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Hydrogel scaffolds that can repair or regrow damaged biological tissue have great potential for the treat-
ment of injury and disease. These biomaterials are widely used in the tissue engineering field due to their
ability to support cell proliferation, migration and differentiation, to permit oxygen and nutrient transport,
and to mimic native soft tissue. Careful design of the underlying polymer scaffold is therefore vital, dictat-
ing both the physical and biological properties of a hydrogel. In this review, we will provide a critical over-
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view of hydrogel design from the perspective of the polymer chemistry, highlighting both the advantages
and limitations of particular polymer structures, properties, and architectures. In doing so, we will help
equip researchers with the tools needed to design new polymer systems and hydrogel scaffolds that
address current limitations in the field and hinder clinical translation.
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1. Introduction

Millions of deaths occur worldwide each year as a consequence
of injuries and diseases that cause tissue damage. The impact
of tissue damage on quality of life and the associated health-
care burden are even more significant." The field of tissue
engineering has the potential to revolutionise how we treat
pathologies such as heart disease, osteoarthritis, chronic
wounds, and organ failure, by repairing, regenerating, or
improving the function of the damaged tissue.” A key concept
in tissue engineering is the use of biomaterials to support the
growth of new cells and promote repair. Rather than being
passive spectators, these materials should provide both physi-
cal scaffolding to cells and cues that direct their behaviour.*
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Of the many classes of material that have been used in
tissue engineering, hydrogels have emerged as one of the most
prominent and versatile.*® Hydrogels can be designed to
support cell proliferation, migration, and differentiation,
permit oxygen and nutrient transport, and provide cells with a
3D, highly hydrated environment that mimics native soft
tissues. Critically, the properties of a hydrogel are dictated by
the chemistry of the underlying polymer from which it is syn-
thesised. In this review, we therefore aim to provide a compre-
hensive overview of the hydrogels currently used by the tissue
engineering community from the perspective of a polymer
chemist — which core polymers are most commonly used to
produce hydrogel scaffolds? What are the beneficial properties
of these polymers that allow them to provide gels with unique
properties? What is the impact of polymerisation technique
and polymer architecture on the end construct? And how can
polymer architecture dictate bidirectional interactions with
cells and the local environment? In doing so, we will equip
researchers with the tools required to match scaffold design to
a given target application. Moreover, by engaging both
polymer chemists and biomaterial scientists, we hope to
inspire new cross-disciplinary interactions that lead to the
design of novel polymers and hydrogel scaffolds that address
current limitations in the field.

1.1 Scope of the review

In this review, we will specifically focus on how polymer chem-
istry ultimately influences hydrogel properties and applications.
After briefly discussing the gel design criteria that must be con-
sidered, we will introduce the main classes of polymer used in
the tissue engineering field, providing a critical discussion of
both strengths and limitations. We will then go on to discuss
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how dynamic and responsive polymers can be exploited to gene-
rate hydrogels with interesting properties for tissue engineering,
and how polymer architecture and synthesis can affect both
hydrogelation and downstream applications.

While we will briefly discuss the mechanisms through
which hydrogels can interact with biological systems when
relevant to the discussion, for a detailed overview of this topic
and how hydrogels can be used for the treatment of disease,
the reader is directed to the large number of excellent reviews
that have been written in the past decade.”®'® We wish to
draw particular attention to reviews by the Su,”> Burdick,'* and
Anseth' groups. Similarly, hydrogel processing and manufac-
ture are outside the scope of this review and the reader is
instead directed to the following reference.'® Finally, we have
deliberately chosen to principally focus on the contributions
and properties of individual polymers in this review, to empha-
sise the impact of a particular structure on hydrogel pro-
perties. In practice, hydrogel blends have been produced from
every conceivable mixture of multiple polymers and many of
the most widely implemented hydrogels in tissue engineering
are in fact composite structures. This powerful approach
allows the favourable characteristics of multiple polymers to
be combined, allowing the disadvantages of single component
gels to be overcome. For example, by taking a polymer that is
mechanically strong but inert and combining it with another
which can provide sites for cell adhesion but is too weak to
form stable gels on its own, a hydrogel with suitable properties
for tissue engineering may be produced. However, it is impor-
tant to note that the properties of these polymer blends are
typically additive rather than transformative. In general, the
favourable properties of two complementary polymers can be
combined, however, the converse is also true, and weaknesses
may also be carried through in to the final blend.

2. Polymer hydrogels for tissue
engineering
2.1 Hydrogel structure and categorisation

Hydrogels are 3D networks of cross-linked, hydrophilic poly-
mers, which are able to hold large amounts of water in a
swollen scaffold.'* These ‘soft’ materials display elastic behav-
iour that is governed by the polymer structure and architec-
ture. While the polymer content can vary greatly, a mechani-
cally robust gel will typically contain 0.1-10% polymer by
weight, with extremes at each end of the spectrum. This leads
to highly porous networks, allowing the diffusion of nutrients,
oxygen, and biomolecules, while also enabling the exchange of
metabolites and toxins away from cells. Porosity is often high
enough to enable cell infiltration and interconnectivity, provid-
ing an excellent growth medium for tissue."® However, densely
cross-linked gels with pores <10 pm in diameter may limit cell
movement, and careful design of the hydrogel network is
therefore critical. Cross-linking also dictates the ability of the
gel to resist expansion and maintain structure, thus contribut-
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Fig. 1 (a) Chemical gels are cross-linked by covalent bonds, leading to
hydrogels that can resist mechanical strain; (b) physical gels are held
together by molecular entanglement and non-covalent forces, resulting
in gels with viscoelastic behaviour.

ing to the amount of water a gel can uptake (swelling ratio)
and its mechanical properties.®

The cross-linking within a gel can be classified into 2 cat-
egories, chemical or physical. Chemical cross-links are formed
through covalent bonding between separate polymer chains,
resulting in linkages that are more resistant to mechanical
forces and providing gels with elastic behaviour (Fig. 1a).® By
contrast, physical cross-links rely on molecular entanglement
and non-covalent interactions such as hydrogen bonding,
ionic interactions, and van der Waals attractions to provide
cohesion (Fig. 1b). These cross-links often allow the release of
stress, providing gels with viscoelastic behaviour.® The two
classes of hydrogels result in very different properties at both
the nano- and macro-scale. Material properties can be further
varied through the incorporation of transiently stable covalent
cross-links, and by exploiting the environmental sensitivity of
non-covalent forces to create dynamic (section 5, Fig. 2a) and
responsive (section 6, Fig. 2b) materials.

Hydrogels can alternatively be classified into gels formed
from synthetic (section 3) or natural (section 4) polymers. Each
class of material has advantages and disadvantages, which will
be discussed in detail later. However, more generally natural
polymers possess enhanced biocompatibility and bio-
instructive capabilities, with some displaying strain-stiffening
behaviour that more closely resembles the native extracellular
matrix (ECM).” Synthetic polymers, on the other hand, provide
predictable, precise, and tunable chemistry and versatile
hydrogel properties. The choice of polymer is therefore
dictated by the needs of the final scaffold.

2.2 Key polymer design considerations

There is no single ideal hydrogel that can be applied in all
tissue engineering technologies. Instead, the properties must
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Fig. 2 (a) Dynamic hydrogels are held together by transiently stable linkages, providing gels with a range of possible properties including self-
healing and shear-thinning behaviour; (b) responsive gels undergo a change in properties upon the application of a stimulus. This change may or
may not be reversible, and can result from the disruption or formation of both chemical and physical cross-links.

be matched to the cell type, pathology, tissue, and desired
outcome in mind. For example, a hydrogel that will be used as
a permanent scaffold for the growth of replacement bone will
need to be very different to a gel that supplies a temporary
reservoir of cells for nerve regeneration. Similarly, the bio-
inductive effects of a hydrogel for cartilage repair, a tissue that
does not contain any blood vessels, will differ from one that
will be applied in muscle, where a dense blood supply is
needed for growth. Careful design of the core polymer is there-
fore essential to deliver the required properties. Amongst the
key design considerations that must be taken into account are:

(i) will the gel be applied in vivo or used to grow tissue
in vitro?

Polymer scaffolds that are well tolerated in the lab by iso-
lated cells under controlled conditions may still have an
adverse impact when implanted in the body, where they are
exposed to a multitude of different cell types, and an immune
system that is primed to actively attack foreign bodies."” For
example, though poly(ethylene glycol) (PEG) is widely used as
a bioinert ‘stealth’ polymer in the tissue engineering commu-
nity, recent studies have identified the presence of anti-PEG
antibodies being generated against these materials in vivo.'®
Naturally derived materials are not exempt from these effects,
with the immunogenicity of protein epitopes or xeno-contami-
nation of concern in vivo.

The stresses and strain experienced by a hydrogel
implanted into a patient are also likely to be different to those
experienced by a material in vitro, necessitating differing
mechanical properties. Furthermore, implanted hydrogels may
undergo favourable exchange with their surroundings, with
metabolites being washed away by the vasculature and
endogenous proteins and biomolecules being recruited from
the surrounding tissue.'”'® Prior functionalisation of the
scaffold with bioactive motifs may therefore prove
unnecessary.

(ii) Does the gel need to be space-filling or of a defined 3D
architecture?

Injectable hydrogels are favourable for in vivo applications,
as they allow the gel to fill the ill-defined shape of the tissue
defect, and negate the need for invasive surgery.'® However,
injectability presents challenges for polymer design. One
possibility is the use of a preformed hydrogel that undergoes
shear-thinning or stimuli responsive behaviour, allowing injec-
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tion followed by gelation in situ.>*">* Alternatively, gel precur-

sors that undergo either spontaneous or triggered gelation
upon injection can be prepared.”* Such systems require very
rapid gelation, dictated by the polymer structure and cross-
linking chemistry, to minimise the leaching of soluble com-
ponents into surrounding tissues.

In a similar direction, there is increasing demand for
hydrogels that possess a precisely defined 3D architecture,
whether for cellular alignment, to provide pathways for vascu-
larisation, or for the patterning of gradients that mimic native
tissue. The use of pendant or backbone polymer groups that
are amenable to photo-patterning is one such accessible
technology.”®>® Alternatively, new technologies for 3D printing
and stereolithography can be exploited, using either acellular
or cell-containing ‘bio-inks’.>*' These systems require extre-
mely rapid gelation upon extrusion or printing to ensure
spatial resolution, most commonly using the mixing of solu-
tions of alginate and calcium salts.

(iii) What is the long-term fate of the gel?

While some hydrogels are applied as permanent implants,
aimed at providing long-term scaffolding and structure to a
tissue, more commonly the gel should be gradually removed
from the site of action once it has served its purpose. Scaffolds
composed of non-biodegradable polymers, such as those
formed from vinyl polymerisation, may be poorly suited in
such scenarios. However, the use of degradable cross-links
may open up the possibility of bio-resorbable polymers, in
which the bulk hydrogel is broken down into smaller polymer
blocks which, though unable to undergo further degradation,
are small enough to be excreted from the body.**** Recent
reports have highlighted the benefits of degradable hydrogels
in allowing cells to remodel their environment, providing a
malleable scaffold that enables the deposition of cell-derived
matrix and the formation of more mature tissue (Fig. 3).>*°

Even polymers able to undergo degradation may prove
unsuitable if the resultant breakdown products result in a det-
rimental effect. For example, the build-up of glycolic and lactic
acid monomers following the degradation of poly(ester)-based
scaffolds has been shown to lead to a local increase in pH and
resultant tissue damage.?”*® Similar effects are likely to result
from the breakdown of degradable PLLA and PLGA hydrogels
as discussed in section 3.3. Furthermore, degradation rates
must be matched to the desired application.*® Natural polysac-
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Fig. 3 Fluorescence microscopy images of neural progenitor cells cul-
tured in elastin-like polypeptide-based hydrogels of varying suscepti-
bility to degradation. An increase in hydrogel degradability results in
increased proliferation (EdU) and the maintenance of stemness (nestin).
Reprinted by permission from Springer Nature, Nature Materials,
‘Maintenance of neural progenitor cell stemness in 3D hydrogels
requires matrix remodelling’, C. M. Madl et al., 2017.%*

charides such as hyaluronic acid are rapidly degraded by
endogenous enzymes, leading to low tissue retention
times.*>*! On the other hand, the polyester poly(caprolactone)
(PCL) has been shown to undergo hydrolysis at a slow rate,
resulting in tissue persistence on a scale of years.”> Polymer
choice, the formation of composite materials, and altered
polymer cross-linking density can all be used to partially tune
degradation to a relevant time frame.

(iv) Should cells and proteins adhere to the polymer or
should it be inert?

In most tissue engineering technologies, the hydrogel
should provide an adhesive scaffold to which cells can bind.
This has important implications for polymer design. The
native ECM has many recognition motifs that mediate cell
binding to the proteins and carbohydrates that make up the
matrix. An extra layer of complexity is added by the ability of
these native polymers to bind additional layers of soluble pro-
teins, which may further mediate cell adhesion or signalling.*?
In contrast, many synthetic polymers are poorly cell adhesive.
For example, PEG, poly(2-hydroxyethyl methacrylate) (PHEMA),
and poly(vinyl alcohol) (PVA), three of the most widely used
synthetic polymers in tissue engineering, exhibit negligible
cell or protein binding.® They therefore require derivatization
to mediate adhesion, either through the formation of compo-
site scaffolds or through functionalisation with bioactive
motifs.*>*> This is most commonly achieved through the
attachment of synthetic peptide sequences known to mediate
cell binding, such as RGDS and IKVAV. The physical properties
of a polymer are also able to mediate adhesion with cells
adhering to positively charged surfaces, as a result of electro-
static interactions with the negative charges present on cell
membranes.*®

The bioinert nature of synthetic polymers can sometimes
be favourable, with the selective attachment of bioactive
groups providing greater control over cell behaviour than the
use of heterogeneous natural polymers which can induce pro-
miscuous signalling. Furthermore, the bulk scaffold may be
able to resist detrimental protein fouling and minimise non-
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specific protein adsorption. For example, it has been shown
that RGD-functionalised PEG hydrogels are able to promote
cell adhesion while at the same time minimising the adsorp-
tion of serum proteins. The induction of a detrimental foreign
body response is therefore minimised upon implantation
in vivo."” Although less common, there are certain scenarios in
which the inability of cells to bind to a polymer may also be
beneficial. For example, hydrogels that are designed to deliver
a bolus of cells to an area of damage, or to provide a degrad-
able space filling material for cells to subsequently remodel,
can benefit from low cell adhesion.

3. Synthetic polymers

In this section we will discuss the most widely used synthetic
polymers used in the tissue engineering field. A summary of
the key advantages and disadvantages of each class is provided
in Table 1.

3.1 Vinyl polymers

A vast array of functionalised vinyl monomers are either com-
mercially available or synthetically accessible, rendering vinyl
polymer-based hydrogels versatile and structurally diverse
scaffolds (Fig. 4). Vinyl polymers are most commonly synthesised
via free-radical polymerisation, though both anionic and cationic
polymerisations can be applied to specific monomer classes.***°
For example poly(2-isopropenyl-2-oxazoline) hydrogels, recently
developed by the Jerca and Hoogenboom groups, are synthesised
via living anionic polymerisation to ensure high molecular
weights and low dispersity.*°

Through careful choice of polymerisation conditions,
initiation method, and monomer feedstock, vinyl polymers
can be produced with either strict or low control over mole-
cular weight (M), with a high density of cross-linking or solely
as linear chains, as block or random co-polymers, with versa-
tile functional or bioactive pendant groups, and with spatial
precision to produce patterned or gradient materials. In most
cases, vinyl polymer backbones are non-biodegradable with
subsequent limitations for in vivo applications. However, with
careful monomer design degradable backbone linkages or
cross-links can be incorporated into the bulk hydrogel, allow-
ing for breakdown into resorbable macromers.***"* For
example, early reports by Bryant et al. demonstrated the intro-
duction of polyester crosslinks that enable polyvinyl hydrogel
breakdown via hydrolysis.>’

The structure dependence of vinyl polymerisation rates
have been well documented. In general, acrylates polymerise at
a faster rate than analogous methacrylates, which in turn
polymerise at a faster rate than the corresponding acryl-
amide.*® This increased reaction rate comes at a cost of
increased monomer toxicity, though residual methacrylates
and acrylamides are also known to cause damage in vivo.>>>*
It is therefore important to reach high conversions during
polymerisation, which may be challenging during chain-
growth polymerisation, necessitating the use of long reaction
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Table 1 Key classes of synthetic polymers discussed in this review, and their key beneficial and detrimental properties

Polymer Class Advantages Disadvantages
PHEMA Polyvinyl » High mechanical strength » Non-degradable
« Generally biocompatible + Non-adhesive
- Easily derivatized « Potential calcification in vivo
+ High monomer toxicity
PVA Polyvinyl « High elasticity » Non-degradable
« Variable deacetylation ratios + Non-adhesive
« High biocompatibility and hydrophilicity
PNIPAM Polyvinyl » Temperature responsive (LCST) + Non-degradable
« Biocompatible + Non-adhesive
» Low immunogenicity + Monomer cyto- and neuro-toxic
+ Gels have weak mechanical strength
PEG — « Versatile architecture and functionality + Non-degradable
« ‘Blank slate’ scaffold + Non-adhesive
» Modular gel properties + Evidence of immunogenicity in some patients
PLA Polyester « Degradable by hydrolysis + Hydrolysis products may cause inflammation
« Properties dependent on monomer feedstock « Physically cross-linked gels are weak
PGA Polyester « Degradable by hydrolysis « Hydrolysis products may cause inflammation
« Co-polymers with PLA give tunable properties + Rapid breakdown in vivo
« Physically cross-linked gels are weak
PCL Polyester « Degradable by hydrolysis » Crystallinity may slow hydrolysis beyond relevant timeframe

« Sensitive to degradation by lipase

- Stable hydrogels over wide concentration range

« Crystallinity provides mechanical strength
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Fig. 4 Structures of the most commonly used vinyl polymers for
hydrogelation (s: statistical polymer).

times which in turn may be limiting for in situ or cellularised
gelation (see section 8).>°

Free-radical polymerisations are tolerant of functionalised
vinyl monomers, providing facile access to derivatised poly-
mers and hydrogels.*">> Peptides, glycans, and even proteins
can be modified with acrylate or methacrylate groups, and
incorporated as a co-monomer during polymerisation.’®™®
Similarly, monomers bearing chemically interesting pendant
groups, such as the zwitterionic, phospholipid mimicking
monomer 2-methacryloyloxyethyl phosphorylcholine (MPC),
able to minimise stem cell activation, can be incorporated to
provide vinyl polymers with added functionality.’>® Jansen et al.
have demonstrated that MPC can minimise serum protein
adsorption in vivo, and is therefore a useful means to limit the
foreign body response after implantation.®® The density of
presentation can be easily tuned through alteration of the
monomer feedstock, however it is important to match poly-
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merisation rates in order to provide homogenous distributions
of functional motifs. If polymerisation of the bulk polymer
occurs at a significantly different rate to the co-monomer, the
formation of block - rather than random - co-polymers may be
produced. Vinyl groups are also commonly installed on pre-
formed macromers or polymers of alternative natural or syn-
thetic polymers, subsequently acting as covalent cross-linkers
to provide hydrogels with mechanical strength or injectable
solutions with ‘curability’ through the application of a radical-
inducing stimuli.®*"*?

3.1.1 Poly(2-hydroxylethyl methacrylate), PHEMA. PHEMA
was one of the first synthetic polymers used to form bio-
medical hydrogels.®* The precursor monomer HEMA is typi-
cally contaminated with small amounts of residual ethylene
dimethacrylate, leading to non-degradable, insoluble, cross-
linked networks after polymerisation. To construct degradable
PHEMA gels, recent efforts have therefore been directed
towards the synthesis of PHEMA networks cross-linked by
degradable linkages.’>®> Mackova et al. recently reported the
synthesis of a reductively degradable hydrogel through the
doping of PHEMA with thiol-containing monomers able to
form disulfide cross-links.** Critical to this work was the syn-
thesis of low M,, PHEMA chains (<45 kDa), that are small
enough to undergo glomerular filtration following hydrogel
breakdown. Wang et al. have gone on to demonstrate that di-
sulfide cross-linking can also provide PHEMA hydrogels with
self-healing capacity (see section 5), enabling potential
mechanical instability resulting from surface buckling and
wrinkling during gel swelling to be overcome.®®

The high hydrophilicity of PHEMA renders it bioinert,
resisting cell and protein adhesion. PHEMA hydrogels have
therefore commonly been wused as structural scaffolds,
directing cellular growth or encapsulating cells for delivery.

This journal is © The Royal Society of Chemistry 2020
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These properties were recently exploited by Cai et al. to photo-
pattern PHEMA gels containing phenylazide co-monomers,
leading to the creation of 3D cylindrical channels of adhesive
collagen proteins.®” The resultant construct was able to serve
as an effective nerve conduit in vivo, promoting the infiltration
of neurons and the restoration of motor function within a
transected spinal cord. An alternative approach to 3D pattern-
ing can be seen through the use of PHEMA-based bioinks, as
developed by the Ruzzo group. They have shown that high
M,, PHEMA dopants are necessary to provide sufficient vis-
cosity to monomer inks to enable direct ink writing.®®°°

To generate cell-adhesive PHEMA gels, composite structures
bearing cell-adhesive co-polymers, ECM protein coatings, or
adhesive peptides are often exploited.’™**”7! However, in an
important recent development Hu et al. have demonstrated
that high-aspect-ratio, micro-meter scale, topographical pat-
terning of pure PHEMA gels is able to promote the adherence
of human mesenchymal stem cells (hMSCs).”* In contrast to
the rounded morphology adopted on flat surfaces, indicative
of poor interactions with the underlying material, cells were
able to spread and elongate in response to the topographical
cues provided. The mechanical integrity of the PHEMA hydro-
gels was essential to enable patterning to be retained. This
report is likely to be of great significance in the coming years,
providing a powerful means to pattern and direct cell growth.

While generally considered to be biocompatible and bioi-
nert, PHEMA has some drawbacks for in vivo applications. The
hydroxyl group of HEMA has been shown to further increase
monomer toxicity when compared to the corresponding alkyl
methacrylate. The complete removal of residual monomer is
therefore necessary to minimise cell and tissue damage.”
Furthermore, PHEMA gels implanted in vivo have been shown to
potentially undergo calcification. While the mechanism and
extent of this process remain unclear, further investigation is
necessary due to the potential for soft tissue calcification to
cause severe pathologies.”*”* Such studies are vital to enable the
full potential of PHEMA as a biomedical material to be realised.

3.1.2 Poly(vinyl alcohol), PVA. PVA is synthesised through
the partial or full hydrolysis of the precursor poly(vinyl
acetate). It cannot be produced directly, due to the propensity
of vinyl alcohol to undergo rapid tautomerization to acet-
aldehyde.”” Different grades of PVA are therefore available,
varying in their degree of acetylation. Though it may at first
seem counterintuitive, an increase in acetate content in fact
leads to higher water solubility, by reducing the degree of
intramolecular hydrogen bonding and therefore polymer
crystallinity.”®

PVA exhibits high elasticity, generating hydrogels with low
friction. PVA hydrogels are therefore attractive substrates for
cartilage tissue engineering, acting as lubricating surfaces able
to withstand the high mechanical forces imposed on
joints.”®”” However, pure PVA gels are not strong enough to
recreate the mechanical properties of native cartilage. To over-
come this limitation Shi et al. demonstrated that the use of
vinylpyrrolidone as a co-monomer can greatly improve hydro-
gel strength at levels as low as 1%.”*

This journal is © The Royal Society of Chemistry 2020
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The majority of linkages within the PVA backbone generate
1,3-diols, though a small proportion of 1,2-diols are often
present.”® In a similar manner to PHEMA, the polyhydroxy-
lated nature of PVA scaffold leads to both high biocompatibil-
ity, and poor cell and protein adhesion, as a result of polymer
hydrophilicity.®” PVA hydrogels therefore typically require deri-
vatization to generate an active gel for cell encapsulation.””
This can be conveniently achieved through the chemical modi-
fication of the pendant hydroxyl groups, enabling functionali-
sation of the polymer chain. Alternatively, PVA can be exploited
to provide inert scaffolds for cell encapsulation and storage.
The Ishihara group in particular has reported a number of
exciting technologies exploiting the polyhydroxyl backbone to
form complexes with boronic acid-containing co-polymers,
thus generating dynamic, responsive cross-links, as will be dis-
cussed later.”>®"®> These gels are able to restrict stem cell
differentiation, providing increased control over cell fate
through the addition of soluble factors.>® The gels can also
undergo changes in mechanical properties, through the
addition of competing sugars able to disrupt sugar-boronic
acid binding. These hydrogels are therefore promising
scaffolds for the packaging and storage of cells that can
subsequently be released when required by a user-applied
stimuli.

3.1.3 Poly(N-isopropylacrylamide), PNIPAM. PNIPAM has
found widespread use in the biomedical field due to its
thermoresponsive behaviour. The lower critical solution temp-
erature (LCST) of PNIPAM is ~32 °C, making it responsive in a
biologically relevant temperature range. Below the LCST,
PNIPAM is highly solvated in water. However, when the temp-
erature is raised, hydrophobic interactions drive aggregation of
the iso-propyl groups and a change in phase.®* This behaviour
makes PNIPAM ideally suited to the formation of injectable
hydrogels, and composite gels that undergo gelation at body
temperature from soluble precursors have found particularly
widespread use.®*"®® Alternatively, PNIPAM based gels can be
exploited for the reversible attachment/detachment of adhered
cells. These hydrogels are therefore exciting substrates for the
in vitro generation of cell sheets or for the expansion and
differentiation of cells pre-implantation. The Schaffer group
demonstrated in 2013 that human pluripotent stem cells
(hPSCs) could undergo an impressive 10”> fold expansion
within a thermoreversible PNIPAM hydrogel, that could sub-
sequently be liquefied to harvest the cells.®” They subsequently
demonstrated that midbrain dopaminergic neurons cultured
in this 3D environment displayed greatly increased viability
upon implantation than cells cultured in 2D, lending strong
support to the use of hydrogel scaffolds in such applications.®®
Though cell detachment can be achieved by lowering the temp-
erature below the LCST of PNIPAM, prolonged periods at these
decreased temperatures have been shown to suppress cell
metabolism. Guo et al. have therefore developed an intriguing
dual-responsive system, by co-polymerising NIPAM with
boronic acid-containing monomers.®® The resultant hydrogels
are responsive to both temperature and the presence of
glucose. Cells can therefore be harvested through the addition
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of sugar to the cell culture media, or greatly accelerated at low
temperatures through the same process.

PNIPAM displays good biocompatibility and low immuno-
genicity in vivo.’>®" However, as for many vinyl monomers,
N-isopropylacrylamide is cyto- and neuro-toxic, necessitating
the complete removal of residual monomer post-polymeris-
ation.”” Pure PNIPAM also leads to hydrogels with weak
mechanical strength, held together by non-covalent inter-
actions. While the formation of composite gels can increase
mechanical strength, they may also affect the delicate balance
of associative and dissociative forces that provide PNIPAM with
its thermoresponsive behaviour. The LCST may be drastically
altered or lost entirely as a result. For example, PNIPAM co-
polymers containing 4-(hydroxybutyl)methacrylate and 6-
(hydroxyhexyl)methacrylate fail to show thermoresponsive pro-
perties, whereas HEMA containing polymers do.”

In general, co-polymers with discrete phases are more likely
to retain thermoresponsive behaviour, with individual polymer
blocks still able to undergo a change in phase.”* Zhang et al.
recently demonstrated that a PNIPAM-PHEMA co-polymer with
such a discrete architecture could be used to create microfi-
brous hydrogels that undergo reversible changes in stiffness,
up to 0.5 GPa, upon thermal cycling.®® Interestingly, hMSCs
cultured under conditions of cyclic mechanical change were
shown to undergo enhanced spreading and adhesion, result-
ing in increased osteogenic differentiation. This report there-
fore highlights the potential utility of dynamic gel mechanical
properties as an important means to control cell fate.

3.1.4 Other vinyl polymers. Poly(acrylamide) can be used
to form hydrogels that are stable, biocompatible and bioinert.
Indeed, despite having not gone through rigorous clinical
trials, the use of poly(acrylamide) gels as fillers for damaged
cartilage tissue and augmentation procedures is widespread in
certain parts of the world. However, the neurotoxicity and tera-
togenic properties of residual acrylamide is of concern, and
local toxicity and inflaimmation at the site of implantation
have been observed in a number of cases.’*’® However to
actively interface with cells, poly(acrylamide) constructs must
be functionalised with adhesive natural polymers or bioactive
peptides.””  Poly(acrylamide)-alginate interpenetrating net-
works, first reported by Suo and co-workers in 2012, form
hydrogels with particularly interesting properties for tissue
engineering, due to their exceptional stretchability and tough-
ness.”® By combining both chemically and physically cross-
linked polymers within a single construct, further stabilised by
inter-polymer hydrogen bonds, these hydrogels offer attractive
mechanical properties for the engineering of tissues including
cartilage®® and blood vessels.'°

Though functionalised co-monomers have been incorpor-
ated into polymers to supplement hydrogel properties, other
core vinyl backbones have been less commonly exploited. For
example, poly(acrylic acid) (PAA) and poly(methacrylic acid)
(PMAA) have been used only rarely within hydrogels for tissue
engineering, typically as part of composite materials, due to
their high density of negative charge at physiological pH.""*
Similarly, poly(vinylpyrrolidone) (PVP) has rarely been used to

190 | Polym. Chem., 2020, 11, 184-219

View Article Online

Polymer Chemistry

form hydrogels despite possessing low immunogenicity and
being biocompatible. This is in part due to the difficulty of
producing cross-linked PVP networks, due to the slow kinetics
of vinylpyrrolidone polymerisation relative to the reaction of
vinyl-cross-linkers doped into the system.'®* Instead, vinylpyr-
rolidone has been more commonly applied as a co-monomer
to increase the mechanical strength of polymers such as PVA,
as described above.”®

Poly(2-isopropenyl-2-oxazoline) ~ (PiPOx) has  recently
emerged as a promising vinyl polymer for biomedical appli-
cations. The pendant groups of PiPOx possess reactive oxazo-
line groups, which are able to undergo efficient ring opening
with carboxylic acids to generate a poly(acrylamide) backbone
bearing functional esters.”®'®® Functionalization with thiols
and phenol groups has also been reported. Modification of the
oxazoline sidechain has proved insensitive to water or oxygen,
and proceeds cleanly without the generation of side-products or
the need for catalysts. Though not yet reported, PiPOx therefore
offers intriguing possibilities for the creation of hydrogels
bearing bioactive motifs. It is likely that these exciting materials
will become of increasing interest to the biomedical community
in the future, though the need to undertake anionic polymeris-
ation to achieve well defined polymer precursors may limit
widespread translation to non-specialist polymer labs.

3.2 Poly(ethylene glycol), PEG

The terms poly(ethylene glycol) (PEG) and poly(ethylene oxide)
(PEO) are often used interchangeably in the biomaterials com-
munity to describe the same material, regardless of traditional
distinctions based on M,, or end-group functionality.'®* PEG is
the most widely used synthetic polymer for hydrogelation in
the tissue engineering field, certainly in the academic commu-
nity, if not commercially or in the clinic. This is largely due to
the chemical and biological inertness of PEG, along with the
ease of derivatization, the large number of polymer architec-
tures and lengths that are accessible commercially or syntheti-
cally, and the high hydrophilicity of the polymer backbone. In
effect, PEG hydrogels act as a ‘blank slate’, providing an inert
structural component that can then be decorated with active
functionalities at will.'®>'°® This allows the production of con-
trolled and homogenous scaffolds in which individual facets
of hydrogel design and their influence on cell fate can be deli-
neated from each other, and PEG hydrogels have therefore
been at the forefront of efforts to understand cell growth and
behaviour within tissue engineering scaffolds. In some promi-
nent recent examples, PEG-based hydrogels have played a criti-
cal role in enabling demonstrations that local heterogeneities
in cell growth and gel degradation help retain scaffold integrity
during tissue growth,"®” dynamic cross-links must be balanced
with bulk stability to maximise ECM deposition during carti-
lage growth,'®® and that nascent protein deposition and remo-
delling plays an important role in dictating cell fate from an
early stage.'”’

PEG is commonly produced through the anionic polymeris-
ation of ethylene oxide. Branched- or star-polymers can be
readily synthesised and are often used to produce cross-linked
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polymer hydrogels. End-capping groups can also be easily
introduced, either through the use of functional initiators or
post-polymerisation functionalisation. As a result, covalent
cross-linking can be achieved via a diverse range of coupling
chemistries, each with distinct advantages or applications,
such as nucleophilic and radical thiol-ene reactions,"'®''!
copper-catalysed or strain-promoted azide-alkyne
cycloadditions,®”'"? inverse-electron demand Diels-Alder reac-
tions between tetrazines and strained alkenes,''® oxime and
hydrazone formation,""* and many other diverse coupling
chemistries** (Fig. 5). Indeed, the versatility of PEG-end func-
tionalisation enables the exploitation of multiple cross-linking
reactions within the same hydrogel scaffold, providing hydro-
gels with unparalleled tunability that can be exploited to maxi-
mise cell growth. For example, the Maynard group have
demonstrated that varying the ratio of oxime and hydrazone
cross-linkages within a PEG hydrogel can control scaffold
degradation over a period of 1-7 days.''® Richardson et al.
have gone on to show that changing the ratio of benzyl- to
alkyl-hydrazones within a gel, by controlling PEG end-capping
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Fig. 5 End-functionalisation of PEG allows the incorporation of diverse
reactive handles that can subsequently be used for chemical cross-
linking.
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functionality, enables the formation of gels with stress relax-
ation times ranging from seconds to months, with important
implications for cell fate."*®

Hydrogelation in these cases typically proceeds via the
‘step-growth’ polymerisation of functional monomers, with
important implications for hydrogel properties as will be dis-
cussed in section 8. These chemistries can also be exploited
for the incorporation of adhesive peptides and the formation
of composites with natural polymers, via the modification of
end-capping groups.>”**!"H 116119 1mportantly, each ‘modifi-
cation’ uses a functional handle that would otherwise have
been used for cross-linking. Kim et al. have shown that this
can have an important influence on hydrogel properties, with
increasing densities of RGD peptide presentation within a PEG
hydrogel resulting in weakened storage moduli, slower gelation
times, and increased swelling ratios.’*’ Interestingly, these
changes were significantly reduced when 8-arm PEG gel pre-
cursors were utilised rather than 4-arm, even at the same
peptide and cross-linking densities, highlighting the impor-
tance of careful polymer design as will be discussed further in
section 7.

As an alternative to the step-growth cross-linking chem-
istries discussed above, chain-growth mechanisms can also be
used to generate PEG hydrogels. The use of PEG-di(meth)acry-
lates is particularly widespread for free-radical hydrogelation
and the formation of covalently-linked composites with
alternative polymers.'*®"'7"21122 Thig is particularly advan-
tageous for in situ hydrogelation, though the limitations of
such techniques will be discussed in section 8.'** It has been
well documented for a number of years that the use of chain-
growth vs. step-growth cross-linking has important impli-
cations for the bulk mechanical properties of PEG hydrogels
and the presentation of mechanical cues to encapsulated cells,
due to an increase in gel imperfections.'**'*> However, in a
recent study Vats et al. have also highlighted differences in
hydrogel properties at the nanoscale via atomic force
microscopy.'*® Chain-growth polymerisation of PEG-dimeth-
acrylate was found to generate hydrophobic pockets of poly
(methacrylate) with increased stiffness, leading to high hetero-
geneity that influenced protein and cell adhesion. Indeed, the
authors went on to show that the clustering of attached
adhesive peptides during polymerisation led to a decrease in
cell density when compared to homogeneously distributed
peptide.

Though PEG is non-degradable, below a M, ~10 kDa poly-
mers can be cleared from the body by renal excretion.'” The
use of degradable linkers to generate soluble PEG macromers
upon hydrogel breakdown, either via hydrolysis or enzymatic
cleavage, is therefore common.**'*® However, recent reports
on the generation of anti-PEG antibodies suggest that PEG-
based hydrogels may not be as bioinert as previously thought.
Interestingly, Chang et al. have demonstrated that immuno-
genicity is patient specific, with genetic markers for PEG-sensi-
tivity being identified.'*® Further research into the causes and
downstream implications of PEG-immunogenicity is therefore
essential.®
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3.3 Polyesters

Polymer backbones containing ester groups are able to
undergo biodegradation. Polyesters are therefore popular
materials for the production of biomedical hydrogels. In
general, polyesters are reasonably hydrophobic and are there-
fore poor substrates for the formation of hydrogels in iso-
lation. Instead, they are commonly combined with a hydro-
philic polymer, such as PEG, to provide amphiphilic block co-
polymers able to undergo self-assembly and physical gelation.
Gelation is preceded by the initial formation of intermediate
micelles. As polymer concentration is increased, these micelles
aggregate leading to a sol-to-gel transition dictated by the criti-
cal gel concentration (CGC), as described by Jeong et al.'*°
This concentration is strongly influenced by the polymer
properties, including the monomer composition, amphiphilic
ratio, My, and architecture. The importance of these para-
meters will be discussed in detail in section 7, however for our
purposes here, in general increasing the polyester
content leads to a decrease in CGC as a result of increased
hydrophobic interactions which are able to drive the
assembly process.’*"'*> Assembly is typically temperature
sensitive, leading to thermoresponsive polymers with gelation
temperatures that must be tuned to a physiologically relevant
range.'*

The rate of polyester degradation strongly influences hydro-
gel mechanics and the ability of cells to remodel their environ-
ment. The degradability must therefore be carefully matched
to the target application. For example, Kang et al. have demon-
strated that polyester structure can be used to tune in vivo per-
sistence times from days to years depending on monomer
composition.** Furthermore, the potential downstream effects
of the breakdown products must also be considered. Polyesters
typically degrade into monomers bearing carboxylic acids,
acting to raise local pH and potentially causing tissue
damage.'*»"** The accumulation of acidic monomers at the
site of implantation may also act to induce local calcification.

3.3.1 Poly(lactic acid), PLA. PLA is synthesised via the ring-
opening polymerisation of lactide, the lactone cyclic di-ester of
lactic acid. As lactic acid is chiral, lactide monomers can exist
as three stereoisomers, (R,R) and (S,S) enantiomers and a
meso-isomer. A number of PLA structures can therefore be gen-
erated dependent on the choice of monomer - poly(i-lactic
acid), PLLA, poly(p-lactic acid), PDLA, and poly(pr-lactic acid),
PDLLA. PDLLA can also exist in either syndiotactic or hetero-
tactic forms, depending on the monomer feedstock, further
diversifying the available polymer structures.'®” Interestingly,
Diederich et al. have recently demonstrated that polymer
chains bearing an odd number of lactic acid units can be pro-
duced, despite the use of a di-ester feedstock for ring-
opening."® It is therefore likely that transesterification also
takes place during PLA synthesis to some extent, potentially
influencing final stereochemistry.

The stereochemistry of a PLA polymer has a significant
effect on its properties, and thus those of an amphiphilic PEG
block co-polymer and the hydrogels that it is able to form.
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Fig. 6 Polyester structure dictates the properties of the resulting
hydrogel. With increasing hydrophobicity of the carbon backbone, the
critical gel concentration decreases, leading to gels that are stable over
a wider concentration range. Similarly, the rate of hydrolysis also
decreases, due to increased crystallinity. The increased crystallinity of
regio-regular PLLA/PDLA vs. PDLLA has a similar effect.

While enantiopure PLLA leads to semi-crystalline hydrophobic
aggregates upon gelation, racemic PDLLA typically adopts an
amorphous structure. This in turn leads to an increased sus-
ceptibility to hydrolysis and a decrease in mechanical strength
(Fig. 6).">”"37 Alternatively, gelation can be greatly accelerated
by combining mixtures of PLLA- and PDLA-based amphiphiles,
as a result of sterocomplexation effects, as demonstrated by
Hiemstra and co-workers.'*%*3°

The stability of PLA-based gels can be enhanced through
chemical cross-linking, most commonly achieved via the
photo-polymerisation of vinyl-end groups.'*®'*! These modifi-
cations can also be used to cross-link composite scaffolds,
incorporating natural polymers with bioactive properties.>®'*>
Additional cross-linking may be particularly beneficial due to
the known propensity of PLA to undergo autocatalytic break-
down. The acidity of the o-hydroxy acid PLA degradation
product has been shown to accelerate the interior breakdown
of polyester hydrogels, leading to the generation of capsular
gels with hollow interiors.'*® Importantly, even after cross-
linking, hydrogel properties are still highly dependent on
monomer feedstock chirality. The Tuan group have demon-
strated that covalently cross-linking PEG-PLLA/PDLLA results
in hydrogels of differing stiffnesses, due to the increased
crystallinity of PLLA."” While these gels undergo slower
degradation, they also result in decreased ECM deposition by
encapsulated hMSCs.

3.3.2 Poly(glycolic acid), PGA, and poly(lactic acid-co-glyco-
lic acid), PLGA. PGA is characterised by an increased hydrophi-
licity when compared to PLA. The physical hydrogelation of
PGA-PEG amphiphiles is therefore less effective, as the hydro-
phobic driving forces for assembly are significantly weaker
(Fig. 6). As a result, PGA-based polymers typically require
chemical cross-linking to form stable hydrogels.'**'** In an
exciting recent development, chemical cross-linking has been
exploited by the Mikos group to form PGA-PEG-PNIPAM com-
posite hydrogels bearing reactive alkynes for further derivitisa-
tion."*> They have shown that a novel ruthenium-catalysed
azide-alkyne cycloaddition reaction can be used to furnish
this degradable scaffold with biomolecular growth cues in a
modular and mild fashion, producing scaffolds able to
support MSC encapsulation.'*>'*®
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As an alternative to the use of pure PGA, PLGA co-polymers
can be synthesised, either as random or block structures, and
grafted to PEG to create polyester amphiphiles able to form
stable gels at physiological temperature. The increased hydro-
philicity of PGA/PLGA also leads to lower crystallinity of the
hydrophobic aggregate, therefore leading to an increased rate
of hydrolysis when compared to pure PLA amphiphiles.'*"**!
As for PLA, the generation of a-hydroxy acid monomers upon
hydrolysis of PLGA, in the form of glycolic acid and lactic acid,
may again act to auto-accelerate polymer degradation.*’

3.3.3 Poly(caprolactone), PCL. The increased alkyl chain
length of e-caprolactone leads to a resultant increase in the
hydrophobicity of PCL (Fig. 6). PCL-PEG amphiphiles therefore
exhibit a lower CGC than PLA-based polymers, and form stable
hydrogels across a wider concentration and temperature range.
PCL domains are semi-crystalline, with crystallinity decreasing
with increasing PCL M,,."*® PCL-amphiphiles are therefore hydro-
lysed at a significantly decreased rate when compared to analo-
gous PLA/PGA based polymers.”*>'* Indeed, even relatively
small amounts of e-caprolactone co-monomer have been shown
to significantly slow the rate of degradation of PLA networks."*
PCL has also been shown to be sensitive to enzymatic degra-
dation by lipase, offering a potential means to trigger hydrogel
breakdown through the addition of an exogenous stimuli."”*

The hydrophobicity of PCL makes it an attractive com-
ponent of hydrogels that must be able to withstand high
mechanical stress, for example for the engineering of cartilage
tissue. In such scenarios, the hydrophobic clustering of PCL
domains constrains the swelling of the polymer hydrophilic
regions. However, the slow degradation of PCL can then prove
limiting. To elegantly address this challenge, Yin and co-
workers grafted short pendant PCL chains to a hydrophilic
poly(i-glutamic acid) polymer backbone.'® Though the PCL
chains were able to associate and provide the hydrogels with
improved mechanical properties suitable for meniscal tissue
engineering, the short length prevented large scale crystalli-
nity. The gels were therefore still able to undergo degradation
over a suitable time period, resulting in the partial regener-
ation of meniscus tissue in vivo.

3.3.4 Other polyesters. Poly(propylene fumarate) can be
used to form PEG-composites, as alternating co-polymers,
cross-linked composites or as short chain degradable linkages
(Fig. 7)."°*° Importantly, the presence of an activated alkene
in the polymer backbone provides opportunities for sub-
sequent cross-linking or derivitisation.">*'*” Poly(phosphoe-
ster) hydrogels have also been reported by the Elisseeff group,
providing a convenient linkage for degradation by both hydro-
lysis and the activity of phosphatases. These materials are
interesting substrates for bone tissue engineering, as the phos-
phate groups generated upon degradation are able to bind
calcium and induce osteogenesis.'”®*>°

3.4 Other synthetic polymers

PiPOx polymers, introduced in section 3.1.4, bear reactive oxa-
zolines that can be used for post-polymerisation functionalisa-
tion. 2-Oxazolines can also act as monomers in their own
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Fig. 7 Other polymers that are either commonly used or are emerging
as promising materials for biomedical hydrogelation.

right, undergoing cationic ring-opening polymerisation under
strictly anhydrous conditions to generate a pseudo-polypeptide
backbone (Fig. 7)."® The amide ‘R’ group dictates the pro-
perties of a particular construct. Poly(2-alkyl/aryl-2-oxazoline)s
(PAOx) bearing multiple functional groups can be synthesised
via mixed monomer feedstocks."®" For example, Farrugia et al.
demonstrated that oxazoline monomers bearing reactive
alkene handles for post-polymerisation modification enable
the introduction of adhesive peptides that can subsequently
mediate cell attachment."®® PAOxs are particularly attractive as
alternative ‘stealth polymers’ to PEG, providing bioinert,
stable, and biocompatible scaffolds. Indeed, even under harsh
oxidative conditions able to induce cleavage events in PEG-
based materials, the backbone of PAOx was found to be stable
as side-chain degradation was favoured.'®® Structurally related
polypeptoids, bearing N-linked R-groups can also be syn-
thesised through the ring-opening polymerisation of
N-carboxyanhydrides.'®® These polymers possess a similar tun-
ability of structure and gelation properties, and the possibility
to incorporate functional motifs.

Polyisocyanopeptides, developed by the groups of Rowan
and Kower, have recently emerged as interesting materials for
tissue engineering. These polymers are able to form helical
structures that undergo hierarchical assembly into fibres, and
then fibrous bundles. In this way, they are able to mimic the
structure and behaviour of native ECM proteins.'**'®
Hydrogelation has been reported to occur at extremely low
polymer concentrations, with the presence of pendant chiral
peptides driving helix formation and subsequent assembly
into fibres. These materials, unlike most synthetic polymer
gels, display stress-stiffening behaviour that is more akin to
the behaviour displayed by natural protein-based gels, allowing
them to mediate stem-cell differentiation (Fig. 8).'®>"¢”

4. Naturally-derived polymers

The use of protein/peptide and polysaccharide natural poly-
mers as substrates for hydrogelation is widespread in tissue
engineering. In this section, we will discuss the key polymer
classes, with a summary provided in Table 2.
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Fig. 8 Strain-stiffening behaviour of natural and synthetic polymer gels.
Of particular note, is the characteristic strain-stiffening behaviour of col-
lagen and fibrin, which has been shown to be beneficial to stem cell sur-
vival. Polyisocyanopeptides, introduced in section 3.4, possess bio-
mimetic stiffening behaviour, whereas a chemically cross-linked poly
(acrylamide) hydrogel does not. G, indicates the equilibrium bulk
stiffness and oc denotes the critical stress for the onset of stress stiffen-
ing for the polyisocyanopeptide gel. Reprinted by permission from
Springer Nature, Nature Materials, 'Stress-stiffening-mediated stem-cell
commitment switch in soft responsive hydrogels’, R. K. Das et al,
2016.%7

4.1 Peptide and protein based materials

Proteins play a vital structural and signalling role in native
ECM. For example, in cartilage, 50-80% of the dry mass of the
tissue is made up of triple-helical collagen fibres.® It is there-
fore not surprising that peptide- and protein-based polymers
have been widely used to form hydrogels for tissue engineer-
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ing. These materials have an inherent, sequence-dependent
ability to mediate cell signalling and adhesion, and to control
tissue development. These interactions are bidirectional, with
cells also able to remodel and manipulate proteinaceous
hydrogels.’®® Natural polymers often assemble into fibrous
hydrogels, held together via non-covalent interactions. As a
result, they display viscoelastic and strain-stiffening behaviour
similar to that of native ECM (Fig. 8). These properties have
been shown to be highly beneficial in dictating stem cell fate
and survival, as recently demonstrated by the Chaudhuri and
Mooney groups.>*'%?

In principle, proteins/peptides possess low immunogeni-
city, as the epitopes they display are typically found in native
tissues anyway. However, as protein substrates are commonly
extracted from natural sources, achieving high purity is often
challenging, with contamination and heterogeneous substrates
limiting clinical implementation. The use of recombinant pro-
teins partially addresses this challenge, in addition to deliver-
ing sequence flexibility and ease of largescale production.
However contamination with bacterial contaminants remains
a significant concern.

4.1.1 Collagen. Collagen is the most abundant protein in
mammals, with type I and type II being particularly wide-
spread.'”® Both isoforms play crucial roles in vivo, with type I
collagen being most widely exploited in tissue engineering.
The primary sequence of collagen I is made up principally of a
repeating Gly-X-Y motif, where X and Y are mostly proline or
4-hydroxyproline. Bioactive sequences that mediate cell and
protein adhesion and signalling are also present sporadi-
cally.®® Glycine is critical to allow the dense packing of individ-
ual collagen strands, staggered by a single amino acid, into a
right-handed triple helix. In native ECM, these helices

Table 2 Key classes of natural polymers discussed in this review, and their key beneficial and detrimental properties

Polymer Class Advantages Disadvantages
Collagen Proteinaceous « Adhesive and bioactive + Assembly sensitive to modification
« Abundant and biodegradable - Contamination can lead to immunogenicity
« Mimics native ECM » Mechanical stability lost during processing
Gelatin Proteinaceous « Adhesive and bioactive » Mechanically weak
« Tolerant of functionalisation + Contamination can lead to immunogenicity
« Abundant and biodegradable * Requires cross-linking
Silk Proteinaceous » High mechanical strength and elasticity « Slow gelation
« Adhesive
» Low immunogenicity
ELPs Proteinaceous « Thermoresponsive (LCST) « Low stability without cross-linking
« Tunable structure and sequence
« Recombinant expression
Alginate Polysaccharide « Rapid gelation with divalent cations « Cation leaching leads to dissolution
« Abundant + Non-biodegradable
« Ease of use for 3D printing « Poorly adhesive
- Reactive handles for functionalisation
Chitosan Polysaccharide « Adhesive and antimicrobial « Poor solubility at neutral pH
» Abundant
» Low immunogenicity
HA Polysaccharide - Bioactive and biocompatible + Low stability without cross-linking

« Binds growth factors and cytokines

« Rapidly degraded in vivo

« Reactive handles for functionalisation

Chondroitin sulfate Polysaccharide

« Bioactive and biocompatible
- Binds growth factors and cytokines

« Low stability without cross-linking
+ Rapidly degraded in vivo

« Reactive handles for functionalisation
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undergo hierarchical assembly, first into collagen fibrils, and
then the fibres that give collagen its high mechanical strength
in tissue. However, during the processing of native collagen I
to produce material for hydrogelation, elements of this organ-
isation are lost, leading to a drop in mechanical stability.”
Furthermore, the sensitivity of the hierarchical assembly
process to disruption limits the ability to chemically modify
and functionalise collagen fibres for covalent cross-linking.'”*
However, the Wood and Phopase groups have demonstrated
that methacrylated collagen I is able to maintain structure and
undergo stable photocross-linking in situ, to enable the devel-
opment of injectable collagen hydrogels.®>'”* Chen et al. have
recently gone on to demonstrate that acrylated collagen I can
be used to both crosslink and photo-pattern hydrogels with
complementary acrylated proteins.'”? Spatially resolved conju-
gation of alkaline phosphatase was seen to promote prolifer-
ation of encapsulated bone marrow stromal cells, and
enhanced mineralisation towards engineered bone formation.

Though more rarely used, collagen II is also attractive for
tissue engineering. In particular, collagen II has been shown
to be more effective at inducing chondrogenesis than type
I. However, collagen II also has a higher density of glycosyla-
tion sites which act to reduce fibrillation capacity, leading to
hydrogels with very weak mechanical properties. Vazquez-
Portalatin et al. have demonstrated that the use of collagen
type /11 blends allows partial recovery of hydrogel strength.”?
Alternatively, Yang et al. have employed photo cross-linking of
methacrylated collagen II to generate homopolymer hydrogels
for the first time, with a resultant upregulation of chondrogen-
esis when compared to analogous collagen I scaffolds.'”*

Though only a small subset of the population display an
immune response to type I collagen, the common use of mam-
malian sources to derive protein for gelation leads to a high
risk of immunogenicity and challenges associated with hetero-
geneity.'”> More recently, recombinant human collagen has
become commercially available, with a resultant improvement
in biocompatibility and reproducibility. The use of bacterial col-
lagens is also becoming increasingly attractive and offers a
viable alternative to mammalian proteins. In a series of papers,
the Ramshaw and Stevens groups have demonstrated that the
Streptococcal collagen-like 2 (Scl2) proteins provide the advan-
tageous triple helical structure and mechanical strength of
human collagen, while also being non-immunogenic, non-toxic,
and amenable to reproducible large-scale expression.'”®'7®
Importantly, these bacterial collagens lack bioactive epitopes,
providing a ‘blank-slate’ into which adhesive, signalling, and
degradable motifs can be recombinantly introduced. The
authors have therefore demonstrated that Scl2-derived hydro-
gels overcome the heterogeneity of mammalian collagens, pro-
viding precise control over chondrogenesis."”®

As an alternative to full length collagen, collagen-mimetic
peptides have also been reported to undergo hydrogelation. In
their native form these short peptides are often unable to form
stable helices. As will be discussed further in section 5, assem-
bly can, however, be controlled through a careful balance of
hydrophobic and hydrophilic content. In an early report, Yu
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et al. reported that lipidation of a collagen-mimetic increased
amphiphilicity and drove helix formation.'”® In an alternative
approach, Luo and Tong demonstrated that collagen epitopes
can be displayed on the surfaces of p-sheet forming pep-
tides.'®® Although this peptide does not form a triple helix, it
is able to aggregate into fibrillar hydrogels which are able to
partially recapitulate the properties of native collagen.

4.1.2 Gelatin. Gelatin is obtained through the partial
hydrolysis and denaturation of collagen."®" 1t therefore retains
many of the biologically active epitopes of collagen, such as
the cell adhesive RGD sequence. Similarly to collagen, gelatin
also undergoes facile biodegradation in vivo to generate well
tolerated peptidic digestion products.'® Gelatin is therefore
an attractive natural polymer for creating hydrogels with high
biocompatibility. The denaturation process also leads to a
reduction in immunogenicity, that has been attributed to a
lower content of aromatic amino acids.'®® However, a loss of
mechanical strength is observed in gelatin-based hydrogels,
due to the absence of the stabilising triple helix present in col-
lagen. As a result, gelatin has been widely incorporated into
composite materials to provide bioactivity to a structural
polymer.*>'8%183 Alternatively, lysine residues on gelatin can
be easily functionalised to provide reactive handles for chemi-
cal cross-linking. The absence of triple helical character in
gelatin leads to better tolerance of such chemical modifi-
cations, with a lower risk of disrupting protein structure and
assembly when compared to collagen-based materials. This is
most commonly achieved through the addition of methacryl-
amide groups for photo cross-linking, to produce the material
commonly referred to as GelMA."™*'%° Recent developments
in GelMA hydrogelation include the use of 2-photon polymeris-
ation to generate GelMA scaffolds with 3D patterning at a
resolution of ~5 um,"®" while rapid visible light photocuring
with blue LED light has been demonstrated by Monteiro and
co-workers."®> Zhu et al. have also recently reported that
GelMA can be produced with excellent batch-to-batch consist-
ency through controlled synthesis, with reproducible degrees
of methacrylation and hydrogelation properties.'®® Since
heterogeneous polymer populations are primarily responsible
for variability in hydrogel properties, access to such reproduci-
ble syntheses is therefore critical to enable clinical translation.

4.1.3 Silk. Natural silk is typically composed of two pro-
teins, fibroin and sericin. Fibroin provides silk with structure
and represents the bulk of the material, assembling into fibres
which are then glued together by sericin. In the context of
tissue engineering, the fibroin chain is most commonly used
in isolation to form hydrogels.'®* Fibroin is composed of a
repetitive primary structure that is dependent on the species
from which it is isolated. In general, alanine rich motifs lead
to the formation of tightly packed, crystalline, anti-parallel
B-sheet domains that drive fibril assembly and impart silk with
mechanical strength."®® On the other hand, glycine-rich motifs
lead to flexible turns, helices, and random coils that form an
amorphous region responsible for elasticity. It is the combi-
nation of these two properties that lead to the versatility of silk
as a biomaterial for tissue engineering.
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The hydrogelation of silk fibroin is driven by f-sheet assem-
bly. While spontaneous in solution, this process can be slow
and physically cross-linked silk is therefore a poor choice of
material for injectable hydrogels.'”® However, fibroin does
display shear thinning behaviour, and so has found use as
part of composite printable and injectable mixtures, and has
also been widely functionalised to allow rapid chemical
curing.**'971%8 Interestingly, the Mandal group demonstrated
in 2018 that combining two fibroins from different species can
also greatly enhance gelation rates, attributed to accelerated
assembly due to differences in hydrophobicity (Fig. 9).'%%*°
Alternatively, Cheng et al. have reported that accelerated coop-
erative assembly can be triggered through the addition of
small molecule peptide-gelators. The resultant hydrogels can
form at fibroin concentrations as low as 0.1%, and have been
shown to trigger angiogenesis in vivo.>*°

Fibroin hydrogel degradation is significantly slower than
many other protein-based materials, as a result of the high
crystallinity generated during f-sheet assembly, offering great
benefits for stability and longer term structure. Recombinant
silks have also emerged in recent years, providing opportu-
nities to incorporate additional bioactive motifs, thermo-

responsive behaviour, and tunable degradation rates."®>?%' %3
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Fig. 9 Fabrication of silk hydrogels using a blend of fibroins from
different species. Gelation is monitored by following absorbance at
550 nm. Using either B. mori or A. assama fibroins in isolation leads to
very slow gelation, whereas mixtures of the two rapidly undergo gelation
through accelerated assembly. Adapted from Biomaterials, vol. 187,
M. Kumar et al., ‘Ilmmunomodulatory injectable silk hydrogels maintain-
ing functional islets and promoting anti-inflammatory M2 macrophage
polarization’ 1-17, Copyright 2018, with permission from Elsevier.1%®
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A major beneficial property of silk hydrogels are their lack
of immunogenicity in vivo. Indeed, silk sutures have been used
in medicine for centuries, eliciting only a very minimal foreign
body response.’®* Though often thought to be less immuno-
genic than other proteinaceous polymers, there are in fact few
studies that make direct comparisons to materials such as col-
lagen, with often conflicting results.”®* The benefits of silk
instead appear to derive from the purity with which gel precur-
sors can be obtained, in contrast to the common contami-
nation of other proteins. In recent years, it has further become
apparent that although raw silks containing both fibroin-
sericin are pro-inflammatory, materials composed solely of
sericin are in fact also well tolerated, as reported by Jiao
et al*® This has prompted an exciting reinvestigation of
sericin-based hydrogels in recent years, due to its cell adhesive
and pro-angiogenic properties.>*®*%”

4.1.4 Elastin-like polypeptides. Elastin-like polypeptides
(ELPs), also known as elastin-like polymers, are genetically
engineered proteins based on a repeating ‘VPGXG’ sequence
derived from native elastin. The properties of a particular ELP
construct are dictated by X, known as the guest residue, and
the number of repeating units.>*® The ability to produce ELPs
either recombinantly or synthetically enables versatile and
large scale production. Complete control over sequence, struc-
ture, and properties is possible, through the incorporation of
multiple guest residues into a single construct.

ELPs exhibit thermoresponsive behaviour, with an LCST
above which protein assembly can be induced, providing
opportunities for responsive hydrogels as will be discussed in
section 6. The temperature transition displays hysteresis upon
reversal, providing an increased temperature window in which
gels are stable for biological applications.>*® The LCST is
strongly influenced by the nature of the guest residue - hydro-
phobic residues promote the collapse and aggregation of the
protein to form gels at lower temperatures, while hydrophilic
residues stabilise the solvated and extended conformation that
exists below the LCST. Assembly typically results in a protein
coacervate, with subsequent cross-linking often necessary to
form stable hydrogels.**° The incorporation of nucleophilic or
enzymatically sensitive guest residues can therefore provide
reactive handles to mediate direct or indirect chemical cross-
linking.*'%*'* Cross-linking also helps to accelerate the assem-
bly process, which can otherwise be slow.*’* Wang et al.
recently demonstrated that cross-linking soluble proteins prior
to assembly can mediate the resultant hydrogel properties
when the temperature is raised above the LCST, giving diverse
materials from the same ELP construct.’’® By varying cross-
linking stoichiometry prior to assembly, gels with elastic
moduli ranging from 50-890 Pa could be generated. This
report therefore offers intriguing possibilities for tuning hydro-
gel properties, and thus cellular interactions, from a common
protein precursor.

The similarity of the ELP primary sequence to naturally
occurring elastin results in minimal immunogenicity and a
low sensitivity to protease activity.”°® Furthermore, the versati-
lity of expression enables the incorporation of additional
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peptide motifs that are able to enhance the bioactivity of ELP
hydrogels. For example, RGD peptides have been integrated
into the primary structure of ELP constructs by the Heilshorn
group, and shown to enhance hydrogel cell adhesion
(Fig. 10).>**'215 Composite structures can also be created,
most commonly in the form of silk-elastin like polypeptides
(SELPs) that combine the mechanical strength and cell
adhesive properties of silk with the thermoresponsive pro-
perties of ELPs.>'® To overcome the slow formation of silk
domains into $-sheets, which can otherwise hinder the inject-
ability of SELPS, Cipriani et al. have reported that pre-anneal-
ing below the LCST of the ELP construct can accelerate assem-
bly prior to gelation, enabling rapid formation of stable SELP
hydrogels following injection.?®*> These gels were able to
promote chondrogensis in an ex vivo model of cartilage regen-
eration, and their future application in vivo is therefore
intriguing.

4.1.5 Other proteinaceous polymers. Though the proteins
described above have been most widely applied, others have
also been reported to form hydrogels with benefits in more
niche applications. For example, fibrin, a polymer of activated
fibrinogen that forms fibrous, viscoelastic, and porous hydro-
gels, is widely used in the clinic as a bioadhesive.*!” However,
fibrin is also rapidly degraded in vivo limiting widespread ver-
satility, and forms hydrogels with poor mechanical character-
istics unless cross-linked.”

A number of ECM derived protein gels have also found use,
with perhaps the most common being Matrigel, a commer-

4
Amino acid sequence:
LQ[LDAS- ~SA((VPGIG),VPGKG(VPGIG),);VP],LE

sequence:
Cell-adhesive: TVYAVTGRGDSPASSAA

Day 3 Day 7

Fig. 10 (a) Schematic of an ELP construct containing cell-adhesive
RGD sequences; (b) fluorescence microscopy images of explanted chick
dorsal root ganglia encapsulated within ELP hydrogels over 7 days in
culture, in the presence or absence of RGD motifs. Neurite outgrowth
was greatly enhanced in the presence of the adhesive peptide. Adapted
from Acta Biomaterialia, vol. 9, K. J. Lampe, A. L. Antaris, and
S. C. Heilshorn, '‘Design of three-dimensional engineered protein hydro-
gels for tailored control of neurite growth’, 5590-5599, Copyright 2013,
with permission from Elsevier.”°
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cially available, soluble, and sterile protein extract from mouse
Engelbreth-Holm Swarm (EHS) tumours. Matrigel is mostly
composed of native ECM proteins, including collagen and
laminin, but also contains significant quantities of proteogly-
cans, heparin sulfate, and cell-instructive growth factors. It is
the heterogeneous composition of Matrigel that is both its
biggest strength and limitation - the ability of Matrigel-based
hydrogels to closely recapitulate native ECM allows potent
modulation of cell behaviour.>'® However these effects are
often uncontrolled and the benefits have been shown to
quickly diminish as transient signalling molecules are lost.*"°
Combined with its origin in cancerous mouse tissue, the het-
erogeneity of Matrigel also prevents in vivo application.
Alternatively, decellularised ECM scaffolds have generated
increasing interest due to their inherent similarity to native
cellular environments. Moreover, tissue-specific hydrogels can
be generated for the pathology they will be used to treat.*>*>*!
However, progress in this field is currently limited by the need
to obtain donor tissue and to match the immunological pro-
perties in order to limit the need for immunosuppression.

4.2 Polysaccharide polymers

Polysaccharide-based hydrogels are a highly attractive and
widely used class of natural materials for tissue engineering.
While some polysaccharides are naturally present in the ECM,
playing an important role in mediating cell behaviour and
protein adsorption, others are derived from highly abundant
natural sources in plants, algae, and animals.” The properties
of a particular polysaccharide are dictated by the substitution
patterns on individual sugar building blocks, which are then
linked through O-glycosidic bonds to form either linear or
branched polymers with high M,, (Fig. 11). These polymers are
typically highly polydisperse, both in terms of structure and
sequence, and high batch-to-batch variability can be proble-
matic.>*> However, when compared to protein-based materials,
polysaccharide hydrogels exhibit greatly diminished immuno-
genicity, high solubility and hydrophilicity that results in high
swelling gels, and abundant reactive handles for chemical
modification and cross-linking.**

4.2.1 Alginate. Alginate is the most widely used polysac-
charide for hydrogelation in tissue engineering. Alginates are
extracted from seaweeds and algae, and are composed of p-1,4-
linked blocks of p-b-mannuronic acid (M) and its C-5 epimer
a-i-guluronic acid (G) (Fig. 11).>** These blocks contain either
consecutive G or M residues, or an alternating sequence. It is
the order and ratio of these blocks that govern the properties
of a particular alginate, and this in turn is dependent on the
species in which it is produced.

The popularity of alginate is largely a consequence of the
ease with which it can be gelated through the addition of diva-
lent cations. The ionic nature of cross-linking provides alginate
hydrogels with elasticity and the ability to relax under strain,
in contrast to covalently cross-linked materials.* It is thought
that only G-blocks are able to ionically bond cations, inducing
gelation and providing mechanical strength. Alginates contain-
ing regions of high G content therefore lead to gels with
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Fig. 11 Structures of the most commonly used polysaccharides used to form hydrogels for tissue engineering applications. Deviations from the
monosaccharide structure of glucose are highlighted in blue, and linkages between monosaccharides in red (s: statistical polymer).

increased stiffness.??’

Gelation is currently thought to occur
through an ‘egg-box’ model, first proposed by Grant et al.,
whereby calcium ions sit within junctions between a corru-
gated ‘egg-box’ of poly-G (Fig. 12).>%°
Concentrations of Ca>" as low as 100 uM cause very rapid gela-
tion. Alginate has therefore been widely used as part of printa-

ble substrates through in situ exposure to calcium-containing

sequences

solutions, either in isolation or to provide structure to a com-
posite material.>***”>*° The rapid evolution of microfabrica-
tion technologies has enabled the production of alginate
hydrogels with increasingly complex structures. For example,

A A

NaozC OH NaOZC OH 5
Ho
Na02C OH
CONa
‘Egg-box' model
Alginate 2 Ca2* 4
I~ 0
o e e \
H 2+
W il R L
AL A X
9 OH
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Fig. 12 Structure of sodium alginate, and the formation of an ‘egg-box’
structure in the presence of Ca2* ions that induces rapid hydrogelation.
Reproduced with permission from New Journal of Chemistry, vol. 40,
J. V. Alegre-Requena et al., ‘Regulatory parameters of self-healing algi-
nate hydrogel networks prepared via mussel-inspired dynamic chem-
istry’, 8493-8501, Copyright 2016 — Published by The Royal Society of
Chemistry (RSC) on behalf of the Centre National de la Recherche
Scientifique (CNRS) and the RSC.3*3
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Jia et al. have recently produced superhelical, hollow hydrogel
microfibers, able to recreate the complex architecture of
helical blood vessels, using microfluidics.”*® These hydrogels
were able to be produced with impressive pm resolution and
used to support the tubular growth of human endothelium.

Gelation speed is dependent on the calcium source used,
with calcium(u) chloride having been shown to greatly increase
gelation rates when compared to alternatives such as
calcium(n) sulfate.”® Interestingly, it has been reported that
rapid gelation can be problematic in certain instances, pre-
cluding adequate mixing and leading to gels with hetero-
geneous structures and properties. The use of calcium(u) car-
bonate as an alternative calcium source is therefore intriguing,
due to its pH dependent dissociation. The use of glucono-
8-lactone as a mediator that hydrolyses gradually to slowly
create an acidic pH can therefore be used, as reported by the
Sell group, to enable controlled gelation and the production of
hydrogels with consistent and homogeneous properties.**

Though most widely applied, calcium ions are not unique
in being able to induce hydrogel formation. Indeed, divalent
cations of lead, copper, and cadmium have a far higher affinity
for alginate, leading to stiffer gels. However, the toxicity of
these ions prevents their use in biotechnology.”**> The use of
strontium and zinc containing hydrogels, as previously
reported by Place et al, has become increasingly attractive
though, due to the beneficial osteogenic properties of these
ions.”*® Similarly, barium-induced gelation has also been
exploited in tissue engineering, as Ba>" leads to the creation of
stronger gels than Ca®*.>**?3°

Alginate hydrogels are non-biodegradable, however they are
able to undergo dissolution following cation leaching into the
surrounding media. This leaching can be problematic to long-
term gel stability and the resultant soluble polymers may also
remain too large for efficient tissue clearance.*** Partially oxi-
dised alginate can be used to promote polymer clearance, by
generating sporadic open chain polymers which are able to
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undergo hydrolysis at a rate that depends on the levels of oxi-
dation, as first reported by Bouhadir et al>*® Furthermore,
leached metals can interfere with the local tissue. For example,
though calcium leaching may be favourable for inducing osteo-
genesis, in alternative tissues it may cause downstream problems
arising from tissue calcification.*” Similarly, barium is known to
block potassium channels at high concentrations, though the
increased affinity of Ba*>" for alginate allows lower cation concen-
trations to be utilised.>** The long term fate of alginate hydrogels
in vivo should therefore be carefully considered.

While alginate itself induces limited cell adhesion, the pres-
ence of carboxyl groups on each individual sugar unit provides
a versatile handle for functionalisation. The derivatization of
alginate both pre- and post-gelation with adhesive and bio-
active motifs, the formation of composite hydrogels, and
chemical cross-linking to enhance stability are all therefore
common.>*$7240

4.2.2 Chitosan. Chitosan is obtained through the partial
deacetylation of chitin, a naturally occurring polysaccharide
found in the shells and exoskeletons of crustaceans. It is there-
fore a widely available substrate for biomaterial studies.
Deacetylation results in a random distribution of p-1,4-linked
p-glucosamine and N-acetyl-o-glucosamine (GlcNAc) (Fig. 11).
The properties of a particular chitosan composition are
strongly affected by the GlcNAc content, with 40-100% deace-
tylation most common.>*! Acetyl groups both enhance cell
adhesion and promote enzymatic degradation by lysozyme.
However, as reported by Freier et al., polymers with high
GIcNAc content actually undergo slower degradation, as a
result of decreased solubility.>*"

In addition to being able to mediate cell adhesion, chitosan
also possesses inherent antimicrobial activity.”** It is well tol-
erated in vivo with limited immunogenicity. Furthermore, chit-
osan readily forms complexes with negatively charged polysac-
charides, such as hyaluronic acid and chondroitin sulfate,
making it an attractive structural component of composite gels
that exploit the bioactive properties of these native ECM poly-
saccharides described below. %4324

The low solubility of chitosan at neutral pH can be proble-
matic for polymer processing. Solutions of chitosan are most
commonly prepared at acidic pH, leading to glucosamine pro-
tonation, followed by gelation upon pH adjustment. The need
to work at low pH limits homogenous cell encapsulation prior
to gelation. Chitosan derivatives that possess solubility at
neutral pH, either through appropriate choice of
counterion,>***** or through chemical derivitisation,>***® are
therefore attractive for the formation of cellularised hydrogels.
Carboxymethyl chitosans are a particularly prominent class of
modified chitosans, with control over N- or O-functionalisation
dictating the solubility range of a particular construct.>*® For
example, Miiller et al. utilised N,O-carboxymethyl chitosan to
produce water soluble polymers able to complex polypho-
sphate, and form composite, printable hydrogels with alginate
when exposed to Ca®>" ions.>”° The presence of polyphosphate
was seen to promote osteogenesis of implanted gels in vivo,
making these scaffolds promising materials for bone tissue
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engineering. More recently, Zhao et al designed
O-carboxymethyl chitosan-amorphous calcium phosphate
nanoparticles able to undergo gelation upon a reduction in pH
from 11 to 7.5.>' The resultant gels were also found to be
osteoconductive in vivo promoting the formation of uniformly
mineralized and mature bone. These gels could be both
printed and injected, making them interesting candidates for
bone engineering in the future.

4.2.3 Hyaluronic acid. Glycosaminoglycans (GAGs) are
highly polar, unbranched polysaccharides used for structure,
lubrication, and protein binding throughout human tissues.
Hyaluronic acid (HA) is unique amongst GAGs in that it is
non-sulfated, being composed of linear chains of f-1,4-linked
B-p-glucoronic acid-(1,3)-GleNAc disaccharides (Fig. 11).>* The
presence of a carboxylic acid within the repeating unit provides
HA with a high density of negative charge at neutral pH,
leading to gels with high swelling ratios and water contents to
maintain osmotic balance. The negative charge also allows HA
to form non-covalent complexes with cell-instructive proteins
and cell-surface complexes such as CD44. HA therefore
strongly influences biomolecule and cell diffusion, cell differ-
entiation, tissue hydration, growth factor activation, and many
other key biological processes.>***** The interactions of HA
are highly dependent on M,, and hydrogel design and cross-
link density is therefore important in dictating the bioactivity
of a HA scaffold.>*®

As a key component of human ECM, HA-based gels are
naturally well tolerated, with high biocompatibility. However,
physically cross-linked networks also display poor mechanical
properties as a result of their high water content and swelling.
Furthermore, HA is susceptible to rapid degradation due to
the prevalence in native tissues of hyaluronidase enzymes.**?
HA gels therefore typically require chemical cross-linking for
tissue engineering applications, or are incorporated as bio-
active components of composite scaffolds.>**?*72*® The use of
fast covalent cross-linking reactions, such as the inverse-elec-
tron demand Diels-Alder reaction between complementary tet-
razine- and trans-cyclooctene-functionalised HA derivatives as
reported by Park et al., enable the formation of injectable HA
preparations that undergo rapid gelation in vivo.>®® The
Burdick group have also reported that supramolecular cross-
links, as discussed further in section 5, can be used to produce
shear-thinning hydrogels, that can be used for 3D printing of
stable HA scaffolds.*®" Finally, as an exciting alternative to these
technologies, the Appel and Woo groups have recently disclosed
a novel approach to form injectable HA scaffolds, by exploiting
non-covalent interactions between a hydrophobically-modified
HA and PEG-PLA nanoparticles.>®> Gels of varying strength
could be generated by varying the functionalisation density of
the HA, without affecting its biochemical signalling capabilities.
Importantly, this polymer-nanoparticle hydrogel strategy can
potentially be translated to a wide range of alternative natural
and synthetic polymers, and is therefore likely to be the subject
of increasing interest in the future.

4.2.4 Chondroitin sulfate. Chondroitin sulfate is the most
abundant GAG in the body, playing a crucial role in providing
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resistive strength, mediating hydration, and regulating growth
factor binding.>®® It is composed of linear chains of -1,4 linked
B-p-glucoronic acid-(1,3)-N-acetyl-p-galactosamine (GalNAc) dis-
sacharides, with sulfates being positioned at either the 4- or
6-positions of GalNAc (Fig. 11). Sulfation density and pattern
dictates the specific activity of chondroitin sulfate, controlling
growth factor binding and ECM protein interactions.*** Subtle
changes in sulfation have been shown to have drastically
different, and often conflicting, effects on cell behaviour.**

In a similar manner to HA-based hydrogels, physically
cross-linked chondroitin sulfate gels have a very high water
content as a result of their high charge density. These gels are
mechanically weak as a result. Although less sensitive than HA to
enzymatic degradation, chondroitin sulfate is also broken down
by hyaluronidase enzymes.*’ Chondroitin sulfate is therefore
most commonly applied in cross-linked form or as part of com-
posite materials with enhanced mechanical stability.>%*26>7267

Chondroitin sulfate-based hydrogels have been particularly
widely studied for chondrogenic applications. The Bian and
Bryant groups have recently demonstrated that chondroitin
sulfate can direct MSCs towards a chondrogenic phenotype,
while importantly inhibiting detrimental hypertrophy that can
lead to mineralisation.?*®**® However, Kim et al. have also
shown that chondroitin sulfate-containing hydrogels can also
induce an osteogenic MSC fate when integrated into bone
defects, with Ca®>" ions binding to the negatively charged
sulfate groups, leading to an ion-rich environment which pro-
moted mineralisation.?”°

4.2.5 Other polysaccharide polymers. In addition to the
polysaccharides described above, a number of poly-glucose
based polymers have also been used to form gels for tissue
engineering. Dextran is a branched polysaccharide of
microbial origin, predominantly composed of a-1,6-linked
p-glucose with additional «-1,3 linkages that lead to cross-
linking. The exact structure is dependent on the species of
origin, but dextrans generally display good biocompatibility
and are enzymatically degradable in humans. Though native
dextran is resistant to cell and protein adhesion, functionalisa-
tion with amino groups enables derivatization and the for-
mation of cell-supporting hydrogels."*®>”*

By contrast, cellulose is formed exclusively of o-1,4-linked
p-glucose. Despite being the most abundant bio-polymer on the
planet, cellulose is poorly suited as a polymer for hydrogelation
due to its low water solubility. However, methylation to form
methyl cellulose leads to the generation of a polysaccharide with
reverse thermoresponsive behaviour, with an LCST for gelation
that is dependent on the level of methylation.>”* This has led to
increasing interest in the use of methyl cellulose as an abundant
material for the 3D printing of hydrogel scaffolds.””* In a notable
recent report, Cochis et al. have demonstrated that methyl cell-
ulose is well tolerated in vivo, and moreover is able to induce
hMSC chondrogenesis under mechanical strain.””*

Finally, pullulan, composed of o-1,6-linked maltotriose
units (triglucose linked by o-1,4 glycosidic bonds), is derived
from fungal metabolism of starch. It is biodegradable, non-
immunogenic, and FDA approved, making it an attractive
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material for tissue engineering.>* Though not inherently cell
adhesive, it has particularly found use in composite materials
that provide the motifs necessary for cell attachment.>**”>>7¢
Pullulan hydrogels are therefore an emerging class of sub-
strates for tissue engineering.

5. Dynamic and supramolecular
materials

Hydrogels with reversible or non-covalent cross-links, or com-
posed of supramolecular polymers or assemblies, display
unique properties for tissue engineering. The synthesis, pro-
perties, and applications of these gels have been extensively
reviewed, and the reader is directed to the following references
for excellent recent overviews of the area by the Gelain,
Bowman, and Smith groups.”””>%° Here, we will briefly sum-
marise some of the key material classes and the advantages
offered by these technologies.

Self-assembled hydrogels are typically formed from low
molecular weight gelators (LMWGS). These substrates undergo
spontaneous and reversible formation of organised structures,
while retaining the chemical versatility and ease of synthesis
of small molecules. The formation of hydrogels from these
LMWGs is on a knife-edge of stability -~ small perturbations in
the delicate balance of attractive and dissociative forces can
lead to the formation of precipitates or dissolution of the
gelator.”®® Assembly is often triggered by an applied stimuli. It
is important to consider the effects of this stimuli, as common
triggers such as changes in pH or temperature may result in
pre- or post-gelation conditions that are damaging to cells.
Alternative triggers, such as the use of protein-protein inter-
actions as reported by Wong Po Foo et al., are therefore
attractive.”

Hydrogels formed from LMWGs benefit from the capacity
to self-heal, display shear-thinning behaviour, and undergo
localised reassembly to adapt to stress and dissipate forces
exerted by cells.”®"*® However, they also possess weak
mechanical properties as a result of the non-covalent forces
that lead to assembly and hold together the scaffold. Recent
reports on multi-component gels are therefore attractive.*s°
For example, Vieira et al. recently demonstrated that a LMWG,
DBS-CONHNH,, could be used to generate hydrogels for cell
growth. However, the addition of a polymeric component, in
the form of agarose, enabled an order of magnitude improve-
ment in gel mechanical properties to be achieved.”® In doing
so, the authors combined the dynamic properties of a LMWG
with the mechanical strength of a traditional polymer gelator.

Self-assembling peptides have been particularly widely used
to produce biomedical hydrogels. Short peptides can routinely
be synthesised on solid phase with high modularity, and are
degraded into amino acids making them highly bio-compati-
ble materials.*®* Assembling peptides are typically amphiphi-
lic, with either hydrophobic amino acids or non-natural alkyl
or aromatic motifs being used to drive assembly into fibrillar
architectures. Importantly, since pioneering work by the Stupp
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group in 2004,>% it has been widely demonstrated that self-
assembling peptides can be engineered to enable the display
of bioactive sequences at high density, making them attractive
scaffolds for tissue engineering.”®*>%® Assembly into p-sheets
is common, leading to higher mechanical strength than amor-
phous aggregates. For example, Tang et al. have recently
reported a series of related pentapeptides, based around the
parent sequence KYFIL, able to rapidly form stable hydrogels
via the assembly of B-sheet nanofibers.?®> These gels display
sheer thinning and self-healing behaviour, with single amino
acid substitutions enabling the Young’s modulus of the
materials to be tuned over two orders of magnitude. Fibre mor-
phology and pH responsive properties were also shown to be
highly sequence dependent. This work therefore highlights
one of the key benefits of self-assembling peptides, with the
diversity and versatility of molecular changes having a pro-
found impact on hydrogel properties.

Dynamic or supramolecular cross-linking can also be
exploited to create hydrogels that display self-healing and
shear-thinning behaviour, from both synthetic and natural
polymer precursors. For example, the complexation of boronic
acids with diols to form boronic esters results in dynamic
covalent bonds that can undergo exchange.”®*?%
Complexation is generally favoured at pH > pK, of the boronic
acid. The use of benzoxaborole or phenylboronic acids bearing
electron withdrawing groups is therefore required to bring the
pK, into a physiologically relevant range (Fig. 13).>°'72%3
However, Yesilyurt et al. have demonstrated that if the pK, is
lowered too far, bonding becomes too stable and the dynamic
properties of the gel are lost.”*" The authors showed that
exploiting the complexation of a boronic acid with a pK, ~6.5
and glucose led to strong gels that were rigid across a biologi-
cally relevant pH range. By contrast, fluorophenyl boronic
acids, with a pK, ~7.2, were seen to produce shear-thinning,
injectable hydrogels.

Host-guest complexation has also been exploited to form
self-healing gels, particularly through the use of cucurbit[n]
uril and p-cyclodextrin hosts, as first reported by the Scherman
and Stupp groups respectively.>**>°” The reversible nature of
host-guest interactions enables the modulation of hydrogel
stiffness, as recently demonstrated by Shih and Lin. PEG
hydrogels functionalised with p-cylodextrin were shown to
form stabilising crosslinks with adamantane-derivatised multi-
arm PEGs. The addition of competitive, soluble p-cyclodextrin
led to reversal of this stiffening, and this process could be
repeated multiple times with little change in response. As
highlighted earlier, hydrogel stiffness is a critical determinant
of stem cell fate, and such reversible systems are therefore
likely to be of increasing interest in the near future.

Finally, reversible hydrazone bonds have been increasingly
widely studied as a means to impart hydrogels with dynamic
properties. In these systems, the equilibrium constant of
hydrazone formation/hydrolysis is critical, with benzyl alde-
hydes leading to more stable linkages than their aliphatic ana-
logues, thus dictating the mechanical properties of the gel.'*®
In an interesting demonstration of the importance of hydrogel
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Fig. 13 (a) Schematic of a self-healing hydrogel, able to undergo
dynamic exchange of chemical cross-links; (b) fluorination of phenyl
boronic acid is necessary to lower the pK, of the boronic acid into a
physiologically relevant range, allowing it to form dynamic bonds with
p-gluconic acid linked polymers; (c) the use of this chemistry can be
used to form self-healing PEG hydrogels. Separate gels can be placed
together and fused to form a single, stretchable gel, through which the
encapsulated methylene blue dye can diffuse. Part C reproduced from
Advanced Materials, vol. 28, V. Yesilyurt et al., ‘Injectable Self-Healing
Glucose-Responsive  Hydrogels with pH-Regulated Mechanical
Properties’, 86—91, Copyright 2016, with permission from John Wiley
and Sons.?**

dynamic properties on cell fate, the Anseth group recently
showed that a balance of benzyl and alkyl aldehydes was criti-
cal to maximise ECM deposition by encapsulated chondrocytes
within a PEG hydrogel.'®® Unsurprisingly, weak gels quickly
lost network connectivity. However, in contrast if the gel was
too stable chondrogenesis was found to be stifled and matrix
deposition constrained.

6. Responsive hydrogels

The static nature of many hydrogels is in stark contrast to the
dynamic environment experienced by cells in their native
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extracellular niche. Gels that can respond to external stimuli
and undergo a change in structure or properties are therefore
attractive materials for tissue engineering. In this section, we
will provide a brief overview of the key design features that can
lead to responsive hydrogels and their applications.

Thermoresponsive gels have been particularly widely used,
predominantly as injectable materials that undergo gelation
when applied in vivo. This enables minimally invasive delivery
to be achieved through the injection of liquid precursors that
gelate in situ, along with the ability to adapt to the size or
shape of the cavity in which the gel is being applied.'® Two cat-
egories of thermoresponsive behaviour are theoretically suit-
able for such applications - the use of polymers which gel
when cooled to body temperature, or alternatively polymers
which possess an LCST and gelate when heated to body temp-
erature. In practice the use of polymers with an LCST is par-
ticularly attractive, as it negates the risk of damage from the
injection of heated solutions."® Assembly above the LCST of a
polymer is predominantly driven by entropic contributions.
PNIPAM, introduced in section 3.1.3, is the archetype of a
thermoresponsive polymer, possessing an LCST ~32 °C. Below
this temperature, the polymer chains are highly solvated.
However, when the temperature is raised, aggregation of the
hydrophobic iso-propyl groups takes place, leading to an
increase in entropy as the solvation shell is released.®® Many
other synthetic polymers also possess LCSTs within a biologi-
cally relevant range and have therefore found use as com-
ponents of injectable hydrogels, including poly(oligo(ethylene
glycol)methyl ether methacrylate) (POEGMA)*°® and pluronics
(PEG-poly(propylene oxide) co-polymers).>** POEGMA is par-
ticularly attractive as a thermoresponsive polymer as its LCST
and gelation time can be tuned based on the number of ethyl-
ene oxide repeat units across a wide temperature range
(20-90 °C). Importantly, the Hoare group have recently demon-
strated that by mixing different POEGMA constructs, rational
tuning of these properties can be achieved in an ‘off-the-shelf’
manner.””® In a series of papers they have subsequently gone
on to exploit injectable POEGMA-based hydrogels to produce
3D-aligned myotubes for cardiac tissue engineering,**
adhesive hydrogels for in vivo fibroblast penetration,*** and
degradable  scaffolds for epithelial  proliferation.>*?
Alternatively, naturally-derived polymers can be modified to
provide LCST behaviour, such as chitosan-p-glycerophosphate
blends,*** ELPs,** methyl cellulose,””® hydroxybutyl chito-
san,*® and galactose-modified xyloglucan.?*>°® Of relevance
to biomedical hydrogels, LCSTs are dependent on both the
concentration and nature of the salt content, with the poten-
tial to alter the applicable temperature range of a particular
thermoresponsive polymer as a result.>*”%

Enzymatic responsiveness can also be imparted to hydrogel
scaffolds. Indeed, the ability of cells to remodel their environ-
ment through the action of extracellular enzymes has been
shown to be highly beneficial to tissue development, as
described in section 2.2.***® Within the family of naturally
derived polymers, sensitivity to enzymatic degradation is
inherent to their biological origins. Degradation by endogen-
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ous enzymes may prove problematic, as highlighted by the
instability of HA-based gels due to the activity of hyaluroni-
dases.”® In contrast, within synthetic polymers enzymatic sen-
sitivity must be built into the hydrogel scaffold. This is most
commonly achieved via cross-linking with protease-sensitive
peptides, enabling cleavage through the action of enzymes
such as those of the matrix metalloprotease (MMP)
family.27’34'44

The use of light has emerged as a potent means to modu-
late hydrogel properties with both spatial and temporal
control. Light-responsive hydrogels typically exploit photo-clea-
vage or -cross-linking to alter the scaffold architecture or func-
tionality (Fig. 14).®%° The use of light to mediate changes
results in a fast response time, with micron-scale patterning
possible in 3D through the use of 2-photon irradiation.>*®
However, light penetration is quickly attenuated with sample
thickness, and the use of UV irradiation in particular can be
damaging to cells, as described in section 8. The recent work
of Lunzer et al., exploiting a small molecule 2-photon sensi-
tizer to greatly reduce the irradiation times and intensities
needed to achieve robust 3D patterning, is therefore particu-
larly exciting.*"°

With photo-sensitive groups that respond to orthogonal
wavelengths of light, it is possible to modulate multiple gel
properties in isolation, allowing precise control over gel
stiffness or bioactivity within the same scaffold, as demon-
strated by Rosales et al.*'™*'> The authors synthesised a HA-
based hydrogel that could undergo softening through the clea-
vage of nitrobenzyl-crosslinkers with 365 nm UV irradiation.
Alternatively, the gel could be stiffened via methacrylate cross-
linking following addition of a photoinitiator and irradiation
at 400-500 nm. Further developments in spectrally resolved
photochemistry will enable increasing complexity to be built
into these systems, with interesting opportunities for creating
temporally responsive scaffolds.

Other means of triggering hydrogel responsiveness are of
less relevance to tissue engineering. For example, pH sensitive
gels have been widely exploited in drug delivery, but changes
in the acidity or basicity of a gel are also likely to lead to cellu-
lar damage. Even gels that exhibit changes in morphology over
very narrow pH ranges require cells to be exposed to pH
regimes that are unfavourable for tissue growth.>'® Similarly,
while disulfide linkages have been used to generate gels that
are sensitive to reductive environments, particularly for intra-
cellular drug delivery, extracellular reduction has been less
commonly implemented.

7. The influence of polymer
architecture

Careful control over polymer design can be critical to dictate
hydrogel properties. Two polymers with the same monomer
composition, but different architectures, can generate gels
with drastically different characteristics. This is typified by the
assembly and hydrogelation of amphiphilic block co-polymers.
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Fig. 14 (a) Schematic of a responsive hydrogel, where chemical cross-
links are broken in response to a light stimuli; (b) nitrobenzyl ethers
undergo photocleavage in response to either single (4 = 365 nm) or
2-photon (4 = 740 nm) irradiation; (c) 3D patterning of channels in a
PEG-based hydrogel by a combination of photodegradation and photo
thiol-ene modification with RGD motifs, allowing the encapsulation and
outgrowth of 3T3 fibroblasts. Inset is a top-down projection of the
channels. Red — hydrogel; green — F-actin; blue — cell nuclei, scale bar
100 pm. Reprinted by permission from Springer Nature, Nature
Chemistry, 'Cytocompatible click-based hydrogels with dynamically

tunable properties through orthogonal photoconjugation and photo-

cleavage reactions’, C. A. DeForest and K. S. Anseth, 2011.3**

For example, ABA polymers (where A is hydrophobic and B is
hydrophilic e.g. PCL-PEG) undergo gelation at lower concen-
trations (i.e. lower CGC) and produce stronger gels than an AB
polymer of the same composition. This can be rationalised
through the ability of the ABA polymer to form intra- as well as
inter-polymer interactions, promoting the aggregation of
micelles to form bulk hydrogels."*® Similarly, ABA type poly-
mers undergo more effective gelation than the analogous BAB
construct due to the ability of the hydrophobic blocks to form
loops and bridge micelles, accelerating assembly.’"*
Importantly, block length must also be carefully considered
alongside total content of a particular hydrophobic polymer.
Zhang et al. recently demonstrated that short PCL chains,
grafted to a poly(glutamic acid) backbone, were unable to form
crystalline domains, even though presented at high density. The
amorphous aggregates were able to provide robust mechanical
strength, while enabling hydrolysis to occur on a relevant time-
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frame in vivo."”® As a result, the authors were able to address
the disadvantages of PCL as discussed in section 3.3.3.

The situation is further complicated for non-linear poly-
mers, with an increase in arms in star-polymers leading to a
drop in CGC.*"® As demonstrated by Li et al., hyperbranched
polymers possess a greatly reduced CGC as a result of
increased interactions between polymer branches, in contrast
to the singular interactions imposed by linear architectures,
leading to hydrogels with increased mechanical stability.>!®*"
Similarly A-g-B graft co-polymers behave very differently to the
analogous B-g-A construct.*’® These trends in assembly are
also reflected in the rate of hydrolysis in polyester-based hydro-
gels, with the structure of polymer precursors greatly influen-
cing degradation rate. For example, Jeong et al. have reported
that the hydrolysis of PLGA side chains in PEG-graft co-poly-
mers results in drastically faster gel degradation in vivo than
the analogous polymer bearing a PLGA backbone and PEG
sidechains.>'® The authors hypothesise that the generated
short chain hydrolysis products are easily washed away from
the site of implantation, in contrast to the long chain PLGA-g-
PEG products that result from backbone cleavage.

Within chemically cross-linked gels, properties can still be
dictated by the design of both polymers and macromer precur-
sors. While many models for the hydrogelation of macromers
assume ‘ideal’ functionality, whereby all end-groups form pro-
ductive cross-links, experimental results deviate from this model
with partially reacted cross-linkers, intramolecular loop for-
mation, and chain entanglements acting to alter the hydrogel
network structure.*'***° In theory, to maximise ‘ideality’ gelation
should be undertaken at an optimal concentration at which
polymer chains are starting to come into contact, as recently
highlighted by Wang et al**' Below this concentration, cross-
linking is less efficient, promoting loop formation, while at
higher  concentrations entanglement limits diffusion.
Importantly, the authors showed that the use of star polymers
was more amenable to identifying this optimal concentration,
due to the known propensity of star-systems to form elongated
rather than coiled structures, that behave more like predictable
tetrahedra and producing a more ‘crystal like’ network structure.

When star-macromers are utilised to form hydrogels, the
consequences of each imperfection also become less signifi-
cant with increasing number of arms, as a relatively lower pro-
portion of cross-linking opportunities are lost.>*° Kim et al.
have also shown that sacrificial modification of end-groups,
for example with adhesive peptides, is better tolerated.'*®
However, the chances of forming imperfections in the first
place also increases, and macromer design can therefore
strongly influence hydrogel mechanical properties, pore size,
and degradation.>**?*® Interestingly, the Johnson and Olsen
groups have used a combination of modelling and experi-
mental studies to further demonstrate that gels formed from
macromers bearing an odd number of junction-forming arms
result in a higher proportion of loops and cyclic defects than
star polymers with even functionality.>**

The impact of chain imperfections on hydrogel mechanical
properties and homogeneity is widely acknowledged. However,
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in a recent report Schneider et al. have highlighted that areas
of network heterogeneity may in fact promote the formation of
mature tissue.'%” In order for cells to deposit their own matrix,
hydrogel breakdown must occur simultaneously to provide
space in which to do so. Areas of heterogeneity provide loca-
lised pockets of low crosslinking density able to support this
growth, whilst maintaining bulk structural integrity. Gels must
therefore provide a delicate balance between supporting ECM
production and preventing reverse gelation.

In recent years, dendrimeric polymers have emerged as
promising building blocks for forming hydrogels for tissue
engineering. In 2006, the Grinstaff group first reported that
conjugation of a dendrimeric polyester to the termini of a
linear PEG chain, in effect creating a dendrimer-linear-den-
drimer ABA-type polymer, enabled the formation of degradable
hydrogels able to support chondrocyte proliferation.**® This
structure is key to the success of dendrimeric hydrogels, as the
linear component provides sufficient pore size to enable cell
encapsulation and proliferation. On the other hand, the den-
drimers provide opportunities for dense pockets of cross-
linking, that deliver mechanical strength at low polymer con-
centrations and enhanced gelation rates.>’***® Importantly,
since dendrimers can be precisely synthesised they offer
opportunities for increased reproducibility during hydrogela-
tion. Hodgson et al. recently demonstrated that dendrimer-
capped PEG macromers enabled hydrogels with near identical
Young’s moduli to be produced over multiple batches, in con-
trast to gels formed from linear PEG macromers which varied
by almost 200%.?>° Finally, the Bitton and Matson groups have
recently demonstrated that dendrimers of ELP can also be pro-
duced and used to form hydrogels.>*>**' Di- or tri-ELP repeats
can be incorporated into these dendrimers and the resultant
constructs have been shown to retain LCST behaviour.
However, the transition temperature is increased when com-
pared to the analogous linear construct, which the authors
hypothesise is a result of changes in solvent accessibility.

8. Implications of polymerisation and
hydrogelation method

The method used to induce polymerisation or cross-linking
can have major implications on the properties or application
of a hydrogel scaffold. Here, we will discuss some of the most
important considerations that must be taken into account
during hydrogel design.

The use of free-radical polymerisation or cross-linking is
particularly widespread, and often used to encapsulate cells
in situ. At the earliest stage, the method of initiation has
important downstream implications. While in traditional
polymer synthesis the thermal activation of initiators such as
AIBN is common, the need to heat the activator may be limit-
ing in the presence of cells or tissue.*****?%? Similarly, ionis-
ing irradiation and redox-initiators are useful means to gene-
rate acellular hydrogels or polymer precursors, but are dama-
ging to cells.*®® The use of photo-activation has therefore
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found increasing popularity as a means of initiation. Light pro-
vides fast activation that can be temporally controlled and
spatially defined, making it particularly attractive for the pat-
terning of 3D gels.>*® However, the choice of initiator and acti-
vation wavelength is important. Many early reports exploited
the UV-activation of initiators such as Igracure 651, which are
poorly cytocompatible.**® There has been a subsequent shift
towards initiators with reduced cytotoxicity, and that can be
activated with less damaging visible light. These techniques
have been increasingly commonly used to initiate hydrogela-
tion in vivo, though the penetration of light through thick
samples and tissue limits the size of gels that can be
produced.”

Once generated, highly reactive free radicals continue to be
damaging to cells and tissues. These detrimental processes in
fact act to inhibit polymerisation by consuming radicals, as
demonstrated by Chu et al.>*® When this is coupled with the
high sensitivity of vinyl polymerisations to oxygen, large
amounts of radicals are required to achieve high conversion,
with a corresponding increase in irradiation time necessary to
reach gelation.'* Furthermore, vinyl polymerisations are
exothermic, leading to heat generation that may be damaging
to tissue.*®” This leads to a conflict between the need for rapid
polymerisations at the site of application, to limit the leaching
of soluble components into surrounding tissue, and the need
to minimise damaging radical concentrations and local
heating. In contrast, radical-mediated thiol-ene reactions
display greatly reduced oxygen sensitivity and occur at a faster
rate, reducing the concentration of radicals necessary to
achieve gelation and also negating the need for potentially
toxic initiatiors.>*® Indeed, in an important recent paper
Ruskowitz and DeForest demonstrated that low doses of
365 nm UV light, able to induce thiol-ene gelation, led to neg-
ligible damage to cells at the proteomic level (Fig. 15).**°

Chemically cross-linked hydrogels can be formed via either
chain-growth or step-growth mechanisms, with significant
implications for downstream applications. Chain-growth poly-
merisations are able to generate high M, polymers early on.
However, as solutions become increasingly viscous and even-
tually undergo gelation, monomer diffusion is slowed and
achieving complete consumption becomes challenging.”” As
described above, these residual monomers are often toxic, pre-
senting challenges for hydrogel biocompatibility. Though the
use of functionalised macromers for chain-growth -cross-
linking can address this limitation, they provide their own
challenges due to the possible for hydrogel heterogeneity. Vats
et al. have recently demonstrated that the hydrogelation of
PEG-dimethacrylate results in the formation of stiff, hydro-
phobic pockets at the points of crosslinking, detectable at the
nanoscale by atomic force microscopy, as discussed in section
3.2."%° This heterogeneity also impacted on cell adhesion, with
the clustering of conjugated adhesive peptides leading to
lower cell densities than analogous gels with a homogeneous
distribution.

In contrast, step-growth reactions, such as thiol-ene poly-
merisations, can be used to generate polymers with complete
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Fig. 15 Quantification of cell apoptotic activity following irradiation at
different wavelengths and intensities (10 min for 2 = 365 nm, 0.5 min for
A = 254 nm), by monitoring Caspase 3/7 activation and normalising to
cell number, in (a) NIH3T3 mouse fibroblasts; or (b) human mesenchy-
mal stem cells (hMSCs); (c) representative fluorescence microscopy
images, staining for nuclei (blue) and caspase activity (green). Adapted
with permission from ACS Biomaterials Science and Engineering, vol. 5,
2111-2116, E. R. Ruskowitz and C. A. DeForest, ‘Proteome-side analysis
of cellular response to ultraviolet light for biomaterials synthesis and
modification’. Copyright 2019 American Chemical Society.**°

monomer conversion. However, they require high conversions
and careful control over stoichiometry to achieve the high M,
polymers necessary for gelation.**® Furthermore, the number
of ‘imperfections’ generated in a hydrogel network have been
shown to be higher in gels formed via step-growth rather than
chain-growth mechanisms.*'*??° To address the limitations of
each polymerisation mode for hydrogelation, two approaches
have been described - the first is to exploit mixed-mode poly-
merisations, using both chain- and step-growth polymeris-
ations within a single system, as first reported by Salinas and
Anseth.>*® Alternatively, the step-growth cross-linking of pre-
formed high M,, macromer precursors has found increasing
popularity. These macromers can be tuned in size to enable
excretion, and cross-linked via a variety of different means to
generate responsive, degradable, or stable hydrogels.””
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Finally, the influence of polymer dispersity (P) should be
considered. While P has less impact on hydrogel properties
than it does on those of discrete polymer populations, P can
still be influential. For example, polymers with a narrow distri-
bution exhibit sharper phase transitions from sol-to-gel, and
also lead to more precisely defined pore sizes within chemi-
cally cross-linked gels.>*' Furthermore, since renal excretion is
M,, dependent, controlled polymerisations are able to produce
homogeneous degradation products that are able to be
efficiently cleared from the site of action.** Finally, as
described above, variability in polymer precursors resulting
from high D can lead to poor reproducibility and batch-to-
batch variation in hydrogel properties, as highlighted by
Hodgson et al.**° The use of highly controlled polymerisation
techniques is therefore of increasing importance to the tissue
engineering community.

9. Conclusions

In this review, we have summarised the use of hydrogels for
tissue engineering from the perspective of polymer chemistry.
The properties of a gel, its mechanical strength, ability to
influence cell growth, and potential to cause immunogenicity
and cytotoxicity, are all dictated by the structure of the under-
lying polymer. By considering each class of polymer, we have
been able to highlight the major advantages and disadvan-
tages of each individual material, and it is clear that there is
no one ‘magic bullet’ polymer that is ideal in every scenario.
Indeed, even for a particular clinical application there is rarely
one polymer that can provide all of the desirable properties.
Creating gels that combine tissue-dependent mechanical
strength, cell adhesion and signalling, and biodegradability on
a relevant timescale is highly challenging. The design of
hybrid, composite gels that combine the beneficial properties
of one polymer with those of a complementary partner is
therefore common, such as supplementing the bioactivity of
hyaluronic acid with the mechanical strength of covalently
cross-linked PDLLA-PEG.>> However, though blending two
polymers can deliver great benefits, this approach rarely leads
to new properties that were not present in the original com-
ponents. Indeed, these properties often ‘meet in the middle’,
and combining a mechanically strong polymer with one that is
weak will commonly result in a hydrogel of intermediate
strength. There is therefore a delicate balance to be reached
when designing such composite materials, and multi-factor
‘design-of-experiments’ studies, such as that recently disclosed
by Kaiser et al. for cardiac tissue engineering, will prove key in
the future for the identification of optimal compositions for
tissue development.**>

The incredible diversity of polymer structure and function
that can be delivered by polymer chemists has had a vast
impact on the materials sciences. However, it is noticeable
that the majority of hydrogels exploited by the tissue engineer-
ing community continue to make use of the same limited
subset of materials. Though one could hypothesise that we

Polym. Chem., 2020, 11, 184-219 | 205


https://doi.org/10.1039/c9py01021a

Published on 25 September 2019. Downloaded on 6/02/2026 4:07:42 PTG.

Review

already have access to polymers which provide optimal charac-
teristics, it is far more likely that there is a reluctance to
embrace new materials which break the mould. That new poly-
mers are developed and proposed to be suitable materials for
tissue engineering, with only a minimum demonstration that
they are non-toxic to cells required, only serves to exacerbate
this problem. There is therefore a pressing need for enhanced
collaborations between polymer chemists and biomedical
engineers, to provide a platform for testing emerging polymers
under more rigorous conditions. Perhaps more importantly,
there is also a need for more cross-disciplinary dialogue, so
that polymer chemists can create the next generation of
polymer hydrogels with features that fit the needs of the bio-
medical community. This trend can already be seen in recently
emerging materials, such as the strain-stiffening polyisocyano-
peptides and tunable PiPOx and polypeptoid structures intro-
duced in section 3.4. These materials deliver real advantages
to the tissue engineering community and are likely to be of
increasing interest in coming years. With continued inno-
vation, polymer chemistry will become increasingly influential,
driving the design and clinical translation of new hydrogels,
and leading to tangible patient benefit in the coming years.
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