Open Access Article. Published on 10 September 2018. Downloaded on 1/22/2026 5:42:12 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

Biomaterials
Science

ROYAL SOCIETY
OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Biomater. Sci., 2018, 6,
2932

Self-healing, stretchable and robust
interpenetrating network hydrogels+t

Laura J. Macdougall,® Maria M. Pérez-Madrigal, @2 ® Joshua E. Shaw,® Maria Inam,?

Judith A. Hoyland, © © Rachel O'Reilly, ©® Stephen M. Richardson &€ and

Andrew P. Dove (2 %P

A self-healable stretchable hydrogel system that can be readily synthesized while also possessing robust

compressive strength has immense potential for regenerative medicine. Herein, we have explored the

addition of commercially available unfunctionalized polysaccharides as a route to synthesize self-healing,

stretchable poly(ethylene glycol) (PEG) interpenetrating networks (IPNs) as extracellular matrix (ECM)

mimics. The introduction of self-healing and stretchable properties has been achieved while maintaining
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For hydrogels to be competitive candidates against current
commercial biomaterials, they need to be prepared by straight-
forward synthetic routes using commercially available precur-
sors to ensure that they are both translatable and cost
effective.'™ Recently, hydrogels have attracted a huge interest
in the biomedical field because of their ability to mimic the
features of the native extracellular matrix (ECM) (i.e. porous
structure, adequate stiffness and controlled mechanical pro-
perties) which allows cell growth and proliferation to be
studied in vitro.®® However, to improve their properties
further, the design of hydrogels should also target other
requirements, which include: (i) gelation in situ at the defect
site (i.e. injectability), (ii) self-healing, and (iii) enhanced
mechanical properties.”*’

Click chemistry approaches,"* which have been used for
many years for hydrogel synthesis,"®"? not only enable the for-
mation of hydrogels through highly efficient reactions using
easily accessible functional groups (no need for purification
steps),"*™'® but also allow for tunable control of hydrogel pro-
perties. For instance, robust poly(ethylene glycol) (PEG) hydro-
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the robust mechanical strength of the orginal, single network PEG-only hydrogels (ultimate compressive
stress up to 2.4 MPa). This has been accomplished without the need for complicated and expensive
functionalization of the natural polymers, enhancing the translational applicability of these new

gels prepared using the nucleophilic thiol-yne addition reac-
tion, which has been recently reported by our group’”*° and
others,”*?" formed in phosphate buffered saline (PBS) solution
without the need for an external catalyst. By simply functiona-
lizing commercially available PEG precursors, we feasibly
obtained synthetic in situ forming hydrogels in an efficient
manner, thus fulfilling one of the above requirements. These
thiol-yne hydrogels display excellent mechanical properties
(compressive stress under repeated compression up to 2.4
MPa), as well as tunable, non-swelling, and cytocompatible
characteristics. However, there are still areas to address (e.g
stretchability and self-healing properties) before they can
become competitive candidates as new biomaterials.

Nature provides us with a wide range of biocompatible
natural polymers (e.g. alginate and gelatin) that are cheap to
produce and can easily form hydrogels with good self-healing
and tensile properties.”>>* While widely studied as the basis
for constructing hydrogel materials, they cannot be tuned to
different biological environments, display weak compressive
strengths®> >’ and can lack reproducible properties,”®*® which
limits their potential for advanced hydrogel engineering. To
overcome the drawbacks of individual networks, interprene-
trating networks (IPNs) can be designed.**** IPNs are formed
through intertwining two hydrogel networks together (e.g
a natural and a synthetic hydrogel system) during gelation,
which enables the resultant IPN to synergistically display the
benefits from both systems.?*> We hypothesized that blend-
ing a natural polymer hydrogel with the robust synthetic thiol-
yne PEG hydrogel system would result in a thiol-yne IPNs that
possess the advantages of both the natural hydrogel system

This journal is © The Royal Society of Chemistry 2018
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(i.e. self-healing and stretchability) and the synthetic system
(i.e. tunable stiffness, reproducibility, and robust compressive
strength), which are ideal characteristics of an ECM mimic.

To investigate the IPN strategy, five commercially available
unfunctionalized natural polymers (i.e. alginate, chitosan,
gelatin, heparin, or hyaluronic acid (HA)) were blended within
the thiol-yne hydrogel system, which was comprised from
4-arm PEG alkyne (2 kg mol™') and difunctional linear PEG
thiol (4 kg mol™") precursors (Scheme 1)."” The tensile, self-
healing and other mechanical properties were subsequently
characterized. Hydrogels were formed in PBS solution (pH 7.4)
in a 1:1 ratio of alkyne:thiol end groups at 8 wt% PEG
content (hereafter referred as PEG-only hydrogels). The hydro-
gels formed within 3 min owing to the high efficiency and fast
reaction rate of the nucleophilic thiol-yne click reaction and
were used without further purification. Alginate and chitosan
were incorporated into the thiol-yne network as a secondary
loose electrostatic network crosslinked with either CaCO;/p-
(+)-glucono-1,5-lactone (GDL) or glycerol phosphate (GP),
respectively (Scheme 1). Gelatin was heated to 70 °C before
mixing with the PEG alkyne precursor to allow for the reorgan-
ization of the peptide chains to form a secondary electrostatic
network through tertiary coils. These systems were named
accordingly to reflect the formation of a secondary electrostatic
gel formation: PEG/natural polymer (alginate, chitosan or
gelatin) IPNs. HA and heparin were added to the single thiol-
yne PEG network to evaluate the addition of an uncrosslinked
single natural polymer to the thiol-yne hydrogel in the
absence of IPN formation. This was reflected in the naming
system using ‘+’ to signify the natural polymer was only
blended (i.e. not crosslinked) within the thiol-yne PEG hydro-
gel; PEG + natural polymer (HA or heparin), (Scheme 1).

To create thiol-yne IPNs with superior properties, the
required amounts of PEG and natural polymer were optimized
to ensure that (i) all the polysaccharides were homogeneously
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distributed within the dense thiol-yne hydrogel network,
avoiding phase separation, and (ii) the resulting IPN benefitted
from the advantages of all the components (Table S1, Fig. S1
and S27). Hence, through this optimization process, it was
determined that all the thiol-yne natural polymer systems
would be synthesized with 8 wt% thiol-yne PEG and 1 wt%
natural polymer content (overall 9 wt% solid content,
Scheme 1). Additionally, to ensure that the final IPN systems
were homogenous, all the components were thoroughly mixed
during hydrogel preparation (i.e. PEG alkyne and the natural
polymer were dissolved in PBS and then mixed with PEG thiol
dissolved in PBS with/without counterion, Scheme S17). As a
result, transparent hydrogels were formed within 10 min, and
their swelling, degradation profiles and mesh size were fully
characterized (Fig. S3-S57).

Synthesizing hydrogels with good tensile properties allows
them to withstand the surrounding pressure of a biological
environment, thus better mimicking the behavior of soft
tissue.’® It is important that the robust compressive strength
of the original thiol-yne hydrogels (2 + 0.5 MPa) is maintained
to withstand external compressive pressure. To verify that our
IPNs fulfill such a requirement, the compressive stress of the
thiol-yne IPNs was attained by uniaxial compression testing;
hydrogels were made in cylindrical molds and subjected to
strains up to 98% while the resultant stress was recorded.

Indeed, PEG/Alginate and PEG/Gelatin systems showed high
compressive strengths (2.3 + 0.4 MPa and 2.4 + 0.1 MPa,
respectively, Fig. 1a), which demonstrates the robust nature of
the IPNs working together to form biomaterials for high load
bearing environments (e.g. articular cartilage joints). However,
the compressive strength of the hydrogels where chitosan,
heparin, and HA was incorporated, resulted in weaker
materials. The addition of single chains to the thiol-yne
network formation, along with the acidic nature of the
chitosan solution, reduced the compressive strength to
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crosslinking a 4-arm PEG alkyne (2 kg mol™) with a difunctional linear PEG thiol (4 kg mol™); (c) schematics of the IPN hydrogels prepared by intro-
ducing a secondary loose network based on: (i) uncrosslinked natural polymers (i.e. heparin or hyaluronic acid); (ii) gelatin displaying a cooling-
induced tertiary coiled structured; and (iii) electrostatically crosslinked natural polymers (i.e. alginate crosslinked with calcium; chitosan crosslinked

with glycerol phosphate).
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Fig. 1 (a) Maximum compression stress of the systems at 98% strain; (b)

a representative tensile stress/strain graph for each PEG/natural polymer
system; (c) a representative frequency sweep for each system at 0.5%
strain for the systems with improved tensile properties (see ESIf for all
systems); (d) picture of the tensile testing of PEG-only and PEG/Alginate
systems showing the increased tensile properties of the PEG/Alginate
system, scale bar =1 cm.

1.5-1.8 MPa. Nevertheless, these systems still provided
sufficient support as cell culture scaffolds with a similar
strength to articular cartilage ECM (1.5 MPa).*’

For tensile testing, the samples were formed in dog bone
molds, left to cure, and then subjected to uniaxial tensile
testing. The PEG-only system was able to withstand a strain of
204 + 42%, which is comparable to that displayed by PEG
systems prepared using radical thiol-ene chemistry, which
typically reaches a strain of 150%.’*?° More remarkably, the
thiol-yne IPN hydrogels with alginate and gelatin displayed
improved tensile properties, reaching strain values up to 353 +
36% (Fig. 1b). This increase in tensile performance demon-
strates a facile way of improving the properties of these hydro-
gels by simply introducing a secondary electrostatic loose
network that can complement the efficient nucleophilic thiol-
yne cross-linking chemistry used. Interestingly, the strain at
break for the PEG/Alginate IPN can be further enhanced (up to
490 + 88%, Fig. S61) by increasing the Ca®>" ion content
although this impacts the strength of the hydrogel and results
in opaque hydrogels, which could make imaging encapsulated
cells more difficult. In contrast, incorporating a single natural
polymer (HA or heparin) into the thiol-yne hydrogels gave no
significant improvement to the tensile performance (260 +
49% and 168 * 58%, respectively). In this case, the single
natural polymers disrupted the thiol-yne crosslinking reaction
as indicated by gel fraction (GF) and mesh size calculations.
GF values decreased from 75% for PEG-only to 32 and 56%
for HA and heparin, respectively, while mesh size increased
from 10.9 nm to 13.6 and 12.4 nm, respectively (Fig. S37),
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which indicates that the networks had more defects and dan-
gling ends. Finally, as chitosan is only soluble in acidic con-
ditions, the overall pH of the system was lowered during the
hydrogel preparation, which affected the efficiency of nucleo-
philic thiol-yne reaction (characterized again by a decrease in
GF from 75 to 55%, Fig. S3t). As a result, the PEG/Chitosan
system exhibited inferior properties, including a lower strain at
break (158 + 58%), than displayed by the PEG-only system.

Through conducting rheological studies, the reason for
such improved tensile performance was revealed, in particular
for the PEG/Alginate system. The single covalent network (PEG-
only) is a moderately stiff system (G’ = 5.5 + 0.5 kPa); however,
by incorporating a natural polymer to form an IPN, G’
decreases to 1.4 + 0.03 kPa. This allows the material to become
softer and have the ability to withstand higher amounts of
strain (Fig. 1c and S87), also seen for the PEG/Gelatin system
(G’ decreases to 1.3 + 0.5 kPa). Reducing the stiffness of these
materials brings them into the intermediate range for soft bio-
logical tissue,*® opening up an opportunity for these materials
to potentially improve cell proliferation and differentiation in
an applicable and relevant environment compared to the PEG-
only network. This reduction in G', combined with the electro-
static interactions between the negatively charged alginate
chains and the positive calcium ions in the PEG/Alginate
system, allows the hydrogels to show the overall biggest
improvement in tensile properties. Even though a larger
decrease in G' is seen for the other networks, this has a nega-
tive effect on their ability to withstand external forces and is,
therefore, a contributing factor to their poor tensile
performance.

Overall, the PEG/Alginate IPN exhibited the most improved
tensile performance (Fig. 1d), having the ability to mimic the
stretchability of native tissue while maintaining the robust
nature of the thiol-yne hydrogels. The hydrogel material
benefits from the features of both the dense thiol-yne matrix
and the secondary electrostatic crosslinked network, resulting
in an ideal material for an ECM mimic.*®

Material self-healing, which implies spontaneous new bond
formation when the original bonds are disrupted, is driven,
for instance, by non-covalent interactions (ie. hydrogen
bonding, disulfide exchange, metal ligand complexes).*' *?
Thus, a hydrogel that can be easily made and displays high
compressive strength but is also a self-healable hydrogel has
immense potential for regenerative medicine. Hence, to test
the self-healing nature of the strong stretchable thiol-yne
materials, dog-bone shaped samples were prepared and left to
cure for 1 h before cutting. The cut pieces were then brought
back together and left to heal overnight (Fig. S9t). Samples
were then subjected to tensile testing, and their stress/strain
curves were compared before and after the self-healing
process.

During the healing process, the formation of new electro-
static interactions between the natural polymer and the coun-
terions reformed the hydrogel network, thus rendering PEG/
Alginate and PEG/Chitosan IPN hydrogels self-healable
(Fig. 2a).** In contrast, the addition of a single natural polymer

This journal is © The Royal Society of Chemistry 2018
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(i.e. HA, gelatin, or heparin) did not result in self-healing pro-
perties owing to the absence of charged ions to reform electro-
static interactions in the secondary network. These materials
were softer but had adhesive properties that allowed them to
hold their own weight (Fig. 2a); however, they were unable to
self-heal and broke at the cut site when handled (i.e. no self-
healing had taken place, Video S17).

To assess the strength of the self-healing networks, PEG/
Alginate and PEG/Chitosan self-healed hydrogels were sub-
jected to tensile testing, the failure for both occurring above
the healed site, thus indicating that the cut site had fully
recovered, and it was not the weakest part of the hydrogel
(Fig. 2c¢). Interestingly, the strain at break for the self-healed
PEG/Chitosan IPN was unaffected by the self-healing process,
having the ability to recover to the same amount of strain as
the original sample (157%, Fig. 2b). The self-healed PEG/
Alginate hydrogels broke at a lower tensile stress than the orig-
inal samples (decreasing from 353 + 36% to 249 + 39%);
however, within the context of hydrogels, they were still able to
withstand a large amount of strain (Fig. 2b). A further advan-
tage of this system is the simplicity of the self-healing process
(RT, overnight), which allows these materials to easily recover
after failure, broadening their applications in a tissue engin-
eering setting. Although the PEG/Chitosan IPN was able to
recover their initial tensile properties, the self-healed PEG/
Alginate IPN was more robust, as shown by its ability to be
twisted, stretched and bent (Fig. 3). Overall, the addition of a
secondary electrostatic network to the thiol-yne PEG system
resulted in IPNs that presented the best of both systems:
robust mechanical properties from the covalent PEG network
combined with the high stretchability and self-healing pro-
perties of the natural polymer secondary system.

Finally, owing to the improved features acquired through
the two hydrogel systems working together (i.e. stretchability
and self-healing) and their potential for a biological appli-
cation, the cytotoxicity of PEG/Alginate thiol-yne hydrogels
was determined and compared to that displayed by the PEG-

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Properties of the self-healed PEG/Alginate hydrogels: (a) ability
to twist the hydrogel 180°; (b) the twisted hydrogel stretched between
two needles; (c) bending properties of the self-healed hydrogels on two
vial caps; (d) healed site withstanding the force of localized pressure.
Scale bar = 5 mm.

only system, in addition to PEG + HA, where the polysacchar-
ide is only blended (i.e. not forming a crosslinked network).
Human mesenchymal stem cells (Y201 hTERT-immortalized
human clonal MSCs) were encapsulated in a 3D configuration,
and cell viability was assessed with alamarBlue® metabolic
assay and live-dead fluorescent staining at specific time points
(i.e. 24, 48, and 72 h, Fig. 4 and S107). After 24 h of incubation,
all hydrogels displayed similar high cell viability, indicating
that the thiol-yne matrices are cytocompatible, which is in
good agreement with our previous studies.'®'® Moreover, the
incorporation of a polysaccharide within the dense network
did not affect cell viability. At longer incubation times (72 h),
cell growth was not sustained for the PEG-only system, cell
metabolic activity was significantly lower after 72 h in compari-
son to the 24 h time point, which was not observed for the
other two systems. This was also seen by live/dead staining
where cell viability decreased significantly (88 + 3% to 77 + 2%
live cells). This was attributed to the difference in how cells

Biomater. Sci., 2018, 6, 2932-2937 | 2935
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Fig. 4 Biocompatibility of PEG-only, PEG + HA, and PEG/Alginate click
hydrogels. Representative images of 3D encapsulated cells after 24 and
72 h of incubation. Scale bar = 200 pm.

distinctively interact with the polymeric matrices and sense
their surrounding environment. Features such as the stiffness,
porosity, or the presence of charged chains could all attribute
to cell metabolic activity.

Remarkably, cell viability after 72 h was significantly higher
for PEG/Alginate hydrogels in comparison to the PEG-only
hydrogel, viability increased from 87 + 3% to 95 + 2% live cells
over a 72 h period. In contrast, no change was observed for
PEG + HA (92 + 2%/88 + 3% live cells). Furthermore, it is
important to highlight that cells embedded in the PEG/
Alginate hydrogels appeared to aggregate and form clusters,
which indicates that in this environment cells move and inter-
act with each other. Hence, PEG/Alginate provided a cytocom-
patible matrix that supports cell growth. Indeed, by applying a
simple and straightforward approach, the PEG/Alginate IPNs
possessed enhanced features which resulted in suitable tissue
engineering scaffolds.

The excellent features displayed by the addition of a sec-
ondary network to the thiol-yne robust networks has demon-
strated a simple but effective way to improve the properties of
covalent synthetic hydrogel systems. It has highlighted how
two systems can work together to produce an advantageous
material which possesses the beneficial properties of both
systems whilst overcoming the drawbacks of both networks.
The addition of alginate chains, crosslinked with calcium
ions, has rendered the hydrogels not only stretchable and with
enhanced tensile performance, but also with self-healing capa-
bilities. Most importantly, in comparison to the PEG-only
system, PEG/Alginate hydrogels exhibit much higher cell viabi-
lity, suggesting they are ideal matrices for cell growth and pro-
liferation. Our strategy, which is based on exploiting the fea-
tures of well understood starting materials, still allows hydro-
gels to be prepared under biological relevant conditions
without the need for further purification, and thus can be
easily translated to a commercial setting where biomaterials
mimicking the ECM are needed.
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