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In order to mimic the natural cartilage extracellular matrix, a novel biological degradable interpene-
trating network hydrogel was synthesized from the gelatin (G), hyaluronic acid (HA) and chondroitin
sulfate (CS) by Diels-Alder “click” chemistry. HA was modified with furylamine and G was modified with
furancarboxylic acid respectively. '"H NMR spectra and elemental analysis showed that the substitution
degrees of HA-furan and G-furan were 71.5% and 44.5%. Then the hydrogels were finally synthesized by
cross-linking furan-modified HA and G derivatives with dimaleimide poly(ethylene glycol) (MAL-PEG-
MAL). The mechanical and degradation properties of the hydrogels could be tuned simply through varying
the molar ratio between furan and maleimide. Rheological, mechanical and degradation studies demon-
strated that the Diels-Alder “click” chemistry is an efficient method for preparing high performance
biological interpenetrating hydrogels. This biomimic hydrogel with improved mechanical properties
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could have great potential applications in cartilage tissue engineering.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Treatment of articular cartilage injury has been a challenge for
a long time in musculoskeletal medicine due to the poor intrin-
sic regeneration capacity. Current clinical methods of repairing
defective cartilage include autologous chondrocyte implantation
(ACI), mosaicplasty, and microfracture, all of which are limited in
their capabilities of regenerating cartilage with normal composi-
tion and proper mechanical properties to achieve the functional
recovering (Chung & Burdick, 2008). Because of lack of efficient
treatment modalities, development of cartilage tissue engineer-
ing has attracted more and more attention (Toh, Spector, Lee, &
Cao, 2011). Great effects have been put into cartilage regener-
ation research to develop a system with mechanical properties
and biological functions close to native tissue and a relatively fast
restoration of tissue functions. As we know, hydrogel is increas-
ingly becoming an important scaffold in the fields of cartilage tissue
engineering because of the water swollen network and the suit-
able delivery capacity of cells and bioactive agents (Cheung, Lau,
Lu, & Hui, 2007). Cells can be suspended and their round shape
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will be retained in the 3 dimensional structure of hydrogels which
are required to avoid the undesired dedifferentiation of chondro-
cytes during cultured in vitro and in vivo. In addition, hydrogel
is capable of transducing mechanical loads to control forces on
encapsulated cells, which is similar to physiological conditions
(Appelman, Mizrahi, Elisseeff, & Seliktar, 2011; Cheung et al., 2007;
Chung & Burdick, 2008; Steward, Liu, & Wagner, 2011).

In the field of cartilage tissue engineering, the hydrogels
are generally divided into at least two categories based on
their compositional differences. (I) The pure natural biomaterials,
which are further, distinguished as protein-based (collagen, fibrin
and gelatin) and polysaccharide-based (hyaluronic acid, chitosan,
agarose and alginate) biomaterials (Vinatier, Mrugala, Jorgensen,
Guicheux, & Noel, 2009). The advantage of employing these mate-
rials is that the natural bodily constituents can provide a natural
adhesive surface for cells and can carry the required information
for their activities as well. Furthermore, the degradation products
are physiological and non-toxic (Stoop, 2008). Unfortunately, the
application of these materials is limited as they usually have a rel-
atively poor mechanical performance and degrade at an undesired
fast speed. Nimmo et al. had prepared hyaluronic acid hydro-
gels that have a complete degradation in less two days in PBS
with 50 U/mL of hyaluronidase (Nimmo, Owen, & Shoichet, 2011).
Other natural hydrogels usually have the similar problems in car-
tilage tissue engineering (Crescenzi, Cornelio, Di Meo, Nardecchia,
& Lamanna, 2007; Hu, Li, Zhou, & Gao, 2011; Palumbo et al., 2012;
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Tan, Rubin, & Marra, 2011). (II) Combination of synthetic polymers
and natural biomaterials (Vinatier et al., 2009). These composite
hydrogels spring out to resolve the limitations of natural hydro-
gels which were mentioned previously. However, the introduction
of synthetic polymers inevitably leads other challenges including
the potential increase in local pH caused by the acidic degrada-
tion products, the excessive inflammatory responses and the poor
clearance and chronic inflammation associated with the use of high
molecular weight polymers (Stoddart, Grad, Eglin, & Alini, 2009;
Stoop, 2008; Temenoff & Mikos, 2000).

In order to improve the relatively poor degradation and
mechanical properties of the natural hydrogels, an interpenetrat-
ing hydrogel was fabricated to mimic the cartilage compositions by
Diels-Alder click chemistry in present work. The methods applied
in the designing and fabrication of hydrogels have been devel-
oped dramatically by the utilization of click chemistry, a concept
introduced by Sharpless and co-workers in 2001 (Yigit, Sanyal,
& Sanyal, 2011). Compared to previous traditional chemistry and
physical cross-linking methodologies, Click chemistry possesses
advantages such as high yields under mild conditions, high speci-
ficity, selectivity, and no offensive byproducts as well (Clark & Kiser,
2009; Kolb, Finn, & Sharpless, 2001; Tasdelen, 2011; Yigit et al.,
2011). The common types of click chemistry include azide-alkyne
[3+2] cycloaddition, thiol-alkene addition reaction which both cat-
alyzed by (Cu) (I) and the furan-maleimide [4+2] Diels-Alder (DA)
cycloaddition. Since the catalyst (Cu) (I) has known micro-molar
toxicityand must be washed out of the gel prior to the exposure to
cells (Clark & Kiser, 2009), the Diels-Alder cycloaddition without
catalyst has generated significant interests (Tasdelen, 2011). Great
deals of work on utilization of Diels—Alder reaction to build up the
synthetic polymer hydrogels have been carried out (Liu, Hsieh, &
Chen, 2006; Wei et al.,2010; Wei, Yang, Zheng, & Shen, 2009). How-
ever, there are very few reports on using Diels-Alder reaction to
prepare interpenetrating hydrogels for cartilage tissue engineering
(Tasdelen, 2011).

Hence, in this study, Diels-Alder reaction was selected to fabri-
cate hydrogel to achieve an interpenetrating natural hydrogel with
improved performances. In addition, the hydrogels were synthe-
sized with hyaluronic acid, gelatin and chondroitin sulphate, which
are the main components in ECM of cartilage tissue. Hyaluronic
acid (HA) is a linear high-molecular weight polysaccharide. It is the
backbone of glycosaminoglycan (GAG) superstructure complexes,
mostly associated with other polysaccharides such as chondroitin
sulphate (Kogan, Soltés, Stern, & Gemeiner, 2006). Due to its good
biocompatibility, biodegradability, as well as excellent gel-forming
properties, hyaluronic acid shows potential application in biomedi-
cal hydrogel systems. Hyaluronic acid can be oxidized and generate
reactive aldehyde functions, which can develop chemical crosslink-
ing action with amino functions via Schiff's base linkage (Itoa
et al., 2007; Ruhela, Riviere, & Szoka, 2006). It has been proved
that HA hydrogels can not only support and maintain chondro-
cyte viability and phenotype when cultured in vitro and in vivo,
but also support and promote the chondrogenic differentiation
of MSCs (Chung, Erickson, Mauck, & Burdick, 2008; Chung, Mesa,
Randolph, Yaremchuk, & Burdick, 2006; Matsiko, Levingstone,
O’Brien, & Gleeson, 2011). In native cartilage EMC, collagen is a
fibrous molecule that resist shear stresses in the superficial zone,
distribute the load throughout the tissue in the middle zone and
resist compressive forces in the deep zone (Klein, Malda, Sah, &
Hutmacher, 2009). Gelatin (G) is a natural biopolymer derived from
partial hydrolysis of native collagen and in which there are many
integrin-binding sites for cell adhesion and differentiation (Lee
et al., 2008). Chondroitin sulphate (CS) is a predominant compo-
nent of ECM and it is known that chondroitin sulfate can promote
cell secretion of type II collagen and glycoproteins (Chang et al.,
2006).

The hybrid HA/G/CS bionic interpenetrating hydrogel has been
prepared in aqueous solution at a mild temperature of 37°C.
The morphology, structural, viscoelasticity, mechanical properties,
swelling and degradation rate of the interpenetrating hydrogels
were carefully investigated.

2. Materials and methods
2.1. Materials

Hyaluronic acid sodium (molecular weight 1 x 10%) was pur-
chased from Shanghai crystal pure industrial Co., Ltd. (Shanghai,
China). Gelatin, 1-ethyl-3-(3-dimethylaminopropyl) carbodi-
imide hydrochloride (EDC), N-hydroxysuccinimide (NHS),
2-morpholinoethane sulfonic acid (MES), 4-(4,6-dimethoxy-
1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM),
furylamine, furancarboxylic acid, chondroitin sulfate and
hyaluronidase were purchased from Sigma-Aldrich (Guangzhou,
China). Dimaleimide poly(ethylene glycol) (MAL-PEG-MAL)
(molecular weight 2 x 103) was purchased from Shanghai Sunway
Pharmaceutical Technology Co., Ltd. (Shanghai, China). Other
chemicals were of analytical grade and used as received.

2.2. Synthesis

2.2.1. Synthesis and characterization of HA-furan (Scheme 1)

HA-furan was prepared by amidation of the carboxyl groups
of HA with the amine groups of furylamine. Briefly, HA (500 mg,
1.25 mmol carboxyl groups) was dissolved in 100 mL of MES buffer
(100 mM, pH 5.5), in which DMTMM (1.384 g, 5 mmol) was added
to active the polysaccharide carboxyl groups. Subsequently, fury-
lamine (220 p.L, 2.5 mmol) was added dropwise by using a pipette,
and keep stirring at room temperature for 24 h. After that, it was
dialyzed against distilled water for 5 days (My, cut-off 1.4 x 104).
Finally, HA-furan derivative was obtained as a white porous sponge
by lyophilization. The degree of substitution (DS) was determined
from 'H NMR (Bruker AVANCE 400 MHz) spectra (Nimmo et al.,
2011).

2.2.2. Synthesis and characterization of G-furan (Scheme 2)

500 mg of EDC and 300 mg of NHS were added to 100 mL of
1% gelatin solution (about 0.5 mmol amino) with 30 min magnetic
stirring. After adding the furancarboxylic acid (140 mg, 1.25 mmol)
into the solution, the reaction was maintained for 24 h at room
temperature. Subsequently, the resulting mixture was sealed in a
semi-permeable membrane bag with a molecular weight cut-off
1.4 x 10% Da for dialyzing over 5 days. After that, G-furan deriva-
tive as a white porous sponge was obtained by lyophilization. The
structure of G-furan was confirmed by the new peaks of 6.45, 6.90,
and 7.50 ppm (furan protons) in 'H NMR spectra. The degree of
substitution (DS) was derived from C and N contents that were
determined by elemental analysis (Eager 300) (Hu, Zhou, Zhang,
Tan, & Gao, 2008):

c/12

R(C/N molar ratio) = N/14 (1)
DS = (Rg-furan — IiGelatin) x 31 « 100% (2)

2.2.3. The formation of HA/G pre-hydrogel (Pre-H) (Scheme 3)

HA/G pre-hydrogel was synthesized by reacting HA-furan and
G-furan with MAL-PEG-MAL cross-linker in MES buffer (100 mM,
pH 5.5). HA-furan (45mg) and G-furan (30 mg) were mixed in
3mL of MES buffer. The concentrations of HA-furan and G-furan
were held at 1.5% and 1% w/v respectively, and the concentration
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Schemes 1-4. Schematic representation of the formation of interpenetrating hydrogels by Diels-Alder click chemistry and EDC/NHS cross-linking.

of MAL-PEG-MAL was varied to examine differences in hydro-
gel properties. The mole ratio (MR) of furans to maleimide was
ranged from 5:1, 10:1 to 20:1, which was presented as MR5, MR10,
and MR20 respectively. The mixture solution of HA-furan and G-
furan were divided into three text tubes and each of them was of
1 mL. MAL-PEG-MAL (54 mg, furan:maleimide =5:1 (MR5); 27 mg,
furan:maleimide=10:1 (MR10); 13.5mg, furan: maleimide =20:1
(MR20)) was separately dissolved in 375 pL MES buffer, and then
added to three text tubes. The Diels—Alder reaction was carried out
at 37°C overnight.

2.2.4. The formation of HA/G/CS interpenetrating hydrogels
(Final-H) (Scheme 4)

After freeze-drying, the HA/G pre-hydrogels were immersed
into MES buffer solution (100mM, pH 5.5) containing chon-
droitin sulfate to get HA/G/CS interpenetrating hydrogels. Briefly,
the cross-linked HA/G pre-hydrogel sample (200 wL), which was
prepared in pore plate according to the above procedure, was
immersed into chondroitin sulfate MES buffer (2 mL, 1% w/v) con-
taining EDC (20 mg) and NHS (13.3 mg) and then put in shake bed
at37°Cfor 24h.

2.3. Characterization of Pre-H and Final-H

2.3.1. The morphology of hydrogel

In order to observe the morphology of hydrogel network,
the hydrogels were lyophilized overnight to obtain scaffolds.
Subsequently, the scaffolds were immersed into liquid nitrogen
and cut off immediately. The cross-section of the scaffolds was
observed using a scanning electron microscope (SEM) (Quanta 200,
Netherlands FEI) after being gold-coated in a sputter coater (Sanyo
Denshi, Japan).

2.3.2. Viscoelasticity characterization

Rheological measurements on the hydrogels (25 mm in diam-
eter, 2.5mm in height) were performed using a strain-controlled
rheometer (TA ARES-RFS) with a parallel plate. The diameter of the
plate is of 25 mm and the gap distance is of 1 mm respectively. The
frequency sweep was conducted from 0.1 to 100 rad/s at 1% strain
to determine the shear elastic modulus (G') and loss modulus (G”)
of the hydrogels. All tests were carried out at 37 °C.

2.3.3. Compressive modulus

Compressive modulus of elasticity was measured using a
dynamic mechanical analyser (ELF3200, Endura TEC) with uncon-
fined compression mode at a constant stress rate of 40 mN/min at
37°C.

2.3.4. Equilibrium swelling

To examine the swelling properties, cross-linked hydrogel sam-
ples (200 wL) were prepared in a pore plate according to above
procedure. The samples were immersed into the PBS (100 mM, pH
7.4) at 37°C for 48 h until the equilibrium of swelling had been
reached. The swollen hydrogels were weighed with a microbalance
quickly after the excess of water on the surfaces was absorbed with
a filter paper. The swelling ratio was calculated using the following
equation:

W -Wy

SW
Wy

(3)
where W; and W, are the weights of the hydrogels at equilibrium
swelling state and freeze-dried state, respectively.

2.3.5. Degradation assay

To determine the stability, we synthesized hydrogel samples
(200 L) in a pore plate according to above procedure and allowed
them to swell in PBS (100 mM, pH 7.4) for 48 h at 37 °C, after which
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Fig. 1. "HNMR spectra in D,0 (400 MHz) of HA-furan (DS = 71.5%). Degree of substi-
tution was determined by comparing the integrated areas under the proton peaks
at 6.26, 6.46, and 7.65 ppm (furan protons), indicated by 2, 3, and 4 to that of the
peak at 1.9 ppm (N-acetyl glucosamine of HA), indicated by 1.

the mass of the samples were measured (M;). Degradation exper-
iments were performed using 50 U/mL of hyaluronidase in PBS at
37°C. At the selected time points, the hydrogels were weighed (M;)
quickly after removing the supernatant, and the percent of hydrogel
mass remaining relative to the original swollen mass was calcu-
lated (M;/Ms). Fresh buffer containing hyaluronidase was replaced
at each time point. As a control, the degradation profiles were also
recorded for hydrogels incubated in PBS without enzyme at 37°C.

3. Results and discussion
3.1. Synthesis and characterization of HA and G derivatives

HA-furan derivative was prepared in one-step reaction by cou-
pling furfurylamine to HA using DMTMM reagent (see Scheme 1).
DMTMM has been recognized as a highly efficient activator of
polysaccharide carboxyl groups in aqueous conditions, superior
to traditional carbodiimide coupling. The chemical structure and
degree of substitution (DS) were confirmed by 'H NMR (Fig. 1).
Resonances at 6.26, 6.46, and 7.65 ppm verified the presence of
furan protons, and their integrated ratios were compared with that

Table 1

Basic parameters of gelatin and sodium hyaluronate before and after modification.
Sample C content N content C/N mole ratio DS
Gelatin 41.93 15.33 3.19 -
G-furan 43.67 15.62 3.25 44.5%
HA 3341 2.929 13.307 -
HA-furan 39.64 9.352 4.945 70.9%

of the N-acetyl glucosamine proton peak of native HA, appearing
at 1.9 ppm. According to the area ratio, the DS of HA-furan was
determined to be of 71.5%. It also can be obtained from the Cand N
contents according to the elemental analysis (Table 1).

G-furan derivative was prepared by coupling furancarboxylic
acid to G using EDC and NHS reagent (see Scheme 2). The DS of
G-furan is 44.5%, which was quantified from the C and N contents
according to the basic parameters of elemental analysis (Table 1).
In the spectra of TH NMR (Fig. 2), the new peaks at 7.50, 6.90 and
6.45 ppm correspond to the protons of the furan ring. The relatively
high DS of HA-furan and G-furan will have a good effect on the
cross-linking process.

3.2. Synthesis and structure of Pre-H and Final-H

The hydrogels with three different cross-linking densities were
prepared. When the mole ratio of furan to maleimide was MR20,
however, the resulted product is too weak to be an intact hydrogel.
Therefore, the hydrogels with MR5 and MR10 were finally synthe-
sized and their properties were carefully studied. The morphology
of hydrogels with different furan to maleimide ratios were shown
in Fig. 3(e). It is a hyaline elastomer and looks like native carti-
lage. The SEM images of freeze-dried Pre-H and Final-H with MR5
and MR10 were shown in Fig. 3(a) and (c), and (b) and (d). The
freeze-dried scaffolds exhibited a uniform pore size and good con-
nectivity. The pore size of MR5 ranged from 150 to 250 pm in Pre-H
and 100 to 150 pm in Final-H. In Fig. 3(c), it was obviously showed
that the pores were smaller than that in Fig. 3(a), and partly cov-
ered by the chondroitin sulfate due to the second interpenetrating
reaction. The same phenomenon can be also observed in the Pre-
H and Final-H with MR10. The pore size of MR10 in Pre-H was
400-600 pm, which was larger than MR5 due to the less cross-
linked points (Fig. 3(b)). Similarly, the Final-H of MR10 also had

85 80 75 7.0 65 60 55 50 45 40 35 3.0 25 20 15 1.0 05 0.0 -05
fl (ppm)

Fig. 2. 'H NMR spectra in D,0 (400 MHz) of G-furan. The peaks at 6.45, 6.90, and 7.50 ppm were indicated by 1, 2, and 3 respectively.
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MRS

MR10

(e) hydrogel formation

Fig. 3. SEM of Pre-H and Final-H with different furan to maleimide ratio. (a) Pre-H with MRS5, (c) Final-H with MR5, (b) Pre-H with MR10, (d) Pre-H with MR10. (e) Morphology

of hydrogels with MR5 and MR10.

a smaller pore size of 250-400 pwm than that of Pre-H. There was
a contractive phenomenon after lyophilization in both networks.
Some studies have demonstrated that the pore size and the pore
interconnection play an important role in cell seeding, nutrient
transport and cell migration during the cell culturing phase. Silva
et al. had reported that large pores (250-500 wm) induced the
cell proliferation, production of proteoglycans and collagens, while
small pores (65-125 wm) enhanced the proteoglycan deposition
(Alves da Silva et al., 2010). Lu et al. showed that the large pore
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interconnections promoted nutrient transport and metabolic prod-
uct outflow for cell proliferation (Lu et al., 1999). In this work, the
pore size of HA/G/CS biomimic hydrogel can be mediated from
small to large pores simply by varying the cross-linking density.
The additional experimental results showed that when the mole
ratio of furan to maleimide was controlled to MRS, the pore size of
200-350 pm. Therefore, we predicted that we can obtain one kind
of pore size that not only induce cell proliferation and production
of collagens, but also the proteoglycan deposition.
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Fig. 4. The mechanical properties of hydrogels. (a) Rheological characterization of Pre-H with MR10. (b) Rheological characterization of Pre-H with MRS5. (¢) Compressive
stress—strain curve of hydrogels with different furan to maleimide ratio. (d) Compressive elastic modulus of hydrogels.
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Fig. 5. The swelling properties of hydrogels.

3.3. Mechanical properties

The elastic properties of Pre-H and Final-H with different furan
to maleimide ratio were characterized by rheology studies using
parallel plate geometry at 37 °C. The storage modulus G/, loss mod-
ulus G” and the shear elastic modulus of the pre-hydrogel were
shown in Fig. 4(a) and (b). ¢’ was constant within the frequency
range used in our study, which indicates that hydrogel was cross-
linked prior to measure. Hydrogels were analyzed corresponding to
their furan/maleimide molar ratio, which is their cross-linker con-
centration. In all experiments, the furan concentration was held
constant while the maleimide concentration was varied. Cross-
linker concentration was altered to distribute either MR5 or MR10
within hydrogels. As shown in Fig. 4(a) and (b), the shear elastic
modulus of the hydrogels increased with higher cross-linker con-
centration. There was a significant difference between all hydrogel
formulations (p<0.001) where increased maleimide concentra-
tions resulted in higher cross-linking density. Accordingly, the
Pre-H of MR10 owned a G'value of 714 £ 31 Pa, while MR5 owned
a G'value of 862 + 38 Pa. It indicated that MR5 gel was stiffer than
MR10, which was in an agreement with the results of compression
testing showed in Fig. 4(d). The results are much better than that
of HA hydrogels reported in other literatures, in which the G’ were
all below 600Pa (Hu et al., 2011; Nimmo et al., 2011; Tan et al,,
2011). We can also see that the storage modulus G’ was almost
two orders of magnitude higher than G” in both MR10 and MR5,
suggesting that they were strong gels with less viscous properties
(Zhou & Wu, 2011; Zhou, Wu, Yue, & Zhang, 2011).

Fig. 4(c) shows the compressive stress-strain curve of hydrogels
with different furan to maleimide mole ratio. As can we see, in two
different ratios, Final-H could sustain much higher stress than Pre-
H, especially at high strain levels. MR5 hydrogel was more rigid and
stronger than MR10 in both Pre-H and Final-H. This behavior can be
ascribed to the higher cross-linking density. The compressive elas-
tic modulus (E) was calculated by the following equation (Munic &
Geustens, 2001; Zhou et al., 2011):

o =E(A—2?) (4)

where A is the relative deformation of the specimens. As the ini-
tial surface of the cylindrical sample was not perfectly flat, the
strain from 10% to 15% was used to determine the value of E
(Buyanov, Gofman, Revel’skaya, Khripunov, & Tkachenko, 2010).
The results calculated were shown in Fig. 5(d). The E of MR5 were
of 1273 £ 69 Pa, 2204.6 + 58 Pa, while MR10 were of 909 + 88 Pa,
1618.5 + 73 Pa in Pre-H and Final-H, respectively. The tendency of

elastic modulus of hydrogels is in agreement with that of shear
storage modulus. Jha et al. had prepared a hyaluronic acid-based
hydrogel matrices which with a great increasing elastic modu-
lus via the covalent integration of microgel into networks (Jha,
Malik, Farach-Carson, Duncan, & Jia, 2010). The results show that
mechanical properties of HA/G/CS hydrogels are comparable with
the reinforced hydrogel.

3.4. Swelling rate

The swelling behavior of these hydrogels was probed gravimet-
rically by recording the water uptake by the hydrogels over time
until they reached equilibrium. As shown in Fig. 5, both MR5 and
MR10 hydrogels swelled rapidly and reached swelling equilibrium
within 48 h. According to the equation SW = (W; - W,;)/Wy, which
mentioned in the Section 2, we have calculated the equilibrium
swelling rate of MR5 and MR10. It was observed that an increase of
the cross-linkers concentration led to a decrease in the swelling
capacity of the hydrogel. The equilibrium swelling rate of MR5
was 31.72+0.47 in Pre-H and 25.72 £+ 0.53 in Final-H, which were
lower than that of MR10 (44.06 +£0.84 in Pre-H and 39.06 £ 0.77
in Final-H). This behavior could be contributed to the increase in
the concentration of hydrophilic cross-linkers within the hydro-
gel matrix and the tough cross-linked network obtained. It is well
known that the swelling properties of hydrogels mainly depend
on the hydrophilic ability of the functional groups and the effec-
tive crosslink density of the hydrogels (Tamura et al., 2012). For
the two different hydrogels, the MR5 owned the higher concen-
tration of hydrophilic functional groups of hydroxyl and higher
crosslinking density. On the one hand, the water was brought into
the network through the hydrogen bonds formed by water and the
hydrophilic hydroxyl group (Liu, Xu, Guo, & Han, 2009; Tominaga
et al.,, 2012). On the other hand, the higher chemical cross-linked
network restricted the water to permeate. The results showed that
MR5 had the lower swelling capacity than MR10, indicating that
the chemical crosslinking density played a more important role in
swelling property in this work.

3.5. Degradation assay

To monitor degradation of hydrogels in vitro, samples were
incubated in PBS with 50 U/mL of hyaluronidase and PBS only at
37°C. Their masses were recorded over 21 days. As shown in Fig. 6,
both of the samples incubated in PBS (controls) showed no signif-
icant mass loss after 21 days. It is because there were no reagents
or enzymes that could cause the network broken in PBS buffer
solution. The hydrogel network kept complete and restrained
degradation in 21 days. But, the network would become more
swelled and disband at last along with the time went (Tang, Sun,
Fan, & Zhang, 2012; Toh, Lim, Kurisawa, & Spector, 2012). Whereas
the samples incubated in hyaluronidase were completely degraded
in this time frame. The degradation rate directly correlated with
the cross-linker concentration and enzyme content. In the present
of the hyaluronidase, the chain of hyaluronic acid would be broken.
The breakage of the sodium hyaluronate backbones lead to the
partly dismissing of hydrogel network (Rice, Homier, Waters, &
Anseth, 2008; Sun et al,, 2012). Meanwhile, the water and enzyme
were easier to penetrate into the network and cause the large area
of degradation. Meanwhile, the crosslinking density also played
an important role in the degradation process. The higher density
can restrain the damage of network, while the lower density can
contribute the rate of degradation. As shown in Fig. 6, the remained
hydrogel mass of MR10 was less than 40% in pre-hydrogel within
10 days. However, that of MR5 was more than 40% in both
Pre-H and Final-H even within 15 days. Because physiological
hyaluronidase levels are much lower than that used in this study, it
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Fig. 6. Degradation rate of hydrogels. (a) The degradation rate of Final-H in PBS. (b)
The degradation rate of Pre-H and Final-H in PBS with hyaluronidase.

could be predicted that the degradation rates for interpenetrating
hydrogels would be much slower in vivo (Nimmo et al., 2011).
These results suggested that a sufficient cross-linking efficiency for
Diels—Alder interpenetrating hydrogels was obtained in this work.

4. Conclusion

Diels-Alder click chemistry and EDC/NHS crosslinking reac-
tion are efficient cross-linking methods to prepare interpenetrating
hydrogels. HA-furan and G-furan were achieved in one step reac-
tion and had high substitution degree. The hydrogel was obtained
requiring neither additional organic cross-linking agents nor cat-
alysts, which result in clean and non-toxic materials. Hydrogels
with different cross-linking degree have been characterized and
proved that hydrogels with different ratios have good mechanical,
swelling, degradation properties, which are suitable in soft tis-
sue engineering. The Final interpenetrating hydrogels have better
performance than the pre-hydrogels. Hopefully this biodegradable
bionic hydrogel can serve as a therapeutically platform for car-
tilage tissue engineering applications. A series of following work
about cell culture will be done to detect chondrocyte cytoactive
and metabolic behavior in this bionic hydrogel scaffolds.
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