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Abstract: Abundant research efforts have been devoted to meet the demands for
high-strength hydrogels in biomedical applications. Double-network (DN) hydrogel
and homogeneous hydrogel are two typical samples. In this study, a novel ultra-strong
and resilient double macromolecular network (DMMN) hydrogel system has been
developed via two-step sequential cross-linking process using hyaluronan (HA) and
high molecular weight poly(ethylene glycol) (PEG) for the first and second network,
respectively. The lower concentration of HA precursor solution and higher
concentration of PEG precursor solution as well as higher molecular weight of PEG
precursor is beneficial to produce high-strength DMMN gels. Dynamic light
scattering measurements demonstrate that the DMMN gels possess the more evenly
distributed polymer networks; the distinctive double and relative evenly distributed
networks of DMMN gel makes it combine the current DN and homogeneous network
strategies for preparing robust hydrogels. The optimized DMMN gel is capable of
sustaining up to 50 MPa of compressive stress. Besides, DMMN gels exhibit excellent
cytocompatibility. This study expands DN principle in designing and fabricating
high-strength hydrogels with biocompatible macromolecules that show a promising
prospect for biomedical applications.

Key words: hydrogel, double-network, hyaluronan, poly(ethylene glycol),

high-strength
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1 Introduction

Inferior mechanical strength of hydrogels has severely limited their applications as
drug release matrix, tissue engineering scaffold, and biosensors.”® Recently,
high-strength hydrogels have attracted increasing attentions.*® The failure of
hydrogels under stress mainly includes two processes named initial “crack formation”
and “crack propagation”.’® One strategy to improve the mechanical strength of
hydrogel is to fabricate hydrogel with homogeneous network, which can reduce the
probability of initial “crack formation”.***? On the other hand, lowering the “crack
propagation” in hydrogel may also help achieve high strength. The double-network
(DN) concept is an excellent and attractive strategy to prepare strong hydrogel by
increasing the resistance of network against the “crack propagation”.fs’10 The DN gel is
generally fabricated via a two-step sequential cross-linking process. Among the
fabrication of a typical DN gel, a densely cross-linked and rigid network is first
synthesized, and swells to equilibrium in a solution containing crosslinker, initiator,
and neutral monomer for the second network; and then polymerization of the neutral
monomer takes place in the first network to generate the loosely cross-linked and
flexible second network.® The network structure of the DN gel and mechanisms of the
mechanical enhancement have been extensively studied in recent years.”**® The
flexible polymer chains of the second network entangle with each other as well as
with the rigid chains of the first network.***® The failure firstly occurs in the tightly
cross-linked first network under stress, and the resulting cracks can be bridged by the

second network which acts as not only an absorber of elastic energy but also a de
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facto molecular crack stopper to resist the crack propagation into a macroscopic
scale.”® The formation and propagation of numerous cracks can help dissipate
considerable amount of fracture energy, and result in high mechanical strength.*®*® A
series of DN gels have been reported and demonstrated the applicability of the DN
principle.t”%

Based on the fracture mechanisms of DN gels, energy absorbing and dissipating of the
ductile second network plays the critical role in the drastic enhancement of the

mechanical strength for DN gels. According to our previous study,?"%

the hydrogel
fabricated with poly(ethylene glycol) 20000 diacrylate (PEG20K-DA, M,=20,000
g/mol) could store and dissipate much more fracture energy in the compression
process compared with hydrogel synthesized from lower molecular weight
poly(ethylene glycol) 4000 diacrylate (PEG4K-DA, M;=4,000 g/mol). In this study,
double macromolecular network (DMMN) gels have been designed and fabricated,
based on DN principle, using a two-step photocrosslinking with methacrylated
hyaluronan (HA-MA) for the first network and PEG20K-DA or PEG4K-DA for the
second network. The influence of molecular weight and initial solution concentration
of poly(ethylene glycol) diacrylate (PEG-DA) as well as initial concentration of
HA-MA solution on the mechanical strength of DMMN have been evaluated in detail.
The homogeneities of DMMN hydrogel are examined with dynamic light scattering
technique.

2 Materials and methods

2.1 Materials
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Hyaluronic acid sodium (HA, M,=5x10° g/mol) is purchased from Shenggiang
Biotech Co., Ltd (Liuzhou, China) and used as received. Poly(ethylene glycol) (PEG)
with molecular weight of 4000 g/mol (PEG4K) and 20000 g/mol (PEG20K) and N,
N-dimethylformamide (DMF) is purchased from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China). Glycidyl methacrylate (GMA) is purchased from
Sigma-Aldrich. 2-hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone (lrgacure
2959) photoinitiator is purchased from Ciba Specialty Chemicals. Acryloyl chloride
(Aladdin Reagents Co., Ltd., Shanghai, China) is freshly distilled before use.
Triethylamine (Sinopharm Chemical Reagent Co., Ltd, Shanghai, China) is refluxed
with phthalic anhydride for 12 hours, distilled, refluxed with calcium hydride for
another 12 hours, and distilled before use. Toluene and tetrahydrofuran (THF) is
refluxed with CaH, and distilled before use.

2.2 Synthesis of precursors

PEGs, including PEG20K and PEGA4K, are end-capped with acrylate groups to form
polymerizable PEG-DA precursors according to our previous report.”* Briefly, 0.5
mmol of PEG is dissolved in 200 mL of anhydrous toluene at 140 °C and azeotropic
distillated to remove traces of water. After cooling to room temperature, 3.0 mmol of
anhydrous triethylamine is added into the solution, and subsequently the mixture
solution is placed into the low temperature bath (< 0 °C) under argon atmosphere for
30 minutes. 5 mL of THF containing acryloyl chloride (3.0 mmol) is added dropwise
within one hour, followed by continuously stirring for 2 hours. The reaction solution

is stirred in an oil bath at 45 °C overnight, filtered through diatomite, concentrated
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with rotary evaporation, precipitated dropwise in anhydrous diethyl ether under
stirring, and dried under vacuum at room temperature. The resultant PEG-DA
precursor is dialyzed in deionized (DI) water for three days, and freeze-dried.
Hyaluronan-methacrylate conjugate (HA-MA) is synthesized by referring to the
previous study after slight modification.® Briefly, HA (1.0 g, 2.4 mmol) is dissolved
in 250 mL of phosphate-buffered saline (PBS, pH 7.4) solution, followed by the
addition of 80 mL of DMF under vigorous stirring. GMA (0.1 mol) and triethylamine
(0.05 mol) is added into the HA solution. The reaction mixture is stirred for five days
at room temperature, and concentrated with rotary evaporation. The concentrated
solution is dialyzed for three days in DI water, and then freeze-dried.

2.3 Fabrication of hydrogels

The PEG-DA or HA-MA precursor solution containing 0.05% (g/mL) of Irgacure
2959 is transferred to cylindrical molds (diameter 4 mm) with a pipette, and then
exposed to 365 nm ultraviolet (UV) light (30 mW/cm?) for 5 minutes to obtain PEG
or HA hydrogels. The hydrogels synthesized from 10% and 20% (g/mL) of
PEG20K-DA solution are named as PEG10 and PEG20, respectively. The hydrogels
fabricated from 2%, 2.8%, and 3.5% (g/mL) of HA-MA solution are named as HA2.0,
HAZ2.8, and HA3.5 gel, respectively.

For the preparation of DMMN hydrogels, the HA gels, synthesized from 2%, 2.8%, or
3.5% (g/mL) of HA-MA solution, are immediately immersed into PEG20K-DA
solutions (10%, 15%, or 20%, g/mL) containing 0.05% (g/mL) of Irgacure 2959.

After 72 hours of immersion, the fully swelled HA gels are subject to crosslinking
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under the UV light for 5 minutes after wiping off the surface solution to obtain
DMMN gels. A series of DMMN gels are prepared with HA-MA and PEG20K-DA as
parent precursors, and referred as DMMN-x-y gel (x and y stand for the initial
percentage concentration of HA-MA and PEG20K-DA precursors, respectively).
Besides, the DMMN-2-4K gel is fabricated from 2% (g/mL) of HA-MA solution and
20% (g/mL) of PEG4K-DA precursor solution.

2.4 'H NMR characterization

The *H NMR spectra of PEG-DA and HA-MA precursors are recorded on a Mercury
VX-300 spectrometer (Varian, USA) using D,0 as the solvent, in which the relative
integral intensities are used to calculate the acrylation of PEG-DA and methacrylation
of HA-MA.

2.5 Dynamic light scattering measurement

All dynamic light scattering (DLS) tests are carried out on the ALV/DLS/SLS-5000E
light scattering goniometer (ALV/CGS-8F, ALV, Germany) with vertically polarized
incident light (632.8 nm) from a He-Ne laser equipped with an ALV/LSE-5003 light
scattering electronics and multiple tau digital correlator. The measurements are
conducted at a 90° angle, keeping the temperature at 25 °C.%*%* The samples of DLS
measurements include PEG20K-DA solutions and hydrogels. PEG20K-DA solutions
are directly filtered into the sample cells with a filter (PALL 4614), having 0.45 pm of
pore size. For the gels, the 20% (g/mL) PEG20K-DA and 2% (g/mL) HA-MA
solutions containing Irgacure 2959 (0.05%, g/mL) is added into the sample cells,

respectively, by filtering through the 0.45 pum of pore size filter and subjected to
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photopolymerization under 365 nm UV light at 30 mW/cm? for 5 minutes. After the
DLS measurements, 20% (g/mL) PEG-DA solution containing Irgacure 2959 (0.05%,
g/mL) is filtered into the sample cells containing HA gels. After 96 hours’ incubation,
the system is exposed to UV light for 5 minutes to obtain DMMN gels for DLS
measurements.
2.6 Compression test
Unconfined compression test of fully swollen gels are carried out on a LLYOD
materials testing machine equipped with 100 N or 10 kN force transducer. One
cylindrical gel sample is placed on the lower compression plate, and subjected to
compression at the rate of 1.0 mm/min. The elastic modulus of gel is calculated from
the slope of the initial linear range of stress-strain curve according to Hookean
model.> The value of fracture stress and fracture strain is obtained from the
stress-strain curve at the fracture point. Fracture energy is defined as the integral area
of stress-strain curve till fracture point.
2.7 Swelling of HA gel in PEG-DA solution
Freshly synthesized HA gels from 40 pL of HA-MA solution are immersed in
PEG-DA solution. At the predetermined time, four samples are collected and weighed
(Wso) respectively after wiping off the surface solution, and then weighted (Wgo) after
drying at 50 °C under vacuum for three days. The polymers concentration in HA gels
is calculated with the following equation:

Concentration (%) = Wgo/( Wy - Wg0)><100%

2.8 Mass ratio of DMMN hydrogels
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HA gels, synthesized from 40 puL of HA-MA solution, and corresponding DMMN gels
are prepared. These gels are placed in DI water at ambient temperature for three days
to reach equilibrium swelling, and dried for three days under vacuum at 50 °C. The
dry weights of HA gel (Wya) and corresponding DMMN gel (Wpmmn) are measured
with an electronic balance. The mass ratio of the second PEG network to the first HA
network is estimated as follows:
Mass ratio = (Wpmmn = Wha)/Wha

2.9 Water content
Freshly prepared gels are placed in DI water at room temperature, where the water is
changed every day. After three days of immersion, the samples are weighed (W) after
wiping off the surface water, and then dried at 50 °C under vacuum for three days.
The dry samples are weighted (Wg). The water content of the gel is calculated by the
following equation:

Water content (%) = (Ws-Wg)/W; X 100%
2.10 Statistical analysis
Results are presented as mean = standard deviation with at least three samples.
Student’s t-test is used to estimate statistical significance (p < 0.05) between two
groups.
3 Results and discussion
HA is one major component of extracellular matrix of skin, cartilage, and the vitreous
humor. It is a linear, negatively charged, high molecular weight mucopolysaccharide,

and an important biopolymer to synthesize hydrogels for biomedical applications.?**
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HA-MA is synthesized by grafting glycidyl methacrylate onto HA, and which is used
as the precursor for the first network of DMMN gels. Biocompatible PEG4K-DA and
PEG20K-DA, instead of small molecular monomer commonly used in preparation of
traditional DN gels,® is selected as the precursor for the second network. The typical
'H-NMR spectra of HA-MA and PEG20K-DA is shown in Fig. S1 (ESI).

The DMMN gels are fabricated by a two-step photocrosslinking. As shown in Fig. 1A,
the HA gels are synthesized from UV-light induced gelation of HA-MA solutions (Fig.
1A-a), and then immersed in PEG-DA solutions (Fig. 1A-b). The HA gels swell
gradually (Fig. 1B), at the same time, PEG-DA precursors and photoinitiators diffuse
into the HA gels (Fig. 1A-c). The fully swelled HA gels are taken out and exposed to
UV light for the second crosslinking to obtain the DMMN gels (Fig. 1A-d).

The diffusion process of the second precursor into the first network is crucial to
determine the polymer content and mass ratio of the second and the first networks that
have great influence on the mechanical properties of the resultant DN gels.® In
particular, the macromolecular PEG-DA is different from small monomer that is
usually used to fabricate DN gels.® For examples, flexible PEG-DA precursors mainly
exist in the form of chain aggregates in (semi-)concentrated solution and have lower
diffusion rate than small monomer.”>*® Therefore, the diffusion of PEG20K-DA into
HAZ2.0 gel is typically monitored as a function of immersion time. As shown in Fig. 2,
the polymers concentration in HA2.0 gel rapidly increases from about 2% to 24%
(w/w) within the first hour' immersion, which can be attributed to the de-swelling of

HA2.0 gels due to the osmotic pressure caused by great difference of polymer

Page 10 of 31



Page 11 of 31 Journal of Materials Chemistry B

228  concentrations between inside and outside of the HA2.0 gel. The similar phenomenon

1.2° After five hours of immersion, the

229 is also reported by Khademhosseini et a
230  polymers concentration in HA2.0 gel reaches up to 31.541.0% (w/w), whereas, the
231  increase rate (slope of the curve) from the first to the 5th hours becomes smaller than
232 that within the first hour. The polymers concentration in HA2.0 gel decreases from the
233 5th to the 24th hours, which indicates that the re-swelling of HA2.0 gel occurs. After
234 72 hours of incubation, the polymers concentration in HA2.0 gel stabilizes at 2240.5%
235  (w/w), which suggests the concentration of PEG20K-DA precursor reaches
236 equilibrium between inside and outside of HA2.0 gel. This result demonstrates three
237  days' immersion is enough for the diffusion of PEG20K-DA precursor into HA gels.

238 A series of hydrogels, including PEG gels, HA gels, and DMMN gels, are fabricated,
239  and the compression tests are performed to study their mechanical properties with
240  varied concentrations or molecular weights of precursors (Table 1). Interestingly, the
241 PEG10 gel is stronger than the PEG20 gel; the fracture stress and fracture energy of
242 PEGI10 gel is significantly higher than those of PEG20 gel. This result does not
243 accord with the classical Lake-Thomas theory that is followed by the HA gels whose
244  fracture stress and fracture energy is increased from HA2.0 to HA2.8 and HA3.5
245  gel.*® Actually, we have observed the similar phenomenon in our previous study,*
246 and the unusual result should be attributed from the PEG network structures that are
247  derived from the precursor solutions. Dynamic light scattering (DLS) measurements

248  are performed to investigate the chain structures in PEG20K-DA solutions. As shown

249 in Fig. 3A, in a dilute PEG20K-DA solution (0.5%, g/mL), major PEG20K-DA
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precursors exist as the single chain, and its hydrodynamic radius (4.240.6 nm) is close
to the theoretical value (3.3 nm).*! In (semi-)concentrated solution, more flexible
PEG20K-DA chains entangle with each other to form chain aggregates. The
hydrodynamic radius of PEG20K-DA chain aggregates increases from 58420 nm to
380497 nm with the increase of the concentration of PEG20K-DA solution from 0.5%
to 10% (g/mL). When the concentration of PEG20K-DA solution is 20% (g/mL), the
PEG20K-DA single chain disappears, and the hydrodynamic radius of chain
aggregates reaches up to 1018+124 nm. The increase in size of chain aggregates from
10% to 20% (g/mL) of PEG20K-DA solutions leads to the significant increase in
spatial inhomogeneities that is directly demonstrated by a 5-fold increase in ensemble
average scattering intensity ((I)e) (Fig. 3B).1*? The spatial chains inhomogeneities
can be frozen during the cross-linking process.®® Therefore, the networks of PEG20
gel are more inhomogeneous than those of PEG10 gel, typically including more
network defects between chain aggregates and unevenly distributed cross-linking
points as well as more inhomogeneous polyacrylate kinetic chains. The more
inhomogeneities of PEG20 gels than PEG10 gels can cause severe stress

concentration under stress,**

resulting in lower fracture strain, fracture stress, and
fracture energy (Table 1).

However, the fracture stress and fracture energy of the DMMN gels, fabricated with
2% (g/mL) of HA-MA solution for the first network, gradually increases with the

increase of PEG20K-DA concentration from 10% to 15% and 20% (g/mL); at the

same time, their fracture strains are comparable (Table 1). In other words, the second
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PEG20K networks in DMMN-2-20 gel are capable of absorbing and storing more
fracture energy than those in DMMN-2-15 and DMMN-2-10 gels under stress.
Surprisingly, this result does not agree with aforementioned PEG10 and PEG20 gels.

The elastic modulus of HA2.0 gel is too small to be accurately measured; the elastic
modulus of DMMN-2-20 gel (41.3%3.2 kPa) is not significantly different from that of
PEG20 gel (39.949.5 kPa). The comparable elastic modulus indicates the PEG20K
networks both in DMMN-2-20 gel and PEG20 gel sustain the stress, but the fracture
strain of DMMN-2-20 gel (94.642.9%) is significant larger than that of PEG20 gel
(86.3+1.5%). The homogeneity of HA2.0 gel (the first network for DMMN-2-20 gel
synthesis), DMMN-2-20 gel, and PEG20 gel is studied with DLS tests. As shown in
Fig. 4b, compared with PEG20 gel, the HA2.0 gel shows much lower average
scattering intensity ((I)g); and as expected, the ()¢ of the DMMN-2-20 gel is
significantly lower than that of PEG20 gel. These data demonstrate the DMMN-2-20
gel, including PEG20K networks and HA networks, is composed of more evenly
distributed polymer chains. The fracture patterns of PEG20 gel and DMMN-2-20 gel
are carefully observed and compared (Fig. 4a). The fracture of PEG20 gel occurs in
middle and produces big pieces of fragment. This fracture pattern can be attributed to

the evident stress concentration caused by network inhomogeneities,®**

just like
above-mentioned unevenly distributed cross-linking points and inhomogeneous
polyacrylate kinetic chains, as well as network defects. However, the entire

DMMN-2-20 gel breaks into tiny pieces, suggesting the load is evenly applied on the

gel networks. These phenomena again demonstrate the homogeneity of DMMN-2-20
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gel. Therefore, the more evenly distributed PEG20K networks in DMMN-2-20 gel,
containing more PEG20K chains, can absorb and store more energy than those in
DMMN-2-15 gel and DMMN-2-10 gel, by suffering the comparable compression
deformation (namely strain).”* Compared with the inhomogeneous PEG20 gel, the
more evenly distributed PEG20K networks in DMMN-2-20 gel may be resulted from
the disaggregation of PEG20K-DA precursors from chain aggregates in the diffusion
process into HA2.0 gel.*** Fig. 5 illustrates the proposed formation mechanisms of
PEG gel and DMMN gel. The flexible PEG20K-DA precursors take random coil
conformation and entangle with each other to form chain aggregates, which are frozen
during the cross-linking process and results in inhomogeneous PEG gel (Route 1).4%%
In the Route 2, the HA2.0 gel serves as a template for the diffusion of PEG20K-DA
precursors. The PEG20K-DA chains dissociate them from the large chain aggregates
in solution and diffuse into HA2.0 gel, and then the DMMN gels with more evenly
distributed polymer networks are formed after second cross-linking.*’

The obtained DMMN gels showed excellent mechanical properties, especially for the
DMMN-2-20 gel. As shown in Fig. 6a, b and ¢, the DMMN-2-20 gel possesses
excellent anti-compression ability in spite of its high water content (95.940.1%, Table
1). It achieves an outstanding compressive fracture stress of 50.144.4 MPa, which is
about 2500 times and 44 times higher than that of HA2.0 gel (0.0240.01 MPa) and
PEG20 gel (1.1440.37 MPa) gel, respectively. The fracture energy of DMMN-2-20

gel (23744372 kd/m®) is also obviously much higher than those of HA2.0 gel (1.620.4

kJ/m?) and PEG20 gel (101430 kJ/m®). The superior mechanical strength and large
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recoverable deformation is vividly demonstrated by loading a person’s body weight
(approx. 74 kg, i.e., 163 pounds) on the DMMN-2-20 gel (diameter 12.5 mm, height
10.8 mm) (Supplementary Video). The gel can fully recover from the compressed
state upon the removal of load and retain its intactness and resilience, exhibiting
rubber-like behaviors. The cyclic loading experiments are carried out to explore
energy dissipation of the DMMN gels. As shown in Fig. 6d, the DMMN-2-20 gel
dissipates energy effectively, as demonstrated by the large hysteresis loop in the first
loading-unloading curve. The pronounced hysteresis is also observed in the first
loading-unloading cycle of PEG20 gel (Fig. 6e), suggesting the second PEG network
in DMMN gels can effectively dissipate energy under stress. This result indicate that
the PEG network as the second network is significantly different from the widely used
polyacrylamide (PAAm) network that shows negligible hysteresis in the
loading-unloading cycle.®?® The immediately second loading-unloading cycles of
PEG20 gel and DMMN-2-20 gel are conducted. The hysteresis loops for both gels
become much smaller at the second loading-unloading cycles. These results
demonstrate that the energy dissipation of the DMMN gels under stress might mainly
be attributed to the rearrangement of PEG20K chains of the second network, such as
coil-stretch conformation transition.?*%

To further characterize DMMN gel system, the influence of the molecular weight of
PEG-DA precursor and the concentration of HA-MA solution on the mechanical

properties of DMMN gels are evaluated, respectively (Table 1). The DMMN-2-4K

gel is fabricated with the same 2% (g/mL) of HA-MA solution as the first network
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and 20% (g/mL) PEG4K-DA solution as the second network. However, the fracture
stress and fracture energy of DMMN-2-4K gel (2.7320.77 MPa) is significantly lower
than that of DMMN-2-20 gel. Weng et al. report a series of HA/DAAmM DN gels,
using 2% (g/mL) HA gel as the first network and small monomer N,
N-dimethylacrylamide (DAAm) as the second network, of which the maximum
fracture stress is 5.2 MPa.** Compared with DMMN-2-4K gel and HA/DAAm DN gel,
we can conclude that the high molecular weight of PEG-DA precursor plays an
important role in generating high-strength double-network gels. The PEG20K
networks in DMMN-2-20 gel have lower crosslink density than PEG4K networks in
DMMN-2-4K gel due to the higher molecular weight;** the lower crosslink density is
beneficial to the extension of PEG20K chains under stress.?* Besides, the chain length
of PEG20K networks in DMMN-2-20 gel is higher than that of PEG4K networks in
DMMN-2-4K gel. Therefore, the DMMN-2-20 gel can achieve a higher strain and
absorb more fracture energy than DMMN-2-4K gel. When keeping the concentration
of PEG20K-DA constant at 20% (g/mL), the increased concentration of HA-MA
solution from 2% to 2.8% and 3.5% (g/mL) makes the fracture stress of the DMMN
gels drop greatly from 50.144.4 to 8.2243.7 and 1.03#0.16 MPa. The above results
suggest that higher molecular weight of PEG-DA precursors (for the second network)
and lower initial concentration of HA-MA precursor solution (for the first network) is
beneficial to producing high-strength DMMN gels.

The mass ratio of the second network to the first network is regarded as the crucial

structure parameter for preparing robust DN gels.®® As shown in Fig. 7, similar to
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previously reported DN gels,® the fracture stress of the DMMN gels increases with the
increase of the mass ratio of the second to the first network, except for those of
DMMN-2-10 and DMMN-2.8-20 gels. They exhibit similar mass ratio of PEG to HA
network (Table 1 and Fig. 7), however, the fracture stress and strain of DMMN-2-10
gel (17.743.9 MPa and 95.84#1.2%) is significantly higher than those of
DMMN-2.8-20 gel (8.2243.7 MPa and 88.4+1.6%). Furthermore, though the mass
ratio of DMMN-2-4K is up to 183.9+11.9, its fracture stress and fracture strain is only
2.733).77 and 66.640.9%, respectively. This result further demonstrates that the
relative lower concentration of HA-MA precursor solution as well as higher molecular
weight of PEG-DA precursor is crucial for preparing high-strength DMMN gels.
Cytotoxicity of DN gels is another major concern for biomedical applications,™® and
the DMMN gels exhibit excellent cytocompatibility due to the widely recognized
materials (namely PEG and HA) as well as the well established photo-crosslinking
method (ESI, Fig. S2).

4 Conclusions

In this study, strong and resilient DMMN gels that possess DN and more evenly
distributed polymer network structure have been developed with biocompatible
HA-MA and PEG20K-DA precursor for the first network and second network,
respectively. The relative loose HA network, synthesized from lower concentration of
HA-MA solution, and relative tight PEG20K network, synthesized from higher
concentration of PEG20K-DA solution, help enhance the mechanical properties of

resultant DMMN gels. This novel DMMN gel system almost integrates the qualities
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of homogeneous gel and DN gel, and thus it shows higher mechanical strength and

resilience. This study represents a protocol to prepare robust and biocompatible gels

that may expand the biomedical applications of hydrogels.
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Legends

Table 1 Mechanical and physical properties of gels.

Fig. 1 (A) Fabrication of DMMN gel: (a) preparation of HA gel by UV light induced
crosslinking of HA-MA solution, (b) immersion of HA gels in PEG-DA solution, (c)
reaching equilibrium swelling of HA gels, (d) exposure to UV light for the second
crosslinking to obtain DMMN gel. (B) Images of HA2.0 gel during swelling in 20%
(9/mL) of PEG20K-DA solution: (a) freshly synthesized HA2.0 gel, (b) after 2 hours'
immersion, (c) after three days' immersion.

Fig. 2 Polymers concentration in HA2.0 gel as a function of immersion time in 20%
(g/mL) PEG20K-DA solution.

Fig. 3 (A) Hydrodynamic radius distribution of PEG20K-DA chain aggregates in
0.5%, 10%, and 20% (g/mL) of PEG20K-DA solution. (B) The ensemble average
scattering intensity ((I)g) of 0.5%, 10%, and 20% (g/mL) PEG20K-DA solution.
Statistical significance is indicated with ** (p <0.01).

Fig. 4 (a) Images of PEG20 and DMMN-2-20 gel after compression failure. (b) (I)e
of HA2.0, PEG20, and DMMN-2-20 gel; schematic diagrams of PEG20 and
DMMN-2-20 gel networks. Statistical significance is indicated with ** (p <0.01).

Fig. 5 Schematic fabrication process of PEG gel (Route 1) and DMMN gel (Route 2).
SIPN stands for semi-interpenetrating networks.

Fig. 6 (a) The PEG20 gel is easily sliced with a scalpel, while (b) the DMMN-2-20
gel can resist with a strain up to 60%. (c) Representative stress-strain curves of HA2.0,
PEG20, and DMMN-2-20 gel. (d) Loading-unloading cycles of DMMN-2-20 gel. (e)
Loading-unloading cycles of PEG20 gel.

Fig. 7 Mass ratios of PEG20K network to HA network in DMMN gels. The statistical
significance is indicated with ** (p < 0.01).
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479 Table 1 Mechanical and physical properties of gels.
Samples Fracture stress  Fracture strain  Fracture energy Mass ratio ~ Water content
(MPa) (%) (kd/m?) (%)
PEG10 5.7840.85 97.441.2 275348 -- 97.440.2
PEG20 1.1440.37 86.3+1.5 101430 -- 95.740.1
HA2.0 0.0240.01 45.616.6 1.640.4 -- 99.940.0
HA2.8 0.0740.02 38.5+1.4 51+.1 -- 99.740.1
HA3.5 0.1140.01 39.940.9 8.240.4 -- 99.540.1
DMMN-2-10 17.743.9 95.8+1.2 6784128 28.643.7 97.440.2
DMMN-2-15 30.546.3 95.642.4 1277+110 40.7H.4 96.6140.1
DMMN-2-20 50.14#4.4 94.6+2.9 23744372 46.542.0 95.940.1
DMMN-2.8-20 8.2243.7 88.4+1.6 4754119 26.344.0 94.340.7
DMMN-3.5-20 1.034).16 76.2+1.5 215442 14.510.7 92.240.2
DMMN-2-4K 2.7340.77 66.640.9 3231462 183.9+11.9 88.74.6
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Fig. 1 (A) Fabrication of DMMN gel: (a) preparation of HA gel by UV light induced crosslinking
of HA-MA solution, (b) immersion of HA gels in PEG-DA solution, (c) reaching equilibrium
swelling of HA gels, (d) exposure to UV light for the second crosslinking to obtain DMMN gel.
(B) Images of HA2.0 gel during swelling in 20% (g/mL) of PEG20K-DA solution: (a) freshly
synthesized HA2.0 gel, (b) after 2 hours' immersion, (c) after three days' immersion.
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Fig. 3 (A) Hydrodynamic radius distribution of PEG20K-DA chain aggregates in 0.5%, 10%,
and 20% (g/mL) of PEG20K-DA solution. (B) The ensemble average scattering intensity ({I)g)
of 0.5%, 10%, and 20% (g/mL) PEG20K-DA solution. Statistical significance is indicated with

* (p £ 0.01).
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518 Fig. 6 (a) The PEG20 gel is easily sliced with a scalpel, while (b) the DMMN-2-20 gel can
519 resist with a strain up to 60%. (c) Representative stress-strain curves of HA2.0, PEG20, and
520 DMMN-2-20 gel. (d) Loading-unloading cycles of DMMN-2-20 gel. (e) Loading-unloading
521  cycles of PEG20 gel.
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525 Fig. 7 Mass ratios of PEG20K network to HA network in DMMN gels. The statistical
526 significance is indicated with ** (p < 0.01).
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Preparation and characterization of double macromolecular network
(DMMN) hydrogels based on hyaluronan and high molecular weight
poly(ethylene glycol)

Changjiang Fan,* Chao Zhang,® Ligiong Liao*®, Sheng Li,* Weiping Gan,® Jinping

Zhou,” Dong-An Wang*“, and Lijian Liu*

Ultra-strong and resilient double macromolecular network (DMMN) hydrogels with more evenly
distributed polymer network and double-network structure have been developed.
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