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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-

This journal is © The Royal Society of Chemistry 2020

View Article Online

Review

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

Polym. Chem., 2020, 11, 184-219 | 187


https://doi.org/10.1039/c9py01021a

Published on 25 september 2019. Downloaded on 20.09.2025 14.35.06.

Review

View Article Online

Polymer Chemistry

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
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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