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Double network (DN) gels have remarkably high mechanical strength and toughness and can be poten-
tially applied in biomedical applications such as cartilage regeneration. However, most DN gels syn-
thesised by usual radical polymerisations are non-biodegradable, and they are not desirable for replacing
living tissues in the human body. In this study, we developed a DN gel with polyelectrolyte stents (St-DN
gel) that exhibited high mechanical strength and biodegradability under physiological conditions. These
degradable St-DN gels were prepared using poly(N,N-dimetylacrylamide) (PDMAAm) as the second
network and poly(ethylene glycol) (PEG) as the first network. The PEG gel contained the molecular stent
and a degradable ester bond in its network strands. To prepare the degradable PDMAAmM gel, we designed
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a hydrolysable cross-linking agent, PEG-di(methacryloyloxyethyl succinate) (PEG-DMOS), with six ester
bonds. The obtained St-DN gel showed an extremely high compressive fracture strength and strain. We
also confirmed that the St-DN gel could be gradually hydrolysed under physiological conditions. Thus,
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Introduction

Hydrogels are cross-linked three-dimensional polymer net-
works (NWs) that are highly water-absorbent. Hydrogels have
been used in various applications owing to their softness, high
water absorption, low friction, and shock absorption pro-
perties. In particular, because the physical characteristics of
hydrogels are relatively close to those of soft tissues in the
human body, they can be potentially used as implantable
medical materials."”> However, the hydrogels synthesised by
conventional polymerisation reactions using cross-linking
agents have lower mechanical strength and are more brittle
than natural tissues. This is due to the heterogeneity of the
structure of conventional hydrogels.®> The wide distribution of
distances between the cross-linking points leads to stress con-
centration during deformation; the stress is concentrated
around the shortest chain, leading to the failure of the sample
at a very low force.
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this hydrolysable high-strength gel could be potentially used as an implantable biomedical material.

However, hydrogels with excellent mechanical properties
that overcome the poor mechanical properties of conventional
hydrogels have been reported in recent years, as exemplified
by tetra-poly(ethylene glycol) (PEG) gels,™® nanocomposite
(NC) gels,*” slide-ring (SR) gels,*® double network (DN)
gels,'®™* and dynamic interpenetrating polymer network (IPN)
systems.">'® Tetra-PEG gels exhibit a high uniformity in their
cross-linking structure. NC gels have layered clay minerals as
multiple cross-linking points, and SR gel have movable cross-
linking points based on rotaxane structures. Gong et al. devel-
oped a DN gel with high toughness. The DN gels comprised
two independently cross-linked polymer NWs with different
characteristics: densely cross-linked, rigid, and brittle first NW
and loosely cross-linked, soft, and ductile second NWs, which
were physically entangled with each other. There was neither
any specific interaction between the two NWs nor any micro-
phase separation between the two components. Therefore, DN
gels can be categorised as IPN gels but are different from
usual IPN gels. In DN gels, the first NW dissipates energy in
the form of sacrificial bonds during deformation, resulting in
an extremely high toughness.

For instance, poly(2-acrylamido-2-methylpropane sulfonic
acid)/polyacrylamide (PAMPS/PAAm) DN gels have a compres-
sive fracture strength of about 20 MPa despite containing over
90% water.'®'" Moreover, they show a very low coefficient of
friction of about 0.01 between the same gels.'* The first NW in
typical DN gels is charged and highly swollen to work as sacri-
ficial bonds and produces high toughness. However, Gong

This journal is © The Royal Society of Chemistry 2022
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et al. reported that tough DN gels could also be produced
using non-ionic polymers for both first and second NWs by
embedding a charged linear polymer, called molecular stent,
in the first NW (St-DN gel)."”"*° The introduced stent provides
high osmotic pressure to the non-ionic gel and makes it
highly swollen and suitable for use as the first NW of tough
DN gels. Most of the abovementioned gels prepared by conven-
tional radical polymerisation reactions, including DN gels, do
not degrade under physiological conditions and are not
absorbable. Therefore, they are unsuitable as implantable
medical materials, where degradation and absorption are
desirable.

One of the expected biomedical applications of such high-
strength hydrogels is the repair of damaged cartilage tissue.
The functional repair of joint (hyaline) cartilage defects in
joint surgeries is still challenging. The most common strategy
for repairing articular cartilage defects is to fill osteochondral
defects with artificial, cell-disseminated, or tissue-engineered
cartilage-like materials. For example, autologous chondrocyte
transplantation,”®>* tibial osteotomy,**** and partial joint re-
placement with prosthesis (silicone)*®*” have been attempted
for treating cartilage lesions on the knee joint. Artificial carti-
lage transplantation for cartilage defects is expected to be a
potential treatment option. For example, the development of
artificial ~ cartilage using  poly(vinyl alcohol) (PVA)
hydrogels** " has been reported. However, such artificial car-
tilages cannot be used in clinical treatment because of their
insufficient strength, toughness, and frictional properties.*
More recently, PVA/hydroxyapatite/polyamide composites,>
silk-fibroin/gelatin, and cross-linked hyaluronates®® have also
been reported to replace cartilage. However, attempts to find
materials that provide sufficient strength, lubrication, and
good scaffolding for transplanted cells are still ongoing.

As DN gels have high mechanical strength and lubrication
properties, they can be used as materials for the replacement
of cartilage, which experiences repeated applications of large
loads. Gong et al. realised the spontaneous regeneration of car-
tilage tissues (hyaline) in four weeks by implanting DN gels
under the cartilage defect site in the knee meniscus of
rabbits.>*® These results overturned the medical myth that
hyaline cartilage could not be regenerated in vivo.>’”® In
addition, hyaline cartilage regeneration was achieved by
implanting the DN gel without any chemical treatment; this
process was less invasive and safer than other articular carti-
lage repair methods. However, because the DN gel used was
non-degradable, it remained in the tissue even after the articu-
lar cartilage regenerated. Therefore, there are concerns about
the long-term stability of these gels. Moreover, they have to be
removed by reoperation when inflammation occurs. Despite
the reported use of degradable natural polymers as DN gel
components,’®™** degradable DN gels acting as tissue-regener-
ating materials that (i) can be prepared by conventional poly-
merisation reactions, (ii) decompose into soluble macro-
molecules, (iii) are eliminated during tissue regeneration, and
(iv) are completely replaced by living tissue are challenging to
develop.
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Ohya et al. have studied biodegradable biomedical
materials®**® that can be absorbed by the human body.
Herein, we attempted to design a DN gel that can be degraded
under physiological conditions to use as an implant for carti-
lage regeneration. We chose poly(ethylene glycol) (PEG) for the
first NW and poly(N,N-dimethylacrylamide) (PDMAAm) for the
second NW because of their biocompatibility. Based on the
fact that ester bonds are hydrolysable, we preliminary syn-
thesised a PDMAAm gel using poly(ethylene glycol)diacrylate
(PEG-DA) (Fig. 1) containing ester bonds as a hydrolysable
cross-linking agent for the second NW of the DN gel. However,
contrary to our expectations, the obtained PDMAAmM/PEG-DA
gel showed almost no degradability. Therefore, we newly
designed PEG-di(methacryloyloxyethyl succinate) (PEG-DMOS)
(Fig. 1) with four additional (total six) ester bonds as the hydro-
lysable cross-linking agent and synthesised a degradable
PDMAAm gel. In this study, we prepared a degradable St-DN
gel using cross-linked branched PEG (4-arm PEG) containing
ester bonds in its main chain as the first NW. PAMPS was used
as a stent, and PDMAAm cross-linked with PEG-DMOS was
used in the second NW (Scheme 1). Moreover, we report the
mechanical and degradation properties of the synthesised St-
DN gel. Experimental details are reported in the ESL{

Results and discussion

Degradation of PDMAAmM/PEG-DMOS gel (PDMAAm gel)
(second NW gel)

PEG-DA contains ester bonds, which should be relatively easily
hydrolysed. However, at the preliminary stage of this study, we
noticed that gels obtained by polymerisation using PEG-DA as
the cross-linking agent were difficult to hydrolyse. It is well
known that ester bonds in the main chain of aliphatic poly-
esters, such as polylactic acid and poly(e-caprolactone), are
hydrolysed under physiological conditions. However, ester
bonds on the side-chains of polymethacrylates and polyacry-
lates, such as poly(methylmethacrylate) (PMMA) and poly(2-
hydroxyethylmethacrylate) (PHEMA), are difficult to hydrolyse
even under acidic or alkaline conditions. As described later,
the ester bonds of PEG-DA can be hydrolysed when it becomes
the main chain after the thiol-ene chain extension reaction.
Based on these facts, we hypothesised that ester bonds adja-
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Fig. 1 Structures of the cross-linkers used in this study: PEG-DA and
PEG-DMOS.
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Scheme 1 Synthesis of St-DN gel comprising 4-arm PEG/PEG-DA as the first NW, linear PAMPS as the stent, and PDMAAmM/PEG-DMOS as the

second NW.

cent to the polymer main chain would be difficult to hydrolyse.
To verify this hypothesis, we synthesised a cross-linker with
additional ester bonds in places away from the terminal
double bonds (PEG-DMOS) (molecular weight (MW) of starting
PEG = 600 g mol™", total MW of PEG-DMOS = 1100 g mol ™).
Subsequently, we synthesised a PDMAAm gel using
PEG-DMOS as the cross-linking agent, which became the
second NW of the DN gel, and the hydrolysis behaviour of the
resultant gel was investigated.

Synthetic details for PEG-DMOS and the PDMAAm/
PEG-DMOS gel (20 wt%) are described in the ESIL.{ Fig. 2
shows the results of the hydrolysis behaviour by monitoring
the swelling ratios of the PDMAAmM/PEG-DMOS and PDMAAm/
PEG-DA gels, which is a control synthesised using PEG-DA
(MW = 700 g mol ™) as the cross-linking agent. Photographs of
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Fig. 2 Time course of the swelling ratio during the degradation test for
the PDMAAmM/PEG-DMOS and PDMAAmM/PEG-DA gels in PBS (pH = 7.4)
at 37 °C.
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the gels before and after 95 d of degradation are shown in the
ESI (Fig. S41).

The PDMAAmM/PEG-DMOS gel gradually swelled during the
degradation test, indicating the cleavage of the cross-links by
hydrolysis. On the 95th day, it swelled 5-6 times the initial
swelling ratio (equilibrium swelling ratio at ¢ = 0 d), softened,
and then completely dissolved on the 98th day. In contrast,
the PDMAAmM/PEG-DA gel showed almost no change in the
swelling ratio even after 95 days, indicating almost no degrad-
ability. This supports our hypothesis that the ester bonds adja-
cent to the polymer main chains are difficult to hydrolyse. This
cross-linking agent, PEG-DMOS, is useful for preparing gels
that decompose via hydrolysis under physiological conditions.
These degradable gels can be synthesised by radical copoly-
merisation with methacrylate, acrylate or other vinyl
monomers.

Optimisation of the preparation of the first NW gel (PEG gel)
and its physical properties

In this study, considering degradability and biocompatibility,
a PEG-based gel containing ester bonds was chosen as the first
NW gel. The thiol-ene reaction of a 4-arm PEG derivative with
terminal thiol groups (4-arm PEG-SH) (MW = 5000 or 10 000 g
mol ™) and PEG-DA (MW = 700 g mol ') was performed. The
first NW PEG gels were synthesised by thiol-ene polyaddition
under various conditions, and optimisation was carried out by
measuring the mechanical properties of the PEG gels. The
total concentration of the prepolymers (4-arm PEG-SH +
PEG-DA) was set to 5-20 wt%, while the amount of the acryl
and thiol groups was equivalent. Subsequently, PEG-DA con-

This journal is © The Royal Society of Chemistry 2022
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taining acryl groups was reacted with 4-arm PEG-SH to
produce the PEG gels (Fig. S77).

Fig. 3 shows the compressive fracture strength and strain of
the PEGs, and PEG o gels prepared using 4-arm PEG-SH with
MWs of 5000 and 10 000 g mol™", respectively. The compres-
sive fracture strength was maximal at a concentration of
15 wt% in both cases. These results are in good agreement
with those reported by Sakai et al, where the mechanical
strength of the tetra-PEG gel increases as the NW becomes
more uniform at a concentration of 160 mg mL '.*°
Furthermore, the compressive fracture strength of the PEGs,
gel was higher than that of the PEG, (. gel, reflecting the larger
cross-linking density of the PEGs, gel. In all the cases, the
compressive fracture strain values were almost the same.
Based on these results, the concentration of the first NW in
the subsequent experiments was set at 15 wt%.

Preparation of the St-first NW gel (PEG gel containing PAMPS)
and its physical properties

Since the first NW used in this study is a non-ionic PEG-based
gel, the introduction of a stent in the first NW is required to
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Fig. 3 Effect of total macromonomer concentration (4-arm PEG-SH +
PEG-DA) on compressive fracture strength and strain for the (A) PEGsy
and (B) PEGyo gels.
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produce the high toughness of the DN gel.'”*° In this study,
we employed 2-acrylamido-2-methyl-1-propanesulfonic acid
(AMPS), which has already been used as a precursor for a stent
in various DN gel studies.””""® To optimise the stent concen-
tration, we synthesised the St-first NW gels (St-PEGs, and St-
PEG; o gels) using AMPS at various concentrations and evalu-
ated their elastic moduli and swelling ratios. As shown in
Fig. S7,T the volume after equilibrium swelling increased when
the stent was introduced. In both the St-PEG5, and St-PEG; i
gels, the elastic moduli decreased when the stent was intro-
duced. In contrast, the swelling ratio increased to a stent con-
centration of 1.0 M but hardly changed at higher concen-
trations (Fig. 4). These results indicated that the mesh of the
first NW was almost fully extended at a stent concentration of
1.0 M, which is suitable for sacrificial bonds. Therefore, in the
subsequent synthesis of the St-DN gel, the concentration of
AMPS was set to 1.0 M.

Physical properties and degradation behaviour of St-DN gel

Under the preparative conditions determined above (first NW
concentration = 15 wt%, and stent (AMPS) concentration = 1.0

(A) St-PEGs, gel
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Fig. 4 Effect of stent concentration on the swelling ratios and Young's
moduli of the (A) St-PEGs, and (B) St-PEG;o gels.
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M), the St-DNj, and St-DNjq gels were synthesised from the
St-PEG;) and St-PEG, ¢y gels, respectively, by changing the con-
centration of DMAAm and the feeding ratio of the cross-
linking agent (PEG-DMOS/DMAAm (mol%)). Highly transpar-
ent gels were obtained for both St-DNj. and St-DNj.
Photographs of the gels are shown in Fig. S8.1 Fig. 5A shows
the results of the compression tests for the St-DNsy gels pre-
pared by changing the concentration of DMAAm with the
feeding ratio of the cross-linking agent to the monomer fixed
at 0.01 mol%. Moreover, the St-DNs; gel was prepared by chan-
ging the monomer concentration. Consequently, the gel
exhibited the highest compressive fracture strength of 20 MPa
when it was prepared at a DMAAm concentration of 2.0 M; the
compressive fracture strain was close to 100%. Subsequently,
St-DNi. gels were synthesised by changing the feeding ratio of
the cross-linking agent while maintaining the DMAAm concen-
tration at 2.0 M (Fig. 5B). The compressive fracture strength
and strain were the highest when the DMAAm concentration
was 0.01 mol%. Fig. 5C shows the stress-strain (S-s) curve
obtained from the compression tests of the gels prepared
under these conditions. Moreover, the first and second NW
gels separately synthesised under the same conditions as the
St-DNi;. gel were used as controls. The tensile test results are
shown in Fig. S9,f and the movies for the compression test
and the gels being stretched by hand are also included in the
ESI (Movies S1 and S2).1 This gel did not break even when

View Article Online
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compressed at 99% and exhibited a high compressive fracture
strength of 20 MPa. The elongation at break and breaking
stress in the tensile test were 1600% and 0.53 MPa, respect-
ively. DN gels and St-DN gels prepared by Gong et al. exhibited
a compressive fracture strength of 17-40 MPa,'®'® while their
breaking stress and elongation at break in tensile tests were
determined as 1.0-2.0 MPa and 1200-2000%, respectively.'”*°
The mechanical strengths of our gels are further compared
with those of other DN gels in Table S1.f Thus, the values
obtained for the St-DNs; gel are comparable to those of pre-
viously reported DN and St-DN gels and exceed the general
load on knee cartilage (3-18 MPa).

The results for the St-DNj o gel are shown in Fig. 5D-F. The
feeding ratio of the cross-linking agent was fixed at 0.1 mol%,
and the monomer concentration was varied. In these cases,
the maximum breaking strength was 3.2 MPa when the
monomer concentration was 7.5 M. Moreover, when the
monomer concentration was fixed at 7.5 M, and the feeding
ratio of the cross-linking agent was changed, the maximum
breaking strength was 4.7 MPa at 0.1 mol%. The fracture strain
was 80%, with a maximum at 0.01 mol%. However, these
values were lower than those of the St-DNs; gel, and the per-
formance of the St-DN gel was not optimal. This may have
occurred because of the insufficiently low cross-linking density
of the original PEG; gel, which did not function as effectively
as the sacrificial bonds.
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Fig. 5 Mechanical properties of St-DNsy (A)—(C) and St-DNjgox (E)—-(F) gels. Effect of DMAAmM (second NW monomer) concentration on the com-
pressive fracture strength and strain of (A) St-DNs, and (D) St-DNjg gels. Effect of the feeding ratio of the cross-linker for the second NW
(PEG-DMOS/DMAAmM (%)) on the compressive fracture strength and strain of (B) St-DNsy and (E) St-DNjo gels. Stress—strain curves of (C) St-DNsy
and (F) St-DNjok gels recorded during compression tests. St-DNs,/St-DN;oi gels were prepared at [DMAAmM] = 2.0/7.5 M and cross-linker feeding
ratio = 0.01/0.1 mol%. Data were expressed as means + standard deviations (n = 3).
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Finally, the hydrolysis behaviour of the St-DNs, gel and
PEGs5) gel used for the first NW was investigated under physio-
logical conditions (Fig. 6A). The PEGs) gel contained PEG-DA
as a bifunctional chain extender for the thiol-ene polyaddition
reaction; however, it gradually swelled and completely dis-
solved on the 37th day. These results indicated that the ester
bonds in PEG-DA were hydrolysed under physiological con-
ditions when used in a polymer backbone. This result supports
our hypothesis that an ester group is difficult to hydrolyse
when located adjacent to the polymer backbone but easy to
hydrolyse in other cases.

However, the St-DNj. gel exhibited gradual swelling,
suggesting that the hydrolysis continuously occurred until day
65. The duration of the study was set as 65 days due to limited
resources. A longer degradation study for this gel may be
carried out in a future study on St-DN gels, where the general
degradation properties of the DN gels may be improved.
Photographs of the gel before and after hydrolysis are shown
in Fig. 6B and C, respectively. These figures show that the
shape of the gel changed significantly due to the swelling and
degradation. Based on these results, we assume that if a
longer-term degradation test is carried out, the gel will be com-
pletely hydrolysed. The first (PEGs) gel) and second NW gels
(PDMAAM/PEG-DMOS gel, Fig. 2) reached complete dis-
solution after 98 and 37 days, respectively. The second NW gel
(PDMAAmM/PEG-DMOS gel) did not completely dissolve in 65
days. Moreover, the hydrolytic rate for the St-DNj gel tends to
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Fig. 6 (A) Time course of swelling ratio during degradation test for
4-arm-PEG/PEG-DA (1% NW) gel and St-DN gel in PBS (pH = 7.4) at
37 °C. (B) and (C): photographs for St-DN gel before hydrolysis test and
after 60 days, respectively.
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be slower than that of the component gels. This trend might
be natural because the polymer chains cannot be dissolved
unless both NWs are dissociated; however, the hydrolysis may
have been suppressed owing to the entanglement of the first
and second NW and the stent in the St-DN gel.

Conclusions

We synthesised a bifunctional PEG methacrylate derivative
(PEG-DMOS) with additional ester bonds as a degradable
cross-linking agent. We then prepared a degradable hydrogel
(PDMAAmM/PEG-DMOS gel) using PEG-DMOS as a cross-linking
agent. Furthermore, we successfully synthesised the St-DN gels
by combining PDMAAmM/PEG-DMOS as the second NW and
PEG gel (prepared from 4-arm PEG-SH and PEG-DA) as the
first NW. PAMPS was used as the stent. When the synthetic
conditions of the St-DN gel were optimised using a 4-arm
PEG-SH with a molecular weight of 5000, the obtained St-DNj)
gel showed a fracture strength of 20 MPa with very high tough-
ness. The St-DNs;, gel slowly hydrolysed under physiological
conditions. We successfully synthesised a biodegradable DN
gel that exhibits high mechanical strength under physiological
conditions. It would be interesting to apply this gel to cartilage
regeneration. However, the hydrolysis rate of the St-DNjs;. gel
may be too slow (the ideal degradation period for cartilage
regeneration is 2-3 months). Moreover, the remarkable
increase in the swelling ratio and volume of the gel during
degradation may be an issue for in vivo cartilage regeneration.
Therefore, the immediate application of the St-DN gels for car-
tilage regeneration may be difficult. In addition, the toxicity
and absorbability of the degradation products should be inves-
tigated. However, because the preparation of tough and
degradable hydrogels is now possible, we expect that they will
be used in biomedical applications after they are improved
further.
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