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Biomaterials for Sequestration of Growth Factors

and Modulation of Cell Behavior

Simdo P. B. Teixeira, Rui M. A. Domingues,* Mariya Shevchuk, Manuela E. Gomes,*

Nicholas A. Peppas,* and Rui L. Reis

Growth factors (GFs) are proteins secreted by cells that regulate a variety

of biological processes. Although they have long been proposed as potent
therapeutic agents, their administration in a soluble form has proven costly
and ineffective due to their short half-lives in biological environments.
Biomaterial-based approaches are increasingly sought as alternatives to
improve the efficacy or, ideally, replace the need for exogenous administration
of GFs in regenerative medicine strategies. The means by which these systems
evolve from biomaterials for conventional controlled release of GFs to the
recent extracellular matrix (ECM)-inspired approaches for sequestering these
labile molecules and regulating their spatiotemporal activity and presenta-

tion are reviewed. Focus is placed on biomaterials functionalized either with
ECM components, which show promiscuous GF binding, or with targeted GF
ligands (antibodies, aptamers, or peptides). The potential of synthetic plat-
forms with abiotic affinity as cost-effective alternatives to the current biological
ligands is also discussed. Overall, the various GF sequestering systems devel-
oped so far have remarkably improved the activity of GFs at reduced doses
and, in some cases, completely avoided the need for their exogenous adminis-
tration to guide cell fates. These bioinspired concepts thus enable the rational
exploration of the full therapeutic potential of GFs in regenerative medicine.

1. Introduction

Growth factors (GFs) are soluble proteins
secreted by cells that act in an autocrine
and paracrine manner by binding to spe-
cific receptors at the cellular surface. They
regulate a set of behaviors, from survival
to migration, proliferation, and differen-
tiation,!!l playing a crucial role in tissue
development!? and healing.># Thus, since
their discovery, GFs have been identified
as potent therapeutic agents, in particular,
for regenerative medicine and tissue engi-
neering applications.’! This has led to
widespread research on the topic, and to
their use in preclinical and clinical trials,
with over 1600 entries registered on Clini-
calTrials.gov for the use of GFs as part of
interventions.[®

However, regulatory approval and com-
mercialization have lagged far behind. The
few GFs that have been clinically approved
by the U.S. Food and Drug Administration

(FDA) are bone morphogenic proteins
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2 (BMP-2) and 7 (BMP-7) for lumbar spine fusion and bone
fracture; platelet-derived growth factor-BB (PDGF-BB) for the
enhancement of granulation tissue formation; and keratinocyte
growth factor (KGF) for prevention and treatment of mucositis
in cancer patients who receive high doses of chemotherapy and
radiation therapy.>’! Other approved GF therapeutics include
the use of fibroblast growth factor-2 (FGF-2) in Japan and
Chinal®l and epidermal growth factor (EGF) in Latin America
and parts of Asial?) for the treatment of wounds. This degree of
translational failure demonstrates that a number of limitations
are impeding the success of GF therapeutics.

Major shortcomings include short half-lives in circulation,
susceptibility to deactivation and degradation by enzymes,
and rapid rates of internalization.>'®!!] For example, the half-
life of vascular endothelial growth factor (VEGF) after intrave-
nous injection is only 50 min, while that of FGF-2 is merely
3 min.P! This has led to the requirement of a regimen of
repeated systemic administration at supraphysiologic doses,
in order to achieve sustained effective local concentrations.!!
This, in turn, can lead to an array of potentially complicated
off-target side effects. For example, the infuse bone graft substi-
tute (Medtronic, Memphis, TN), a collagen sponge containing
recombinant human BMP-2, is indicated for use in surgical
procedures for lumbar spinal fusion. However, side effects,
such as cervical spine swelling, nerve root compression, ectopic
bone formation, bladder retention, or hematoma, have been
identified by FDA to be associated with its off-label use in other
orthopedical applications.'>3! Similar side effects have been
described for the use of Osigraft, an orthopedic implant con-
taining BMP-7 indicated for the treatment of tibial nonunion,
which has recently been withdrawn from the market.[!314

Furthermore, the production of the amounts required for
this type of therapy currently lacks cost-effective methods,
mainly due to poor yield and difficult purification, making the
final costs prohibitive.’] These issues mostly stem from the
nature of GFs as proteins with potent biological effects. This
characteristic, which made them attractive in the biomedical
field, also makes them dangerous molecules (notably, they play
important roles in cancer progression).'®l This means their
action in physiological conditions must be tightly regulated,
both spatially and temporally, through a variety of mechanisms
beyond the mere regulation of gene and protein expressions, as
described in the following sections. GF production and secre-
tion can be constitutive or stimuli responsive depending on the
specific molecule and cell type.'”l They are often released in
a pro-protein form, some of which have independent activity,
while others need to be cleaved in order to induce a biological
effect.l'®1% Furthermore, the microenvironment plays a key role
in this regulatory process.

The extracellular matrix (ECM) is a self-assembled network
similar to a hydrogel, composed of a multiplicity of soluble and
insoluble molecules. It provides not only mechanical support
and adhesion sites for cell anchorage, but also a rich aqueous
environment for biochemical interactions.?! Its role in biolog-
ical signaling processes has been increasingly recognized.
For example, cells are able to sense the mechanical properties
and the spatial organization of the fibrillar microenvironment
(ECM topology) via integrin-mediated mechanotransduc-
tion pathways.?!l Another example of the role of the ECM
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is the ability of its insoluble components to bind and retain
soluble molecules like GFs, dynamically regulating their
release, activation, and presentation to cell surface receptors.l??!
Glycosaminoglycans (GAGs, e.g., heparin), their proteoglycan
derivatives, and glycoproteins (e.g., fibronectin (FN) and
laminin) are key mediators in this process. This is mainly driven
by the negatively charged sulfate groups widely present on their
sugar monomers, which can establish strong electrostatic inter-
actions with many soluble factors.?3l GAGs consist of repeating
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disaccharide units composed of an N-acetylated or N-sulfated
hexosamine and either an uronic acid (GlcA or IdoA) or galac-
tose. Hyaluronan lacks sulfate groups, but the remaining GAGs
contain sulfates at various positions.?* Some glycoproteins also
contain binding domains for several other ECM molecules,
GFs, and integrins, providing another mechanism to sequester
and present the soluble GFs.?% The context of this process is
defined by whether the sequestering moiety is soluble or insol-
uble, its location relative to the cell, the source of the GF, and
the affinity between the GF and the sequestering moiety.?’]

A good example of the complexity of regulatory processes
is the different ways in which cells respond to soluble versus
immobilized GFs, possibly derived from different interactions
between these molecules and cell surface receptors. While
soluble factors are recognized and internalized by cells as a
substrate-receptor complex, immobilized factors cannot be
endocytosed. This results in a sustained intracellular signaling
and, therefore, in a distinct phenomenon termed “artificial
juxtacrine signaling.”?®l On the other hand, when GFs are
sequestered by other soluble molecules, their interaction with
cell receptors is instead hampered, decreasing their biological
activity. This intricate interplay between the various elements
that compose the cell milieu has also been shown to regulate
the formation of GF gradients. For example, in the particular
case of VEGF, gradients are essential to spatially and tempo-
rally direct cell migration and angiogenic sprouting.?’!

Another important point on GF activity is the crosstalk
between GF receptors and integrins.”’] Integrins are cell sur-
face receptors, well known for their binding to ECM struc-
tural molecules with specifically defined peptide sequences,
arginine-glycine-aspartate (RGD) being the most widely
recognized one.?®l Tt has been increasingly suggested that
both direct and indirect interactions between these two types
of receptors are important for the action of GFs on cellular
responses.??) For example, syndecans-1 and -4 capture human
EGF receptor 2 (HER2) and EGF receptor (EGFR), along with
o533, integrin, via docking sites in their ectodomains. This inter-
action organizes integrins and receptor tyrosine kinases into
signaling complexes that stimulate epithelial invasion, contrib-
uting to tumor progression.’% Interestingly, it has been shown
that even without the presence of their ligands, GF receptors
can be directly activated by integrins via tyrosine phosphoryla-
tion, with subsequent induction of the extracellular signal-regu-
lated kinase 1/mitogen-activated protein kinase pathway.l3!l

This demonstrates that ECM regulation of biological sign-
aling is complex and related to structural, biophysical, and bio-
chemical properties. Thus, it offers inspiration for a wide range
of tunable cues that can be optimized for GF presentation in bio-
material development. In both laboratory protocols for stem cell
culture and tissue engineering strategies, research efforts have
progressed from direct soluble administration of GFs toward
making use of materials as “carriers” for controlled release. More
recently, increasing attention has been paid to the engineering of
platforms that can actively and dynamically regulate biomolecular
activity via noncovalent ECM-inspired interactions.? This review
will critically explore the main strategies used for improving the
administration and regulating the activity of GFs (Figure 1).

It will particularly focus on biomaterial design approaches
to sequester and retain these molecules via bioinspired affinity
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interactions. Specifically, these will be divided between mate-
rials that incorporate molecules naturally present in the ECM
(with promiscuous interactions) and those which include spe-
cific binding motifs that recognize a target GF (such as pep-
tides and aptamers). Each will be illustrated by some of the
most representative studies on the topic, focusing particularly
on those published during the last 5 years, along with their
major advantages and shortcomings.

2. Conventional Controlled Release Systems

As previously mentioned, the limitations of soluble administra-
tion of exogenous GFs led researchers to seek biomaterial and
nanotechnology approaches for their controlled delivery. These
strategies sought to improve the efficiency of GF action on cells
by enabling localized administration, reducing fluctuations in
GF levels over time, achieving persistence of cell activating sig-
nals, and addressing diffusion limitations to soluble delivery.'”!
Conventional controlled release strategies rely on the delivery
of exogenously loaded GFs through a 3D matrix or porous scaf-
fold. This allows us to modulate the activity and differentiation
patterns of stem cells through the selection of proper temporal
expression and dosage of GFs.>*l Table 1 shows a summary of
GFs commonly used for some tissue engineering applications.
It is important to understand the physicochemical properties,
such as molecular weight, isoelectric point, and site of action
when designing a vehicle for GF delivery.*]

The most straightforward method for incorporating factors
within a matrix is by noncovalent binding, which can include
physical adsorption or ionic complexation. Physical adsorption
is achieved by incubating the scaffold in a protein solution,
allowing the formation of secondary interactions between the
protein and matrix.** Growth factor retention in the matrix can
be increased by altering the physical and chemical properties
of the biomaterial, such as mesh size, crosslink functionality,
porosity, hydrophobicity, and ionic charge.'!]

Electrostatic attraction between the scaffold material and the
protein has also been used to enhance the loading efficiency
through the formation of polyionic complexes. For example,
the processing conditions of gelatin can be modified to yield
either a cationic or anionic hydrogel, which are selected based
on the charge of the protein of interest.’®) Most GFs have a
high isoelectric point, indicating a positive charge at physi-
ological pH. Thus, anionic carriers are often used to enhance
loading and achieve sustained delivery.**l In addition, the ionic
strength of the solution or presence of other proteins can affect
the ability of a GF to adsorb to the surface.?®! While physical
adsorption is often the simplest method for GF loading, it
results in poorly controlled release kinetics due to a diffusion-
dependent, rapid burst release of the protein.l*’]

Alternatively, GFs can be loaded into a matrix through phys-
ical entrapment by forming the scaffold in the presence of the
protein. This technique is often used with degradable scaf-
folds or hydrogels, as the protein release can be controlled by
the degradation or swelling of the matrix. Several techniques
have been used to encapsulate GFs in the scaffold including
electrospinning,?83! gas foaming/particle leaching,*’! and in
situ polymerization.*!] The release profile of GFs encapsulated
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Figure 1. Overview of the main strategies for biomaterial-scaffold functionalization with growth factors and their binding partners. Conventional
controlled release systems rely on the physical adsorption or entrapment of GFs in a carrier biomaterial. Alternatively, GFs may be covalently bound to
the carrier material, leading to prolonged retention. These covalent bonds can include cleavable motifs to allow a programmed release according to
selected stimuli. More recently developed platforms include affinity-binding molecules. These can be based either on natural ECM components, which
promiscuously interact with a variety of GFs or on ligands which selectively bind a target molecule. Finally, novel synthetic platforms with abiotic affinity
are envisioned to constitute the next-generation of affinity-binding systems, by allowing a less costly and larger scale production.

using these techniques will depend on whether the polymer
matrix undergoes surface erosion or bulk erosion. In sur-
face eroding polymers, release behavior is maintained over
time, whereas in bulk eroding polymers, the diffusivity of the
GFs within the matrix will change as the polymer degrades,
resulting in a variable release profile.33] While selection of
appropriate polymers can allow for control over GF release, one
major disadvantage for physical encapsulation of GFs in the
scaffold is a potential for loss of bioactivity due to harsh pro-
cessing conditions. 34

Both synthetic and natural biomaterials have been explored
as polymeric matrices for encapsulating GFs and controlling
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their release. Synthetic polymers are widely available and
offer a finer degree of control and tuning over properties, as
well as presenting negligible immunological concerns com-
pared to polymers of natural origin.’’*? Polyethylene glycol
(PEG), polycaprolactone (PCL),*3! poly(lactic acid) (PLA),H*!
poly(lactic-co-glycolic acid) (PLGA),* polydopamine (PDA),*’!
and polyphosphazenel* all constitute examples of biocompat-
ible polymers tested in recent years for controlled GF release
systems. On the downside, synthetic polymers are not endowed
with the bioactivity that natural polymers can offer, particu-
larly those derived from ECM components possessing cell and
biological factor interactive domains.l”! These properties have
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Table 1. Physicochemical properties of common growth factors for cartilage, bone, and neural tissue engineering. Molecular weight and isoelectric
point measurements taken from the cited literature or calculated using the ExPASy bioinformatics resource portal. Acronyms: Nerve growth factor
(NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), glial cell line—derived neurotrophic factor (GDNF), ciliary neurotrophic
factor (CNTF), fibroblast growth factor (FGF), and placental growth factor (PLGF). Reproduced with permission.*3l Copyright 2018, Elsevier.

Family Name MW [kDa] pl Site of action Common use
(E = Extracellular, C = cytoplasm)
Transforming growth factors (TGF) TGF-o1 5.56 5.9 EGF receptor (E) Angiogenesis, promotion of cell
migration or proliferation
TGF-B1 25 9.5 TGF-p1 receptor (E) Chondrogenic differentiation,
increase adhesion molecule expression
TGF-83 25.8 83 TGF-f32 receptor (E) Chondrogenic differentiation,
promote proliferation
Insulin-like growth factors (IGFs) IGF-1 7.6 7.8 IGF-1 receptor (E), insulin receptor (E) Cartilage homeostasis,
chondrogenesis
IGF-2 7.5 6.4 IGF-Il receptor (E), insulin receptor (E) Osteogenic and chondrogenic
differentiation
Bone morphogenetic proteins (BMP) BMP-2 12.9 8.2 BMP receptor type Il (E) Osteogenic differentiation
and osteogenesis
BMP-7 15.7 8.1 BMP receptor type Il (E) Chondrogenesis, osteogenesis
Neurotrophins NGF 325 9.3 TrkA receptor, p75 (E) Survival and outgrowth
and branching of sensory
neurons, nerve regeneration
BDNF 13.5 9.6 TrkB receptor, p75 (E) Motor and sensory neuron
outgrowth and survival
NT-3 13.6 9.2 TrkA, TrkB, TrkC, p75 receptors (E) Neuron outgrowth, nerve regeneration
Vascular endothelial growth factor VEGF-A 23.9 9.2 VEGFR-1 and VEGFR-2 (E) Angiogenesis
(VEGF)
PLGF 22.8 8.4 FLT1/VEGFR-1 receptor (E) VEGF stimulation, Angiogenesis

stimulated the use of materials based, for example, on hyalu-
ronic acid (HA),*#8 collagen type L1 or gelatin, a product of
collagen hydrolysis.’*3 Besides ECM molecules, other natural
polymers widely researched in the field of tissue engineering
have also been studied recently for GF delivery. Among these
are alginate, a polysaccharide extracted from the cell wall of
brown seaweed that grows in cold water regions,*>° chitosan,
another polysaccharide, produced by controlled deacetylation
of chitin,P”! and silk fibroin (SF), one of the two main constit-
uent proteins in silk produced by certain arthropods.”® Algi-
nate exhibits excellent biocompatibility and biodegradability,
as well as an ability to be readily processed for 3D scaffolding
materials.”” Chitosan is one of the few natural polymers with
a polycationic nature, providing good adhesive properties
and high biocompatibility,®” while silk fibroin presents low
immunogenicity, high mechanical strength, and control-
lable degradation behavior.®!! However, unlike ECM-derived
molecules these do not provide biological interactive motifs,
requiring combination with other materials or immobilization
of specific ligands to effectively control cellular responses.*-61l

Depending on the target application, these systems can be
processed into nanocapsules, fibers, layer-by-layer (LbL) assem-
blies, or hydrogels, among others. Nanocapsules, for instance,
allow the loading of GFs, shielding them from the surrounding
environment. Furthermore, release rates can be tuned by engi-
neering the polymer shell composition. For example, a matrix
metalloproteinase (MMP)—sensitive peptide has been used
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as crosslinker in 2-(methacryloyloxy)ethyl phosphorylcholine
(MPC)-based nanocapsules for the delivery of BMP-2 to pro-
mote bone regeneration.'% Since MMPS' secretion is upregu-
lated at the injury site during bone repair process, GF release
triggering could be synchronized with tissue remodeling. On
the other hand, glycerol dimethacrylate (GDMA) was used in a
different study as crosslinker for similar polymeric capsules./®
Since GDMA degrades faster in the relatively alkaline environ-
ments’ characteristic of the later stages of bone healing, these
nanocapsules present a healing phase-dependent degradation,
enabling a sustained release of encapsulated GFs at the target
site (Figure 2b). Synthetic polymer fibers have also been used
for loading GFs for prolonged release.’”) In an example of
this strategy, polydioxanone fibers commonly used in surgical
sutures were loaded with VEGF to promote neovascularization,
ensuring adequate blood supply and cell survival in endodontic
procedures.[©3]

LbL constructs rely on a stacking of two or more types of
polymers, usually achieved by using materials with opposite
charge [ These materials allow the loading of various bioactive
molecules, including GFs, which can then be released in a tem-
porally controlled manner depending on the layer they are incor-
porated in.[#%] Furthermore, this technique is highly versatile
not only in terms of geometry—it has been applied to planar
surfaces, spherical particles, inside pores, and onto other more
complex material geometries—but also in chemistry, since it can
be combined with a variety of surfaces, including noncharged
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Figure 2. a,b) Controlled release and c,d) covalent binding of GFs to carrier biomaterials. a) Synthesis of fibrocartilage-like matrix by synovium-derived
stem cells cultured on PCL-PLCA electrospun nanofibers encapsulating TGF-f33. Synthesized collagen matrix followed the alignment of underlying scaf-
fold. Proteoglycan deposition (Alcian blue staining) was higher in high-dose TGF-f3 experimental group compared to the low-dose groups and groups
with no TGF-f33, although not at the same level as the exogenous supplementation group. Adapted with permission.[¥l Copyright 2019, Elsevier.
b) In vivo evaluation of nano-encapsulated BMP-2. Nano-encapsulated BMP-2 promoted formation of more trabecular bone (upper left), while leading
to a tamer inflammatory reaction (right side). Adapted with permission.%2 Copyright 2016, American Chemical Society. c) Immobilized azide-tagged
IFN-y promotes greater neuronal differentiation of NSCs. Blll-tubulin immunostaining shows more pronounced neuronal phenotype and longer
neurite outgrowth for cells cultured on HA-based hydrogels with immobilized protein, compared to simple adsorption. Adapted with permission.”'!
Copyright 2017, Elsevier. d) Histological analysis of cartilage defects created in rat knee trochlear cartilage. Rats treated with MeGC/Col Il hydrogels
with covalently conjugated TGF-f1 and encapsulated ASCs (CC/ADSC) show remarkable recovery compared to other conditions, namely encapsulated
ASCs without the GF (Gel/ADSC) and encapsulated ASCs in gels with ionic conjugated TGF-B1. Adapted with permission.’”?l Copyright 2015, The
Royal Society of Chemistry.
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substrates.® For example, this strategy has been successfully
applied to produce osteoinductive scaffolds that could first

The system achieved an effective and fast repair in 1-2 weeks,
completely bridging a critical sized femoral defect in a rat model.

release a burst of the proangiogenic connective tissue growth
factor (CTGF), followed by a sustained release of pro-osteogenic
BMP-2.l1 Another application of LbL is in implant coating
to improve their biological integration with host tissues. For
example, 3D PLGA tubes were used as polymeric scaffolds for
structural and mechanical supports for long bone regenera-
tion. Poly-1-lysine/HA polyelectrolyte film coatings were applied
on the tubes in order to load BMP-2 and tune its release.®8l

Adv. Funct. Mater. 2020, 1909011
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A different study used multilayered coatings, composed of poly-
mers with different degradation rates, to sequentially deliver
two therapeutic agents and improve the integration of bone
implants.[®% First, a fast release of the antibiotic gentamycin
cleared established bacterial biofilms. Next, sustained release of
BMP-2 for several weeks promoted the regeneration of the previ-
ously infected bone surface, improving bone—implant interfacial
strength 15-fold when compared with uncoated implants.
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However, hydrogels constitute the preferred delivery vehicles
due to their ECM-mimicking structure and possibility of in situ
gelation for injectable administration. In bulk form, they have
been applied, e.g., in the regeneration of vocal fold mucosa
by gradually releasing hepatocyte growth factor (HGF)*! and
FGF-2,PY or for cardiac repair after myocardial infarction, by
releasing citrate and myeloid-derived growth factor.” In micro-
spheres, hydrogels have been tested, for example, to steer the
osteogenic commitment of mesenchymal stem/stromal cells
(MSCs) by release of BMP-2.52

A recent representative example of this type of systems is
the combination of unmodified alginate with alginate sul-
fate, which presents an increased negative charge conferring
higher affinity to multiple GFs, to develop an ovary mimetic
microenvironment.”® This system could retain BMP-4 by
electrostatic interactions and, in turn, support the culture and
growth of porcine primordial follicles seeded with supporting
ovarian cells. These scaffolds were able to sustain the develop-
ment of the follicles up to the preantral stage, with five times
more developing follicles and estrogen production than the
groups with soluble BMP-4. More significant still is the ability
of these devices to restore ovarian function after xenotransplan-
tation in ovariectomized severe combined immunodeficiency
(SCID) mice, providing the first successful example of GF pres-
entation for this purpose.*®!

Despite the continued improvements in this type of con-
trolled release systems, there are various aspects of previously
described GF signaling mechanisms that are not taken into
consideration. They constitute an advanced delivery system
for recombinant versions of GFs, allowing a more sustained
and prolonged release to circumvent some problems of soluble
bolus administration. However, the reliance on physical entrap-
ment and diffusion mechanisms makes it difficult to tune
release behavior, particularly when considering multiple mole-
cules in a single application. Moreover, the multiple effects
resulting from the microenvironmental regulation of GF action,
such as sequestering and solid-phase presentation, are gener-
ally not present. These have been shown to be preferable for
eliciting several cell responses, including the possibility of GF
receptor—integrin crosstalk.[?227]

3. Solid-Phase Presentation

In order to more closely mimic the mode of action of GFs in
natural biological microenvironments and potentiate their
activity (thereby also reducing the therapeutic doses and asso-
ciated costs), several methods to prepare scaffolding bioma-
terials with the ability to present solid-phase-bound GFs have
been increasingly studied. They can be broadly divided into two
groups depending on if GFs are covalently bound to the delivery
vehicle or if the latter is designed for increased affinity, with the
ability to sequester and noncovalently bind and retain GFs.

3.1. Materials with Covalently Bound GFs

The covalent binding of GFs to a supporting biomaterial pre-
sents several advantages over previously discussed alternatives.
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First, the proteins do not diffuse into the surrounding medium
over time. Combined with the amplification of GF activity
resulting from their solid-phase presentation (see Section 1),
this allows the use of even lower doses to achieve similar
biological effects. Second, the tethering of proteins to a solid
support renders them less susceptible to hydrolytic and enzy-
matic degradation, helping to prolong their activity. Moreover,
it is possible to achieve more precise patterning and spatial
organization of GFs in these systems.>?¢l A variety of conju-
gation strategies and reactions can be used for this purpose,
which have been reviewed in detail elsewhere.2®73] Some of the
most recent reports on the subject have successfully bound GFs
on several polymeric biomaterials, including stem cell factor
(SCF),4 transforming growth factor beta 1 (TGF-B1),727°]
EGF,V79 FGF-2,7% nerve growth factor (NGF), or VEGF.8!

Modification of gelatin with methacryloyl moieties, known
as GelMA, allows the application of mild photopolymerization
techniques for crosslinking. Photo-crosslinking minimizes
the use of toxic agents or aggressive conditions which could
damage or compromise protein stability. Furthermore, this
modification can also be leveraged for the covalent linkage
of GFs, as shown by Mahadik et al.’¥ In this work, acrylate-
functionalized PEG was used to tether SCF to the GelMA
hydrogel, achieving stable incorporation and retention over
a week. While soluble SCF induces increased proliferation of
differentiating hematopoietic stem cells (HSCs), this system
led to opposite effects. Cultured primary HSCs showed
reduced proliferation and improved selectivity for maintaining
a primitive phenotype. This system was then combined
with microfluidics to generate SCF immobilization gradi-
ents capable of spatially directing stem cell responses.’* This
further illustrates the differences between soluble and solid-
phase-presented GFs, and how both can be selectively and
rationally applied for stem cell culture procedures.

Cartilage tissue is mostly avascular and has limited healing
potential after serious injury or prolonged disease.’?l TGF-
B1 is well known for its important role in chondrogenesis. It
has thus been explored to stimulate regeneration in damaged
cartilage, in conjunction with both synthetic and natural poly-
meric biomaterials.® For example, succinimidyl-4-(N-maleim-
idomethyl)cyclohexane-1-carboxylate (SMCC) was used to link
TGF-f1 to methacrylate glycidyl chitosan (MeGC), mixed with
collagen type II (Col II), the most prevalent collagen type
in cartilage tissue. Irradiation with visible blue light was used
to crosslink the mixture.’? Encapsulated adipose-derived stem
cells (ASCs) were able to deposit more cartilaginous ECM.
Furthermore, robust cartilage regeneration was observed when
implanted in a rat partial-thickness chondral defect model
(Figure 2d).17?!

In another study, PEG hydrogels were produced through a
photoinitiated step-growth polymerization, by reacting nor-
bornene-terminated PEG macromolecules with a dithiol PEG
crosslinker.l””! Thiolated TGF-B1 was included in this system
and conjugated to PEG-norbornene by thiol-ene click reac-
tion. Compared to TGF-f1 delivered by solubilization, chondro-
cytes encapsulated in hydrogels with tethered TGF-f1 showed
significantly increased DNA content, GAG, and collagen
production over 28 days, while maintaining markers of artic-
ular cartilage.l””!
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As exemplified above, thiol chemistry is a biocompatible and
relatively efficient way to link GFs to solid-phase supports by
taking advantage of existing cysteines in the protein. Several
groups explored it to conjugate VEGF to scaffolding bioma-
terials designed to promote vasculogenesis, a key process to
increase graft survival.B1#3 For example, VEGF was conjugated
to a maleimide-functionalized PEG hydrogel to improve the
survival of transplanted pancreatic islet grafts.®* Among the
tested host sites, epididymal fat pads showed the most vascu-
larization and least inflammation. Overall, this strategy could
successfully improve survival, engraftment, and function of
a single pancreatic donor islet graft compared to the current
clinical intraportal delivery technique. Thus, this study demon-
strated potential to improve the lives of insulin-dependent dia-
betic patients.®]

In a somewhat different approach, poly(vinyl alcohol) (PVA)
hydrogels were synthesized by reversible addition-fragmentation
chain transfer (RAFT) polymerization, with terminal thiol
groups being activated toward disulfide exchange.”® A commer-
cial protein cocktail containing mainly EGF and FGF-2 could
then be successfully coupled to these moieties. GF-containing
gels could communicate to adherent cells, and specifically
enhanced proliferation of cells with the corresponding recep-
tors (human umbilical vein endothelial cells, HUVECs), while
exerting no specific effects on other cell types (myoblasts)./”l

Another highly biocompatible conjugation alternative is
the use of click chemistry, particularly copper-free reactions.
For example, strain-promoted azide-alkyne cycloaddition
(SPAAC) has been used to couple azide-modified EGF to pri-
mary amines in collagen, by means of dibenzo cyclooctyne
(DBCO)-sulfo-N-hydroxysuccinimide (NHS) ester.”¥ This is a
fast, catalyst-free, bio-orthogonal click reaction that proceeds to
stoichiometric completion under physiologically relevant tem-
perature and pH conditions.® The anchoring proved to be
non-cytotoxic, biocompatible, and sufficiently rapid for clinical
application to enhance wound healing (=5 min). Moreover, the
surface-immobilized EGF has significant effects on epithelial
cell attachment and proliferation. 8!

Recombinant technology can also be used to increase the
control over protein binding. This is done by introducing
certain tags at specific points of the GF structure, which can
then be used to couple them to a biomaterial in an oriented
manner. In this way, it is possible to ensure that GFs are not
randomly tethered through their receptor-binding domains,
thus retaining their bioactivity.”! Ham et al. combined recom-
binant technology with SPAAC to create platforms for guiding
neural stem cell (NSC) behavior.”!l To that end, a recombinant
azide-tagged interferon-gamma (IFN-7) was immobilized onto
two different DBCO-functionalized biomimetic polysaccharides
(chitosan and HA). Immobilized IFN-y retained its full bioac-
tivity, significantly increasing neuronal differentiation when
compared to physically adsorbed IFN-y (Figure 2c). Differentia-
tion into other lineages varied between chitosan and HA, once
again demonstrating the complex interplay between different
stimuli on the control of stem cell fate.”!]

Notwithstanding the latest advances of these systems, the
strategy of covalently binding GFs to their supporting struc-
ture has raised some concerns. Conceptually, its chief aim is
to avoid the “burst release” behavior often observed when
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GFs were physically adsorbed onto carrier systems, as well as
to mimic the juxtacrine signaling mechanisms of the natural
ECM. Both problems are indeed tackled, but in nature GFs
have well-orchestrated transient effects during tissue develop-
ment, repair, and regeneration.

As previously mentioned, their action is tightly regulated
not only spatially but also temporally, which does not happen
with the covalent tethering on biomaterials (besides the deg-
radation of the scaffold itself). It has thus been suggested that
they may remain present for too long, inadvertently interfering
with the regenerative and other biological processes. Further-
more, covalent immobilization inhibits GF internalization,
thereby sustaining the intracellular signaling pathways by
receptor binding and prolonging their downstream activity.
However, not all GFs act in the same manner, and some are
required to be internalized to properly exert their effects.[¢!
Another associated problem is the maintenance of conforma-
tion and/or biological activity after conjugation. In this regard,
the presented approaches have increasingly avoided aggressive
reaction conditions that could denature the proteins. None-
theless, it is particularly difficult to control the orientation of
GFs and the sites where conjugation reactions occur. This can
lead to the masking and steric hindrance of receptor-binding
sites, preventing the access of GFs to their cognate receptors,
and causing loss of biological activity.?® The production of
specifically designed recombinant proteins can mitigate this
limitation, but the whole process is overall more complex and
expensive.[']

In sum, this type of approach leads to the production of
mostly static biomaterials, which fail to replicate the dynamic
nature of GF activity and the changes happening over the
course of biological processes.[®]

3.1.1. Covalent Binding with Stimuli-Sensitive Linkers

In order to tackle these issues and introduce dynamism in
the systems, cleavable linkers have been increasingly sought.
Although GFs are still covalently linked to the supporting mate-
rial to increase their stability and prolong signaling activity,
the linker is sensitive to a given stimulus capable of triggering
its cleavage and releasing the protein into the surrounding
medium. This function should ideally be designed so as to
result in a controlled release system synchronized with the
needs of the specific application. In this sense, this approach
can be understood as a combination of the previous two, but
with an additional potential for temporal and spatial dynamic
control.[>-91]

A well-established way to achieve this goal is to produce
recombinant proteins that include two particular domains at
the N-terminus: a crosslinking site that allows coupling to the
scaffold and a cleavage site that allows protein release over the
course of regeneration. Both domains can be sequences sensi-
tive to enzymes naturally present in the human body, ensuring
that conjugation reaction conditions are protein-friendly, and
that protein release is triggered by the protease activity of recip-
ient tissue. Transglutaminase (TG) substrate domain is par-
ticularly attractive since it allows crosslinking by TGs such as
the blood coagulation protein factor XIIT (FXIII).[B-8% FXIIT is
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normally involved in the crosslinking and stabilization of fibrin
networks in blood clots.?? By including the recombinant GF
into this mixture, FXIII will also link its substrate domain to
the growing fibrin matrix, immobilizing the GF onto the scaf-
fold. Fibrin is also a well-studied material for regenerative med-
icine purposes, due to its inherent hemostatic and bioadhesive
properties, as well as being biodegradable and of natural origin.
Thus, it constitutes another alternative platform for stem cell
and GF delivery.®®l Regarding the cleavable sequence, plasmin
is another common plasmatic enzyme that can be taken advan-
tage of. Plasmin is a serine protease that cleaves several plasma
proteins, among them fibrin, helping to dissolve blood clots.
This dual approach has been studied, for example, for PDGF-
AB,8 BMP-2,871 and BMP-71888% immobilization in fibrin
hydrogels.

PDGF-AB is a well-known proangiogenic factor that stimu-
lates VEGF production and recruits smooth muscle cells. These
are thought to be stabilizers of blood vessels, thereby contrib-
uting to a more mature and effective vasculature.® Mitter-
mayr et al. studied its inclusion in a fibrin matrix, using this
recombinant approach, which could be applied by spraying
for improved regeneration in a standard ischemic flap model.
7 days after ischemic insult, a single application was enough
to significantly reduce tissue necrosis and shrinkage compared
to a commercial fibrin sealant control. Laser Doppler imaging
also revealed that vessel extension and maturation were supe-
rior in the treatment groups, along with enhanced von Wille-
brand factor (vWF) expression and improved smooth muscle
actin/vWF ratio.®® This strategy has also been tested with an
engineered BMP-2 for bone regeneration, with promising in
vivo results in dog pancarpal fusion and rat calvarial defect
models, surpassing even cancellous bone autograft.’” More
recently, a BMP-2/7 heterodimer was evaluated in the same rat
model, leading to nearly twice increased new bone formation
compared to the previous homodimer.®® Both dimers have also
been conjugated to a fibrin/HA hydrogel and injected in a goat
model of mild intervertebral disc degeneration.®] However,
neither showed significant regeneration of injured discs after
12 weeks of evaluation, regardless of the concentration or type
of applied GF (homo- or heterodimer). Possible explanations
pointed by the authors of the study include too low dosages,
short follow-up time, and/or insufficient release of the conju-
gated BMPs, which should be addressed in future studies.]

Besides enzymatic susceptibility, novel bioconjugation reac-
tions have been sought to allow greater spatial and temporal
control over biomolecule tethering. Recent efforts have achieved
remarkable degrees of spatiotemporal patterning of protein
modification on hydrogel substrates, by making use of cyto-
compatible near-UV light (A = 365 nm) photoscission. Shadish
et al. established a new enzymatic method to precisely, uni-
formly, and efficiently graft the desired moieties to recombinant
protein C-termini. This method proved to be superior to com-
monly used NHS reactions in terms of retaining GF bioactivity,
ease of purification, and reaction efficiency. It was subsequently
used to introduce an ortho-nitrobenzyl ester (oNB) moiety
which undergoes rapid photoscission upon exposure to 365 nm
light.l”) Mask-based multiphoton lithographic techniques were
then exploited to precisely control oNB-protein release and con-
centration in 4D fashion. Furthermore, this technique could be

Adv. Funct. Mater. 2020, 1909011

1909011 (9 of 26)

applied on 2D cell cultures to attain accurate spatial regulation
over A431 cell proliferation, by selectively patterning EGF-oNB-
N;.% Grim et al. presented a similar concept, with the addi-
tional advantage of repeatable addition of more proteins to
replace the ones being released.® To that end, an allyl sulfide
chain transfer agent was designed to allow the reversible pho-
tomediated bioconjugation of thiolated proteins to the hydrogel
backbone. The release is processed by addition of a simple PEG
thiol, which also regenerates the “ene” functionality, allowing
further coupling of new molecules. This system could also be
used in the presence of mouse embryonic fibroblasts, which
were shown to respond to the selective uncoupling of TGF-f31,
lowering their Smad expression.[s°]

These cleavable linker approaches have thus made great
strides is recent years, and increasingly revealed to be extremely
versatile options for controlled GF delivery and presenta-
tion. They hold the advantages of GF stabilization and reten-
tion on the scaffold provided by covalent linking, while engi-
neering their programmed release according to given stimuli.
Thus, these systems can capture, to some extent, the dynamic
behavior of the natural ECM, and hold great promise for the
near future. However, these advances have been possible at the
expense of an increasing degree of complexity and associated
costs. Along with the fact that they still rely on the inclusion of
recombinant GFs, and considering their previously mentioned
drawbacks, it must be pondered if large-scale production is fea-
sible and economically viable. Indeed, despite recent advances,
their translation perspectives toward commercial and clinical
applications may still be far off.[%’]

3.2. Materials with Increased Affinity for GFs

In order to avoid the problems associated with chemical reac-
tions for covalent coupling and the increasingly complex bioma-
terials required for controllable release, other lines of research
have been developing. They have focused on platforms with
increased affinity toward GFs so as to efficiently sequester these
molecules from solution and present them at their surface for
interaction with cells. These biomimetic strategies are generally
inspired by the way ECM and GFs interact in their natural envi-
ronments, where noncovalent interactions predominate.

3.2.1. Platforms with Inclusion of ECM Components

The most straightforward way to mimic the functioning of the
ECM is by the use of molecules present in the ECM itself. To
that effect, two main groups of molecules have been widely
explored, namely sulfated GAGs—chiefly heparin—and pro-
teins which contain binding sites for GFs and/or heparin—
fibronectin being the most researched one.l3%94-%

Heparin, Its Derivatives, and Mimetics: As previously men-
tioned, the ECM contains a number of molecules able to
sequester and regulate GF activity. Among these are GAGs
containing sulfate groups, which confer a strong overall nega-
tive charge. Heparin has attracted particular attention thanks
to its commercial availability and easy accessibility. It can
electrostatically bind GFs, protecting them from enzymatic

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED FUNCTIONAL
SCIENCE NEWS E

www.advancedsciencenews.com

a b KGM-TA/Hep-TA  KGM-TA+Hep
® ]
" ;
3
i
PLGA/ PLGA- PLGA-Hep/
rhBMP-2 rhBMP-2 rhBMP-2

= -

S -

=

(]

S

KGM-TA/Hep-TA KGM-TA+Hep

DAPIIVEGF

Cross-sectional
view

[41]
| \ \ E --

2
[
a
<
o

PCL + pPEA

+FN 4N Ti/PEA/FN/BMP-7

+ BMP-2

Osteocalcin

Ti ctrl TiBMP7

Figure 3. Biomaterial platforms with inclusion of ECM components. a) PLGA scaffolds conjugated with heparin and containing affinity-bound rhBMP-2
(PLGA-Hep/rhBMP-2 in lower panel, part (d) in upper panel) induced superior ectopic bone formation in mice at week 2, compared to scaffolds with
rhBMP-2 but without heparin. Upper panel: digital photographs of explants; lower panel: 3D micro-computed tomography (ULCT) reconstructive images
of ectopic bones. Adapted with permission.®®l Copyright 2018, Elsevier. b) In vivo sequestration of proangiogenic GFs by hydrogels injected subcutane-
ously in the back of mice. Konjac glucomannan (KGM) gels with tyramine (TA)-crosslinked heparin (KGM-TA/Hep-TA) sequestered significantly more
endogenous VEGF and PDGF-BB than gels with physically adsorbed heparin (KGM-TA+Hep) or no heparin (KGM-TA) (lower panel, immunostaining).
This corresponded to higher levels of angiogenesis (upper panel, microscopic images of gels collected after 7 and 14 days post-implantation). Adapted
with permission.'%l Copyright 2017, Elsevier. c) PCL-pPEA-FN-coated implants loaded with low doses of BMP-2 lead to formation of higher bone volume,
and bridge critical sized radial bone defects in adult mice, compared to implants without loaded BMP-2 (PCL + pPEA + FN), without FN (PCL + pPEA),
or just PCL. Upper panel: X-ray images after surgery. Lower panel: 3D reconstructions from the uCT images showing the radius in the area of the defect.
Adapted with permission.®l Copyright 2018, Wiley. d) Coating of titanium implants with poly(ethyl acrylate) and FN allows osteoinduction of human
mesenchymal stem cells (MSCs) at ultralow doses (ng mL™") of BMP-7. Adapted with permission.['"l Copyright 2018, American Chemical Society.
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degradation and controlling their availability, local concen-
tration, and bioactivity.’”l It has hence found widespread
use in developing biomaterial strategies for GF regulation or
controlled release, for a variety of tissues and applications.
For instance, in the case of BMP-2, it has been directly dem-
onstrated that noncovalent surface immobilization through
heparin augments its interaction with the cognate receptor
while decreasing the interaction with its antagonist, Noggin.

Adv. Funct. Mater. 2020, 1909011 1909011

This leads to higher levels of osteoinduction at lower doses
than when BMP-2 is covalently linked or simply adsorbed to
the supporting surface (see Figure 3a).%!

Angiogenesis and neovascularization are essential for suc-
cessful implantation of tissue-engineered constructs and cell
transplantation, among other surgical procedures. It consti-
tutes a central issue which focuses a great deal of attention, and
several groups have begun to explore heparin for this purpose.
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The simplest way to incorporate heparin in a hydrogel system
is to simply add it to the jellification mixture to trap it in the
polymer network. This method avoids chemical reactions and
shortens production processes. However, it leads to the release
of heparin from the hydrogel over time, necessitating tuning
procedures similar to the previously discussed controlled
release systems (see Section 2).

This approach is desirable, anyhow, when the goal is to
achieve a stable GF release, for example, to form soluble gra-
dients for cell recruitment. Such a system based on type I
collagen gels with incorporated heparin and pleiotrophin
(PTN), a chemokine with recognized proangiogenic effects,
has recently been tested. PTN release occurred at a nearly con-
stant rate over 10 days, and selectively increased migration and
viability of endothelial cells, compared to smooth muscle cells.
As an additional advantage, heparin also increased the hemo-
compatibility of the gels, improving their eventual usefulness
for endothelialization in vascular bypass grafts.[*”]

Alternatively, heparin can be covalently crosslinked into
the gel network, leading to a more stable incorporation. For
example, N-3-dimethylaminopropyl-N"-ethylcarbodiimide (EDC)
and NHS chemistry have been used to graft N-(3-aminopropyl)
methacrylamide (NAPMAAm) onto heparin, to allow free
radical polymerization along with PEG diacrylate (PEGDA).
The resulting hydrogel was loaded with stromal derived
factor-1ar (SDF-1c), and was shown to stimulate chemotaxis
of bone marrow cells in vitro. It could also selectively recruit
anti-inflammatory (M2-like) macrophages in a spatially-local-
ized manner in murine models. This effect was correlated
with greater arteriolar remodeling in the injury niche, with
sustained arteriogenesis and microvascular network growth
throughout 7 days. These results demonstrate the potential of
GF gradient-forming biomaterials for specific cell recruitment
and neovascularization.!'%

The ability of heparin to capture and present soluble factors
can also be taken further beyond controlled release scenarios.
The Healy group has performed a series of studies on HA/hep-
arin combined hydrogels for presentation of TGF-f1 and capture
of endogenously produced angiogenic factors. The affinity-
bound TGF-f1 induces an initial response on progenitor cells,
which is then amplified by the sequestering of proangiogenic
GFs produced endogenously in response to the initial stimula-
tion.[191-193] This provides a good example of the emerging trends
of ECM-inspired microenvironment manipulation for control of
stem/progenitor cell behavior. To prepare these gels, HA was
modified with acrylate groups while heparin was thiolated, with
thiol-ene chemistry being used to link the two polymeric com-
ponents. An MMP-sensitive crosslinker was introduced into the
system, allowing native cells to rearrange and degrade the scaffold
throughout the regenerative process. These gels could stimulate
the differentiation of both Sca-1"/CD45 cardiac progenitor cells
and human cardiosphere-derived cells into endothelial cells, and
promote the in vivo formation of vascular-like structures which
anastomosed with the host blood vessels.'119% It was also dis-
covered that these responses were superior when using high-
molecular-weight heparin rather than low-molecular-weight or
unfractionated heparin.['% These effects were the result of nitric
oxide and VEGF production, which depended on the co-activity
of CD105 (endoglin) with the TGF-BR2 receptor.[1%3]

Adv. Funct. Mater. 2020, 1909011 1909011

Feng et al. also developed an endogenous GF-sequestering
hydrogel, by co-polymerizing two tyramine-modified polysac-
charides, each with a specific function: Konjac glucomannan
served as the building block and monocyte/macrophage acti-
vator, promoting secretion of proangiogenic GFs; heparin
served its usual affinity-binding role. The designed hydrogels
retained the properties of both components. Once subcutane-
ously implanted, they effectively sequestered the locally pro-
duced GFs in situ, promoting the formation and maturation
of blood vessels in mice.'* HA/heparin hydrogels function-
alized with RGD-containing peptides by click chemistry have
been tailored as a supporting scaffold for human pluripotent
stem cell-derived neural progenitors.®4 Neural stem/progen-
itor cell transplantation has been widely explored to promote
brain tissue regeneration, for example, in Parkinson’s disease
patients. However, its (pre)clinical success has been limited by
very low rates of cell survival during the procedure.'%! Besides
providing an adequate environment in terms of mechan-
ical properties, these heparin-containing scaffolds were also
able to sequester endogenous GFs. They could thus create a
biologically amenable microenvironment, which led to nearly
five times more dopaminergic neuron survival after transplan-
tation into rat striatum.®4

In a different application, SF has been combined with hep-
arin to enhance GF activity at low doses by affinity binding
and solid-phase presentation.'%! Heparin was directly bound
to SF by EDC/NHS chemistry and used to prepare bioactive
biphasic SF scaffolds for tendon-to-bone interface (enthesis)
engineering. These scaffolds integrated anisotropic (tendon/
ligament-like) and isotropic (bone/cartilage-like) pore align-
ment, and were able to present TGF-f2 and growth/differen-
tiation factor 5 (GDEF-5) at low doses. Importantly, they could
achieve biologically relevant effects on cultured ASCs. Results
demonstrate that TGF-B2 and pore anisotropy synergisti-
cally increased the expression of tendon/ligament markers,
while combined presentation of TGF-B2 and GDF-5 enhanced
expression of cartilage markers on areas with isotropic porosity.
Interestingly, expression of enthesis markers was increased
in the interface between the cartilage and tendon regions.[*®!
This work shows how biomaterials designed for solid-phase
presentation of select GFs can be leveraged to significantly
improve and prolong their bioactivity vis-a-vis their soluble
administration.

Alternatively, heparin can instead be conjugated to gelatin
and then mixed with SF to form hydrogel biomaterials.ll%”l As
previously mentioned, SF lacks bioactive properties like cell
adhesion motifs, which can be provided by combination with
gelatin. Bragg et al. have studied the properties of such sys-
tems, concluding that sonication can accelerate the assembly
process even in the presence of gelatin. Additionally, genipin
crosslinking helps to stabilize both mechanical properties and
biomolecule release from the hydrogels, achieving high reten-
tion of FGF-2 for at least 3 days.['?”]

Another interesting application of heparin for GF pres-
entation is the culture and harvest of cell sheets, particularly
hepatocyte sheets. For example, poly(N-isopropylacrylamide-co-
2-carboxyisopropylacrylamide)-grafted tissue culture polysty-
rene surfaces were covalently grafted with heparin and used
to affinity-immobilize EGF. Cultured rat primary hepatocytes
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could be maintained in culture without GF supplementation.
Moreover, they had higher expression of hepatocyte-specific
genes (albumin, hepatocyte nuclear factor 4¢, and coagulation
factors VII and IX), and secreted higher levels of albumin than
similar cells cultured on collagen-coated surfaces with EGF
supplementation. Additionally, by simply lowering the tempera-
ture to 20 °C after 4 day cultivation, it was possible to detach a
cell sheet which retained fibronectin and EGF.[*%]

Another method of producing hepatocyte cell sheets was
proposed by Hwang et al.l'% A heparin-based hydrogel was
micropatterned on a polyelectrolyte multilayer using photopoly-
merization and lithographic techniques. The system could pre-
cisely release a combination of HGF, EGF, and FGF, inducing
ASC differentiation into the hepatic lineage. The cultured cells
could then be recovered by electrochemical retrieval of cell-
attached micropatches. Upon intravenous injection, micro-
patches showed lengthy retention in the liver and promoted
liver function in a rat model, when compared to the injection
of hepatic-like cells cultured on tissue culture polystyrene.[1%%]

A variety of polymer matrices functionalized with heparin
have been combined with different GFs and explored to pro-
mote osteogenesis. For example, heparin—N-(2-hydroxyl) propyl-
3-trimethyl ammonium chitosan chloride nanocomplexes have
been shown to load biologically relevant concentrations of
BMP-2 and placental growth factor-2 (PIGF-2), while being able
to stably retain over 80% for at least 21 days. Their combined
delivery in in vitro assays resulted in enhanced osteoblast func-
tion compared to the delivery of each GF separately.l'’% In a
different approach, decellularized bone matrix (DCB) has been
used as an alternative biomaterial to enhance osteogenic differ-
entiation of ASCs in vitro and in vivo. This material leverages
the inorganic and organic components of the native bone ECM
to maintain the majority of environmental cues of the original
tissue. Recently, Rindone et al. have shown that the conjugation
of heparin to DCB particles mimics the mechanism of GF teth-
ering in a bone fracture healing microenvironment. The group
used this technology to bind PDGF-BB, showing remarkable
stability over time, with a release of 1.1% after 21 days, and over
90% encapsulation efficiency. The particles were then included
in fibrin—PCL scaffolds and implanted in a murine calvarial
defect model. These constructs significantly enhanced the dep-
osition of Ca?* and accelerated tissue mineralization, leading to
more bone formation after 12 weeks. However, the expression
of osteogenesis-related gene was the same in groups with and
without PDGF-BB. A possible explanation is that the seques-
tering of endogenous GFs by heparin surpassed the effect of
the administered PDGF-BB, and was sufficient to direct differ-
entiation of implanted ASCs.['1]

Despite its usefulness, heparin has some associated limi-
tations, such as lack of specificity due to molecular heteroge-
neity or its anticoagulant activity that may represent a risk in
certain biomedical applications.''>'13] To overcome some of
the problems associated with the parent molecule, research
groups have turned to molecules which mimic the effect of
heparin, so-called heparin mimetics. These usually consist of
highly sulfated polymer structures based on modified poly-
saccharides, synthetically sulfated oligosaccharides, oligosac-
charide-aglycone conjugates, and noncarbohydrate-based
sulfated mimetics.'"3 For example, an amphiphilic glycopeptide
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presenting trisulfated monosaccharides at the hydrophilic
end was developed.''* These peptide amphiphiles could self-
assemble into nanofibers and were shown to bind five different
proteins without affecting their conformation. More impres-
sively, it greatly amplified signaling of BMP-2 more than the
natural heparin itself, promoting spinal bone regeneration
with a 100-fold lower dose than what is usually administered
in soluble form to achieve the same effect. Another group fol-
lowed a different strategy by modifying a methacrylated glycol
chitosan hydrogel with sulfonated molecules, like polyvinylsul-
fonic acid or poly-4-styrenesulfonic acid (PSS). The modified
gels preserved BMP-2 bioactivity after exposure to stressors
such as acidic pH, trypsin, or 37 °C exposure for 7 days. Addi-
tionally, they also significantly enhanced osteogenic differen-
tiation of encapsulated bone marrow stromal cells, with and
without addition of exogenous BMP-2, with PSS gels achieving
results remarkably similar to heparin-modified gels.['!]

Lastly, these GF-sequestering biomaterials based on heparin
(or its mimetics) can be repurposed in a diametrically oppo-
site way. Instead of being used to potentiate effects or control
release rates, heparin can be used instead to scavenge and
prevent the action of harmful or undesirable molecules, thereby
modulating cell fate. A representative example of this approach
is the use of star-shaped PEG hydrogels coupled with heparin
derivatives for the capture of proinflammatory chemokines.[!¢l
This material could efficiently scavenge monocyte chemoat-
tractant protein-1, interleukin-8, and macrophage inflammatory
proteins 1o and 18 in exudates from patients suffering from
chronic venous leg ulcers. The authors showed how varying
the desulfation pattern of heparin molecules led to different
sequestering abilities for each chemokine, and estimated that
the hydrogels are able to clean an entire pool of these cytokines
at typical concentrations found in patients. Furthermore, this
scavenging ability leads to a nearly 50% decrease in immune
cell migration (both monocyte and polymorphonuclear cells)
in in vitro Transwell assays, while also significantly decreasing
immune cell infiltration in an in vivo model of delayed wound
healing (db/db mice). This contributed to a decrease in the
overall inflammatory response and a faster regeneration of
wounds. Increased re-epithelialization and more mature tissue
were observed 10 days after application, even surpassing the
effects of the commercial standard-of-care Promogran.[11l

A similar strategy was studied in a spinal cord injury set-
ting, where a set of modified heparins desulfated at selected
positions were tested for their ability to improve the regenera-
tive process via sequestering of nefarious molecules.''”] The
authors observed that 2-O-desulfated/6-O-desulfated species
enhanced neurite outgrowth and myelination, whereas the
highly sulfated heparin control did not have verifiable posi-
tive effects. They further analyzed by mass spectroscopy the
effects of these particular species on the protein contents of
conditioned culture media. The authors identified several fac-
tors reported to play a role in damage or repair mechanisms,
including amyloid BA4, which was confirmed to inhibit myeli-
nation in in vitro cultures.'V”] In another study, heparin/PEG
microparticles were tested in an in vitro model of endochon-
dral ossification.'8] Results revealed that the particles bound
insulin-like growth factor-binding proteins (IGFBP)-3 and -5,
which led to a delayed process of differentiation similar to the
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addition of a small-molecule inhibitor of IGFBPs to the cul-
ture medium.[''® These studies demonstrate the potential of
heparin-based materials to inhibit undesired effects of certain
molecules and modulation of cell microenvironments, ulti-
mately producing significant effects on the fate of those cells.

Altogether, heparin-functionalized biomaterials have dem-
onstrated the versatility of this molecule on the control of cell
behavior and GF activity. However, the affinity binding between
heparin and various GFs results from electrostatic interactions
derived from sulfation patterns of the polysaccharide and the
specific charge distribution of a given protein. As described
over this subsection, a wide variety of molecules can bind with
different affinities to heparin and other sulfated materials in a
promiscuous manner. Although this can be leveraged for many
purposes, achieving a fine control over specific biomolecule
targets is challenging. Modulation of saccharide chain length/
molecular weight, fractionation, and sulfation patterns of spe-
cific groups has shown to generate some degree of selectivity
in GFs sequestering. Nonetheless, these processes are still far
from achieving an ideal solution. These limitations have pro-
pelled the search for alternatives to capture target GFs in a
more specific manner, as will be discussed later.

Fibronectin-Based Platforms: Besides GAGs, there are other
elements in the natural ECM with the ability to bind and
retain GFs, which can be exploited for biomaterial develop-
ment. Among them, FN has increasingly stood out for its mul-
tiple protein-binding motifs, which make it a multifunctional
resource for the development of biomaterials. FN is a large gly-
coprotein widely present in connective tissues, consisting of two
similar peptide chains linked by disulfide bonds to form 50 nm
long arms. It contains several binding domains that link to a
wide array of molecules—collagens, GAGs, other FN dimers,
and integrins—highlighting its role as a “glue” holding tissues
together.?”) Interestingly, it has been progressively discovered
that this protein contains several constitutive, as well as con-
formational-dependent, binding motifs for various GFs.[120-124]
Although the binding and activity regulation of TGF-f1 and
VEGEF by FN have long been known, Martino and Hubbell have
identified a specific highly promiscuous domain—12th to 14th
type III repeats, or FN III;, 14. FN III;, 4 is capable of inter-
acting with the GFs of PDGF/VEGF and FGF families, and
some GFs from the TGF-f3 and neurotrophin families.['* This
finding is particularly important when taking into account that
the same protein contains a domain of high affinity for cell sur-
face receptor integrins (FN IIlg ;). This means FN can allow
synergistic activation of both types of receptors, a key advantage
over heparin-based systems.?3! Similar promiscuous binding
domains were also discovered later in fibrin(ogen), which could
open another avenue for the development of GF-sequestering
biomaterials.'2%l FN thus appears as a promising tool for bioac-
tivity modulation via sequestering, which has led to two main
types of strategies regarding its application.

One possibility is to design a biomaterial that can take
advantage of the entire FN protein by rearranging its confor-
mation so as to expose the desired cryptic domains. This has
been the strategy explored in a series of works using poly(ethyl
acrylate) (PEA) as a base polymer.**127-12%] Mechanistically, FN
adsorption onto PEA promotes its spontaneous fibrillar reor-
ganization, a process that has been termed “material-driven FN
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fibrillogenesis,” while adsorption on other polymers results in
retention of a globular conformation. This fibrillary conforma-
tion leads to a rearrangement of FN chains and simultaneous
exposure of affinity-binding regions for both integrins and GFs.
Remarkably, this behavior of FN on PEA surfaces is highly
specific, even when compared to other closely related control
polymers such as poly(methyl acrylate).[93127-129]

These FN conformational rearrangements have been shown
to be crucial for enhancing GF presentation, attaining impres-
sive results in vitro when used along with BMP-2 for driving
osteogenesis of MSCs. Moreover, the same combination was
able to drive full regeneration of a critical sized defect in vivo at
concentrations over 300-fold lower than clinical standards.[%”]
The ability of PEA to drive this favorable assembly has also
been shown for 3D scaffolds, which greatly amplifies its appli-
cability and translational potential.'?8l However, when FN was
used to produce hydrogels, chemical crosslinking affected this
process in a concentration-dependent manner, with reduction
in segmental mobility being responsible for impairing the
fibrillogenesis. Nonetheless, hydrogels with up to 2 wt% eth-
ylene glycol dimethacrylate could still achieve the same results
as those previously seen on 2D surfaces.[28]

It has also been demonstrated that plasma polymerized PEA,
a production technique with more translational potential, can
produce similar results.”®! This approach was recently tested
to coat polyimide tube implants, which provide a bioinert
mechanical support for long bone fracture healing. In a mouse
radial bone defect, it resulted in remarkable tomographical and
histological results of newly formed tissue (see Figure 3c).%
Going a step further, this study used PEA-FN-BMP-2 coatings
on decellularized bone chips inserted into the supporting tube
implants for treatment of a chronic nonunion humeral fracture
in an injured Miinsterlander dog. While in this case the BMP-2
concentration was tenfold more than that used in the mouse
model, it was still 10% of the dose typically used in veterinary
applications for dog complex fractures. After conservative treat-
ment had resoundingly failed to solve the problem, with ampu-
tation being seriously considered due to repeated Staphylococcus
aureus infections, this tissue engineering approach resulted in
full recovery of leg function without recurrence of infection
6 months after surgical intervention.[*?!

Besides cooperative action with BMP-2, PEA-FN matrices
have also been employed for VEGF binding to promote angi-
ogenic ingrowth into tissue implants.?l Likewise, the syn-
ergistic effect of integrin/GF surface presentation proved to
be important for improved VEGF action. Early onset of both
signaling pathways was observed only in the fibrillary FN
structures, while soluble VEGF or mutant FN with impaired
integrin binding did not lead to similar effects. These effects
were confirmed in vivo, with their implantation in murine fat
pads enhancing formation of well-vascularized new tissue in
the 3D scaffold pores.['?’]

Recently, PEG-based hydrogels incorporating full-length FN
have been investigated.'*) The authors show that PEGylated
EN still retains its cell-adhesive and fibrillogenic capabilities,
and could be stably crosslinked into hydrogels with controllable
stiffness and degradation rate. The covalent linking ensures
that the protein remains stably incorporated in the gel net-
work. Crosslinked hydrogels could still sequester VEGF and
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release it at stable rates over 3 days, with encapsulated endothe-
lial cells forming multicellular and interconnected structures
more extensively than in commercial Matrigel. In ovo and in
vivo assays demonstrate the effect of incorporating VEGF and
BMP-2 in these hydrogels to enhance angiogenesis in a cho-
rioallantoic membrane assay and bone regeneration in mouse
radial defect model, respectively.'3

Using the entire FN protein, however, can result in high
costs associated with its production and purification. Further-
more, the substrate upon which it is linked or adsorbed must
be particularly optimized to enable the rearrangement of the
native protein conformation, which could end up being a chal-
lenging and time-consuming empirical process. An alternative
strategy to take advantage of the hitherto discovered binding
domains is to use specific peptide sequences derived from
those regions, in order to provide biomaterial scaffolds with
GF- and integrin-binding capabilities. In theory, this is a less
costly, more controllable, and reproducible alternative to the
use of the full molecule. Several works have demonstrated the
feasibility of this approach.[31:132]

HA hydrogels grafted with a structurally stabilized FN frag-
ment containing the major integrin-binding domain FN IIIy_j,
have shown to greatly enhance the osteogenic effects of BMP-2
delivery. This was shown to happen mainly via improvement
in MSC attachment and spreading, supported by integrin osf3;
binding to the grafted sequences. In vivo, not only was the
volume of ectopic bone formation in rat twice the one observed
by delivering BMP-2 in unmodified HA hydrogels, but collagen
fiber organization was also significantly improved.['3!) Another
study reinforced the role of synergistic integrin-GF receptor
signaling mechanisms, and showed that the beneficial effect
of FN in this regard could be emulated by engineering recom-
binant fragments to functionalize fibrin hydrogels.'3?] These
polypeptide fragments contained a fibrin-binding sequence
derived from factor XIII to allow their anchorage to the matrix,
the integrin-binding domain FN IlIIy_;y, and the GF-binding
FN III;, 14 Interestingly, the authors also produced fragments
containing only either FN Illy ;4 or FN III;, ;4. Results showed
that even when both were present in the same matrix, the effect
was not greater than their individual use.l'3” This emphasizes
the fact that only when both domains are in close spatial prox-
imity (in a single polypeptide chain), they synergistically lead to
amplification of GF activity by promoting juxtacrine signaling
mechanisms. Fibrin matrices grafted with this multifunctional
peptide were examined for delivery of various GFs in different
animal models, at GF concentrations which showed no signifi-
cant effects when administered in soluble form. Particularly,
when applied in a diabetic mouse model of chronic wound, for-
mation of mature blood vessels could be stimulated by delivery
of minimal doses of VEGF-A¢s and PDGF-BB (two to three
orders of magnitude lower than those used in typical treatment
regimens). Additionally, critical-sized calvarial defects under-
went impressive healing after treatment with the multifunc-
tional peptide-functionalized fibrin containing PDGF-BB and
BMP-2, mostly through recruitment of stem/progenitor cells
from the native surrounding tissues.!'>

Hay et al. have recently introduced an innovative approach
to present these binding motifs on material surfaces.'*’
Lactococcus lactis bacteria able to spontaneously colonize a
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variety of material surfaces were engineered to become poly-
peptide-presenting units in order to control human MSCs in a
highly dynamic temporal manner. L. lactis were engineered to
express a membrane-bound EN III,_;, (integrin-binding prop-
erties) creating a eukaryotic cell-biomaterial interface which
allowed good cell adhesion and spreading. Furthermore, bac-
teria also expressed BMP-2 in four different ways: either con-
stitutively or inducibly, in either membrane-bound or secreted
form. Interestingly, secreted BMP-2 demonstrated pronounced
osteogenic effects, unlike membrane-bound BMP-2. Moreover,
in the inducible strains, BMP-2 expression could be triggered
by addition of nisin, which activated the associated promotor.
This allowed a temporal control over the production of the GF,
and therefore triggered osteogenic differentiation in an on-
demand manner.[133]

EN is indubitably a versatile and effective way to sequester
and present GFs for tailored control of stem cell responses.
Nonetheless, like heparin, the affinity-binding properties of its
111}, 14 domain are promiscuous, which does not allow for the
capture of a specific endogenous GF. The cellular response is
therefore dependent on the addition of exogenous biomolecules
and on attaining a precise control over their release behavior.
The following section will expose different alternative strate-
gies that have been developed to modify biomaterials in order
to provide them with a GF-selective affinity that goes beyond
what can be achieved with the previously described platforms.

3.2.2. Selective Ligands for GF Capture

In an effort to increase the precision of control over GF seques-
tration and, subsequently, cell responses, different affinity
ligands with high selectivity for particular biomolecules have
been increasingly researched. This subsection reviews the
recent approaches on the use of antibodies, peptides, and
aptamers as selective GF-binding partners for the development
of intelligent biomaterials with molecular recognition proper-
ties (Table 2). Looking ahead in terms of evolution directions,
a new generation of synthetic ligands with abiotic affinity
produced by molecular imprinting technologies, which are
beginning to make their way into the field, is also introduced.
Antibodies: Monoclonal antibodies (mAbs) constitute a model
example of the aimed selective affinity function. Antibodies
possess extremely high affinity (Kp in nanomolar range) and
specificity for their cognate target, being one of nature’s most
sophisticated recognition systems.'3 Indeed, mAbs have
become widely used therapeutics for a variety of diseases
(e.g., oncology and autoimmune diseases) and assumed a
major role in the field of targeted drug delivery.'3*! Some
recent studies have also started to use them as tools to bind
specific GFs. Several of these studies have focused on the func-
tionalization of electrospun PCL nanofiber meshes for tissue
engineering applications.3%138 A first proof-of-concept was
developed using antibodies against TGF-f1, FGF-2, and VEGF,
either individually, with FGF-2 and VEGF antibodies being
randomly mixed, or used side by side.!3¢I All types of function-
alization were shown to be successful in capturing their respec-
tive GF from a complex biological fluid, i.e., platelet lysate.
Bioactivity of immobilized VEGF was shown to be retained,
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Table 2. Selective ligands for target GF capture and respective applications.

Type Ligand Target molecule Application Support biomaterial Refs.
Antibodies  Mouse antihuman TGF-f1 monoclonal antibody TGF-B1 Proof of concept PCL electrospun [136]
nanofiber meshes
Rabbit antihuman FGF-2 oligoclonal antibody FGF-2
Mouse antihuman VEGF monoclonal antibody VEGF Vascularization
Mouse antihuman TGF-f3 monoclonal antibody TGF-B1 Chondrogenesis [137]
Goat antihuman IGF-I polyclonal antibody IGF-I
Mouse antihuman TNF-oe monoclonal antibody TNF-a Anti-inflammatory action [138]
Peptides TSPHVPYGGGS BMP-2 Osteogenesis Peptide amphiphile [143]
nanofiber gels
KGYPVHPST PCL films/Polytape [144]
KGLPLGNSH TGF-B1 Tendon/ligament repair PCL films [145]
HSNGLPL Muscle regeneration Polyurethane surfaces [146,147]
Chondrogenesis Chitosan sponges [148]
(DDDDS)s FGF-2 Proof of concept Artificial matrix [149]
composed
of 12 repeats
of APGVGV
KRTGQYKL Heparin Amplification Oligo (ethylene glycol) [150]
of supplemented GF effect (OEQ) self-assembled
monolayers (SAMs)
Laminin peptide oPly_g-LAMA33043 3067 VEGF-A165 and PDGF-BB Skin wound healing Fibrin matrices [151]
(RLVFALGTDGKKLRIKSKEKCNDGK)
Kcoil (KVSALKE)s Ecoil (EVSALEK)s-tagged Vascularization Chondroitin sulfate surfaces [152]
recombinant EGF and VEGF
Ecoil-tagged recombinant Proof of concept Gelatin hydrogels [153]
EGF and FGF-2
Gln-zZ Fc-tagged recombinant In vitro modeling PEG hydrogels [154]
PDGF-BB of perivascular niche
KE{Fa}{AHYaHLd} VEGF Inhibition PEG microspheres [155]
IDFNWEYPASKCKSAPYEWNFDI{LH{YsHAGHF4}
EK
Aptamers /ThiolMC6-D/AAAAA AAAAA CCCGT CTTCC VEGF Skin wound healing Fibrin hydrogels [156,157]
AGACA AGAGT GCAGG G
GAGGA CGAUG CGGAA UCAGU Vascularization PEG hydrogels [158]
GAAUG CUUAU ACAUC CG invT
PEG-gelatin [159]
hydrogels
CCCGT CTTCC AGACC AAGAG TGAGG G PEG hydrogels [160]
CCCGT CTTCC AGACA AGAGT CGAGG G Chitosan hydrogel films [161]
AGGGC CACGT CTATT TAGAC TAGAG TGCAG Polyacrylamide gels; [162]
TGGTT C collagen sponges
GCGGG GCTAT GTAAATTACT FGF-2 PEG hydrogels [160]
GCTGT ACTAC GC
/5ThioMC6-D/GCGAT ACTCC ACAGG CTACG PDGF-BB Fibrin hydrogels 157]
GCACG TAGAG CATCA CCATG ATCCCA
AAAAA AAAAA ACAGG CTACG GCACG TAGAG Polystyrene microparticles [163]
CATCA CCATG ATCCT GTGAC TTGAG C
GCGAT ACTCC ACAGG CTACG GCACG TAGAG [164]
CATCA CCATG ATCCT G
ACAGG CTACG GCACG [163]

TAGAG CATCA CCATG ATCCT G
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Table 2. Continued.

Type Ligand Target molecule Application Support biomaterial Refs.
CAGGC TACGG CACGT AGAGC Polyacrylamide gels; [162]
ATCAC CATGA TCCTG collagen sponges
NH2-[A]9-AGGTC AGATG AGGAG GGGGA Alkaline phosphatase MSC recruitment SF sponge + SF/HA-tyramine [165]
CTTAG GACTG GGTTT ATGAC CTATG CGTG (and other epitopes) hydrogel
on pluripotent
stem cell surfaces
GGGG TGGGT GGGGG GCACG Fractalkine Modulation of inflammation PEG hydrogels [166]

TGTGG GGGCG GCCAG GGTGCT

via nonclassical monocyte
recruitment

since endothelial cell cultures on functionalized substrates
had increased DNA, total protein, and intracellular VEGF
contents.[13¢]

This concept has been further explored in the development of
bioactive scaffolds to promote chondrogenic differentiation!”)
and to modulate the action of proinflammatory cytokines.['38 In
the first case, anti-TGF-f3 and anti-insulin-like growth factor-
I (IGF-I) antibodies were tethered to the fiber scaffolds, and
tested for the effects on human bone marrow—derived MSCs
cultured under basal culture medium over 28 days. Observation
of spherical morphology typical of chondrocytes and deposition
of collagen type II suggested the formation of a cartilage-like
ECM (Figure 4a).’*’! In the second case, the goal was to use
an antibody which inhibited the binding of the well-known
proinflammatory cytokine tumor necrosis factor-a2 (TNF-0/) to
its receptor, in order to decrease its deleterious effects in artic-
ular diseases such as rheumatoid arthritis. Antibody-grafted
scaffolds could capture and retain TNF-o produced by mac-
rophages, while primary human articular chondrocytes could
be cultured on the meshes for 28 days with retention of their
typical phenotype.l'38] However, it remains to be assessed if the
ability to capture the cytokine can provide benefits to the cul-
tured chondrocytes.

Nevertheless, some important limitations have stifled the
expansion of the use of antibodies in this context, particularly
potential immunogenicity due to their mammalian origin, sta-
bility issues, and lack of cost-effective production methods.*3?!
In sum, many of the problems assigned to the application of
exogenous recombinant human GFs can also be pointed for
mAbs, indicating the need of smaller, more stable alternatives
to develop this strategy. Recently, novel molecules based on the
function of antibodies (particularly single-chain variable frag-
ments) have begun to be engineered in order to retain the orig-
inal avidity while improving pharmacokinetic properties.[140-1421
These developments may open another avenue of research, but
so far the majority of the work on the subject has been dedi-
cated to two other types of molecules: peptides and aptamers.

Peptides: The use of peptides as targeted ligands for specific
proteins is not new and has become increasingly relevant
across various areas of research, such as in separation and puri-
fication processes or targeted drug delivery, for example.[167168]
A number of advantages make these small molecules attrac-
tive for affinity binding of specific targets. The relatively
large collection of monomers that can be used for their syn-
thesis leads to a nearly infinite number of combinations with
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different properties, especially if one includes noncanonical
amino acids into the mix. This allows the creation of chains
with high specificity and affinity, which can be discovered via
high-throughput screening methods, particularly phage display
technologies.l'®)] Briefly, this consists on the display of random
peptide sequences by bacteriophages, which then undergo a
cycle of incubation with the target molecule, affinity purifica-
tion by washing of low-affinity unbound phages, followed by
recovery and expansion of the specifically bound fractions. This
selection process is called biopanning, and usually three to five
rounds are performed in order to obtain targets that bind with
high affinity.!®! Furthermore, peptides can be easily modified
with a particular amino acid to allow coupling by a predeter-
mined chemical reaction, with thiol-containing cysteine, imida-
zole-containing histidine, or amine-containing lysine being the
most common.

It is not surprising then that peptides have attracted par-
ticular attention for targeting GFs by affinity binding. They
have been tested, for example, to sequester BMP-2 in order to
stimulate bone regeneration.'*4 In one study, Crispim et al.
tethered KGYPVHPST peptides, which had previously shown
affinity for BMP-2, to PCL films via EDC/NHS coupling.l'*4
The modified films were shown to capture soluble rhBMP-2,
and C2C12 Luc reporter cells confirmed the bioactivity of the
immobilized GF. The peptide was further tested in vivo, being
used to functionalize commercially available Polytape, which
was sutured together with a graft used for anterior cruciate liga-
ment reconstruction in rats. Without addition of any exogenous
GF, peptide-functionalized Polytape was able to enhance bone
formation inside femoral and tibial tunnels by capturing endog-
enous BMP-2, and ultimately improve the graft quality.l'*!l This
strategy was also followed for the capture of TGF-f1 to promote
tendon regeneration. In vitro, target genes on human primary
tendon cells were activated by the immobilized rhTGF-f1, with
collagen production increasing 2.5-fold. In vivo implantation in
rats not only showed accumulated TGF-f1 on the functional-
ized film surface, but also increased recruitment of immune
cells, fibrogenic response, and vascularization around the
implant. These results revealed that the bound GF maintained
its bioactivity and contributed to modulating the local response
to the implant.[*’]

TGF-f1 has also been targeted in other studies for muscle
and cartilage healing, with similar degrees of success. Xiao
et al. coupled the affinitive peptide HSNGLPL to a polyurethane
(PU) substrate via copper-catalyzed azide—alkyne cycloaddition
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Figure 4. Biomaterial functionalization with selective ligands for GF capture. a) Anti-TGF-33 antibody-grafted electrospun PCL nanofiber meshes induced
chondrogenic differentiation of MSCs similarly to standard chondrogenic differentiation medium. Left: ECM deposition (collagen type 1l and GAGs).
Right: expression of chondrogenic markers. Adapted with permission.'*”] Copyright 2019, Elsevier. b) TGF-S1 affinity peptides incorporated within a
chitosan—sponge scaffold significantly enhance cartilage regeneration. Preloading of peptide-functionalized scaffolds with encapsulated MSCs resulted in
higher deposition of cartilaginous matrix. Adapted with permission.*8l Copyright 2018, The Royal Society of Chemistry. c) Fibrin gels functionalized with
laminin peptide LAMA33043_3067, combined with the delivery of VEGF-A;¢s and PDGF-BB, enhanced skin wound healing of full-thickness back-skin wound
in mice, compared to fibrin only or to formulations with GFs but without the laminin peptide. Adapted under the terms and conditions of the Creative
Commons Attribution 4.0 International License.[>l Copyright 2018, The Authors, published by Springer Nature. d) Aptamer-functionalized fibrin hydro-
gels delivering VEGF significantly hastened skin wound closure and re-epithelialization in mice. Adapted with permission.'¢l Copyright 2019, American
Chemical Society. e) Functionalization of VEGF-loaded 3D porous PEG hydrogels with a VEGF-specific aptamer promotes HUVEC growth in comparison
with gels with no aptamer. Adapted with permission.['>®l Copyright 2017, Wiley.
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(CuAAC) click reaction, and implanted fragments of the mate-
rial into mice gastrocnemius muscles.*%l Peptide-grafted frag-
ments with previously adsorbed TGEF-f1 greatly sped up the
ensuing immune response and tissue regeneration. Increased
collagen production was observed throughout the experimental
period, and newly formed muscle fibers replaced the necrotic
area surrounding the implants by day 21. The authors also
analyzed the adsorption of TGF-B1 using quartz crystal micro-
balance with dissipation. Results showed that adsorption to
the peptide-modified PU surfaces occurs through the forma-
tion of a loose and diffuse layer, indicating stable spatial con-
formation, whereas on native PU surfaces it formed a com-
pact and rigid layer. These results provide a possible physical
justification for the superior GF bioactivity when bound to its
affinitive peptide.'**] However, in this study, exogenous GF was
added to the scaffolds, and the authors do not make any com-
parison between the administered dose and the ones typically
used with soluble administration. The same group has further
shown that implantation of peptide-grafted scaffold fragments
without preadsorption of the GF also resulted in enrichment
of TGF-B1 at the implant site (likely produced by infiltrating
macrophages). This led to a reduction in necrosis and a faster
regenerative response, contrasting with unmodified PU frag-
ments, around which no formation of new muscle fibers could
be observed.'*] The same peptide was tested with porous
chitosan scaffolds for enhancing cartilage regeneration.!'*8l
Upregulation of chondrogenic-related genes such as Sox9, Col II,
and AGG in cultured MSC was positively correlated with the
amount of TGF-f1-binding peptide. MSC-colonized scaf-
folds with preloaded TGF-B1 implanted in nude mice models
resulted in significant formation of ectopic cartilage (Figure 4b),
while in an osteochondral defect model, cartilage regeneration
was significantly promoted even in the absence of exogenous
factors and seeded cells.['*8]

Another innovative use of affinity peptides was presented
by Lee et al., who developed peptide amphiphiles which could
self-assemble into nanofibers.'**l These not only presented a
BMP-2 affinity-binding sequence at their hydrophilic surface
but could also be used to build a gel scaffold with osteoinduc-
tive properties. These scaffolds were tested for arthrodesis in a
rat posterolateral lumbar intertransverse spinal fusion model,
achieving superior fusion rates with a tenfold reduced dose
of BMP-2. Moreover, a 42% fusion rate was observed without
the use of any exogenous GF, demonstrating that the peptide
can specifically and effectively sequester the native factor from
the surrounding environment in vivo.l'}] A different peptide-
based strategy was followed by Suttinont et al. In this work, the
authors designed an artificial ECM made of 12 repeats of the
APGVGYV peptide motif derived from elastin as the structural
basis, the commonly used RGD motif to promote cell adhe-
sion, and an acidic amino acid-rich sequence composed of
five repeats of four aspartic acids and a serine (DDDDS). This
sequence was chosen in order to electrostatically interact with
FGF-2, since this GF has a highly basic domain, thus allowing
affinity immobilization. MSC-like C3H10T1/2 cells cultured on
the engineered matrices had increased proliferation without
the addition of exogenous FGF-2, demonstrating that scaffolds
were able to capture the GF produced by the cells and maintain
its signaling.l'*! On the downside, the specificity of the peptide
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used in this study was not of the same order of peptides discov-
ered through phage display, being more similar to previously
described strategies that made use of heparin for electrostatic
interactions. Further experiments with complex medium for-
mulations should elucidate the ability of this type of scaffolds to
distinguish between different proteins.

Another perspective on the use of peptides as affinity ligands
was presented by Hudalla et al. The group was inspired by the
interaction between FGF-2 and heparin, and instead of seeking
a peptide to bind the GF, designed a sequence derived from
FGF-2 to bind and capture serum-borne heparin.’>" In turn,
the sequestered heparin would be able to bind and present
soluble FGF-2. Thus, the electrostatic interactions between the
two molecules could be advantageously explored for their alter-
nate capture from biological fluids, avoiding the use of both
exogenous heparin and GF. To prove this point, oligo(ethylene
glycol) (OEG) self-assembled monolayers (SAMs) were chosen
to diminish nonspecific protein adsorption. SAMs were modi-
fied with the FGF-2-derived peptide KRTGQYKL, along with
the usual RGD peptides. HUVECs cultured on the substrates
responded to FGF-2 supplementation with increased prolifera-
tion but only if fetal bovine serum, which contains heparin, was
also present, meaning that the surface could not sequester the
GF directly."" Although this approach is interesting for its use
of both heparin- and peptide-based affinity scaffolds, the prom-
iscuity of heparin is still an issue. Targeting of FGF-2 could only
occur because this particular factor was supplemented into the
medium, which does not completely solve the problems related
to exogenous administration.

Other peptides that bind GFs can be found in the heparin-
binding domains of laminin. Laminin is an abundant ECM gly-
coprotein, with especially important functions in attaching cells
to the matrix, being one of the main proteins present in the
basal lamina of epithelia.l?”! Similar to previously discussed FN,
laminin contains particular domains, which are able to bind
GFs in order to regulate their activity in the native milieu. Ishi-
hara et al. used peptidic sequences derived from this protein to
engineer GF-sequestering biomaterials.l'!] By covalently incor-
porating LAMA3343 30;; and LAMAS;47 3436 peptides engi-
neered to contain a TG-sensitive domain, fibrin matrices could
stably retain VEGF-A 45 and PDGEF-BB, both in vitro and in vivo
in diabetic wound models. Co-delivery from the fibrin matrix
onto full-thickness back-skin wounds in db/db mice, which
provides a well-established model of impaired wound healing,
resulted in significant speeding up of the regenerative process
(Figure 4c). This strategy not only promoted a faster wound
closure, as it led to the formation of more granulation tissue,
and had a positive effect on the neutrophil/monocyte balance.
Unfortunately, the authors did not observe significant effects
when the peptide-grafted matrices were implanted without
preloading of GFs. But interestingly, it performed better in
terms of wound closure than fibrin matrices containing the
two GFs without the peptides.'>! This supports the concept
that strategies focused on sequestering endogenous molecules
may indeed be a more advantageous alternative to the exog-
enous administration of recombinant proteins. Nevertheless,
like FN, this group of peptides also presents the problem of
binding promiscuity. Though they might bind the desired GFs
if adsorbed prior to implantation, when placed in complex
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biological environments, they are incapable of distinguishing
between the target GFs and others with similar affinity. There-
fore, they do not allow a precise directed control over cellular
responses. To a certain extent, this explains why the matrices
without loaded factors did not achieve a significant effect upon
implantation in vivo.

A different concept to leverage on peptide affinities is the
formation of coiled coil structures between two peptides with
complementary coil domains.'>21%4 This strategy implies
modifying the target GF with one of the peptide tags (usually
by recombinant technology), while immobilizing the other one
at the biomaterial surface. Then, by incubating both together,
the coil peptides will link with one another, functionalizing the
biomaterial with the factor(s). Furthermore, correct tagging of
the GF will allow maintenance of its bioactivity, since the sur-
face immobilization occurs via noncovalent binding and does
not affect the protein conformation nor the receptor-binding
region.15-154]

This concept has been explored for several GFs and different
regenerative applications. For example, tagged EGF and VEGF
were both tethered to a chondroitin sulfate surface function-
alized with complementary coil peptides, resulting in major
increases in endothelial and smooth muscle cell survival after
2 days in serum-free medium.'>? Another study designed
and produced a novel linker protein, containing a coil peptide
domain to link with tagged GFs on one hand, and a collagen-
binding domain that binds gelatin on the other. Using this
protein, the authors captured FGF-2 and EGF modified with
the complementary coil peptide to the surface of gelatin scaf-
folds. This method preserved GF bioactivity, increasing smooth
muscle cell survival and endothelial cell proliferation in vitro
in reduced serum and serum-free conditions."? In a different
application of this concept, PDGF-BB was combined with a
PEG-based scaffold to construct an in vitro model of the perivas-
cular niche. In order to study the behavior of MSCs resident in
this microenvironment, the authors constructed an engineered
niche, analogous to its in vivo counterpart. This consisted of an
artificial perfusable vessel, a proteolytically degradable matrix
with integrin-binding sites, and a stable gradient of immo-
bilized PDGEF-BB, decreasing from the vessel area outward.
When PDGF-BB is administered by typical soluble delivery,
MSCs respond by proliferating, spreading, and migrating. In
contrast, matrix-tethered PDGF-BB gradients resulted in locally
restricted morphogenetic responses, similar to what would be
expected in a native perivascular niche.'>¥ Despite the benefits
of this approach, it necessitates the production of recombinant
proteins with a specific binding domain in order to tether them
to the peptide-grafted matrix. This introduces an element of
complexity and increases production costs, restricting the ben-
efits of using affinity-binding peptides.

Lastly, nano- or microparticles functionalized with targeted
peptides can also be applied to mimic the behavior of natural
inhibitors that bind the soluble GFs and prevent their interac-
tions with the cognate receptor. This inhibitory effect is usu-
ally achieved by interfering with the receptor-binding region,
effectively hiding it from cells. As an example, Belair et al.
dampened the activity of VEGF derived from human platelets
using PEG microspheres containing a VEGF-binding peptide
derived from VEGFR2.I'>’l When applied to HUVECs cultured
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with platelet concentrate, proliferation was manifestly reduced,
due to the sequestration of VEGF by the microspheres, which
decreased the concentration of the GF that could interact with
cell receptors. The use of divalent peptides greatly increased
this effect, showing that it is possible to tune the behavior of
these materials using different ligands.['>°]

Despite the continued improvements and the multiple ways
in which peptides can be used as affinity linkers for GFs, some
limitations still remain. First, discovery of peptide ligands for
specific GFs and their synthesis can prove to be a costly process,
especially if they require a specific conformation to exert proper
effect. Furthermore, their conjugation to biomaterials with site
specificity can be challenging for those without synthetic chem-
istry expertise or use of noncanonical amino acids. Another
identified issue is that the narrow number of sequences identi-
fied from phage display does not necessarily lead to the most
promising binding motifs, due to identification of false posi-
tives. This can occur due to different phage propagation rates,
for example. Moreover, this process can be slow and laborious,
missing out on promising sequences due to methodological
limitations.'% Lastly, susceptibility to proteolytic degradation is
also a concern, which can limit the stability of peptides in vivo
and thereby reduce their effectiveness.[1%8!

Aptamers: Aptamers have been increasingly researched as an
alternative for applications typically associated with antibodies
and peptide ligands, such as targeted therapeutics and diag-
nostics, peptide, and protein inhibition,'”!l and more recently
GF sequestration. Aptamers are single-stranded oligonucleo-
tides selected from synthetic RNA/DNA libraries, which bind
to target molecules with both high affinity and specificity,
being able to differentiate targets by subtle structural differ-
ences.[571%0 Moreover, when compared to larger molecules
(e.g., antibodies and proteins), they present a number of
advantages that make them attractive molecules for selective
recognition purposes. Aptamers are considerably easier and
cheaper to prepare and scale up since they usually consist of
short sequences (of 20-60 nucleotides) that can be synthesized
and modified with standard chemical synthesis and conjuga-
tion methods. Additionally, modifications for the attachment
of dyes or functional groups are orthogonal and can be readily
introduced during synthesis, greatly increasing the versa-
tility of these platforms. Other positive aspects usually associ-
ated with their nucleotide nature are low immunogenicity or
toxicity potential; the fact that they are gradually degraded by
nucleases and cleared from the organism; and the possibility
for synthesis manipulation to tune their stability in biological
environments.[157:160.165.170] Tagtly, aptamers possess a unique
ability related to principles of nucleic acid double-strand for-
mation: they can be quickly released from their targets by the
effects of complementary strand displacement, which can be
understood as an “on/off trigger” mechanism. By contrast, pep-
tides, for instance, are inherently monomodal, constantly being
switched “on” at all times. This faculty confers to aptamer-
functionalized systems a further level of temporal control that
is essential to restrict biological responses to their relevant time
window,[157,160,165,170]

An increasing number of works have demonstrated the utility
of aptamers for sequestering soluble proteins such as GFs. The
group of Wang, in particular, has developed several systems for
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stable retention and complementary strand-triggered release
of the captured protein.[1°6-160.163.164] PEG diacrylate gels have
been used as base materials for most of these works, serving as
controllable synthetic hydrogel platforms which can be readily
modified with the aptamers. The authors began by developing
a superporous material using free radical polymerization cou-
pled with gas foaming, with the goal of attaining high uptake
and loading of target molecules, as well as allowing space for
cell migration and transport of nutrients and oxygen. This
hydrogel system incorporated a modified form of a previously
developed PDGF-BB-specific aptamer, which was shown to
sequester over 98% of the free GF in solution (0.3 ng mL™!)ina
microparticle assay. Functionalized hydrogels could retain over
90% of sequestered PDGF-BB for at least 24 h, at various con-
centrations, as long as the aptamer/GF ratio was at least 10:1.
Moreover, other aptamers with different affinities were also
developed in order to tailor the retention kinetics, and comple-
mentary sequences could also be added to prompt a short-term
burst release of the captured protein, making this a very flexible
and controllable system.[164]

Subsequent work has demonstrated that this scaffold can
be further combined with more aptamers, peptides, or other
molecules, increasing their complexity and functionality. For
example, a double aptamer modification was performed to
stimulate higher degrees of angiogenesis by capturing both
VEGF and FGF-2. The rationale behind this strategy is that the
use of a single GF only leads to transient effects, which could
be responsible for the poor outcomes of clinical trials using
VEGF.[721731 Both in vitro endothelial cell migration and in ovo
blood vessel formation and maturation were notably increased
by using these dual hydrogels.l'®)l This approach was taken a
step forward by patterning an allyl chitosan hydrogel. Photo-
coupling and thiol-ene chemistry were combined to produce a
grid-like pattern of aptamers on the gel surface. This resulted
in an ability to uptake 4-5 times more GFs than unmodified
hydrogels, which relied simply on diffusion mechanisms. The
films were successfully applied to complex matrices such as
human serum, and demonstrated precisely controlled spati-
otemporal release and excellent biocompatibility. Yet, functional
assays were not performed on relevant cell types, to determine
the ability of the scaffold to protect the bioactivity of the cap-
tured GFs and exert the desired effects. Nor were the target fac-
tors sequestered from the complex matrices, which would have
been a more relevant result from an application standpoint,
considering the aimed reduction of exogenous GF use.!6!

Another example of a system with dual modification is the
addition of an anti-integrin RGD-containing peptide along
with an anti-VEGF aptamer to a PEG hydrogel. This signifi-
cantly increased cell attachment in a concentration-dependent
manner, which was essential in the generation of an angiogenic
response by seeded endothelial cells (Figure 4e).'*81 A chimeric
version of this hydrogel has also been studied. In order to fur-
ther mimic the ECM and increase its biofunctionality, PEG was
combined with gelatin and the anti-VEGF aptamer. Seques-
tered VEGF maintained =50% bioactivity during a 14 day test,
while gelatin contributed to cell adhesion and colonization of
the scaffold. This system helped HUVECs survive the duration
of the test in serum-reduced culture conditions and establish
some intercellular connections.l'> It should be noted, though,
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that the aptamer used in this study is a commercial inhibitor of
VEGF, used to treat age-related macular degeneration.l'’#l This
means that the GF was sequestered in an inactive form, and
only acted upon the cells when it was released over time.[>"!
That could indicate that the strategy followed here did not take
full advantage of the abilities of the modified scaffold, and may
potentially be improved by the development of new binding
molecules that retain or even amplify the activity of VEGF,
instead of decreasing it.

Recent studies have coupled the use of these aptamers with
fibrinogen in order to create in situ gelling GF-sequestering
scaffolds. As previously mentioned, in the blood coagulation
cascade, fibrinogen is activated by thrombin to assemble into
fibrin fibrils that are crosslinked by FXIIIa into networks that
sustain clots. Fibrin matrices have been explored as natural
scaffolds for tissue engineering purposes, and this charac-
teristic makes this material interesting for injectable applica-
tions.['7>1761 Zhao et al. thus produced bifunctional aptamer—
fibrinogen macromers, which possessed a dual capability of
molecular recognition and self-assembly. These macromers
were successfully polymerized into VEGF- and PDGF-BB-
sequestering fibrin matrices by thrombin activation, being able
to sustain GFs’ bioactivity and release over 15 days. In vitro
assays show remarkable angiogenic responses from seeded
endothelial cells, as well as sprouting from cultured aorta ring
sections. Moreover, subcutaneous injection into mice promoted
the growth of mature blood vessels after 20 days!®”] and signifi-
cantly improved wound closure after 13 days.!>®

Stejskalova et al. have recently presented an elegant strategy
to control the sequestering and release of specific GFs.['2 The
authors developed a programmable nanotechnology-based plat-
form that bypasses the use of traditional triggers for the release
of bound proteins, such as exogenous inputs (e.g., light), spa-
tially diffuse triggers (e.g., pH shifts), or passive activation (e.g.,
hydrolysis). After its natural secretion, TGF-1 is sequestered
by the large latent complex (LLC), which maintains it inactive
in the ECM until a mechanical stimulus triggers its release.l”’]
Inspired by the LLC, the group developed a flexible aptamer
technology that harnesses cellular traction forces to activate GF
release. This concept was shown to work with both PDGF-BB
and VEGF-A s, and could be applied to functionalize glass cov-
erslips, polyacrylamide gels, and collagen scaffolds. Moreover,
each GF could be selectively activated by different types of cells,
e.g., by smooth muscle cells but not fibroblasts.[*¢

In all these cases, however, results were obtained by the
delivery and controlled release of exogenous GFs, by tuning the
binding affinity of specific aptamers. Their application for spe-
cific capture of GFs from complex mixtures and presentation
to cell receptors was not tested in these studies. Conversely,
Enam et al. followed this approach in order to promote wound
healing via immunomodulation.'®® In this work, PEGDA
hydrogels were functionalized with antifractalkine (CX3CL1)
aptamers, with the goal of sequestering and localizing this
chemokine. This would, in turn, enrich the wound microen-
vironment, thereby specifically recruiting anti-inflammatory
immune cells to the injury site. In vitro, modified gels could
retain and constantly release fractalkine for at least 1 week,
while in vivo, without addition of exogenous chemokine,
they significantly increased the number of Ly6C°CX3CRIM
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nonclassical monocytes and CD206" M2-like macrophages
recruited to the injection site. This study demonstrates that the
concept of modulating cell responses by locally enriching the
concentration of a given factor is plausible, without delivery of
any exogenous proteins or cells.[16¢]

Aptamers can also be useful for manipulating cell adhe-
sion in dynamic culture systems, for example, to generate cell
sheets.'”8] Reversible intermolecular hybridization is particu-
larly important for this purpose, ensuring a controllable way to
activate and inactivate adhesion motifs without any harsh con-
ditions that could affect cellular viability. Although not using
aptamers, a study has demonstrated this concept by creating
DNA-antibody chimeras. In these molecules, the antibody por-
tion was responsible for cell recognition and binding, while
the oligonucleotide portion bound to another oligonucleotide
sequence on functionalized culture substrates. Cell attachment
to hydrogels treated with the chimeras plateaued after half an
hour of incubation. Then, cell detachment could be quickly
mediated by the addition of complementary oligonucleotides,
which bound the chimeras more strongly than the sequences
present on the hydrogel surface.l'”®]

Similar principles were then explored but exclusively using
aptamers as affinity units.['”?! The produced sequence could
switch between two conformational states depending on the
addition of two different oligonucleotides. The developed
aptamer, however, remained constantly bound to the sup-
porting hydrogel, with the advantage of not being spent along
the cycles of use, which occurs with other sensitive linker sys-
tems. Another advantage is that the adhesion motif detaches
itself from cell receptors, instead of remaining bound as cells
are released from the surface, thereby no longer affecting sign-
aling pathways. As such, cell adhesion could be promoted by
addition of the activator sequence, which partially hybridized
with the hydrogel-bound aptamer. This interaction switched
it “on” (activated state) and allowed recognition of T lympho-
blastoid cells through its specific interaction with the protein
tyrosine kinase receptor 7. Addition of a “recovery” sequence
neutralized the activator sequence and switched the aptamer
back to an inactive state, thus releasing the adhered cells in a
reversible manner.['”?)

In an interesting approach, Li et al. have recently proposed
an aptamer-based dynamic cell culture system that responds to
changes in the microenvironment triggered by the cells them-
selves, without needing the addition of exogenous stimuli. This
system makes use of an aptamer sequence produced to bind
adenosine triphosphate (ATP), which can be secreted by cells
to participate in cellular communication and functional regula-
tion. A complementary sequence coupled with an RGD peptide
was designed to hybridize with this aptamer, allowing cell adhe-
sion to the supporting substrate. When platelets present in the
culture medium were stimulated with thrombin, they released
their granule content, including ATP. This ATP then bound the
aptamer, causing the release of the RGD-containing sequence
and leading to a fast detachment of adhered cells (reaching 57%
within 20 min).[187

The versatility of aptamers has also been explored beyond
biomaterial functionalization to design functional mimetics
of GFs, i.e., as agonists to GF receptors. This strategy implies
the replacement of expensive and labile proteins with
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better alternatives that activate the same pathways and cell
responses.[1817183] Some examples of these mimetic aptamers
that have been developed so far include: a divalent agonist of
VEGF receptor-2, which could selectively bind, dimerize, and
activate this receptor; subsequent activation of downstream
Akt pathway led to upregulation of endothelial nitric oxide syn-
thase and formation of endothelial cell capillary tubes;!'8! an
HGF mimetic which, as a dimer, could induce Met receptor
activation at nanomolar potency, reproducing HGF-induced cell
responses such as migration and proliferation;!'®?l and a 76-mer
single-stranded DNA sequence that could support the self-
renewal and pluripotency characteristics of induced pluripotent
stem cells, replacing FGF-2 in culture conditions.[83]

As has been shown in recent years, aptamers have increas-
ingly appeared as valid options to develop biomaterials with not
only increased affinity for GFs in general, but also specificity
and dynamic programmability. These properties allow an ever-
greater degree of control over biomaterial biofunctionalization
and, therefore, a greater precision in eliciting determined cel-
lular responses. Despite this, some challenges still remain in
their path to clinical translation. Two of the major problems
pointed out so far are the lack of associated safety data, a cen-
tral concern of regulatory authorities for approval of new thera-
pies;!'# and the lack of a clear roadmap toward large-scale good
manufacturing practices grade synthesis and purification, which
are required for clinical trials.'®*) However, with the approval of
Macugen by the FDA in 2004, as well as several aptamers having
reached phase II clinical trials, this situation might be reaching
a turning point.'’!! Some inherent physicochemical character-
istics of aptamers have also been mentioned as limitations that
should be kept in mind. Namely rapid clearance and degrada-
tion, together with sensitivity to microenvironments, which
might alter their functionality.'*8] Lastly, both aptamers and pep-
tides are discovered through a cyclical process of affinity puri-
fication from randomly generated libraries. Depending on the
number of cycles necessary to achieve adequate affinity, and with
the ever-growing sizes of these libraries, a substantial amount of
time and reagents could be spent on a “blind search,” increasing
the overall cost associated with the research.[¥]

3.2.3. Next-Generation Synthetic Platforms with Abiotic Affinity

All the discussed methods for recognition and affinity immo-
bilization of GFs in the previous subsections have in common
been based on biological molecules as binding units, be they
glycans, proteins, peptides, or oligonucleotides. Recognizing
the strengths and weaknesses of the different approaches, their
current limitations and stage of development have not allowed
a successful clinical translation of these types of biomaterials.
One particular aspect that can be deduced is that despite the
increased specificity of units such as antibodies or aptamers,
their low shelf-life and high cost are drawbacks. Therefore, in
spite of the progressive optimization made, several research
groups have started to turn to other innovative alternatives that
could circumvent these issues. In this context, the possibility
of precise engineering with greater control offered by synthetic
polymers and advanced processing techniques have made these
options attractive.[87:188]

(21 of 26) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

FUNCTIONAL

www.advancedsciencenews.com

Dipped

www.afm-journal.de

Albumin Lectin

Albumin

(o)
=
2
= =

Imprinted

Lectin

Not Imprinted [

Figure 5. SMIES produced for albumin and/or lectin can successfully capture the imprinted protein from solution (left). FGF-2-imprinted SMIES
increase proliferation and alignment of cultured MSCs (right). Adapted with permission.l'’8l Copyright 2018, IOP Publishing.

In particular, the use of molecularly imprinted (MI) poly-
mers (MIPs) has begun to attract some attention in the field.
In the past few years, a small number of studies have shown
that MIPs have the potential to create cost-effective, scalable,
selective, and stable platforms for targeting specific GFs.[18%-191
MIPs are essentially synthetic receptors for a targeted molecule,
being a man-made analog of natural molecules like antibodies
or enzymes. They are produced by polymerizing a monomer
solution in the presence of the target molecule, which is used
as a template. After its extraction, the resulting polymer is
endowed with complementary cavities that can selectively
rebind the imprinted molecule. Although MI technology is
not exactly new, it has undergone significant improvements in
recent years, and has increasingly found uses in the biomedical
field, particularly in biosensing applications (which constitute
the bulk of published works on the matter).1921% Other pur-
poses where nanoparticles imprinted against proteins have also
been successfully studied are targeted drug delivery,**! in vivo
imaging ' or molecular purification.['*]

Some recent works have introduced the advantages of MI
to the modulation of cell-biomaterial interfaces via molecular
recognition. Criscenti et al. combined electrospinning and soft-
molecular imprinting techniques to produce soft-molecularly
imprinted electrospun bioactive scaffolds (SMIES) to apply in
tissue regeneration.®” This new technology was tested with
different GFs and fabricated with various polyesters, demon-
strating its versatility. Briefly, a polydimethylsiloxane mold was
used in order to precisely establish determined patterns on
the final scaffold. This was functionalized with the target pro-
tein and used as the target for the electrospinning procedure,
resulting in a patterned, imprinted fiber mesh. The process
thus takes advantage of the combined techniques to generate
ECM-mimetic scaffolds. SMIES were successfully imprinted
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with one of three GFs and tested for particular responses in
different cell types. FGF-2-imprinted scaffolds significantly
increased proliferation of MSCs, while BMP-2 and TGF-f33 were
evaluated on reporter cell lines, which showed amplified lucif-
erase activity. Both results demonstrated the differential effects
of the imprinting procedure on cell behavior (Figure 5).[1%

Another good example of the use of MI was presented by
Pan et al. In this work, epitope imprinting was applied to create
a biointerface with dynamic bioactivity, allowing easy har-
vesting of cell sheets without interfering with cell viability.'°]
The authors designed a carboxyl-rich peptide (DDDGGDDD)
which was used to imprint a benzamidine-based polymeric
surface. This could then be used to capture another peptide,
DDDGGDDDSSSSSRGDS, comprising three components.
First, the previous epitope at the N-terminus ensured its inter-
action with the polymer. Second, a hydrophilic spacer (SSSSS)
allowed its extension in culture medium and reduced unspe-
cific adsorption. Third, an RGD sequence allowed for interac-
tion with cell integrins. Functionalized surfaces could be used
to successfully culture 3T3 fibroblasts, while nonimprinted or
nonfunctionalized surfaces did not allow cell culture due to
their hydrophilicity. Furthermore, addition of the epitope pep-
tide to the culture medium allowed a dynamic ligand exchange,
where it replaced the RGD-containing peptide over time. This
caused the release of attached fibroblasts, with over 90% of cells
detaching after 12 h. Importantly, detached cells could then
be cultured again on a new Petri dish, thus implying that the
molecule-exchange-induced cell release occurs in a noninvasive
manner.'’]

While they may be few, these constitute promising first steps
to take advantage of synthetic materials and technologies to pro-
duce biomaterials with selective recognition properties. Many
of the pitfalls that have been pointed out for other platforms
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can be bypassed by using abiotic affinity technologies, espe-
cially considering accessibility and affordability of production.™!
Moreover, the use of one does not exclude the other; combina-
tions of technologies such as MIPs and aptamers are already
under research as well.1! If the low cost of MIPs can be main-
tained when combined with biomolecules with well-established
molecular recognition properties, they may yet achieve new
breakthroughs. We therefore envision a growing importance
of MI in the biomedical field in the coming years, as biomate-
rial systems become increasingly complex and precise, and new
approaches need to be sought where traditional concepts can
no longer solve arising difficulties.

4. Conclusions and Outlook

GFs have for a long time been identified as important regula-
tors of cell responses, in particular during processes of devel-
opment, contributing to stem cell survival, proliferation, and
differentiation. But attempts to use them in clinic met with
largely disappointing results. The emergence of tissue engi-
neering and biomaterials has given a new life to these prom-
ising agents, by finding ways to protect, stabilize, and increase
their bioavailability. As we have explored over the course of this
review, emerging trends increasingly focus on the development
of platforms inspired by ECM dynamics. These strategies can
more closely mimic the ways in which microenvironments
modulate GF activity, shortening the distance between artificial
constructs and native tissues. Herein, the main strategies being
researched were described and illustrated by the most relevant
and recent examples, along with associated advantages and
limitations.

The use of easily accessible natural components such as hep-
arin and fibronectin constitutes a highly versatile approach to
increase effectiveness and, therefore, reduce the required doses
of administered GFs. However, their promiscuity does not allow
a precise steering of cell fate via biological stimulation. Instead,
selective molecules designed for recognition of discrete factors,
chiefly peptides and aptamers, can be leveraged in this field.
The latest improvements in these technologies have allowed
the paradigm to further advance toward the engineering of
dynamic and biomimetic cellular niches. These include devel-
oping implants (biomaterials or engineered tissues) which can
rewire endogenous regenerative mechanisms, decreasing costs
while increasing biocompatibility and, ideally, therapeutic suc-
cess. Another potential idea that could be explored in the future
is that of “biomolecular factories,” such as engineered bacteria.
Their introduction in biomedical implants can provide a con-
trollable source of desirable GFs, avoiding supplementation
of exogenous proteins. Finally, we posited how new synthetic
technologies, particularly M1, can be introduced into the field
to circumvent existing limitations. These new additions are
pushing beyond current boundaries and can possibly be one
of the keys to open a new era of affordable and mass produc-
ible, yet intelligent and highly personalized constructs. It is our
belief that solving this apparent paradox is indeed the crucial
goal of the years to come, which could firmly establish tissue
engineering as a widely accessible go-to clinical solution for
people worldwide.

Adv. Funct. Mater. 2020, 1909011 1909011

Moreover, the growing interest in combining perfusable
microfluidic technologies with tissue engineering to develop
robust in vitro models for the study of tissue and organ physi-
ology in health and disease—the concept of organ on chip—
is also pushing the boundaries of biosensing technologies,
allowing online monitoring.'”’! Considering that the current
main area of exploration for these materials with abiotic affinity
is signal transduction in biosensors,1%) it can be anticipated
that MIPs will also be particularly useful in organ-on-chip
development to maintain the low cost of the sensing applica-
tions, and in cases where analytes do not have a known binding
partner.[1%
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