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Here, we report synthesis of a terpolymeric covalently crosslinked hydrogel of hyaluronate (HA) as biomaterial
with elasticity, mechanical properties and cell interactions via conventional free radical polymerization technique. To provide elasticity and mechanical properties, 2-hydroxyethyl acrylate (HEA) was grafted in HA, while
to tune cellular interactions, gelatin methacryloyl (GM) was used as crosslinker. The composition and probable
structure of the terpolymer (HA-g-pHEA-x-GM) were analysed by FTIR, 1H HR-MAS-NMR, and TGA analyses.
The SEM and texture analyses of hydrogel showed interconnected micro-porous network and high mechanical
properties, respectively. In vitro biocompatibility was studied against human chondrocytes, whereas, in vivo
biocompatibility and tissue regeneration were confirmed using mouse model. The hydrogel releases model
protein-bovine serum albumin, and corticosteroid drug-dexamethasone in a sustain way at pH 7.4 and 37 °C.
Overall, the tunable mechanical properties, micro-porous network, and cytocompatibility of the HA-g-pHEA-xGM hydrogel highlights its potential applicability in cartilage tissue engineering and drug delivery.

1. Introduction
During the past few decades, the design and development of new
hydrogel-based biomaterials with tunable physical, mechanical, and
biological characteristics are enormously growing for the progress of
biomedical science and industrial applications (Das, Ghosh, Dhara,
Panda, & Pal, 2015; Das, Ghosh, Ghosh et al., 2015; Fares et al., 2018;
Gopinathan & Noh, 2018; Park, Lee, An, & Lee, 2017). Hydrogels are
three-dimensional, hydrophilic, physically or chemically crosslinked
polymer networks which swell by absorbing water or biological fluids
while preserving their physicochemical integrity (Das & Pal, 2015;
Varnier et al., 2018). Natural polysaccharides have extensively been
used to design hydrogels for biomedical applications because of their
biocompatibility, non-toxicity, biodegradability, water solubility, and
presence of various functional groups (e.g., −OH, eNH2, COOH etc.) for
modification (Das & Pal, 2015; Varnier et al., 2018). The water soluble
nature of the individual polysaccharide and poor mechanical strength
of physically crosslinked hydrogel have been improved through chemical crosslinking method which resulted in the formation of chemically crosslinked hydrogel, contains covalent bond as well as physical

interactions (hydrogen or ionic bonds) between the polymeric units
(Das & Pal, 2015; Guilherme et al., 2015; Varnier et al., 2018). Among
naturally derived polymers, hyaluronic acid (HA) gained significant
attention in the preparation of hydrogels for biomedical applications
(An et al., 2018; Das, Pham, & Noh, 2018). Hyaluronic acid is a polysaccharide of D-glucuronic acid and N-acetyl-D-glucosamine (Das, Pham
et al., 2018; Larraneta et al., 2018; Ouasti et al., 2011; Roig, Blanzat,
Solans, Esquena, & Garcia-Celma, 2018). It is found in skin (Mero &
Campisi, 2014), pericellular, extracellular, and intracellular tissues of
the body (Collins & Birkinshaw, 2013; Larraneta et al., 2018; Ouasti
et al., 2011). It participates in biological activities, like cell growth,
migration and diff ;erentiation (Hemshekhar et al., 2016). HA is hydrophilic, non-immunogenic, biocompatible, and degraded by hyaluronidases (Highley, Prestwich, & Burdick, 2016; Tripodo et al., 2015).
Because of these biocompatible features, HA based hydrogels have been
employed in tissue engineering (Chen et al., 2017; Collins &
Birkinshaw, 2013; Cui, Qian, Liu, Zhao, & Wang, 2015; Das, Pham
et al., 2018; Hemshekhar et al., 2016; Mahapatra, Jin, & Kim, 2016;
Yeom, Hwang, Yang, Shin, & Hahn, 2014; Yu et al., 2014), to drug
delivery (Das, Pham et al., 2018; Fiorica, Palumbo, Pitarresi, Bongiovi,
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& Giammona, 2017; Jiao, Pang, & Zhai, 2016; Tripodo et al., 2015). In
most of the biomedical applications, HA based hydrogels are synthesized by the chemical cross-linking method (An et al., 2018). But,
chemical crosslinker may cause inflammatory responses and immune
responses side eff ;ects if the unreacted crosslinker are not entirely removed from the hydrogel (An et al., 2018). Thus selecting of biocompatible crosslinker is a vital issue for developing a chemically
crosslinked hydrogel for biomedical applications. In this regard, gelatin
methacryloyl (GM) would be a nice choice. GM has extensively been
used for the preparation of hydrogels for the biomedical applications
owing to the easy processability, biocompatibility, low immunogenicity, cell adhesiveness, and angiogenesis promoting ability
(Fares et al., 2018; Lin, Chen, Moreno-Luna, Khademhosseini, &
Melero-Martin, 2013; Noshadi, Walker et al., 2017; Ostrovidov et al.,
2017; Yue et al., 2015; Zhao et al., 2016; Zhao et al., 2017). But, the
weak mechanical properties of the GM based hydrogels are major
concerned, and hence researchers are finding better way of GM modification for efficient biomedical applications (Fares et al., 2018). Our
strategy was to synthesis of a HA-GM based terpolymeric hydrogel with
enhanced functionality and beneficial characteristics into a single biomaterial through in situ grafting and crosslinking method. The 2-hydroxyethyl acrylate (HEA) was selected as monomer for grafting to
import elasticity and mechanical property (Das, Pham et al., 2018;
Munoz-Bonilla et al., 2015; Siafaka, Zisi, Exindari, Karantas, & Bikiaris,
2016), and GM is chosen as a crosslinker to tune porosity, cell adhesiveness, and mechanical property (Fares et al., 2018). Porosity is a key
characteristics of hydrogel that regulates bioactive signals to cells
growing within the hydrogel (Ghosh et al., 2017; Gupta et al., 2016;
Noshadi, Hong et al., 2017), endorses cellular penetration and new
tissue generation (Ghosh et al., 2017; Gupta et al., 2016), controls the
rates of swelling and drug release (Das & Pal, 2015; Ghosh et al., 2017;
Gupta et al., 2016). There are reports on methacrylated/thiolated HA
and PEG or HEA based hydrogels or semi-interpenetrating network for
3-D fibroblasts spreading and migration (Lee, Sen, Bae, Lee, & Webb,
2015), to tune cell adhesion (Ouasti et al., 2011), and for the release of
sodium benzoate and chlorpromazine (Inukai, Jin, Yomota, & Yonese,
2000; Jin et al., 2001). HA and gelatin based hydrogels also designed by
few research groups for biomedical research (Bahcecioglu, Hasirci,
Bilgen, & Hasirci, 2018; Camci-Unal et al., 2013; Rezaeeyazdi,
Colombani, Memic, & Bencherif, 2018). In our previous report, we
described HA-HEA-PEGDA based hydrogel for in vitro release of
proangiogenic drug-dimethyloxalylglycine (DMOG) and antibioticstetracycline, and regeneration of small defects in bone tissue (Das,
Pham et al., 2018). Following the same strategy with the expectation of
better cellular interactions using gelatin methacryloyl, here, hyaluronic
acid and 2-hydroxyethyl acrylate based terpolymeric hydrogel has been
synthesized to tune the biophysical properties (e.g., biocompatibility,
low immunogenicity, cell adhesiveness, and angiogenesis promoting
ability) and better physical property for bovine serum albumin (BSA)
and dexamethasone (DEXA) release and its possible applications in
cartilage tissue engineering. BSA is the main protein of blood plasma
and serve as a key transporter of insoluble fatty acids in the blood (Das,
Bang, Zhang, & Noh, 2017; Varnier et al., 2018). It aids to abolish free
radicals and deactivates the metabolism of numerous toxic lymphocytes
in the human body (Varnier et al., 2018). DEXA, a glucocorticoid, has
potent anti-inflammatory and immunosuppressant effects (HanaaMansour, Hassan, & Georgy, 2016; Xu et al., 2018). It suppresses the
formation of vasoactive ingredients in the initial phase of the inflammatory process. It controls expression levels of apoptotic genes and
pro-inflammatory gene, and protects against TNF α-induced apoptosis
of hair cells (Dinh et al., 2011; Xu et al., 2018).
In the present article, keeping constant the structural integrity of
hyaluronate (HA), potassium persulphate (KPS) has been employed to
make hyaluronate-macroinitiator, which initiated the polymerization of
synthetic monomers (HEA) followed by grafting, chemically crosslinked
with gelatin methacryloyl (GM) and formed a terpolymeric hydrogel

(HA-g-pHEA-x-GM). The amount of GM has been altered to tune biophysical properties with enhanced functionality and beneficial characteristics. The mechanical properties (e.g., hardness, cohesiveness,
adhesiveness, springiness, resilience, and chewiness) of the terpolymeric hydrogel have been measured by texture analyzer. In vitro cell
study results showed good biocompatibility, support the human chondrocytes survival, and promote the cell adhesion and proliferation The
animal experiment showed that no severe tissue fibrosis was observed
at 3 weeks. In vivo immunostaining (CD31) experiment showed that the
number of newly formed blood vessels in the HA-g-pHEA-x-GM hydrogel was significantly higher than that in the saline after 1 week and
3 weeks. The immunohistochemical analysis ascertained the inflammatory response characteristics of the prepared hydrogel. The in
vitro release study suggested that the HA-g-pHEA-x-GM hydrogel releases protein (BSA), and drug (DEXA) in a sustained way. Finally, the
experiment results imply that the HA-g-pHEA-x-GM hydrogel could be
used as biomaterial for biomedical applications.
2. Experimental
2.1. Materials
Sodium salt of hyaluronic acid (HA, M.W. = 1,659,731 Da,
PDI = 3.974) was graciously donated from Hanmi Pharm. Co. Ltd.,
Korea (Das, Pham et al., 2018). Potassium peroxodisulfate (KPS), 2hydroxyethyl acrylate (HEA), gelatin (source: bovine skin), methacrylic
anhydride (MA), bovine serum albumin (BSA), and dexamethasone
(DEXA), Dulbecco’s Modified Eagle Medium (DMEM) and all staining
reagents were purchased from Sigma Aldrich Chemical Co. (St. Luis,
MO, USA, Germany and China). Fetal bovine serum (FBS, Biotechnics
Research, Mission Viejo, CA, USA), penicillin-streptomycin (Lonza,
Seoul, Korea), 0.05% trypsin-EDTA-1X (Gibco-Life Technologies,
Carlsbad, California, USA), cell counting kit-8 (CCK-8, Dojindo Laboratories, Kumamoto, Japan), live & dead viability/cytotoxicity kit for
mammalian cells (Invitrogen, Carlsbad, CA, USA) and bromodeoxyuridine (BrdU, Roche, Germany) were bought and used. Human chondrocytes were supplied from Seoul National University Hospital and
distilled water (DW) was employed for all experiments.
2.2. Synthesis
2.2.1. Synthesis of gelatin methacryloyl (GM)
Methacrylation of gelatin was performed by slight modification of
the protocol described in the literature (Van Den Bulcke et al., 2000;
Wang, Tian, Menard, & Kim, 2017). At first, gelatin (1 g) was dissolved
in 100 mL of phosphate buffer (pH 7.5) at 50 °C, and then methacrylic
anhydride (MA) was added dropwise and stir at 800 rpm. After 3 h, the
reaction mixture was diluted with 100 mL of phosphate buffer solution
(pH 7.5) and dialyzed for 4 days against distilled water at 40 °C for
purification. The reaction product was then freeze-dried and termed as
GM. The degree of substitution (DS) is determined by the method described in the literature (Wang et al., 2017).
2.2.2. Preparation of crosslinked terpolymer
Firstly, a homogeneous solution of HA (0.25 g, 0.623 × 10−3 mol
with respect to the molecular weight of one unit as shown in Scheme in
Fig. 1) was prepared in 60 mL of distilled water into a 2-neck round
bottom flask at room temperature. Next, the solution was kept in a
digital glass oil bath (LK Lab Korea, Korea) at 75 °C and stirred with
400 rpm. After 2 h, nitrogen gas was pursed into the solution for 30 min
to create an inert atmosphere. After that, 5 mL aqueous KPS solution
(0.0025 g, 0.0092 × 10−3 mol) as initiator was mixed to the HA solution. After 20 min, 3 mL of HEA (17.41 × 10−3 mol) as a monomer was
poured to the solution. When the viscosity of the solution changed,
5 mL aqueous GM solution (0.25 g) as a crosslinker was added and the
reaction was processed for 3 h. Then, the gel-like product was dialyzed
629
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Fig. 1. Reaction set up, digital images of gelatin, GM, HA, HA-g-pHEA-x-GM terpolymer (left hand side), and probable scheme (right hand side; Fig. 1 Scheme) of the
terpolymer formation.

in distilled water at 25 °C for 2 days. The purified product (HA-g-pHEAx-GM) was dried at lyophilizer at −56 °C for 7 days, and used for
characterizations and applications.

gravimetrically. Briefly, 0.5 mL of lyophilized HA-g-p2-HEA-x-GM
sample was immersed in 20 mL of pH 7.4 at 37 °C for 14 h. After a
regular interval (1 h), the wet sample was taken out from solution,
surface water was blotted off by tissue paper and reweighed until an
equilibrium weight was reached. The % swelling was computed by the
Eq. (1) (Das, Ghosh, Ghosh et al., 2015):

2.3. Characterizations
ATR-FTIR spectrometer (Model: Travel IR, Smiths Detection, USA)
was used for chemical structure analysis. The wavelength range of
spectra was 650–4000 cm−1. The 1H NMR analysis was performed by
nuclear magnetic resonance (NMR) spectrometer (Model: DD2 700,
Agilent Technologies-Korea, USA). The 1H HR-MAS NMR analysis of
HA-g-pHEA-x-GM gel was carried out in Korea Basic Science Institute
(Seoul, Korea) by AVIII 700 MHz NMR spectrometer (Bruker
Instruments, Inc., Germany) in D2O solvent. The thermogravimetric
properties of gels were accomplished by the thermogravimetric analyser (TGA, Model: DTG-60, Shimadzu, Japan) at nitrogen atmosphere,
where its scan rate was 10 °C/min. The surface and cross-section images
were observed by SEM (Model: SEM, TESCAN VEGA3, Tescan Korea).

Swelling (%) =

Wt. of
× 100(%)

wet sample Wt. of dried
Wt. of dried sample

sample
(1)

2.5. Texture analysis
The mechanical property of the HA-g-pHEA-x-GM gel was determined by Stable Micro System (Model: TA. XT plus texture analyser,
Surrey, UK). The maximum load of the instrument was 50 N. The
compression study of the gel samples (10 × 10 × 10 mm3) were performed in strain mode at 25 °C. The test speed was 1 mm/min and the
maximum stain was 30%. The experiments were done three times and
average values are reported.

2.4. Swelling study
The % swelling of the dried HA-g-pHEA-x-GM sample was measured
630
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2.6. In vitro cell study

quantified using ImageJ software.

2.6.1. Human chondrocytes proliferation study in the HA-g-pHEA-x-GM
hydrogel
Firstly, HA-g-pHEA-x-GM hydrogel was sterilized by autoclave at
121 °C for 15 min, then placed in 24-well plates (300 μL/well). Human
chondrocytes (passage 2) were in vitro cultured in DMEM media containing 10% fetal bovine serum and 1% penicillin-streptomycin in an
incubator at 37 °C, and 5% CO2 atmosphere until getting confluence.
After that, human chondrocytes were trypsinized and injected into HAg-pHEA-x-GM gel (1 mL) at a density of 1 × 105 cells/wells. The cellencapsulated hydrogels were cultured in 1 mL of DMEM (10% FBS and
1% penicillin-streptomycin). Culture medium was changed after 24 h of
incubation and then after every 48 h. Human chondrocytes were also
cultured on 24-well tissue culture plate (1 × 105 cells/wells) and used
as a control.
Cell proliferation level was evaluated by CCK-8 assay after 1, 3, and
7 days. The test was performed on three gels as replicate. The cell
viability in HA-g-pHEA-x-GM hydrogel was ascertained from live and
dead assay after 1, 3 and 7 days. The detailed CCK assay and cell viability study are described in the Supporting information.

2.8. In vitro protein and drug release study
2.8.1. Loading of bovine serum albumin (BSA) and dexamethasone
(DEXA) in the HA-g-pHEA-x-GM gel
BSA as a model protein and DEXA as a glucocorticoid steroid drug
were separately loaded in the HA-g-pHEA-x-GM gel. 100 μM of BSA
(0.01319 g), and DEXA (7.75 × 10−4 g) were dissolved into 4 mL of
distilled water in a Teflon vial. After that, 0.023 ± 0.002 g of dried gel
was immersed in the above drugs solution and gently shaken using an
orbital shaker (ROTAMAX 120, Heidolph, Germany) at room temperature for 48 h. Then, the loaded gel was taken out from the vial,
rinsed with distilled water and dried in a lyophilizer at −60 °C for 48 h.
The amount of drugs in the supernatant solution was calculated by
UV–vis spectroscopy. Each test was performed in triplicate. The %
protein/drug loading efficiency and encapsulation efficiency were
measured by the Eqs. (2) and (3), respectively (Das, Rameshbabu et al.,
2017).

Loading efficiency (%) =

2.6.2. Cytotoxicity evaluation of the HA-g-pHEA-x-GM hydrogel
Extract solutions were prepared by immerging positive control
Teflon film, negative control Latex film, and HA-g-pHEA-x-GM hydrogel
in DMEM medium for 3 days and was used for cytotoxicity study
against human chondrocytes. Extracts mean the culture media obtained
after 72 h of immersion of different objects like teflon, latex and gel.
These extracts have been used for the determination of toxicity study.
The cytotoxicity analysis was performed using three kinds of assays:
Thiazoly blue tetrazolium bromide (MTT), Bromodeoxyurindine (BrdU)
and Neutral Red (NR). The detailed procedure is described in the
Supporting information.

Wt.

of
Wt.

protein or drug in gel
of dried gel taken
(2)

× 100 (%)
Encapsulation efficiency (%)
Wt. of protein or drug in gel
=
× 100
Wt. of protein or drug taken

(%)

(3)

2.8.2. In vitro BSA and dexamethasone release study
The in vitro BSA and DEXA release studies from protein/drug-loaded
HA-g-pHEA-x-GM gel were performed at pH 7.4, and 37 °C. Briefly, the
protein/drug loaded gels were put in the flasks containing 20 mL of
buffer media (pH 7.4). After 1, 3, 6, 24, and 48 h, aliquots were taken
out from flasks and absorbance was measured by a UV-Vis spectrophotometer (Model: BioMATE 3, Thermo Scientific, Madison, USA).
After each measurement, buffer solutions were replaced by new buffer
solutions. The % BSA and DEXA release were calculated on the basis of
standard drugs solutions. Each test was performed in triplicate.

2.7. In vivo biocompatibility test
In vivo compatibility study of the HA-g-pHEA-x-GM gel was carried
out using 8-week-old male C57bl/6 mice, where saline was used as a
control. The mice were anesthetized by the intramuscular injection of
Zoletil (20 mg/kg dose; Virbac, Korea) and 10 mg/kg Xylazine (Bayer,
Korea). A 1 cc syringe with a 26-gauge needle was used to inject the
solution in the subcutaneous dorsum of a mouse. The back of the animal
was shaved and disinfected with povidone iodine. The hydrogel samples were administered by dorsal subcutaneous injections. Each injection (100 μL) was performed through a syringe with 23 G needle.
Animals were sacrificed via an overdose of anesthesia 1 and 3 weeks’
post-injection. Skin flaps at the injection site were harvested for analysis. All protocols and experimental design parameters were reviewed
and approved by the Institutional Animal Care and Use Committee of
the Seoul National University Hospital (IACUC No. 17-0220-S1A0).

2.8.3. Evaluation of BSA/DEXA release kinetics and mechanism
The in vitro BSA and DEXA release data were fitted in zero order and
first order kinetics models to evaluate the kinetics of the release from
the HA-g-pHEA-x-GM hydrogel. The mechanisms of the BSA and DEXA
release were determined by fitting the release data in Higuchi (Das,
Ghosh, Ghosh et al., 2015), Peppas-Sahlin (Peppas & Sahlin, 1989), and
Kopcha models (Das, Ghosh, Ghosh et al., 2015). The release kinetics
and mechanism models are elaborately discussed in the Supporting
information.
2.9. Statistical analysis

2.7.1. Histological analysis
Harvested samples were fixed in 4% paraformaldehyde for 24 h,
dehydrated, and embedded in paraffin wax, and cut in 5 mm thick
sections. The thin sections were then subjected to haematoxylin/eosin
(H&E) and Masson’s trichrome (MT) staining (n = 5 per group). Tissue
sections were examined under a light microscope (Olympus, Japan).
Next, the immunohistochemical analyses were performed according to
a standard protocol. In brief, the sections were incubated overnight at
4 °C with primary antibodies: CD68 (1:500; Abcam) and CD31 (1:300;
Abcam) staining followed by incubation with horseradish peroxidase
(HRP) conjugated secondary antibodies (1:500, Gendepot) for 1 h at
room temperature. Finally, 3,3′-diaminobenzidine staining (DAB peroxidase substrate, Vector Labs, USA) was performed. Digital images
were obtained using a light microscope (Olympus, Japan). The number
of CD31 positive blood vessels and CD68 positive macrophage were

All data were represented as mean ± standard deviation. Statistical
significance was evaluated with one-way and multi-way ANOVA by
using the SPSS 18.0 program (ver. 18.0, SPSS Inc., Chicago, IL, USA).
The comparisons between two groups were performed by t-test, where,
the significant level was p < 0.05 (Das, Zhang, & Noh, 2018).
3. Results and discussions
3.1. Synthesis of crosslinked terpolymer
The crosslinked terpolymer was prepared using HA as a biopolymer,
HEA as a monomer, GM (0.25 g) as a crosslinker, and KPS as an initiator
at 75 °C. It is presumed that KPS dissociated in the reaction conditions
and formed sulphate anion radicals (Fig. 1 Scheme). The sulphate anion
631
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Fig. 2. (a) FTIR spectra of gelatin, MA, GM, HA, HEA, and HA-g-pHEA-x-GM terpolymer, and (b) TGA plot of HA, gelatin, and HA-g-pHEA-x-GM terpolymer.

radicals abstracted protons from hydroxyl groups of HA and generated
HA-macro-radicals. While HEA was added, the HA-radicals reacted with
HEA molecules and formed radicals of HA-g-pHEA (Fig. 1 Scheme). At
this time, the viscosity of the solution started to increase which suggest
grafting of HEA on HA moiety followed by polymerization. When GM
was added, the reactive radicals of HA-g-pHEA reacts with GM. It is
hypothesized that while all reactive sites were connected with the one
end of acrylamide site of GM, another site also connects another GM,
thus acrylate group of GM took part in polymerization and formed a
crosslinked network. The probable mechanism is represented in Fig. 1
Scheme.

as a component of the newly synthesized polymer. The peak at
1649 cm−1 is indicating that gelatin is present in the new polymer
network. The absence of unsaturated double bonds peaks of both HEA
(1632 cm−1) and GM (1639 cm−1) imply polymerization of HEA, followed by crosslinking with GM.
In the TG plot of HA, the weight zone below 100 °C is signifying the
presence of moisture, and the weight loss zone (180–290 °C) is because
of the breakdown of polysaccharide backbone (Das, Pham et al., 2018).
In case of gelatin the region below 100 °C is due to the presence of
moisture, and 260–440 °C in due to breaking of gelatin network. In case
of HA-g-pHEA-x-GM, the first weight loss zone (below 100 °C) is due to
the evaporation of moisture, the second region (184–320 °C) is due to
breakdown of HA unit and gelatin, and the third one (330–460 °C) is for
the breakdown of HEA unit (Das, Pham et al., 2018).
The functionalization of gelatin by MA was detected from the occurrence of new chemical shifts between δ = 5.45–5.73 ppm, which is
because of the acrylate protons (Fig. S1, Supporting information). The
increases of the intensity of the chemical shift at δ = 1.94 ppm signify
incorporation of methyl methacrylate unit in gelatin from MA (Fig. S1,
Supporting information). The degree of substitution of gelatin i.e. degree of methacrylation (DM) of gelatin was determined using 1H NMR
analysis (Wang et al., 2017). The presence of the percentage of ε-amino
groups of gelatin (lysine, hydroxylysine) is defined as the DM (%) of
gelatin (Wang et al., 2017). The integration the chemical shift values of
phenylalanine (7.12–7.37 ppm) were considered as the base value to
determine the numbers of the amine groups (2.85–2.91 ppm) present in
methacrylated lysine (Wang et al., 2017). The DM (%) was calculated
by the following Eq. (4):

3.2. Characterization
FTIR spectra of gelatin, methacrylic anhydride (MA), dried gelatin
methacryloyl (GM), sodium hyaluronate (HA), 2-hydroxyethyl acrylate
(HEA), and dried HA-g-pHEA-x-GM terpolymer are presented in Fig. 2a.
In case of gelatin, the peaks at 3286, 1621, 1545, 1406, and 1040 cm−1
are because of the stretching frequencies of NeH/OeH bond, amide-I,
amide-II, C–H bending, and C–O stretching, respectively (Zhuang, Tao,
& Cui, 2015). For MA, the peaks at 2930, 1780, 1723, 1636, 1036, and
1001 cm−1 are due to stretching frequencies of C–H, C]O, C]C, C–OC bonds (Fig. 2a). In case of GM, the peaks at 3314, 2935, 1542,
1450 cm−1 for the stretching frequencies of NeH/OeH bond, C–H
bond, amide-II, and C–H bending, respectively (Fig. 2a). The amide-I
and C]C bond stretching frequencies merged and the peak appeared at
1639 cm−1, which indicates the reaction between gelatin and MA. HA
showed peaks at 3295, 2901, 1609, 1406, 1147 and 1038 cm-1 which
are owing to the stretching frequencies of OeH/NeH, C–H, C]O, C–O
and C–OeC bonds, respectively (Das, Pham et al., 2018). HEA demonstrates peaks at 3429, 2954, 1715, and 1634 cm-1 which are because of the stretching frequencies of OeH, C–H, C]O, and C]C
bonds, respectively (Das, Pham et al., 2018). The peaks at 1408, 1276
and 1188 cm-1 are due to C–H bending, C–O, and C–OeH stretching
frequencies, respectively (Das, Pham et al., 2018).
In the FTIR spectrum of HA-g-pHEA-x-GM, the peaks at 3370, 2944,
1719, 1649, 1247, 1163, 1072 cm−1 are because of the stretching frequencies of OeH/NeH, C–H, and C]O, amide-I, C–O, C–OeH bonds,
respectively. The peak at 1448 cm−1 is due to C–H bending. The peaks
at 1719 and 1247, 1163 cm−1 are recommending the presence of HEA

DM (%) = 1

Integration value of lysine amine protons in GM
× 100(%)
Integration value of lysine amine protons in gelatin

(4)
It was found that the DM was measured as 86.5%. In the 1H NMR
analysis (Fig. 3), HA showed chemical shifts at δ = 4.40, 4.31,
3.19–3.69 and 1.86 ppm which are due to the presence of anomeric
protons (H1, H1'), ring protons (H2-H6, H2'-H5'), and protons of methyl
group (H7), respectively (Fig. 3a) (Das, Pham et al., 2018). HEA demonstrated chemical shifts between δ = 6.31–6.33, 6.07–6.11, and
5.86–5.88 ppm which are because of the presence of acrylate protons
i.e. Ha, Hb, and Ha', respectively (Fig. 3b). The chemical shifts between
632
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Fig. 3. 1H NMR spectra of (a) HA, (b) HEA, and 1H HR MAS NMR spectrum of (c) HA-g-pHEA-x-GM using D2O as solvent.

δ = 4.13–4.15 and 3.70–3.72 ppm are owing to the Hc and Hd protons,
respectively (Fig. 3b).
In the 1H HR-MAS NMR spectrum of HA-g-pHEA-x-GM gel, the
characteristics chemical shifts of both HA and HEA have appeared for
H1–H7, H1'–H5', H10, H11 protons (Fig. 3c). Besides, the chemical
shifts at δ = 0.86, 1.12, 1.34, 2.09, 1.96 (for H15), 4.70–4.81 ppm
imply the presence of GM unit (Figs. 3c and S1, Supporting information) in the polymeric network. The chemical shift at δ = 3.84 ppm (for
H8), and 2.46 ppm (for H9) ppm signify chemical reaction between HA
and HEA. The disappearance of chemical shifts between
δ = 5.86–6.33 ppm (for acrylate protons of HEA), and appearance of
the new chemical shifts for H12, H13, and H16 protons confirmed
polymerization of HEA and formation of graft product (Figs. 3c and 1
Scheme). Moreover, the absence of chemical shifts between
δ = 5.45–6.73 ppm (for methacrylated gelatin) and the emergence of
the new chemical shift for H14 protons ascertained that GM crosslinked
graft products and formed 3-D crosslinked network (Figs. 3c and 1
Scheme).
From the SEM images, it is observed that both HA and gelatin have
the rough surface (Fig. 4a and b), while after methacrylation the surface
morphology of gelatin changed and GM appeared with the smooth
surface (Fig. 4c). Similarly, the morphology of HA changed after
grafting and crosslinking, and HA-g-pHEA-x-GM hydrogel showed
porous morphology, in which the sizes of pores are within 10 μm. The
cross-section images of the lyophilized hydrogel imply that the porous
network is inter-connected. It is anticipated that the interconnected
porous network of the HA-g-pHEA-x-GM hydrogel may tune the cell
proliferation, and could affect the rate of gel swelling and drug release
from the hydrogel.

strength of the gel structure under compression, chewiness is associated
with the energy required to crunch a material to a state like swallowing
(Calvarro, Perez-Palacios, & Ruiz, 2016). Adhesiveness refers to a material’s capability to adhere to an object surface (Hurler & ŠkalkoBasnet, 2012). Cohesiveness is the strength due to the gel’s interior
assembly under compressive conditions or stress (Calvarro et al., 2016).
Springiness, often considered as “elasticity”, which is a measure of the
rapture of a gel structure by initial compression (Calvarro et al., 2016;
Król, Malik, Marycz, & Jarmoluk, 2016). Resilience is a measure of a
material’s capability to deform elastically without loss of energy (Cui
et al., 2012). Fig. 4A–F represents the different mechanical properties of
the HA-g-pHEA-x-GM hydrogel tested. It was observed that the hardness was measured as 305.3 ± 8.3 g, adhesiveness was -5.1 ± 0.5 g*s,
cohesiveness was 0.97 ± 0.006, springiness was 0.93 ± 0.003, resilience was 0.44 ± 0.007, and chewiness was 275.6 ± 9.4 g.
It is expected that the synthesized HA-g-pHEA-x-GM hydrogel
having high hardness, adhesiveness and chewiness properties make
them an efficient matrix for the biomedical applications such as to
tissue engineering and drug delivery, where the gel can resist the
physiological stress (Hurler, Engesland, Poorahmary Kermany, &
Škalko-Basnet, 2012).
3.4. In vitro cell study
3.4.1. Human chondrocytes proliferation study in the HA-g-pHEA-x-GM
hydrogel
From Fig. 5a, it is evident that the optical densities were progressively increased for both tissue culture plate (TCP) and HA-g-pHEA-xGM hydrogel from day 1 to day 7. The significant increases of optical
densities imply that the chondrocytes were progressively grown and
proliferated on TCP and inside the hydrogel. The proliferation data
indicates that the rate of chondrocytes proliferation was higher in the
case of the hydrogel than that of TCP (Fig. 5b). This is maybe because of
the 3-D network of the hydrogel, where cells got a large area to proliferate (Das, Ghosh, Ghosh et al., 2015). The fluorescence microscopy

3.3. Texture analysis
The mechanical properties (e.g., hardness, cohesiveness, adhesiveness, springiness, resilience, and chewiness) of the HA-g-pHEA-x-GM
hydrogel were examined by the texture analyser. While hardness is the
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Fig. 4. SEM images (a) hyaluronate, (b) gelatin, (c) GM, (d–e) surface morphology, and (f) cross-section images of dried HA-g-pHEA-x-GM hydrogel at different
magnifications, and (A–F) texture analyses results of HA-g-pHEA-x-GM hydrogel, where (A) Hardness, (B) Adhesiveness, (C) Cohesiveness, (D) Springiness, (E)
Resilience, (F) Chewiness.

images (Fig. 5A–F) of the chondrocytes (after live & dead assay) also
supported that the chondrocytes were significantly grown up inside the
hydrogel, where cell-cell attachment was noticed on day 3 and day 7
(Fig. 5D, F). This result signify that HA-g-pHEA-x-GM hydrogel offered
affable matrix for cell growth and proliferation.

human chondrocytes using MTT, Neutral Red and BrdU assays, respectively, after loading its extracts in the cell culture medium.
The cell viability in presence of hydrogel extract was compared to
those of Teflon (positive control) and latex (negative control) extracts.
The cell viability value of Teflon was considered as 100%. From Fig. 5c,
it is observed that % cell viability of hydrogel is significantly higher
than that of latex. The hydrogel showed 90.1 ± 4.7%, 91.7 ± 6.2%,
and 96.5 ± 10.1% viability in MTT, NR, and BrdU assay, respectively.
Each result was significantly different (Fig. 5c). The fluorescence

3.4.2. Evaluation of cytotoxicity of the HA-g-pHEA-x-GM gel
In vitro cytotoxicity of the HA-g-pHEA-x-GM hydrogel was evaluated
by measuring cell viability against mitochondria, lysosome and DNA of
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Fig. 5. (a) Optical density of human chondrocytes after 1, 3, and 7 days, (b) rate of cell proliferation on TCP and inside the HA-g-pHEA-x-GM hydrogel, (c)
cytotoxicity results, (A–F) Cells images by live and dead assay inside the gel and in TCP using ethidium homodimer-1 and calcein AM assay after 1, 3, and 7 days,
respectively, (J–M) Human chondrocytes images before extract addition, after the addition of extract from gel, teflon, latex, respectively.

images showed that the chondrocytes were nicely grown in presence of
hydrogel extract (Fig. 5K) after 24 h, and no dead cells were observed.
But, many dead cells were found in the case of latex extract (Fig. 5M).
This result confirmed the non-cytotoxic behaviour of the synthesized
hydrogel. Overall, the cell study results confirmed that HA-g-pHEA-xGM hydrogel is non-cytoxic and biocompatible for human chondrocytes.

endothelial marker) to identify the formation of new blood vessels at 1
and 3 week’s post-injection (Fig. 7A and a–c). The number of formed
blood vessels in the HA-g-pHEA-x-GM hydrogel group was significantly
higher than that in the saline group at 1 week. Particularly, HA-gpHEA-x-GM hydrogel led to a higher number of the formed blood
vessels and is statistically significant compared to 3 weeks (Fig. 7A and
a–c). The immunohistochemical (IHC) analysis for CD68 reflected the
macrophage infiltration at the injected site (Fig. 7e–h). The macrophage
activation (DAB-positive stains; brown color) associated with inflammatory response was higher in HA-g-pHEA-x-GM hydrogel groups
compared to saline groups at this time point (Fig. 7B). The in vivo study
results confirmed that the synthesized HA-g-pHEA-x-GM hydrogel is
biocompatible and could be used as a biomaterial for biomedical applications such as tissue engineering and drug delivery.

3.5. In vivo biocompatibility study
Fig. 6 represents in vivo compatibility study results of the HA-gpHEA-x-GM gel, which was subcutaneously injected into 8-week-old
male C57bl/6 mice. To examine entire histology of the regenerated
tissues in the injected sites, H&E staining was performed after 1 and 3
weeks (Fig. 6a–d). The injected HA-g-pHEA-x-GM hydrogel was clearly
visible in the subcutaneous layer and little inflammatory sign was observed. The hydrogel remained undecomposed in the dermal layer and
not degraded at all for 3 weeks. The HA-g-pHEA-x-GM hydrogel showed
intermittent infiltration of the surrounding host tissue into the hydrogel
matrix (arrows). Masson’s trichrome staining was performed to analyze
the distribution of regenerated collagen matrix around the injected HAg-pHEA-x-GM hydrogel (Fig. 6e–h). While no severe tissue fibrosis was
observed at 3 weeks.
Immunostaining was performed using CD31 (a blood vessel

3.6. Swelling study
Fig. 8a is the swelling test result of sodium hyaluronate (HA) and
HA-g-pHEA-x-GM terpolymer at pH 7.4 and 37 °C. It was noticed that
the weight of wet HA increased up to 15 min, then started to decrease,
which indicated solubility of hyaluronate at pH 7.4 (Fig. 8a). On the
other hand, the HA-g-pHEA-x-GM terpolymer attained its equilibrium
state of swelling at about 11 h, which established the hydrogel formation ability of the crosslinked terpolymer. The swelling ability of the
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Fig. 6. Images of the HA-g-pHEA-x-GM gel and saline (control) implanted subcutaneously in rats before and after 1 and 3 weeks, in vivo histological analyses results
of (a–d) H&E staining, and (e–h) MT staining (Scale bar = 50 μm).

HA-g-pHEA-x-GM terpolymer is attributed to the presence of different
hydrophilic functional groups (−COONa, −OH, eNH2, and −CONHe)
in the polymeric network (Fig. 1 Scheme). The % swelling of the hydrogel was 1840 ± 1390%. It is supposed that the swelling capability
of the terpolymer could control the drug release behaviour from the
hydrogel matrix.

dried hydrogels were used for in vitro release study. Fig. 8c represents in
vitro release profile of BSA and DEXA from at pH 7.4 and 37 °C. It is
apparent that DEXA released more quickly from the loaded hydrogel
than that of BSA. After 48 h, it was observed that 80.7 ± 4.1% DEXA,
and77.9 ± 4.2% BSA were released from the HA-g-pHEA-x-GM hydrogel. This is principally due to the difference of molecular weight and
chemical structures between BSA (M.W.- 66,500 Da), and DEXA (M.W.392 g/mol). Usually, a low molecular weight drug has shorter mean
dissolution time than a high molecular weight drug (Maderuelo,
Zarzuelo, & Lanao, 2011; Talukdar, Michoel, Rombaut, & Kinget,
1996). Consequently, the low molecular weight-DEXA released more
quickly through the gel layer than that of the high molecular weightBSA.

3.7. In vitro bovine serum albumin and dexamethasone release
The lyophilized HA-g-pHEA-x-GM terpolymer (0.023 ± 0.002 g)
was immersed in 100 μM of bovine serum albumin (BSA, 0.01319 g),
and dexamethasone (DEXA, 7.75 × 10−4 g) solution separately for
protein and drug loading. It was observed that HA-g-pHEA-x-GM terpolymer can load both BSA and DEXA (Fig. 8b). After 48 h, the load
efficiency (see Eq. (2)) and encapsulation efficiency (see Eq. (3)) of BSA
were measured as 10.5 ± 0.1% and 17.5 ± 0.8%, respectively. While
the load efficiency and encapsulation efficiency of DEXA were
2.2 ± 0.1% and 61.1 ± 0.9% respectively. These protein/drug-loaded

3.7.1. Release kinetics and mechanism
The coefficient of determination (R2) value was higher in case of
first order kinetics model than that of zero order kinetic model (Table
S1, Supporting information), which suggest that both BSA and DEXA
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Fig. 7. In vivo angiogenesis study of HA-HEA-GM gel and saline (control) implanted subcutaneously in rats at 1 and 3 weeks by (A, a–d) CD31 (brown color: blood
vessels), and, (B, e–h) CD 68 staining (brown color: macrophages). (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

was confirmed by FTIR, 1H-HR-MAS-NMR, and TGA analyses. The
water-soluble nature of the HA was protected and changed to hydrophobic by the chemical modification which was confirmed by swelling
study. The attainment of equilibrium swelling ratio confirmed the hydrogel formation ability of the HA-g-pHEA-x-GM terpolymer at 37 °C.
The hydrogel showed an interconnected microporous network, where
pore sizes are within 10 μm. Texture analysis results confirmed that the
HEA imports elasticity and mechanical property in the prepared
polymer. In vitro biocompatibility and toxicity study results suggested
that the HA-g-pHEA-x-GM hydrogel is biocompatible and non-cytotoxic
against human chondrocytes. The animal study results ascertained that
the prepared hydrogel is biocompatible and non-toxic in mice. The
hydrogel loaded BSA and DEXA, and released in a sustained way.
Finally, from the above experimental results, it can be concluded that
the synthesized HA-g-pHEA-x-GM hydrogel could be used as a biomaterial in the field of tissue engineering and drug delivery.

followed first order kinetics. Again, from Higuchi, Peppas-Sahlin, and
Kopcha models, it is apparent that the release data are well fitted with
Peppas-Sahlin model and Kopcha models, where the diffusion contribution (Kd) and diffusion exponent (A) are higher those that of relaxational contribution (Kr) and erosional exponent (B) (Table S1,
Supporting information). Hence, It can be said that most of the loaded
BSA and DEXA were released from HA-g-pHEA-x-MA hydrogel through
diffusion mechanism (Das, Pham et al., 2018).
4. Conclusions
Sodium hyaluronate (HA) was successfully modified by grafting
with 2-hydroxyethyl acrylate (HEA) and crosslinking gelatin methacryloyl (GM) through free radical polymerization technique, which
resulted in the formation of HA-g-pHEA-x-GM terpolymer. The reaction
mechanism, structure and compositions of the synthesized terpolymer
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Fig. 8. (a) Result of swelling study of hyaluronate and HA-g-pHEA-x-GM terpolymer at pH 7.4 and 37 °C, (b) BSA and DEXA loading plot at 25 °C, and (c) in vitro
release profile of BSA and DEXA from the loaded HA-g-pHEA-x-GM gel at pH 7.4 and 37 °C.
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