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In situ cross-linkable hyaluronic acid hydrogels
using copper free click chemistry for cartilage
tissue engineering†
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Hye-Eun Shim, a Ji-Eun Jeong, a,d Dong-Eun Lee, e Kwangmeyung Kim, b

Hwanuk Guim,f John Hwan Lee, g Kang Moo Huh *c and Sun-Woong Kang *a,d

We report a biocompatible and in situ cross-linkable hydrogel derived from hyaluronic acid via a bioortho-

gonal reaction and confirm the clinical potential of our hydrogel through in vivo cartilage regeneration.

Gelation is attributed to copper-free click reactions between an azide and dibenzyl cyclooctyne.

HA-PEG4-DBCO was synthesized and cross-linked via 4-arm PEG azide. The effects of the ratio of

HA-PEG4-DBCO to 4-arm PEG azide on the gelation time, microstructure, surface morphology, equili-

brium swelling, and compressive modulus were examined. The potential of a hydrogel as an injectable

scaffold was demonstrated by the encapsulation of chondrocytes within the hydrogel matrix in vitro and

in vivo. The results demonstrated that the hydrogel supported cell survival, and the cells regenerated car-

tilaginous tissue. In addition, these characteristics provide potential opportunities for the use of injectable

hydrogels in tissue engineering applications.

Introduction

Hyaluronic acid (HA) is a biomaterial naturally found in the
extracellular matrix and plays important roles in cellular func-
tions as a regulator of cell adhesion and migration.1,2

Additionally, it has valuable properties such as biocompatibil-
ity and gel-forming ability and has functional groups that
allow it to be easily modified.3 These properties make HA a
great potential starting material for fabricating hydrogels for
use in medical sciences and tissue engineering.4 Many recent
studies of HA-based hydrogels have focused on the develop-

ment of injectable hydrogels, which can be formed in situ after
being injected into the body.5–8 These approaches offer many
advantages for the adaptation of the implant after directly
placing it at the defect site in the body and allow for the easy
encapsulation of cells, drugs and other materials.9 In addition,
no surgery is needed, resulting in a faster recovery.10

Traditional HA-based hydrogels have been synthesized by
using cross-linking agents such as glutaraldehyde,11 divinyl
sulfone12 and carbodiimide,13 which are cytotoxic, and any
unreacted agent must be removed before cell encapsulation.14

Over the past decade, many new cross-linking agents and
methods have been developed.15 Leach, J. B., et al. synthesized
an HA hydrogel using a photoinduced cross-linking method,
which allowed for in situ cross-linking and uniform cell dis-
persion.16,17 However, the photoinduced cross-linking method
triggers adverse effects on cells due to the toxicity of the photo-
initiator and ultraviolet (UV) light. Michael addition reaction,18

Schiff base reaction,19 and enzymatic polymerization methods20

have also been reported, although these methods involve the
multistep synthesis of functionalized HA, increasing the com-
plexity of the system and resulting in a low reaction efficiency.

Click chemistry between the azido- and alkynyl-derivatives
of HA with copper catalysts was recently revealed as an alterna-
tive approach for fabricating cross-linked hydrogels with a fast
reaction rate, high efficiency and high chemoselectivity at
physiologically relevant pH and temperature ranges.21,22

However, the use of copper, which is a cytotoxic element and
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may cause Alzheimer’s disease and hepatitis,23,24 is required
in click chemistry. As one click chemistry tool, the strain-
promoted cyclooctyne–azide cycloaddition reaction has been
widely applied in live cellular imaging, cell tracking, and non-
living sample conjugation.25–27 Although the reaction rate of
the strain-promoted cyclooctyne–azide cycloaddition reaction
(10 mol−1 s−1) was lower than the copper-catalyzed azide–
alkyne cycloaddition reaction (103 mol−1 s−1),28 the strain-pro-
moted cyclooctyne–azide cycloaddition reaction does not
require any cofactor and spontaneously conjugates molecules
containing an azide group within physiological temperature
and pH ranges.29 Thus, many injectable hydrogels using azide-
and cyclooctyne-modified hyaluronic acid, chitosan, and
dextran were designed and developed for application in tissue
engineering.25,26,30,31 More importantly, these injectable
hydrogels have shown good biocompatibility and helped the
viability and proliferation of chondrocytes, fibroblasts and
stem cells. However, recent studies have not fully demon-
strated the potential of injectable hydrogels using copper-free
click cross-linking, because these results have focused on
in vitro conditions.

The objective of this study was to develop a HA-based
injectable hydrogel via copper-free click chemistry and to
confirm the clinical potential of our hydrogel through
in vivo cartilage regeneration. To this end, we first
synthesized dibenzocyclooctyl (DBCO)-modified HA via
a simple 1-ethyl-3(3-dimethylaminopropyl)carbodiimide
(EDC)/N-hydroxysuccinimide (NHS) coupling reaction. The
HA-PEG4-DBCO hydrogels were fabricated by mixing the
4-arm PEG azide. The clinical potential, cytotoxicity, bio-
compatibility and biodegradation rate were confirmed in
in vivo and in vitro experiments. Cartilage regeneration was
evaluated using hydrogels with encapsulated chondrocytes.

Results and discussion
Synthesis of HA-PEG4-DBCO hydrogels

As shown in Scheme 1, HA-PEG4-DBCO hydrogels were pre-
pared by cross-linking HA-PEG4-DBCO with 4-arm PEG azide.
HA-PEG4-DBCO derivatives were prepared in a one-step reac-
tion by coupling DBCO-PEG4-amine to HA using EDC and
NHS reagents (Fig. 1, Step 1).

The chemical composition of HA-PEG4-DBCO was con-
firmed by proton nuclear magnetic resonance (1H-NMR)
(Fig. 2B). The peak at 2 ppm indicated the N-acetyl glucos-
amine proton peak of native HA, and glucopyranosyl protons
were assigned to 3–4 ppm.32 After the conjugation of HA and
DBCO-PEG4-amine, resonances at 7.3–7.8 ppm verified the
presence of DBCO protons.33 Based on these assignments, the
degree of DBCO conjugation of HA-PEG4-DBCO was calculated
to be 13% by comparing the integrated signal area of the
protons between 2 ppm (–CH3 at HA) and 7.3–7.8 ppm (–CH at
DBCO-PEG4–).

The HA-PEG4-DBCO hydrogels were synthesized by mixing
HA-PEG4-DBCO and a 4-arm PEG azide cross-linker in deionized

water (Fig. 1, Step 2). Fig. 2C shows the FT-IR spectra of HA,
HA-PEG4-DBCO, and HA-PEG4-DBCO hydrogels. The band at
3290 cm−1 was assigned to the O–H stretching vibration, and the
band at 2890 cm−1 appeared due to the C–H stretching vibrations.
The peak at 1032 cm−1 corresponded to the C–O–C stretching. In
the spectrum of HA-PEG4-DBCO, aromatic CvC bending
appeared at 1750 cm−1. After cross-linking HA-PEG4-DBCO using
the 4-arm PEG azide, C–N was revealed at 1250 cm−1 due to C–N
stretching in the spectrum of the HA-PEG4-DBCO hydrogel.
Therefore, the synthesis of HA-PEG4-DBCO hydrogels was con-
firmed using a copper-free click chemistry reaction.

Characterization of HA-PEG4-DBCO hydrogels

The physical properties of the HA-PEG4-DBCO hydrogels were
characterized by oscillatory rheology, mass and scanning elec-
tron microscopy (SEM) analyses. In the experiments, various

Fig. 1 Synthesis of HA-PEG4-DBCO and in situ gel formation of a poly-
meric hydrogel composed of HA-PEG4-DBCO and 4-arm PEG azide
conjugated by click chemistry.

Scheme 1 Schematic illustrations of the in situ formation of a hydrogel.
Hydrogel networks were generated via click chemistry during gel
injection.
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ratios of HA-PEG4-DBCO/4-arm PEG azide concentrations were
tested (Table 1).

The gelation rate and elastic modulus of the hydrogels were
monitored by rheological experiments via the storage modulus
value (G′) and loss modulus value (G″) (Fig. 3A). The gelation
rate of the HA-PEG4-DBCO hydrogel was monitored at room
temperature. When 10 mg ml−1 HA-PEG4-DBCO was mixed
with the five different concentrations of 4-arm PEG azide, gela-
tion occurred within 10–14 min. The gelation rate of HA-PEG4-

DBCO/1 was fastest, which corresponded to a significantly
faster gelation rate than that of HA-PEG4-DBCO/2.5.

The elastic modulus of the hydrogels was measured using a
dynamic mechanical analysis method (Fig. 3B). As the concen-
tration of 4-arm PEG azide was increased from 0 mM to
0.5 mM, the elastic modulus of the hydrogels improved corre-
spondingly. The HA-PEG4-DBCO/0.5 hydrogel had a signifi-
cantly larger elastic modulus than the HA-PEG4-DBCO/1 hydro-
gel (p < 0.01).

Fig. 3C indicates the swelling ratio of freeze-dried hydrogels
determined in phosphate-buffered saline (PBS) (pH = 7.4). The
swelling ratio was not measured for dried HA-PEG4-DBCO/2.5,
which became water-soluble after 6 h of incubation due to
poor cross-linking. The swelling ratio of HA-PEG4-DBCO/0.25
in PBS was slightly higher than those of HA-PEG4-DBCO/0.5

Fig. 2 Synthesis of HA-PEG4-DBCO and HA-DBCO hydrogels. (A)
Chemical structure of HA-PEG4-DBCO. (B) 1H NMR spectra in D2O
(300 MHz) of HA and HA-PEG4-DBCO. Proton points (a–i) shown in (A)
appear in the NMR spectra in (B) as corresponding peaks. The N-acetyl
glucosamine and glucopyranosyl proton peaks at 2 ppm and 3–4 ppm
appear in native HA and HA-PEG4-DBCO. The expanded view of
7.2–7.8 ppm indicates the presence of DBCO. (C) ATR FT-IR spectral
analysis of the HA (black line), HA-PEG4-DBCO (blue line), and
HA-DBCO hydrogel (red line) in the range of 2000 to 1200 cm−1. The
peak of aromatic CvC bending appears at 1750 cm−1 in the spectrum of
HA-PEG4-DBCO. In the spectrum of the HA-DBCO hydrogel, C–N
stretching occurs at 1250 cm−1.

Fig. 3 Physical characterization of HA-DBCO hydrogels with different
4-arm PEG azide concentrations. (A) Gelation times of the HA-DBCO
hydrogels. Storage (G’, black triangles) and loss (G’’, red circles) moduli
of the hydrogels were obtained with time after mixing HA-PEG4-DBCO
with various concentrations of 4-arm PEG amine. The gelation time is
the intersection of G’ and G’’. (B) Elastic moduli of the HA-DBCO hydro-
gels. HA-PEG4-DBCO and 4-arm PEG azide were mixed for 20 min, and
the elasticity of the hydrogels was obtained at a constant stress rate of
40 mN min−1 up to 20% strain. (C) The swelling ratio of the HA-DBCO
hydrogels. The freeze-dried hydrogels are incubated in PBS at 37 °C
until equilibrium is reached, and the weights of the swollen hydrogels
were measured with time. The hydrogel swelling ratio was calculated
from the equation (Ws − Wd)/Wd, where Ws and Wd represent the
weights of the swollen hydrogel and the dried hydrogel. (D) SEM images
of HA-DBCO hydrogels. Scale bar: 100 µm.

Table 1 HA-PEG4-DBCO hydrogels according to the 4-arm PEG azide
concentration

Sample
Concentration of 4-arm
PEG azide (mM)

HA-PEG4-DBCO/0 0
HA-PEG4-DBCO/0.25 0.25
HA-PEG4-DBCO/0.5 0.5
HA-PEG4-DBCO/1 1
HA-PEG4-DBCO/2.5 2.5
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and HA-PEG4-DBCO/1 for 72 h, whereas no difference was
found in any hydrogels after 360 h. The equilibrium swelling
value was 40.3 ± 3.8.

SEM images were obtained to characterize the microstruc-
ture morphologies of three freeze-dried HA-PEG4-DBCO hydro-
gels. According to the cross-sectional SEM images, all the
hydrogel samples showed a highly porous three-dimensional
structure, but the pore diameters in the hydrogel were
different (Fig. 3D). The HA-PEG4-DBCO/0.25 hydrogel pre-
sented approximately spherical pores below 100 μm. The
HA-PEG4-DBCO/1 hydrogel also showed spherical pores, but
have a smaller pore size (10 μm) compared to the HA-PEG4-
DBCO/0.25 hydrogel.

In vitro cell viability

Cross-linkers for hydrogel formation in situ should be non-
cytotoxic and should not induce adverse effects on any func-
tion of the cells. In this study, the cytotoxicity of 4-arm PEG
azide as a cross-linker was determined by the MTT assay as
shown in Fig. 4A. Chondrocytes were selected to evaluate the
cytotoxicity of the cross-linker and hydrogels given the possible
uses of the injectable scaffold for cartilage tissue engineering.
The 4-arm PEG azide induced low cytotoxicity of chondrocytes
at various concentrations. The cytotoxicity of 4-arm PEG azide
at 2.5 mM slightly increased. At concentrations of 0.25, 0.5, 1,
and 2.5 mM, the cell viabilities were 96.9 ± 2.6, 97.6 ± 3.7,
93.9 ± 2.8 and 90.2 ± 3.5%, respectively. The cytotoxicity tests on
the in situ cross-linkable HA-PEG4-DBCO hydrogels were per-
formed using live/dead assays. The chondrocytes encapsulated
within the HA-PEG4-DBCO hydrogels were observed by con-
focal microscopy after 3D culture for 1 and 5 days (Fig. 4B).
Round chondrocytes were uniformly distributed in the
HA-PEG4-DBCO hydrogels. Most of the encapsulated chondro-
cytes survived in the HA-PEG4-DBCO hydrogels after the cross-
linking process using 4-arm PEG azide at concentrations of
0.25, 0.5, and 1 mM. In addition, cell aggregation was observed
at 5 days of culture in the HA-PEG4-DBCO/0.25 and HA-PEG4-

DBCO/1 hydrogels. This result may be due to the differences in
the elastic moduli of the HA-PEG4-DBCO hydrogels.

To determine whether hydrogel injections can maintain
new tissue formation in vivo, HA-PEG4-DBCO/0.5 hydrogels
were injected into the subcutaneous dorsum of mice (Fig. 5).
In all animals, subcutaneous mounds were created at the sites
of injection of the hydrogel. There was no evidence of compli-
cation, including erythema or inflammation, around any of
the implants at various time points (Fig. 5A). The approximate
shapes of the implants were maintained over the entire
implantation period, but changes in the volume were observed
over 5 weeks (Fig. 5B). The volume of the implants was
increased by 2.3-fold the original volume after 1 week, which
may be due to the swelling of the hydrogel. Thereafter, the
volumes of the implants formed by the injection slowly
decreased after 2 weeks in vivo. The volume of the implants
decreased to 30% of the 7-day volume at 5 weeks, which may
be caused by the removal of the solution that induced the
initial swelling and degradation of the hydrogel. These results
confirmed that our HA hydrogels based on azide-DBCO click
chemistry can be used as in situ cross-linkable hydrogels and
have potential applications as scaffolds for tissue engineering.

Cartilage regeneration using HA-PEG4-DBCO hydrogels

To determine whether the HA-PEG4-DBCO hydrogel as an
injectable scaffold is able to regenerate cartilaginous tissue
in vivo, cultured chondrocytes were encapsulated with
HA-PEG4-DBCO hydrogels and immediately injected into the sub-
cutaneous dorsum of athymic mice. Five weeks after transplan-
tation, the chondrocytes encapsulated within HA-PEG4-DBCO
formed solid and milky-white tissue (Fig. 6A). Before harvest-
ing, the constructs were easily visualized under the dorsal skin
of the athymic mice. Histological analysis by H&E staining of
implants retrieved at 5 weeks showed that the chondrocytes
encapsulated within the HA-PEG4-DBCO hydrogels regener-
ated cartilaginous tissue, as evidenced by chondrocytes in
lacunae. Neocartilage in the HA-PEG4-DBCO/0.25 hydrogel
showed that more chondrocytes formed a lacunae structure
compared with neocartilage in the HA-PEG4-DBCO/1 hydrogel.

Fig. 4 (A) In vitro analysis of cytotoxicity and biocompatibility of
HA-DBCO hydrogels. The cells (5,000 cells per well in 96-well plates)
were cultured with DMEM/F-12 medium containing various concen-
trations of 4-arm PEG azide. After 24 h of incubation, cell viability was
measured by MTT assays. (B) Live/dead staining images (green: live cells,
red: dead cells) of chondrocytes that were encapsulated in various
HA-DBCO hydrogels after 1 and 5 days in culture. The cells were encap-
sulated in HA-DBCO hydrogels at a cell density of 1.0 × 107 cells per ml.
Scale bar: 100 μm.

Fig. 5 In vivo injectable HA-DBCO hydrogel formation (A) and analysis
of change in volume (B) at different intervals 1, 7, 14, 21 and 35 days.
HA-DBCO hydrogels were subcutaneously injected into Balb-c mice,
and injection sites were opened to observe the state of the hydrogels
and to measure the volume changes of hydrogels after the specified
times.
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In the HA-PEG4-DBCO/1 hydrogel, the host cells from the sur-
rounding tissues migrated to the injected hydrogel and
formed new hybrid tissue constructs (Fig. 6B).

The injectable hydrogels have emerged as ideal biomater-
ials for in situ tissue repair. Although to fabricate the injectable
hydrogels, various cross-linking methods including photo-
induced cross-linking, Michael addition reaction, Schiff base
reaction and copper-catalyzed azide–alkyne cycloaddition reac-
tion were developed, these chemical reactions commonly
caused side effects.15 Recently, bioorthogonal click reactions
such as Diels–Alder and strain-promoted cyclooctyne–azide
cycloaddition reaction have been introduced to fabricate the
injectable hydrogels.30,34 A lot of studies demonstrated that
this bioorthogonal cross-linking has allowed for rapid gelation
and highly specific chemical reactions in live cells without
harmful effects.25,35 Fan et al. have shown the in vivo analysis
after the injection of the only chitosan/hyaluronic acid hydro-
gels without the cells in subcutaneous tissues, which was
focused on the biocompatibility and inflammation of hydro-
gels.26 In another study, the regeneration of cartilage tissue
using injectable dextran hydrogels was shown, which was ana-
lyzed by spheroid consisting of hydrogels and chondrocytes
under in vitro conditions.30 Thus, we developed an in situ
cross-linkable HA hydrogel using bioorthogonal copper-free
click chemistry, and we have directly demonstrated the poten-
tial of our injectable hydrogel for cartilage tissue regeneration
using the in vivo model.

One of the most notable benefits of our HA hydrogel is that
our cross-linking method using bioorthogonal copper-free
click chemistry provides efficient and biocompatible cross-
linking for the fabrication of HA hydrogels as injectable
scaffolds. To this end, HA-PEG4-DBCO derivatives were pre-
pared in a one-step reaction by coupling DBCO-PEG4-amine to
HA. This process uses a biocompatible solution and very mild
conditions that allow the physical properties of natural HA to
be preserved.36 For gelation, we chose 4-arm PEG azide as a
cross-linker due to its well-defined symmetric structure, high
hydrophilicity, and commercial availability.37 In addition, click
reactions between azide groups and DBCO proceed quickly in
cell culture media with biocompatible pH and temperature.38

In this study, the cytotoxicity of 4-arm PEG azide to chondro-
cytes, as measured by MTT assays, was low at various concen-
trations (Fig. 4A). To study the toxicity of the cross-linker
during the cross-linking process, chondrocytes were encapsu-
lated with HA-PEG4-DBCO followed by mixing with various
concentrations of 4-arm PEG azide for cross-linking. To evalu-
ate the toxicity of 4-arm PEG azide during the cross-linking
process, a live/dead assay was carefully performed (Fig. 4B).
Most of the encapsulated chondrocytes in HA-PEG4-DBCO sur-
vived through 4-arm PEG azide treatments at concentrations of
0.25, 0.5, and 1 mM. Taken together, no obvious indication of
severe toxicity due to the use of 4-arm PEG azide as a cross-
linker appeared in the chondrocytes during the cross-linking
process. In addition, chondrocytes encapsulated within the
HA-PEG4-DBCO hydrogel generated new cartilage after trans-
plantation into the subcutaneous dorsum, as evidenced by the
presence of chondrocytes in lacunae without signs of
inflammation.

In this study, the extent of cartilage formation was low, and
the regenerated cartilage did not distribute homogeneously
(Fig. 6B). The efficacy of cartilage regeneration is affected by
many different factors, including hydrogel stiffness and cell
concentration.39 Previous studies reported that new cartilage
formation was more extensive at a higher concentration (1 ×
107 cells per ml) treatment groups compared to the low con-
centration (1 × 106 cells per ml) treatment groups.40 However,
we deliberately used a low concentration (1 × 106 cells per ml)
treatment group to avoid complicating factors, such as cell
concentration, in order to ensure a more controlled compari-
son of the three types of HA-PEG4-DBCO hydrogels with
different mechanical properties. This resulted in a smaller
area of cartilage formation compared with the results of other
studies. We found that the HA-PEG4-DBCO/0.25 hydrogel
(medium stiffness) exhibited superior neocartilage formation
in vivo compared to the other HA-PEG4-DBCO hydrogels with
different stiffnesses. In addition, for the low-stiffness
HA-PEG4-DBCO/1 hydrogel, host cells surrounding the hydro-
gel migrated within the degraded hydrogel after injection.
These results indicate that the stiffness of the hydrogel plays
an important role in cell proliferation and hydrogel degra-
dation for cartilage regeneration. To confirm the efficacy of
medium-stiffness HA-PEG4-DBCO for promoting cartilage
regeneration in vivo, we also injected the HA-PEG4-DBCO

Fig. 6 In vivo cartilage regeneration after injection of various
HA-DBCO hydrogels that encapsulated chondrocytes at 35 days. The
cells were cultured in DMEM/F-12 medium and encapsulated in
HA-DBCO hydrogels at a density of 3 × 106 cells per 300 μl. (A)
HA-DBCO hydrogels removed from the mice. Both HA-DBCO/0.25 and
HA-DBCO/0.5 hydrogels with chondrocytes formed milky-white solid
tissues similar to cartilage tissue. (B) Histological analysis of HA-DBCO
hydrogels using H&E staining.
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hydrogel with a high cell concentration (1 × 107 cells per ml)
and observed the histological changes by alcian blue and safra-
nin O staining (Fig. S1†). More extensively and homogeneously
distributed mature cartilage structures with lacuna and clus-
ters consisting of two or three cells were observed in the high
concentration treatment group.

For hydrogels applied to induce regeneration of a target
tissue, hydrogels with controllable physical properties could
provide additional benefits. Various cells, such as mesenchy-
mal stem cells, hepatocytes, and cardiomyocytes, have the
potential to regenerate target tissues and secrete bioactive
molecules to surrounding cells.41,42 The therapeutic efficacy of
these cells is regulated by different stiffnesses of the extracellu-
lar matrix.43,44 In this study, the stiffness of HA-PEG4-DBCO
hydrogels was readily controlled by the concentration of the
cross-linker. Thus, we propose that HA-PEG4-DBCO could also
be utilized for designing hydrogels that mimic the physiologi-
cal environment of various tissues for developing advanced
tissue engineering therapies.

Experimental section
Materials

Sodium hyaluronic acid (HA, 2 × 103 kDa) was purchased from
Lifecore Biomedical (Chaska, USA) and confirmed by size
exclusion chromatography-multi-angle laser light scattering
(SEC-MALLS). N-Hydroxysuccinimide (NHS), dimethylsulfoxide
(DMSO), 1-ethyl-3(3-dimethylaminopropyl)carbodiimide (EDC),
deuterium oxide (D, 99.9%), dimethylsulfoxide-d6 (D, 99.9%),
and a live/dead assay kit were purchased from Sigma-
Aldrich Co (St Louis, MO, USA). Dibenzocyclooctyl-PEG-amine
(DBCO-PEG-NH2) was purchased from Click Chemistry Tools
(Scottsdale, AZ, USA). 4-Arm-PEG azide (MW 2 kDa) was
purchased from Creative PEGWorks (Chapel Hill, NC, USA). All
chemicals were analytical grade and used without further
purification.

Preparation of HA-PEG4-DBCO hydrogels

HA and DBCO-PEG-NH2 were chemically conjugated to syn-
thesize HA-PEG4-DBCO. HA sodium (1 g) was dissolved in
DMSO/distilled water (1 : 1 v/v, 200 ml), and EDC (23.4 mg)
and NHS (14.1 mg) were added to activate the carboxylic
groups of HA. DBCO-PEG-NH2 (43 mg) dissolved in DMSO
(1 ml) was added dropwise to the HA solution, and the
mixture was vigorously stirred for 3 days at room temperature.
And then, purification was conducted by dialysis from DMSO
and DMSO/distilled water (1 : 1 v/v). The resulting solution was
lyophilized to obtain the dry product of HA-PEG4-DBCO.
To fabricate the HA-PEG4-DBCO-based hydrogel, 100 mg
HA-PEG4-DBCO was dissolved in 10 ml distilled water. 4-Arm-
PEG azide was added to the HA-PEG4-DBCO solution as an
in situ cross-linker, and the mixture was incubated at 37 °C for
30 min. The dose of 4-arm-PEG azide was varied from 0 to
2.5 mM to optimize the physical properties of the resulting
hydrogel.

Analysis of the physicochemical properties of the HA-PEG4-
DBCO hydrogel

The chemical composition and structure of the polymers were
analyzed by 1H NMR (UnityPlus300, Varian, CA, USA) and
FT-IR (Bruker Optic GmbH, Germany) spectroscopy. HA and
HA-PEG4-DBCO were dissolved in D2O for 1H NMR analysis,
and the 1H NMR spectra were recorded at 300 MHz. The FT-IR
spectra of HA, HA-PEG4-DBCO, and HA-PEG4-DBCO hydrogels
were determined by attenuated total reflectance (ATR) FT-IR,
and each FT-IR spectrum was recorded with 16 scans in the
range of 600–4000 cm−1. Rheological characterization of the
HA-PEG4-DBCO hydrogels was performed using a dynamic
mechanical analyzer (ELF3200, Endura TEC, Minnetonka, MN,
USA). To confirm the gelation time of the hydrogels, the
HA-PEG4-DBCO aqueous solution was prepared and gelated by
adding various concentrations of 4-arm PEG azide. The storage
modulus (G′) and loss modulus (G″) were measured at a stress
of 25 Pa at room temperature, and the gelation time was deter-
mined at the intersection point of the G′ and G″ curves. To
measure the elasticity of the hydrogels, HA-PEG4-DBCO
aqueous solution and 4-arm PEG azide were mixed in 12-well
tissue culture plates for 20 min to prepare 6 mm-thick hydro-
gels, and the compressive modulus of elasticity was tested at a
constant stress rate of 40 mN min−1 up to 20% strain at room
temperature. To examine the swelling properties of the
HA-PEG4-DBCO hydrogels, known weights of freeze-dried
hydrogels were immersed in phosphate buffered saline (PBS)
and kept at 37 °C until the swelling reached equilibrium. At an
appropriate time, the swollen hydrogels were removed and
immediately weighed using a microbalance after any excess
water remaining on the surface was absorbed with filter paper.
The equilibrium swelling ratio (ESR) was calculated using the
following equation: ESR = (Ws − Wd)/Wd, where Ws and Wd rep-
resent the weights of the swollen hydrogel and dried hydrogel,
respectively. The cross-sectional morphologies of the hydrogels
were characterized by scanning electron microscopy (SEM,
JSM-6330F, Peabody, MA, USA) operating at an accelerating
voltage of 10 kV after gelation. For SEM analysis, the HA-PEG4-
DBCO hydrogels (HA-PEG4-DBCO/0.25, HA-PEG4-DBCO/0.5
and HA-PEG4-DBCO/1) were fabricated and freeze-dried over-
night. The samples were placed on carbon tape and then
cross-sectioned and coated with a thin layer of platinum.

In vitro culture of chondrocytes and cytotoxicity of HA-PEG4-
DBCO hydrogels

Rabbit articular chondrocytes were isolated from the knee
joints of New Zealand white rabbits (n = 5, Jung-Ang Lab
Animal, Seoul, Korea) using a sterile scalpel.45 The cartilage
fragments were chopped, washed with PBS (pH 7.4), and
digested with 0.5% collagenase type II (Sigma) containing
Dulbecco’s modified Eagle’s medium/nutrient mixture F-12
(DMEM/F12, Gibco, Grand Island, NY, USA) for 10 h. The
culture media were supplemented with 10% (v/v) fetal bovine
serum (FBS, Gibco) and penicillin/streptomycin combined
antibiotics (100 units per ml). Recovered chondrocytes were
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washed with PBS and cultured in a humidified 5% CO2 incuba-
tor using DMEM/F12 media. Adherent chondrocytes were
expanded for a period of 7 days, and the medium was changed
every 3 days.

Cytotoxicity of 4-arm PEG azide and HA-PEG4-DBCO hydrogels

We confirmed the cytotoxicity of 4-arm PEG azide as a cross-
linker using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide) (Sigma) assays. Expanded chondrocytes
(passage number 2) were collected with 0.05% trypsin-EDTA
(Gibco) and plated in a 96-well culture plate (Corning) at a cell
density of 5,000 cells per well. After 24 h of incubation, the
medium was replaced with fresh medium that contained
various concentrations of 4-arm PEG azide (0.25, 0.5, 1, and
2.5 mM). On the 1st day after adding 4-arm PEG azide, 20 µl
MTT solution (5 mg ml−1 in PBS) was added to each well and
incubated for 2 h at 37 °C. The formed formazan crystal was
solubilized by dimethylsulfoxide (DMSO), and the absorbance
was measured at 540 nm using a reader (SpectraMax M3,
Molecular Devices, Sunnyvale, CA, USA). To evaluate the cyto-
toxicity of the hydrogels, chondrocytes were suspended in
HA-PEG4-DBCO (1.0 × 106 cells per ml). The chondrocytes in
the HA-PEG4-DBCO were encapsulated using the in situ cross-
linker, 4-arm-PEG azide (final concentration of 0.25 to 1 mM).
The HA-PEG4-DBCO and 4-arm-PEG azide mixture (n = 9 and
200 mm3) was injected into a 24-well culture plate and incu-
bated at 37 °C for 20 min to form hydrogels. DMEM/F12 (2 ml
per well) was added to the in vitro culture. The cells in the
hydrogels were stained using a Live/Dead assay kit (Abcam)
after 1 and 5 days of in vitro culture. In addition, the distri-
bution of chondrocytes in the hydrogels was observed. Stained
chondrocytes were observed using confocal laser scanning
microscopy (CLSM, Olympus IX 81).

Application of the hydrogels for the transplantation of
chondrocytes in vivo

All animals received care according to the guidelines for the
care and use laboratory animals of the Korea Institute of
Toxicology (KIT). The study was approved by the Institutional
Animal Care and Use Committee of KIT (IACUC 1607-0235).
Prior to chondrocyte transplantation using hydrogels, the
chondrocyte-free hydrogel was subcutaneously injected into
Balb-c mice to monitor the potential immune responses and
in vivo changes of the optimized hydrogel. To evaluate the bio-
degradation of the hydrogel, injected hydrogels (n = 3/each
time-point) were collected to measure their masses and
volumes at 1, 7, 14, 21, and 35 days post-injection. At each
time-point, gross lesions of the injection sites were carefully
observed. To transplant, the hydrogel with chondrocytes, Balb-c
mice (5.5 weeks old; NARA Biotech., Korea) were anesthetized
by isoflurane (2.5–5%) inhalation. The HA-PEG4-DBCO con-
taining chondrocytes (1 × 106 cells per ml) were mixed with
0.25, 0.5, or 1 mM 4-arm-PEG azide, and 1 ml of the mixture
was immediately subcutaneously injected into the mice using
24-gauge needles. After 35 days, all mice were euthanized, and
the injected HA-PEG4-DBCO hydrogels (n = 3/each group) were

excised for histology. The excised specimens were fixed in 10%
neutral buffered formalin and embedded in paraffin. Tissue
(5 μm) slides were primarily stained with H&E for evaluating
tissue responsiveness and chondrogenesis in the cell-seeded
hydrogels. Alcian blue and safranin-O staining was addition-
ally performed to measure cartilage regeneration in the
hydrogels.

Statistical analysis

Statistical analysis was performed using an Origin pro version
8 software package (OriginLab Corp, MA, USA) to determine
the statistical differences. The experimental data are presented
as the mean ± standard deviation and were performed with
one-way analysis of variance (One Way ANOVA). A value of p <
0.05 was considered statistically significant.

Conclusions

In this study, we synthesized in situ cross-linkable and inject-
able HA-PEG4-DBCO hydrogels for tissue engineering using a
simple one-step bioorthogonal click reaction. The cross-linker
is non-toxic, and our HA-PEG4-DBCO hydrogel has good bio-
compatibility during in situ physical gelation. The elastic
modulus can be efficiently modulated by changing the concen-
tration of the cross-linker. In addition, cartilage regeneration
using our hydrogel revealed the successful development of car-
tilage lacunae. Therefore, we demonstrated the feasibility of
our hydrogel for use as prototype cell delivery vehicles, which
will be further refined in the future for particular biomedical
applications in tissue engineering and other industries.
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