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We present a synthetic strategy to produce high-strength hydrogels based on hyaluronic acid, a unique
biomacromolecule with distinctive biological functions. The hydrogels were prepared using a two-step proce-
dure. In the first step, hyaluronic acid (HA) was chemically cross-linked in aqueous solutions using ethylene
glycol diglycidyl ether (EGDE) under various experimental conditions. EGDE-cross-linked HA hydrogels contain-
ing 97–99% water were fragile, and ruptured when compressed to 25–51% strain under 0.02–0.15 MPa stresses.
By applying the double-network approach in the second step, we were able to generate high strength HA/
poly(N,N-dimethylacrylamide) double-network hydrogels containing 84–94%water. Tuning the ratio of the net-
work components could result in hydrogels exhibiting a compressive modulus of 0.9 MPa that sustain 19.4 MPa
compressive stresses, which are much larger than those reported before for the hydrogels derived from the
methacrylatedHAmacromers. Thus, the hydrogels presented here are promisingmaterials tomake use the char-
acteristics of HA in stress-bearing biomedical applications. Cyclic mechanical tests show irreversible stress-strain
curves with a large hysteresis indicating that elastically effective cross-links of HA first-network are irreversibly
destroyed under load by dissipating energy. This internal fracture of HA network together with the high mass
ratio of the second to the first-network components are responsible for the extraordinary mechanical properties
of the hydrogels.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Hyaluronic acid (HA) is a natural anionic polyelectrolyte consisting
of disaccharide repeat units of β-1,4-D-glucuronic acid - β-1,3-N-ace-
tyl-D-glucosamine [1]. HA is the main component of extracellular
matrix, and it plays an important role in wound-healing processes [2].
Because of the distinctive biological functions and lubricating proper-
ties, HA is an effective biomaterial for soft tissue regeneration [3–6].
However, rapid in vivo degradation and poor biomechanical perfor-
mance of pure native HA limit its clinical applications. To generate a
less degradable HA with improved mechanical properties, HA was
chemically cross-linked to form HA hydrogels [7,8]. The functional
groups in HA as potential cross-link points are the one carboxyl group
and four hydroxyl groups on its repeat unit, which can be cross-linked
via ester and ether linkages, respectively (Scheme 1).

Cross-linking of HA has been reported using several cross-linkers
[9–15], including divinyl sulfone (DVS), glutaraldehyde (GTA), 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), ethylene glycol
diglycidyl ether (EGDE), butanediol diglycidyl ether (BDDE) and poly
(ethylene glycol) diglycidyl ether (PEGDE). Although the cross-linking
of HA reduces its degradation rate and solubility in aqueous media,
the resulting hydrogels exhibit poor mechanical properties to be used
in stress-bearing applications. The lack of mechanical strength in HA
hydrogels is mainly due to the absence of a viscoelastic dissipation in
the chemically cross-linked HA network leading to the fracture of the
hydrogels under low stresses [16,17]. Recently, high-toughness HA
hydrogels with a macroporous structure have been prepared using
cryogelation of aqueous HA solutions at subzero temperatures in the
presence of EGDE cross-linker [18,19]. Due to the cryoconcentration of
the reactants in the unfrozenmicro-domains of the cryogelation system
[20], HA cryogels are very tough and can completely be squeezed with-
out any crack propagation. However, the toughness of HA cryogels is
due to water flowing out of their macropores under stress and, they
are very softmaterials exhibiting an elasticmodulus of below2 kPa [18].

An alternative two-step approach to produce HA hydrogels is the
chemical modification of HA prior to the cross-linking reactions to in-
corporate additional functional groups. The widely used strategy is to
introduce photopolymerizable methacrylate groups on HA molecules
using glycidyl methacrylate, which are subsequently photopolymerized
to form HA-based hydrogels [21–23]. Another strategy is the synthesis
of thiol-functionalized HA which spontaneously forms intermolecular
disulfide bonds upon exposure to air [24,25]. To increase the rate of
cross-linking, Michael-type addition reaction was also employed by
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Scheme 1. Cross-linking of hyaluronic acid (HA) using ethylene glycol diglycidyl ether (EGDE).
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the addition of poly(ethylene glycol) diacrylate cross-linker [24].
However, the hydrogels derived from the chemically modified HA also
exhibit poor mechanical properties [26,27]. To achieve a high mechani-
cal strength, they can be reinforcedwith othermacromolecules [28–30],
or energy dissipation mechanisms can be created to slow crack propa-
gation within the gel network [31,32]. By using the double-network
(DN) concept [33–37], Weng et al. prepared mechanically strong HA
hydrogels consisting of a highly cross-linked methacrylated HA
(GMHA) first-network and a lightly cross-linked ductile poly(N,N-
dimethylacrylamide) (PDMA) second-network [31]. DN hydrogels ex-
hibit a compressive modulus of 0.5 MPa and a fracture stress of
5.2 MPa. A similar procedure was recently applied by Tavsanli et al. for
the synthesis of triple-network hydrogels [32]. The hydrogels consisting
of GMHA/PDMA/PDMA interconnected interpenetrated network com-
ponents exhibit compressive fracture stresses up to 20 MPa.

However, the chemical modification procedures of HA summarized
above to prepare DN hydrogels involve macromonomer synthesis and
purification steps with many chemicals including dihydrazides,
trimethylamine and phase transfer catalysts. Alternatively, a simple
way to produce DN hydrogels is to use native HA to create the first-net-
work hydrogels instead of GMHA.Moreover, becauseGMHA ismore hy-
drophobic than HA due to its methacrylate groups, onemay expect that
the single-network HA hydrogels will exhibit a higher degree of swell-
ing in aqueous solutions as compared to GMHA hydrogels. This means
that a larger amount of the second ductile PDMA network component
could be introduced in HA hydrogels during double networking leading
to better mechanical properties [33]. This is the main motivation of this
study.

Here, we use pure native HA for the preparation of mechanically
strong double-network HA hydrogels. To our knowledge, such
hydrogels have not been reported before. HA hydrogels were prepared
in aqueousHA solutions in the presence of EGDE cross-linker under var-
ious experimental conditions. EGDE contains epoxide groups on both
ends and, has been widely used for cross-linking of biopolymers carry-
ing hydroxyl, amino, and sulfhydryl groups [38–40]. Since the hydroxyl
groups on HA molecules react with the EGDE [18,19], intermolecular
cross-links form during gelation, resulting in the formation of a three-
dimensional HA network (Scheme 1). We monitored the cross-linking
reactions of HA with EGDE cross-linker in alkaline solutions by
rheometry using oscillatory deformation tests. HA hydrogels formed
were subjected to rheological and mechanical measurements to evalu-
ate their viscoelastic and mechanical properties as a function of the
cross-linker content. By applying DN approach, we were able to gener-
ate HA/PDMA hydrogels containing 84–94% water. The hydrogels
sustain 0.8–19.4 MPa compressive stresses and exhibit compressive
moduli up to 0.9MPa. These values aremuch larger than those reported
before for DN hydrogels derived from GMHAmacromers [31,32]. Thus,
HA hydrogels described here are promisingmaterials for stress-bearing
biomedical applications. As will be discussed below, high mechanical
strength of the present hydrogels is due to the internal fracture of HA
network by dissipating energy as well as due to the larger swelling ca-
pacity of the first-network hydrogels based on HA as compared to
GMHA, increasing the ratio of the second-to-first network components
in DN hydrogels.

2. Materials and methods

2.1. Materials

Hyaluronic acid sodium salt (HA) from Streptococcus equi was ob-
tained fromSigma-Aldrich (impurities: ≤1 protein), and its viscosity av-
eraged molecular weight is 1.2 × 106 g·mol−1 [18]. Ethylene glycol
diglycidyl ether (EGDE, Polysciences, Inc., total chlorine content: 0.6%),
NaOH (Merck, ≥99%), N,N-dimethylacrylamide (DMA, Sigma-Aldrich,
99%, contains 500 ppm monomethyl ether hydroquinone as inhibitor),
2-oxoglutaric acid (Fluka, ≥99%), and N,N -methylene(bis)acrylamide
(BAAm, Merck, ≥99%), were used as received.

2.2. Hydrogel preparation

HA solutions were prepared by dissolving HA in 1 w/v% NaOH solu-
tion by gently stirring at 25 °C for 1 h. To ensure a complete dissolution,
HA solutions were kept at 4 °C for 24 h. After adding EGDE cross-linker,
the solution was stirred for 15 min before being transferred into plastic
syringes (inner diameter = 6 mm, length = 70 mm) to conduct the
cross-linking reactions. The reactions were carried out both at 25 °C
and 50 °C for 4 days and 4 h, respectively. DN hydrogels were synthe-
sized by immersingHAhydrogels in as-prepared states in aqueous solu-
tions containing the monomer DMA (30 w/v%), the second-network
cross-linker BAAm (0.05 and 0.10 mol% of DMA), and the photo-initia-
tor 2-oxoglutaric acid (0.1 mol% of DMA). The volume of the aqueous
solution wasmuch larger than the gel volume (around 120mL solution
per gram of hydrogel sample), so that the concentration of the solution
was practically unchanged. After the swelling equilibrium was
established within 4 days, the solution containing the hydrogel was
transferred into syringes of 10 mL in volume and the polymerization
was carried out 25 °C under UV light at 365 nm for 24 h.
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2.3. Swelling and gel fraction measurements

Hydrogel samples in as-prepared states were immersed in a large
excess of water at 25 °C for at least 4 days whereby the water was re-
placed every day to extract any soluble species. The swelling equilibri-
um was tested by weighing the gel specimens. The hydrogels in both
as-prepared and equilibrium swollen stateswere transparent indicating
that macrophase separation did not occur. The equilibrium relative
weight swelling ratio mrel was calculated as mrel = m/mo, where m is
the mass of the equilibrium swollen gel sample, and mo is its mass
after preparation. To determine the gel fraction, the equilibrium swollen
gel samples were taken out of water and immersed into excess acetone
for 1 day. After drying at 80 °C under vacuum to constant mass, the gel
fractionWgwas calculated from themasses of dry polymer network and
from the comonomer feed.

2.4. Rheological experiments

The cross-linking reactions of HAwith EGDE cross-linker weremon-
itored at 50 °C within the rheometer (Gemini 150 Rheometer system,
Bohlin Instruments) equipped with a cone-and-plate geometry (cone
angle = 4°, diameter = 40 mm). The instrument was equipped with a
Peltier device for temperature control. During the rheological measure-
ments, a solvent trap was used and the outside of the upper plate was
covered with a thin layer of low-viscosity silicone oil to prevent the
evaporation ofwater. An angular frequencyω of 6.3 rad s−1 and a defor-
mation amplitude γo of 0.01were selected to ensure that the oscillatory
deformation is within the linear regime. After a reaction time of 3 h, the
elastic moduli G′ of the reaction solutions approached limiting values.
Then, frequency-sweep tests were carried out at 25 °C.

2.5. Mechanical tests

Uniaxial compression measurements were conducted on equilibri-
um swollen hydrogels at 25 °C on a Zwick Roell Z0.5 TH test machine
using a 500 N load cell. The gel samples were cut into cubic samples
with dimensions 3 × 3 × 3 mm. Before the test, an initial compressive
contact of 0.01 N was applied to ensure a complete contact between
the gel and the plates. The tests were performed at a constant cross-
head speed of 0.3 and 1 mmmin−1 below and above 15% compression,
respectively. Compressive stress was presented by its nominal σnom and
true values σtrue (=λ σnom), which are the forces per cross-sectional
area of the undeformed and deformed gel specimen, respectively, and
λ is the deformation ratio (deformed length/initial length). The com-
pressive strain ε is defined as the change in the length relative to the ini-
tial length of the gel specimen, i.e., ε = 1 – λ. Cyclic compression tests
were conducted at a constant cross-head speed of 1 mm·min−1. The
gel sampleswere first compressed up to amaximumstrain λmax, follow-
ed by retraction to zero relaxation force. After waiting for 1 min at zero
relaxation force, the testwas repeated four timeswith afixedmaximum
strain as well as with increasing this strain. For reproducibility, at least
five samples weremeasured for each gel and the results were averaged.

3. Results and discussion

3.1. HA hydrogels

HA hydrogels were prepared in aqueous NaOH solutions at 50 °C in
the presence of EGDE cross-linker. The selection of NaOH solutions as
the solvent to conduct the cross-linking reactions is due to the fact
that the intramolecular hydrogen bonds in HA molecules are easily
disrupted at high pH values [41], thereby providing a more flexible HA
chain conformation and easier solubility in water. Increasing chain
flexibility of HA in alkaline solutions will also promote the cross-linking
reactions between its functional groups via the epoxy groups of EGDE.
Preliminary experimentswere carried out to optimize the concentrations
of NaOH (CNaOH) and HA (CHA) during the gel formation. At CNaOH b 1 w/
v%, HA could not be completely dissolved in aqueous solutions while at
higher NaOH concentrations (≥2 w/v%), the solution viscosity of HA
and the elastic modulus G′ of the resulting hydrogels drastically de-
creased indicating hydrolytic degradation of HA [41]. Moreover, at
CHA b 8 w/v%, weak hydrogels with an elastic modulus below 1 kPa
were obtained in 1 w/v% NaOH solutions, while, at or above 10 w/v%
HA, the preparation of a homogeneous HA solution was difficult due to
the high solution viscosity. In the following, we present our results ob-
tained in a 1 w/v% NaOH solution containing 8 w/v% HA and various
amounts of the cross-linker EGDE. Rheological measurements conducted
on 8 w/v% HA solution in 1 w/v% NaOH before the addition of the cross-
linker showed a decrease in the solution viscosity and elastic modulus G′
with increasing time or with increasing temperature (Figs. S1, S2). This
behavior of alkaline HA solutions has been reported before [41], and it
originates from the decrease of the size of HA molecules due to the dis-
ruption of intermolecular hydrogen bonds and/or from the degradation
of HA backbone resulting in a decrease of the molecular weight.

We first monitored the gelation reactions by dynamic rheological
measurements in order to follow the gradual formation of the three-di-
mensional HA network. Typical gelation profiles of 8 w/v% HA solutions
at 50 °C and at four different cross-linker contents are shown in Fig. 1a
where the elasticmodulusG′ and the loss factor tan δ are plotted against
the reaction time. During the reactions, the elastic modulus G′ increases
rapidly while tan δ decreases and then, they approach plateau values
after about 3 h. Thehigher the EGDE content, the higher the elasticmod-
ulus G′, and the lower the loss factor tan δ indicating that increasing
cross-linker content decreases the viscous, energy dissipating proper-
ties of HA hydrogels. To estimate the limiting modulus G′∞ of the
hydrogels, the experimental G′ vs gelation time data were fitted to the
equation [42–44]:

G0 tð Þ ¼ G0
∞

tn

tn þ θn
ð1Þ

where θ is the half-gelation time at which the modulus G′ becomes
equal to G∞′ /2, and the exponent n relates to the slope P at θ by:

P ¼ nG0
∞

4θ
ð1aÞ

The solid red curves in Fig. 1a showing the best fits to the experi-
mental data indicate that Eq. 1 well simulates the gelation process of
HA solutions. Gelation reactions conducted at eight different cross-link-
er concentrations between 0.95 and 22.4 w/v% EGDE revealed that both
the half-gelation time θ and the coefficient n are almost independent on
the EGDE content and they remain at 143 ± 38 min and 1.6 ± 0.3, re-
spectively. This indicates that the cross-linking reactions are not accel-
erated with increasing EGDE concentration. In contrast, the slope P at
the half-gelation time θ increased from 2 to 140 kPa·min−1 indicating
formation of a larger number of intermolecular cross-links as the
EGDE content is increased. The limiting values of G∞′ obtained from
the fits are shown in Fig. 1b together with the loss factor tan δ after a re-
action time of 3 h both plotted against the EGDE concentration. HA
hydrogels with an elastic modulus between 10−1 and 101 kPa could
be obtained by tuning the cross-linker concentration. Moreover, the
hydrogels exhibit a loss factor between 0.07 and 0.7, i.e., they belong
to the category of weak gels [45].

After a reaction time of 4 h, dynamic frequency-sweep tests were
carried out to explore the internal dynamics of HA hydrogels. Fig. 2a–e
show the frequency dependencies of G′ (filled symbols) and the viscous
modulus G″ (open symbols) at a strain amplitude γo = 0.01 for the
hydrogels formed at various EGDE contents. At the lowest cross-linker
content of 0.95w/v% EGDE (Fig. 2a), both G′ and G″ increase with fre-
quency similar to the semi-dilute polymer solutions. However, unlike
these solutions, the present system exhibits an elastic character



Fig. 1. Rheological monitoring of HA gelation. (a) Elasticmodulus G′ (left) and the loss factor tan δ (right) of the reaction system shown as a function of the reaction time.ω=6.3 rad.s−1.
γo = 0.01. Temperature = 50 °C. EGDE concentrations are indicated. The solid curves were calculated using Eq. 1. (b) The limiting elastic modulus G∞ ′ (filled symbols) and tan δ after a
reaction time of 3 h (open symbols) plotted against EGDE %.
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(G′ N G″) at low frequencies and a predominantly viscous character
above the crossover frequency of 20 rad−1 at which G′ and G″ intersect.
This unusual behavior was observed before in aqueous solutions of so-
dium alginate - poly(N-isopropylacrylamide) (PNIPA) [46], HA-graft-
PNIPA [47], and methyl cellulose [48]. We attribute this feature to the
intermolecular hydrogen bonds between HAmolecules acting as phys-
ical cross-links and thus, contributing to the elasticity of the hydrogel at
a low frequency. Increasing frequency gradually breaks H-bonds so that
the weak gel transforms to a viscous solution. As the cross-linker con-
tent is increased, the crossover frequency shifts outside of the experi-
mental window indicating that the effect of chemical EGDE links
dominate over the physical cross-links (Fig. 2a–e). However, the viscous
modulus G″ still rises with frequency implying increasing extent of en-
ergy dissipation due to the rearrangement of HA molecules leading to
their sliding past each other at short experimental time scales. Fig. 2
also shows that, at 3.7 w/v% EGDE, a plateau-like behavior appears in
the low-frequency range, whereas the height of the plateau increases
and its width expands as EGDE concentration is further increased. For
instance, the plateau elastic modulus increases from 1.6 to 24.5 kPa
with increasing EGDE content from 3.7 to 22.4 w/v% indicating increas-
ing elastic response of the hydrogels.

After a gelation time of 4 h, HA hydrogels were subjected to swelling
and mechanical measurements. The hydrogels formed below 2 w/v%
EGDE were soluble in water while those formed at or above 3.7 w/v%
EGDE were insoluble with a gel fraction Wg above 0.90 and contained
97–99% water (Table S1). Since the molecular weights of the cross-
linker EGDE and the disaccharide repeat units of HA are 174.2 and
416 g·mol−1, respectively, and HA concentration at gelation was
fixed at 8w/v%, a conversion factor of 0.15 converts the EGDE concentra-
tion (inw/v%) to themolar ratio of epoxide and hydroxide groups. Thus,
the threshold concentration of 3.7 w/v% EGDE corresponds to the pres-
ence of about 0.56 epoxides per OH group, or 2.2 mol of epoxide groups
per disaccharide repeat unit of HAmolecules. Assuming that each epox-
ide group forms elastically effective cross-links, this molar ratio would
lead to a ladder-like highly cross-linked HA structure with a modulus
Fig. 2.G′ (filled symbols) andG″ (open symbols) of HA hydrogels at 25 °C shown as a function of
7.1 (c), 15.0 (d), and 22.4 w/v% (e).
in the MPa range. Thus, a large fraction of EGDE in the gelation solution
seems to bewasted in side reactions, such as the reaction of the epoxides
with water, and/or is attached to HA only with its one end while the
other end reacts with water.

All HA hydrogels described above were prepared by conducting the
cross-linking reactions at 50 °C. Because HAmay degrade at an elevated
temperature, we repeated the gelation reactions at 25 °C. However, the
reactions were too slow to monitor the gelation process by dynamic
rheological measurements. Gravimetric tests conducted at or above
1.9 w/v% EGDE revealed that a gel fraction Wg above 0.90 could only
be obtained by increasing the gelation time to 4 days (Table S1). The
hydrogels formed both at 50 and 25 °Cwere subjected to swelling mea-
surements in water. Filled circles in Fig. 3a & b show the relative swell-
ing ratio mrel (with respect to the as-prepared state) of HA hydrogels
formed at 50 and 25 °C, respectively, plotted against their EGDE con-
tents. For comparison, mrel values of GMHA hydrogels reported before
are also shown in Fig. 3a by the open symbols plotted against the
methacrylation degree (DM) of GMHA [32].mrel of HAhydrogels is a de-
creasing function of the cross-linker content and varies between 2 and
123, corresponding to the equilibrium swelling ratio with respect to
dry state of 25-1540. This high degree of swelling is a consequence of
the osmotic pressure exerted by the counterions of cross-linked HA
molecules, similar to the synthetic polyelectrolyte hydrogels [11]. The
hydrogels formed at 25 °C exhibit a slightly lesser degree of swelling
in water as compared to those formed at 50 °C. Another point is that
HA hydrogels swell much more than those prepared from GMHA
exhibiting relative swelling ratios mrel between 3 and 4.5. This reveals
a reduction in the hydrophilicity of native HA upon its modification
with methacrylate groups.

Mechanical properties of HAhydrogels equilibrium swollen inwater
were investigated by uniaxial compression tests. Fig. 3c represents com-
pressive stress-strain curves of the gel samples formed at 50 °C and at
various EGDE contents, where the nominal stress σnom is plotted against
the strain ε. In Fig. 3d & e, the Young's modulus E, fracture stress σf and
fracture strain εf of the hydrogels formed at 50 °C and 25 °C,
the frequencyωmeasured after a gelation time of 4 h.γo=0.01. EGDE=0.95 (a), 3.7 (b),



Fig. 3. Swelling behavior and mechanical properties of HA hydrogels. (a, b) Relative swelling ratiomrel of HA hydrogels formed at 50 °C (a) and 25 °C (b) in water (filled circles) and in
aqueous 30% DMA solution (filled triangles) plotted against EGDE%. For comparison, mrel values of GMHA hydrogels reported before are also shown in Fig. 3a by the open symbols
plotted against the methacrylation degree (DM) of GMHA [32]. (c) Typical stress-strain curves of HA hydrogels formed at 50 °C under compression as the dependences of nominal
stress σnom on the strain ε. EGDE contents (in w/v%) are indicated. (d, e) Young's modulus E, fracture stress σf and fracture strain εf plotted against the EGDE content for the hydrogels
formed at 50 °C (d) and 25 °C (e). (f) The cross-link density νe of HA hydrogels formed at 50 °C (filled circles) and 25 °C (filled triangles) plotted against EGDE %. Open symbols
represent νe of GMHA hydrogels plotted against DM% of GMHA [32].
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respectively, are plotted against the EGDE content. Depending on the
cross-linker content and gelation temperature, Young's modulus E of
the hydrogels varies one to two orders of magnitude, i.e., between 3
and 590 kPa. For a tetrafunctional phantom network of Gaussian chains,
the Young's modulus E is related to the elastically effective cross-link
density νe (number of network chains per unit volume of swollen gel)
by [49,50]:

E ¼ 1:5νe RT mrelð Þ2=3 ð2Þ

where R is the gas constant and T is the absolute temperature. Note that
Eq. (2) assumes that the weight swelling ratio mrel is equal to the vol-
ume swelling ratio. In Fig. 3f, the cross-link density νe of HA hydrogels
is shown as a function of the EGDE content. For comparison, νe of
GMHA hydrogels is also plotted against DM% [32]. In accord with the
lower swelling capacity of HA hydrogels formed at 25 °C, their modulus
E and cross-link density νe are larger than those formed at 50 °C
indicating increasing cross-linking efficiency by reducing the gelation
temperature. The decrease of the cross-linking efficiency with rising
temperature is attributed to the partial degradation of HA molecules
producing shorter primary chains. Moreover, when comparing the
swelling ratios of GMHA and HA hydrogels having similar cross-link
densities, the former hydrogels exhibit a lower degree of swelling in
water supporting the fact that themethacrylationmakes HA less hydro-
philic as compared to native HA. We have to note that because the
cross-link density νe of the hydrogels calculated using Eq. (2) bases on
the swollen gel volume, its value is affected by the swelling degree of
the hydrogels. However, calculation of the cross-link densities based
on dry polymer lead to the similar trends as mentioned above (Fig. S3).

The results in Fig. 3d & e also show that all HA hydrogels rupture
when compressed to 25–51% strain under 20–150 kPa stresses. Thus,
they are brittle hydrogels similar to the chemically cross-linked synthet-
ic hydrogels [51], indicating that the viscoelastic energy dissipation of
HAmolecules under stress does not contribute much to their mechani-
cal performances.

3.2. Double-network HA hydrogels

As mentioned in the previous section, HA hydrogels exhibit a larger
degree of swelling as compared to those obtained from GMHA
macromers. This suggests that a larger amount of a ductile component
could be introduced during double-networking of HA hydrogels leading
to double-network (DN) hydrogels with better mechanical properties
as compared to those produced from GMHA macromers [33,52]. We
preparedDN hydrogels by swellingHAhydrogels, taken as the first-net-
work, in N,N-dimethylacrylamide (DMA) solutions containing a small
amount of BAAm cross-linker, and then photopolymerizing DMA to
forma loosely cross-linked poly(N,N-dimethylacrylamide) (PDMA) sec-
ond network. The filled triangles in Fig. 3a & b show the swelling ratio
mrel of HA hydrogels formed at 50 and 25 °C, respectively, in aqueous
30 w/v% DMA solutions plotted against the EGDE content. Although a
slight reduction in the swelling degree mrel of the hydrogels in the
DMA solution is observable as compared to their mrel values in water,
they still exhibit a high swelling ratio up to 40, which is one of the re-
quirements for obtaining high strength DN hydrogels.

HAhydrogels swollen in 30w/v%DMA solutions containing 0.05 and
0.10 mol% BAAm as the second-network cross-linker were subjected to
photopolymerization using 2-oxoglutaric acid initiator. In this way,
double-network hydrogels with a gel fraction Wg above 0.90 were ob-
tained (Table S1). In equilibrium swollen state, they contained 84–94%
water which decreased with increasing cross-linker content of the
first-network hydrogel (Table S1). In the followingDNhydrogels are de-
noted by DN-x where x is the mole percent of BAAm in the second
monomer solution. Fig. 4 represents typical compressive stress-strain
curves of SN hydrogels formed at 50 °C (dashed bold curves) and DN
hydrogels (dash-dot-dot and solid curves) formed in 30 w/v% DMA



Fig. 4.Compressive stress-strain curves of SNhydrogels formed at 50 °C (dashed bold curves) andDNhydrogels (dash-dot-dot and solid curves). EGDE of thefirst-networkHAhydrogel=
3.7 (a), 7.1 (b), and 11.2 w/v% (c). DN hydrogels were prepared in 30 w/v% DMA solutions containing 0.05 (dash-dot-dot curves) and 0.10 mol% BAAm cross-linker (solid curves).
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solutions containing 0.05 and 0.10 mol% BAAm. EGDE content of the
first network HA hydrogel is 3.7, 7.1, and 11.2 w/v% in Fig. 4a, b, and c,
respectively. General trend is that the compressive stress required to
deform the hydrogels increases from kPa to MPa scales after the dou-
ble-networking process (Fig. 3c vs Fig. 4). Simultaneously, compression
ratio at rupture increases from26 to 47% to above 80% indicating tough-
ening effect of the second PDMA network. It is also obvious that the
EGDE content of the first HA network, that is, its cross-link density has
a significant effect on the mechanical performance of DN hydrogels.
We have to note that DN hydrogels were rather brittle in tensile tests
Fig. 5. Young's modulus E, the fracture stress σf and strain εf of SN (open symbols) and DN hydr
hydrogel = 50 °C (a) and 25 °C (b). Note that most of the error bars are smaller than the symb
with very low elongation at break. As a consequence, tensile tests
could not be performed in a meaningful way.

In Fig. 5a & b, Young's modulus E, the fracture stress σf and strain at
break εf of single-network HA (open symbols) and DN hydrogels (filled
symbols) are plotted against EGDE concentration. The first-network HA
hydrogels were prepared at 50 °C and 25 °C in (a) and (b), respectively.
The modulus E of DN hydrogels is more than one order of magnitude
greater than that of SN hydrogels and approaches to 1 MPa at high
EGDE concentrations (Table S1). This increase in the modulus suggests
the existence of physical and chemical cross-links between the first-
ogels (filled symbols) plotted against EGDE concentration. Preparation temperature of HA
ols.
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and second-network components contributing to the rubber elasticity
of DN hydrogels. The fracture stress σf and strain at break εf exhibit
slightmaxima at around7w/v% EGDE. The largestmodulus and fracture
stress of DN hydrogels thus obtained are 0.94 ± 0.13 MPa and 19.4 ±
0.9 MPa, respectively. These values are higher than those of DN
hydrogels prepared from GMHA macromer exhibiting fracture stresses
up to 5.2 and 12 MPa for 10 and 4% methacrylation degrees of HA, re-
spectively [31,32].Moreover, comparison of themechanical characteris-
tics of DN-0.05 and DN-0.10 hydrogels also indicates that the amount of
the second-network cross-linker in this range does not have an effect on
the mechanical properties of DN hydrogels.

To demonstrate the effect of the amount of the second PDMA ductile
network on the mechanical performance of the hydrogels, we calculat-
ed the mass ratio w21 of PDMA to the HA first-network by

w21 ¼ mrel−1ð ÞC2

C1
ð3Þ

wheremrel is the swelling ratio of HAhydrogel in 30w/v%DMA solution,
C1 and C2 are the concentrations (in g·mL−1) of HA and DMA in the
preparation of the first- and double-network hydrogels, respectively.
Note that Eq. (3) assumes that the densities of the hydrogels and DMA
solution are equal to unity. Further, it neglects the exchange of water
in the hydrogel with the external solution and thus, only consider
monomer solution entering the gel phase during the swelling process
to simulate real processes [52,53]. Because both C1 and C2 are fixed by
the experiments at 0.08 and 0.30 g·mL−1, respectively, the ratio w21

only depends on the swelling capacity of HA hydrogels in the DMA
solution.

In Fig. 6a–c, the filled symbols represent the fracture stress σf,
Young's modulus E, and fracture strain εf of all DN hydrogels plotted
against w21 ratio. For comparison, the data for SN hydrogels (w21 = 0)
are also shown in the figures by the open symbols. The results
Fig. 6.Mechanical properties of DN hydrogels as a function of thew21 ratio. (a-c) The fracture s
hydrogels (filled symbols) plotted against thew21 ratio. (d, e): Normalized fracture stressσf,norm

temperature of HA hydrogel= 25 °C (dark red) and 50 °C (blue). Note thatmost of the error ba
legend, the reader is referred to the web version of this article.)
demonstrate that the w21 ratio is an effective parameter determining
the mechanical properties of the hydrogels. The fracture stress σf of
SN hydrogels formed at two different temperatures (25 and 50 °C)
and at various cross-linker contents (between 1.9 and 22.4 w/v%
EGDE) is between 20 and 150 kPa (open symbols in Fig. 6a). After dou-
ble networking, σf rapidly increases with increasing w21 and attains a
maximum value of 19.4 ± 0.9 MPa at w21 = 49. Further increase in
w21 ratio again decreases the mechanical strength of the hydrogels up
to 1.2 ± 0.2 MPa at w21 = 126. Because a very high w21 ratio requires
a high swelling capacity and thus, a loosely cross-linked HA first-net-
work, crack propagation cannot be prevented during deformation lead-
ing to worsening the mechanical performance of DN hydrogels. A
similar trend is also observable in the variations of Young's modulus E
and fracture strain εf of the hydrogels as a function of w21 ratio. (Fig.
6b & c). We should note that, in classical DN hydrogels prepared from
poly(2-acrylamido-2-methylpropanesulfonic acid) (PAMPS) first-net-
work and polyacrylamide second-network, the maximum enhance-
ment in the compressive stress at break occurs when the molar ratio
of the second to the first-network is around 20 corresponding to the
weight ratio w21 of 7 [33]. This means that for the present HA/PDMA
double-network system, a much larger amount of the ductile compo-
nent PDMA (w21 ≅ 50) should be introduced in the first network to
achieve the maximum enhancement in the mechanical properties.
This feature could be related to the presence of a lesser number of link-
ages between the 1st and 2nd networks. Previous work shows that the
formation of mechanically strong DN hydrogels requires strong chain
entanglements or covalent links between the 1st and 2nd polymer net-
works [32,52,54]. In the case of SN hydrogels formed by vinyl–divinyl
monomer copolymerization such as PAMPS hydrogels, the initiator
molecules remaining in the first network as well as the pendant vinyl
groups of divinylmonomer units are able to formpotential cross-linking
points between 1st and 2nd networks [54]. However, for the presentDN
system, HA chains are unable to covalently link the first to the second
tress σf (a), Young's modulus E (b), and strain at break εf (c) of SN (open symbols) and DN
(d), and Young'smodulus Enorm (e), of the hydrogels plotted againstw21 ratio. Preparation
rs are smaller than the symbols. (For interpretation of the references to colour in this figure
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network so that a larger amount of PDMA is required to create strong
chain entanglements.

We have to mention that the modulus E of SN hydrogels increases
from 3 kPa to 586 ± 62 kPa with increasing EGDE content and thus
approaches to the highest modulus of DN hydrogels (open symbols in
Fig. 6b). However, high-modulus SN hydrogels were very brittle and
ruptured at very low compression ratios. For instance, HA hydrogels
with a modulus E = 586 kPa formed at 25 °C and at 22.4 w/v% EGDE
content already fractured during the formation of their DN hydrogels.
In contrast, double-networking process increases both the modulus,
i.e., effective cross-link density of the hydrogels and the mechanical
strength. The degree of improvement in the mechanical properties of
HA hydrogels is illustrated in Fig. 6d & ewhere the fracture stressσf,norm

(d), and Young's modulus Enorm, normalizedwith respect to those of the
first-network hydrogels, are plotted against thew21 ratio. It is seen that
up to 380–fold increase in the fracture stress and 23–fold increase in the
modulus were achieved by applying DN approach.

We attribute the improvement in the mechanical properties of HA
hydrogels after double networking to the higher cross-link density of
the first HA network as compared to the second PDMA network. Be-
cause the short HA network chains attain a highly stretched conforma-
tion upon swelling in the second monomer solution, the resulting DN
hydrogel consists of highly stretched HA and randomly coiled PDMA
network chains. Thus, the first HA network internally fractures under
low stresses by dissipating energy while the second PDMA network
keeps the macroscopic gel sample together and prevents macro-crack
formation. We have to mention that the mass ratio w21 of the second
to the first-network achieved using HA hydrogels is much higher as
compared to that obtained using GMHA hydrogels (w21 = 126 vs 29)
[32]. This also contributes to the mechanical strength of the present
hydrogels. Thus, the internal fracture of HA network together with the
high mass ratio of the second to the first-network components seem
to be responsible for the extraordinary mechanical properties of the
hydrogels. To demonstrate this internal fracture, a series of cyclic com-
pression experiments were performed on DN hydrogels. Fig. 7a repre-
sents stress-strain curves of a DN hydrogel formed at w21 = 49 from a
compression test composed of five successive cycles up to a maximum
compression of 80% (λmax = 0.20). The results are presented as the de-
pendence of the true stress σtrue (=λσnom) on the compression ratio λ
(deformed length/initial length) The loading and unloading curves are
indicated by up and down arrows, respectively. The loading path of
the first compressive cycle conducted on a fresh hydrogel sample differs
from the unloading path indicating damage in the sample and dissipation
of energy. The hysteresis energy Uhys in this cycle, calculated from the
area between the loading and unloading curves, is 220 ± 20 kJ·m−3.
Fig. 7.Cyclicmechanical tests of DNhydrogels. (a, b) Typical stress-strain curves of a DNhydroge
against the compression ratioλ (deformed length/initial length). Themaximumcompressionw
successive cycles (λmax =0.60 to 0.20). EGDE= 7.1 w/v%. BAAm= 0.05 w/v%.w21 = 49. The u
loading and unloading curves are shownby the solid and dashed curves, respectively. (c) A zoom
of EGDE cross-links broken during themechanical cycleswith increasingmaximumcompressio
one-step mechanical cycle up to 80% compression.
However, the following loading/unloading cycles are almost elastic
with a small hysteresis area (Uhys=18±1kJ·m−3), and they all closely
follow the path of the first unloading. The results indicate the occur-
rence of an irrecoverable internal damage during the first compression
of the gel sample.

The hysteresis energy Uhys can be interpreted as the energy released
due to fracture of the first-network during deformation. This fracture
can take place in EGDE cross-links as well as in the glycosidic linkages
of HA chains. In both cases, breaking of C\\O bonds results in a decrease
in the effective cross-link density νe of the first-network. Thus, Uhys is
equal to the product of C\\Obond energyUxl and the total number of ef-
fective cross-links broken down during the compression cycle [36,55],
i.e.

Uhys ¼ Uxl νe f vð Þ ð4Þ

where fν is the fraction of effective cross-links broken during the me-
chanical cycles. Since C\\O bond energy Uxl is 360 kJ·mol−1 and νe =
304±60mol·m−3 (Fig. 3f), onemay solve Eq. 4 for the fraction fν of ef-
fective cross-links broken during themechanical cycles in Fig. 7a. Calcu-
lations show that 25 ± 4% of the cross-links are irreversible broken
during the first loading while 2% additional bonds are broken in each
of the following loadings.

The cyclic tests conducted up to a fixedmaximum strain of 80%were
repeatedwith a virgin gel samplewith increasingmaximum strain from
40 to 80% in five successive cycles (λmax = 0.6 to 0.2). The results are
shown in Fig. 7b were the loading and unloading curves are presented
by solid and dashed lines, respectively. After the first compressive
cycle, each successive loading curve is composed of two regions, as
also illustrated in Fig. 7c for the cycle 5 (λmax, 5 = 0.20). The first region
is elastic and it follows the path of the unloading curve of the previous
cycle while the second region creates an additional damage by continu-
ing the loading curve of the previous cycle. The transition from the first
(elastic) to the second (damage) region always occurred at the maxi-
mum strain of the previous cycle. Thus, due to the irreversible damage
done during the previous cycle, additional damage only occurs at a
higher maximum strain. In Fig. 7d, the fraction fv of cross-links broken
are plotted against the maximum strain λmax. The open triangle in the
figure represents the fraction fv of broken cross-links during one-step
cycle up to λmax = 0.20 obtained from Fig. 7a. Increasing maximum
strain also increases the number of broken bonds in the first network.
Moreover, compression of the hydrogel sample with successive five-
step cycles with increasing maximum strain up to 80% results in the
same number of broken bonds as in a one-step cycle with a maximum
strain of 80%. This indicates that the extent of damage in the hydrogels
l from a compression test composed of five successive cycles. The true stressσtrue is plotted
asfixed at 80% (λmax=0.20) in (a)while in (b), itwas stepwise increased from40 to 80% in
p and down arrows in (a) indicate loading and unloading curves, respectively. For clarity,
-in to Fig. 7b to highlight the damage and elastic regions of the 5th cycle. (d) The fraction fv
n from40 to 80% (λmax=0.60 to 0.20). The open triangle represents the fraction fv during a
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is path-independent and it only depends on themaximum deformation
ratio of the network chains.

4. Conclusions

We presented a two-step procedure for the preparation of high-
strength HA hydrogels starting from native HA. In the first step, HA
was cross-linked in aqueous solutions using EGDE cross-linker under
various experimental conditions. It was found that EGDE-cross-linked
HA hydrogels containing 97–99% water are fragile, and rupture when
compressed to 25–51% strain under 0.02–0.15MPa stresses. By applying
the double-network approach in the second step, we were able to gen-
erate high strength HA/PDMA double-network hydrogels containing
84–94%water. Tuning the ratio of the network components could result
in hydrogels exhibiting a compressive modulus of 0.9 MPa that sustain
19.4 MPa compressive stresses, which are much larger than those re-
ported before for the hydrogels derived from the methacrylated HA
macromers. Cyclic mechanical test results indicate that an irrecoverable
internal damage occurs in DN hydrogels at compressions as low as 40%
at which single-network HA hydrogels visibly rupture. The results indi-
cate that the lightly cross-linked PDMA second-network holds themac-
roscopic gel sample together by hindering the micro-crack propagation
to amacroscopic scale, while the gel sample internally fractures. This in-
ternal fracture of HA first-network together with the high mass ratio of
the second to the first-network components are responsible for the
extraordinary mechanical properties of the hydrogels. HA-based
hydrogels presented here with good mechanical properties and high
water contents are promising materials to make use the characteristics
of HA in stress-bearing biomedical applications.
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