below.

Tissue targeting materials

Biomaterials fabricated with specific ligands or binding part-
ners enable a material delivered locally to bind specifically to a
target cell or tissue,''*''® thereby enhancing local material
retention. Biomaterials containing target receptors®*** or syn-
thetic peptides®*''®'"” have been fabricated to bind to a
variety of tissues. A common approach is to target abundant
ECM in the tissue of interest, which has been pursued with
both collagen-binding domains for targeting biomaterials to
bone,"*® solid tumors,"*® inflammatory sites,”* and hyaluronic
acid-binding domains for targeting tumors'*®'*' and carti-
lage.*® Directed evolution platforms such as phage display can
also be used to evolve peptides or small protein domains that
bind strongly to specific tissues. In phage display, bacterio-
phages express proteins on their surface, enabling sorting and
mutagenesis to yield a protein binding partner with specific
binding characteristics."* Phage display has been used to
identify a variety of peptides that bind to cardiac and skeletal
muscle’®*'** and the mineral component of bone.'*>!?®
Binding peptides for specific biomarkers have also been valu-
able for targeting other tissues, such as the intra-articular
spaces within joints, from which drugs are often rapidly
cleared. Mancipe Castro et al. fabricated PEG-based hydrogels
with cartilage and synoviocyte targeting peptides, which
demonstrated improved bulk material retention in relevant
cell lines in vitro and local release of drug in the intra-articular
space compared to biomaterials containing non-specific
binding domains.”® HA-based hydrogels have demonstrated
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efficacy for tumor targeting, as many cancer cells overexpress
the CD44 glycoprotein that binds to HA for cell
attachment.®>'*” Ding et al. developed pH-sensitive HA hydro-
gels that promoted MCF-7 cancer cells binding and endocyto-
sis, allowing the HA hydrogels to disassemble within the low
pH environment of the cell (Fig. 6).">” This method enabled
the intracellular delivery of the otherwise membrane-imperme-
able protein saporin, which Kkills cancer cells by inactivating
ribosomes. Overall, the use of tissue targeting strategies
results in better directed treatment with outcomes that will
continue to improve as the specificity and accuracy of the
targets increases.

Tissue mimicking materials

Biomaterials that aim to delivery proteins to regenerate tissues
with complex architectures may better integrate into surround-
ing tissues if designed to mimic the physical or biochemical
attributes of the surrounding native tissue. In doing so, the
biomaterial scaffold can temporarily or permanently contrib-
ute to the physiology of the tissue. Engineered tissue scaffolds
are often designed to match tissue mechanical properties (e.g.
stiffness, strength, elasticity), as a mismatch of mechanical
properties can lead to stress shielding,'*® increased fibrosis,"*’
or early failure. Alignment of the fibers of the biomaterial is
important in the fabrication of biomimetic
ligaments®11>13%131  and  muscles,**'** as effective cell
growth and tissue function requires matching both native
tissue strength and patterning. For example, Zhang et al. elec-
trospun composite polyethylene terephthalate (PET) and poly-
caprolactone (PCL) mats and rolled them into cylindrical struc-
tures to imitate the braided morphology of the anterior cruci-
ate ligament.""® BMP-7 was then immobilized on the ends on
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the graft. The combined strategy of an aligned biomaterial and
local protein delivery led to improved calcification and inte-
gration of the synthetic ligament into the surrounding bone.

Many native tissues contain gradients, such as cartilage
and the osteochondral gradient between cartilage and
bone."**'3> As a result, biomaterial strategies have been devel-
oped to create gradients similar to tissues, including layer-by-
layer’*®*° and 3D printing'*° strategies. Although there are
three distinct layers in cartilage (superficial, middle, and deep
zones), the challenge is to build many layers on top of one
another to seamlessly transition from one zone to the next.
Gegg and Yang developed seven unique biomaterial formu-
lations containing different combinations of chondroitin sul-
phate and gelatin to mimic the different zones of cartilage.™®”
Cells were allowed to proliferate within the hydrogels for 21
days. Using this approach, the group identified the appropriate
combinations of concentrations of the two materials to form
the intended zones and stacked them, leading to a well-
defined cartilage mimetic material.

Proteins have also been incorporated into gradient-contain-
ing materials. 3D-printed scaffolds were fabricated with gradi-
ents of BMP-2 and TGF-3 to mimic the osteochondral inter-
face and stimulate mesenchymal stem cell differentiation
towards osteogenic and chondrogenic lineages, respectively.'**
In this study, growth factor immobilization improved cell
differentiation compared to soluble growth factor addition;
however, the use of gradients did not promote cell differen-
tiation. In contrast, osteochondral defects treated with a com-
posite material containing BMP-2 in the subchondral layer and
IGF-1 in the chondral layer exhibited robust bone repair, but
modest cartilage repair."*> Given that precise protein presen-
tation is necessary to mimic complex tissue interfaces, it is
likely that further optimization is needed to create robust
osteochondral tissues using gradient protein delivery. As the
library of available biomaterials continues to expand, combi-
nations of materials will continue to yield more physiologically
relevant tissue mimetics, which will increase our ability to
more effectively address site-specific tissue injuries.

Environmentally-responsive materials

Stimuli-responsive materials can change properties based on
exposure to endogenous cues present in the surrounding
microenvironment, such as pH, temperature, reactive oxygen
species, or specific enzymes."*® Integrating components that
can be triggered by microenvironmental cues can increase a
biomaterial’s adaptability to changes in the in vivo environ-
ment during tissue repair and provide an additional degree of
temporal control over drug/protein release and material behav-
iour. There are numerous types and applications of stimuli-
responsive biomaterials. For an in-depth review of both envir-
onmentally-responsive and externally-triggered biomaterials
for biomolecule delivery, we recommend the recent publi-
cation of Oliva and Almquist."** For the purpose of this review,
which focuses specifically on biomaterials that address and
respond to complex injury environments, we will describe how
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endogenous triggers in the in vivo environment can induce
material changes that modulate drug and protein release.

Thermally-responsive materials provide a means of control-
ling protein loading and release based on body temperature.
Polymers such as poly(N-isopropyl acrylamide) (PNIPAAm) and
block copolymers consisting of variations of PEG, polylactic
acid (PLA), PCL, and poly(r-lactide) (PLLA) change their confor-
mation from hydrophilic to hydrophobic at a lowest critical
solution temperature (LCST), allowing for protein release or
sequestration at specific temperatures.'**'*> PNIPAAm is par-
ticularly useful in thermally-mediated delivery applications
because its hydrophobic/hydrophilic conformation changes
are reversible at biologically relevant temperatures. Kim et al.
developed nanoparticles consisting of a thermo-responsive
PNIPAAm domain, hydrophobic PLLA domain, and hydro-
philic poly(i-lysine) (PLL) domain to deliver nerve growth
factor (NGF).'*® PNIPAAm enabled loading of NGF under
aqueous conditions and sustained NGF release at 37 °C, above
the LCST. The uptake of the nanoparticles into neuroblast-like
PC12 cells was also temperature-dependent, with higher
uptake above the LCST, which stimulated increased neurite
outgrowth. Although these studies were conducted in vitro, the
ability of PNIPAAm nanoparticles to exhibit optimal sustained
protein release and cellular uptake at physiological tempera-
tures makes them valuable for in vivo therapeutic applications.
Other phase changing molecules can also be used to align or
open porous channels to allow biomolecule release.
Tetradecanol, a fatty alcohol that is solid at 37 °C and melts at
39 °C, has been used to provide on-demand, heat-triggered
release of doxorubicin in cancer cell cultures.'*” While promis-
ing for in vitro use, tetradecanol has not yet been used exten-
sively in vivo.

Targeting chemically unique attributes of injury sites such
as pH can enhance site-specific protein delivery while reducing
off-target release. Biomaterials can be engineered to respond
specifically to the microenvironment of the site of injury or
disease,'*® as is often done with the acidic environment of
cancer cells.""*'*® pH sensitive vehicles are typically made
through the integration of polyelectrolytes, such as phenyl-
boronic acid (PBA),">°** due to their ability to change their
overall charge at different pH, resulting in triggered
release.'"***13* Cong et al. crosslinked chitosan with glycerol
2-phospate disodium to created pH sensitive micelles, which
were then dispersed in an alginate hydrogel. The group ana-
lyzed the release rate of drug in various pH conditions with
different formulations and found that the micelles alone
would degrade too quickly while increasing the concentration
of alginate surrounding the micelles slowed the release in a
controlled fashion.

Additional strategies to create environmentally-responsive
materials have also been employed. Biomaterials have been
designed to degrade and release molecular cargo in the pres-
ence of reactive oxygen species, which are often increased in
the initial inflammatory phase of tissue injury.'> Materials
crosslinked using peptide sequences that can be cleaved by
enzymes, such as matrix metalloproteinases (MMPs), offer a
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strategy for triggered protein release that responds to fluctuat-
ing MMP expression in the injury environment."*® These envir-
onmentally-responsive materials provide several methods to
target a therapeutic to specific injury environments and thus
have considerable overlap with tissue targeting strategies.
Collectively, the strategies described here leverage a variety
of material properties to enhance material integration into
regenerating tissues while providing sustained protein or drug
release. Incorporating tissue targeting, tissue mimicking, and
environmentally-responsive elements into biomaterial delivery
vehicles is a promising approach to enhance the efficacy of
biomaterial-based protein delivery to injured tissues.

Multi-component strategies

We have identified a number of strategies to design biomater-
ials that stimulate tissue repair through delivery of proteins
involved in healing cascades. Combining multiple approaches
to create complex biomaterials that perform multiple func-
tions can further enhance the ability of biomaterials to
respond to environmental changes during tissue injury and
repair.

Biomaterials designed to repair tissues with electrical
activity (e.g. cardiac, nerve, muscle) can incorporate respon-
siveness to electrical stimuli to be both tissue mimicking and
stimuli-responsive. Conductive biomaterials, such as gra-
phene, carbon nanotubes, gold, polypyrole (PPy), polyaniline
(PANI), and poly(3,4-ethylenedioxythiophene) (PEDOT),"** can
respond to electrical stimuli through contraction or expansion
and subsequent relaxation, making them prime candidates for
muscle mimicry. Graphene, gold, and carbon nanotubes are
excellent conductors, but their long-term effects in the body
are unknown. Conversely, PPy, PANI, and PEDOT are organic
materials, but are not as effective for electrical signal conduc-
tion. Conductive materials have been used extensively for
scaffolding for regenerating skeletal muscle'**'*” and cardiac
muscle.'”® The Dvir group developed a complex cardiac patch
consisting of gold electrodes that could be independently trig-
gered by electrical stimuli to release proteins.'® 50 pm electro-
des were placed in an array, covered in negatively-charged
chondroitin sulphate, and electrostatically loaded with posi-
tively-charged proteins - lysozyme, a model protein, and
SDF-1a, a chemokine that stimulates cell recruitment to sites
of myocardial injury. Each node monitored the immediate sur-
rounding electrical activity of the cardiac muscle and, upon
sufficient signalling, would release its payload. This strategy
enabled both detection and stimulation of electrical signals in
cardiomyocytes, as well as on-demand protein release. Future
applications of this technology could include additional
sensing capabilities and feedback loops that enable remote
control over patient cardiac tissue regeneration. Overall, elec-
trically active materials may provide an enhanced ability to
restore signalling pathways and re-establish function of electri-
cally active tissues.
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Advancements in additive manufacturing have opened
additional possibilities for integrated solutions by enabling the
fabrication of biomaterials with complex architectures and
spatially-defined properties for controlled protein and peptide
presentation.”*'% 16161 Thig technique is valuable for mimick-
ing tissues that naturally contain gradients, such as cartilage'®*
and osteochondral interfaces, or displaying complex architec-
ture, such as vasculature.'®'®* For example, peptide-polymer
conjugates can be 3D-printed to control the spatial presentation
of cell-adhesive (RGDS) and non-adhesive (RGES) peptides."®>
This strategy achieved precise control over local cell behavior
using a single biomaterial scaffold and has future applications
in creating complex tissue architectures. Additive manufactur-
ing has also been used to mimic the structure of cortical and
cancellous bone. A bioceramic scaffold was 3D-printed to mimic
the hierarchical structure of bone, including the Haversian
canals present in cortical bone structure.'®® This scaffold fos-
tered proliferation and protein/ECM secretion by co-delivered
mesenchymal stem cells, Schwann cells, and endothelial cells
and fostered robust integration, bone formation, and revascular-
ization in a rabbit femoral bone defect model. Additive manu-
facturing can also be combined with protein immobilization to
create 3D printing structures that enable spatially localized
protein presentation.'®® Subbiah et al. demonstrated that litho-
graphy-based 3D-printing could be used to generate ceramic
microcages that could be combined in a modular fashion
(Fig. 7).'°7'%® Hydrogels containing a variety of growth factors
(VEGF, PDGF, and BMP-2) were loaded into the microcages and
combined to modulate cell behaviour both in vitro and in vivo.
Together, these studies demonstrate that additive manufactur-
ing can be used to create multifunctional materials with both
defined architectures and protein presentation.

Current market-available strategies

The use of therapeutic proteins in the clinic has exploded in the
past several decades. By 2017, the FDA had approved a total of
239 proteins and peptides for therapeutic applications.'® The
translation of innovative therapeutic protein strategies to market
is challenging due to the complexity of regulatory approval pro-
cesses. As a result, what is currently available on the market lags
behind the recent advances introduced in this review. However,
several protein therapeutics used in the clinic today use a bio-
material-based approach for in vivo protein localization. For
example, Medtronic produces INFUSE®, which is a bone graft
consisting of recombinant human BMP-2 soaked into a collagen
sponge, and is used for bone surgery applications such as tibial
fractures and spinal fusion. This industry standard uses two of
the simpler approaches explored in this review — physical entrap-
ment and ECM-based biomaterials.”® Boyne carried out clinical
trials for what would become INFUSE® in 1996,'”' with
additional trials conducted by Riedel and Valentin-Opran in
1999.'7? After nearly 10 years of clinical studies, the product was
approved in the early 2000s by the United States Food and Drug
Administration (FDA).'”
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Fig. 7 Use of 3D-printed, microgel-loaded microcages for protein delivery. (A and B) 3D-printed microcage scaffolds loaded with fluorescently
labelled microparticles embedded within microgels, and (C and D) 3D printed microcage scaffolds loaded with fluorescently labelled microparticles
within a bulk gelatin methacrylate hydrogel. (E) Directed cell migration achieved by the VEGF-laden microgels (left), no growth factor (middle), and
PDGF-laden microgel (right). (F) Non-directed cell migration caused by the bulk hydrogel-impregnated scaffolds. Scale bars: 1.5 mm. Top: 2D view,
bottom: 3D view. (G) Quantification of cell migration in each microcage (* p < 0.05). Reproduced from ref. 168 with permission from Wiley-VCH,

copyright 2020.

Other tissue healing strategies that employ allografts and
ECM-derived biomaterials are also currently used in the clinic.
Although most of these ECM materials provide limited spatio-
temporal control over protein retention and release, they retain
many functional biological components, such as cells, pro-
teins, and ECM molecules."’* Osiris Therapeutics, Inc. pro-
duces protein- and cell-rich scaffolds derived from placental
membranes for a variety of applications, including dermal
tissue,'”” bone, and cartilage repair.'’®'”” Preserved placental
membranes are also available from other companies for ocular
applications."”®'”® However, viable allograft tissue with suit-
able properties for tissue healing can be scarce. One strategy
to overcome this challenge is to conjugate other biomaterials
to allografts to both reduce the amount of foreign tissue
required and adjust the mechanical properties of the allograft
for specific applications.®°

This journal is © The Royal Society of Chemistry 2021

Although allografts and collagen sponges can be cut to fit the
size of the tissue defect, they cannot be easily customized to a pre-
defined structure. The 3D printing strategies described in this
review are currently being used by numerous medical device compa-
nies to address the specific structural needs of a variety of tissues
and organs. Biological structures can be 3D-printed with a variety of
scaffold materials that enable direct integration of proteins into the
bioprinting ink.'*"'®> Although the FDA has yet not cleared the use
of 3D bioprinting solutions for whole organ and tissue transplan-
tation, that is a key objective of many of these companies.

Future outlooks

The strategies described in this review are all at different
stages of development, with some being primarily investigated
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in vitro, some being currently assessed in vivo, and others
moving towards clinical translation. Achieving robust tissue
regeneration is a complex challenge with no ubiquitous solu-
tion; thus, different biomaterial strategies may be required for
tissue injuries that alter healing cascades in different ways.
The use of high throughput technologies and computational
models are recent developments in the field of biomaterials
that have the potential to expand our ability to better address
the complexity of the wound healing cascade.

Since numerous biomaterial properties (e.g. protein-
material affinity, mechanical properties, degradation) interact
to influence tissue repair, the ability to generate large
numbers of new biomaterial formulations could drastically
accelerate progress in the development of biomaterials for
tissue regeneration. Recent advances in high throughput
screening technologies are expected to enable automated com-
binatoric synthesis and material discovery. We have recently
developed a technique to evaluate protein diffusion through
hydrogels using fluorescent proteins loaded into hydrogel-
filled capillary tubes.'®® This technique enabled the determi-
nation of protein diffusion coefficients using small volumes of
proteins and hydrogels and has been adapted for use with
both physically and chemically crosslinked hydrogels (PEG,
collagen, and alginate). On a larger scale, Xu et al. used a high
throughput liquid handling robot to combine various charged
(cationic or anionic poly(oligo ethylene glycol methacrylate)
(POEGMA)), uncharged (dextran, carboxymethyl cellulose, and
chitosan), thermoresponsive (PNIPAM, POEGMA), non-thermo-
responsive, synthetic, and natural precursor polymers.'®* The
biomaterials fabricated were then loaded with ovalbumin, as a
model protein to evaluate how biomaterial properties affected
protein release. Almost 100 unique polymer combinations
were made and analyzed, which was a substantial increase in
the typical number of biomaterial formulations that can be
tested simultaneously. Similarly, Hao et al. used One Bead One
Compound (OBOC) high throughput screening technology to
identify high affinity binding ligands for endothelial progeni-
tor cells (EPCs) and endothelial cells (ECs) with minimal
affinity for many other biological components."®> OBOC uses
magnetically conjugated target proteins for binding and
sorting through large numbers of peptide sequences, akin to
phage sorting.'®® The binding ligands conjugated to small vas-
cular grafts achieved rapid endothelialization in vivo and
retained high patency in vivo in a rat carotid bypass model.

High-throughput biomaterial screening can be combined
with computational modelling approaches to further expand
our ability to screen a vast number of biomaterial properties
for tissue regeneration applications. Several studies have
demonstrated the utility of statistical optimization techniques,
such as design of experiments, to optimize biomaterial pro-
perties achieve specific outcomes, such as cell response and
gelation kinetics."®” % Additionally, we and others have
employed computational bio-transport models to predict
protein release kinetics from biomaterials and tune biomater-
ial properties to achieve desired release rates in vitro and
in vivo.'*"”7 Limasale et al. demonstrated that a reaction-
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diffusion model could be used to predict the effect of heparin
content and sulphation pattern on VEGF release, as well as the
spatial distribution of VEGF throughout the hydrogel.
Collectively, these examples demonstrate the value of high
throughput screening technologies and computational model-
ling for the rational design of biomaterials for tissue engineer-
ing applications. Future work that translates these in vitro
results and in silico models into viable predictions for bioma-
terial behaviour within in vivo injury environments has signifi-
cant potential for improving biomaterials for better thera-
peutic outcomes.

Conclusions

The complex nature of tissue healing, in which numerous
cells, proteins, and matrix molecules participate, is difficult to
replicate or restore when normal repair mechanisms are dis-
rupted. Here, we have compiled and reviewed a number of
recent advancements in biomaterials for sustained protein
delivery, with a focus on strategies that improve the ability of
biomaterials to address the complexity of the injury environ-
ment during healing. Numerous strategies exist to tailor
protein presentation to unique tissue regeneration appli-
cations, including covalent and physical entrapment of pro-
teins, the use of ECM-based materials, engineered affinity
interactions, environmentally-responsive materials for on-
demand protein delivery, and complex fabrication methods to
better mimic native tissue architecture. Ultimately, the choice
of the most appropriate biomaterial strategy to enable regener-
ation of a particular tissue rests on gaining a better under-
standing of how spatiotemporal protein presentation affects
healing in that tissue. With the broad spectrum of engineering
tools available to create new biomaterials, we expect that we
will be able to both expand our understanding of how proteins
influence tissue healing responses and create advanced bioma-
terials that respond to and integrate into complex injury
environments. While many challenges remain in identifying
and creating the appropriate material properties to stimulate
repair of non-healing tissue defects, emerging interest in
designing biomaterials that better integrate and respond to
injured tissues is expected to open numerous doors to
improved strategies for patient treatment.
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