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ARTICLE INFO ABSTRACT

Keywords: In the present study, a novel terpolymeric hydrogel was developed using sodium hyaluronate (HA), 2-hydro-
Hyaluronate xyethyl acrylate (2-HEA), and poly(ethylene glycol) diacrylate (PEGDA) via free radical polymerization for
Hydrogel biomedical applications. To achieve elasticity, swelling ability, porous architecture and sufficient gel strength,
Dimet_hyl.oxalylglycine hyaluronate was chemically modified by grafting and crosslinking methods using 2-HEA and PEGDA, respec-
?;ltlri cdyeclllivriery tively. The structure and compositions of the fabricated terpolymer (HA-g-p(2-HEA)-x-PEGDA) were verified by

FTIR, 'H HR-MAS-NMR, and TGA analyses. The surface morphology and cross-section of the hydrogel was
detected by SEM analysis. The gel nature of terpolymer in aqueous medium at 37 °C was confirmed from swelling
study, and rheological experiment. Non-cytotoxicity and biocompatibility of the HA-g-p(2-HEA)-x-PEGDA hy-
drogel were ascertained by in vitro mouse osteoblastic cells (MC3T3) proliferation, and viability studies.
Hematoxylin and eosin Y, and Masson’s trichrome stainings were performed to show tissue regeneration ability
on the prepared hydrogel. In vitro release results of proangiogenic drug-dimethyloxalylglycine (DMOG), and
antibiotics-tetracycline (TCN) showed sustained release behaviour from the prepared hydrogel under different
pHs at 37 °C. The mathematical models fitted data imply that both DMOG and TCN release follow first order
kinetics, while, the release mechanism is primarily controlled by diffusion as well as erosion process. Finally, the
novel biocompatible HA-g-p(2-HEA)-x-PEGDA gel, which showed sustained drugs release, and regeneration
ability of extracellular matrix and collagen, could be employed in biomedical applications, especially, for the
delivery of DMOG/TCN, and in tissue engineering.

1. Introduction efficiency for biomedical applications.

In past few years, hyaluronic acid and/or hyaluronate (HA) have

Hyaluronic acid is a biopolymer composed by repeating units of D-
glucoronic acid and N-acetyl-p-glucosamine [1-3]. It is the major
components of the skin [4] and also found in extracellular, pericellular,
intracellular tissues of the body [1,3,5] and even in nuclear localization
[1]. Hyaluronic acid participates in numerous biological activities, such
as cell growth, migration and diferentiation [6]. It is hydrophilic, bio-
compatible, non-immunogenic and degraded by hyaluronidases en-
zymes [7,8]. Moreover, the presence of hydroxyl and carboxylic acid
groups in the HA moiety creates it an excellent biomaterial for chemical
modifications [3,8]. These characteristics boosted the use of HA in
biomaterials science ranging from tissue engineering [5,6,9-13], cos-
metics [5] and drug delivery [8,14,15]. In contrast, one of the major
drawbacks of single component hyaluronate is its solubility in physio-
logical solution, which limits it to be an ideal matrix for biomedical
applications such as tissue engineering and drug delivery. Hence, it is
essential to modify hyaluronate by other chemical reagents to get better
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been functionalized with natural polymers, synthetic polymers or na-
noparticles in terms of composite materials, hydrogels or hydrogel-na-
nocomposites to modulate its biological and mechanical properties for
better efficiency towards numerous biomedical applications
[1,3,16-24]. However, taking into consideration of the biocompat-
ibility and mechanical properties, synthetic polymers have also been
widely explored in biomedical applications including tissue engineering
and drug delivery [25-28]. For bone tissue engineering, the mechanical
properties of bone such as elastic modulus, compressive, and tensile
strength are vital [29]. These properties are highly dependent on the
position of the bone and the condition of the individual. According to
structure, bone tissue is classified into two types i.e. cancellous bone
(trabecular) and cortical bone (lamellar) [29]. The tensile strength,
compressive strength, and Young’s modulus of cancellous bone are in
the ranges of 10-100 MPa, 2-12 MPa, and 0.02-0.05 GPa, respectively
[29]. While, the tensile strength, compressive strength, and Young’s
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modulus of cortical bone are 50-150MPa, 130-230 MPa, and
7-30 GPa, respectively [29]. Typically, HA-based hydrogels have been
developed for various biomedical applications using oxidized/thio-
lated/acrylated/methacrylated HA, which were produced by chemical
modification of —OH/—COOH group of HA using organic solvents and/
or toxic chemicals [1,3,30-35]. Hydrogels are three-dimensional, hy-
drophilic, physically or chemically crosslinked polymer networks,
having ability to absorb large amounts of water [36]. Compared to
physical crosslinking, chemical crosslinking offers greater stability to
HA-based hydrogels [36]. On the other hand, one of key characteristics
of hydrogel is porosity through which interaction between gel, cells and
the surrounding tissues occur [37-39]. Modification of the micro-ar-
chitecture and the porosity of a hydrogel could always be vital concerns
in biomaterial applications to deliver bioactive signals to cells growing
within the developed hydrogel [37-39]. The controlled porosity en-
dorses cellular penetration and new tissue formation within the three
dimensional construction of the hydrogels [38,39]. Moreover, porosity
of the hydrogel also regulates the rate swelling and drug/bioactive
molecule delivery from the hydrogel [36,38,39]. Although there are
several reports on hyaluronate-based hydrogel for biomedical applica-
tions [1,3,16-23]. But, keeping on mind the requisite demands of bio-
materials such as sufficient strength and stability at physiological
medium, higher mechanical properties, presence of interconnected
pores, and excellent biocompatibility, researchers are continuously
developing better and competent alternative biomaterials for biome-
dical applications. Our aim was synthesis of functionalized hyaluronate-
based chemically crosslinked hydrogel with elastic property by
avoiding the use of toxic organic solvents and reagents, which may
create toxicity issue for its biological applications. For this purpose,
keeping constant the structural integrity of hyaluronate, potassium
persulphate was used to make hyaluronate-macroinitiator, which fur-
ther initiated the polymerization of synthetic monomers followed by
grafting and/or chemical crosslinking in presence of heat. 2-hydro-
xyethyl acrylate (2-HEA) was first grafted on the hydroxyl groups of the
HA to import elasticity [40,41]. And then graft networks were cross-
linked with bi-functional poly(ethylene glycol) diacrylate (PEGDA) to
tune the microstructure properties like swelling, porosity and me-
chanical strength [42]. There are reports on methacrylated/thiolated
HA and PEGDA or HEA-based hydrogels or semi-interpenetrating net-
work for 3-D fibroblasts spreading and migration [43], to tune cell
adhesion [1], and for the release of sodium benzoate and chlorproma-
zine [44,45]. However, the use of three components hydrogel such as
HA, 2-HEA and PEGDA towards dimethyloxalylglycine (DMOG) and
tetracycline (TCN) release, and osteoblast tissue regeneration has not
been reported so far.

In the present study, HA, 2-HEA and PEGDA based terpolymeric
hydrogel (HA-g-p(2-HEA)-x-PEGDA) has been synthesized by grafting
and chemical crosslinking process through free radical polymerization
using potassium persulfate as initiator. The amount of PEGDA has been
varied to get better microstructure properties and interconnected
porous network structure. Details in vitro cell proliferation and cyto-
toxicity studies using osteoblastic cells (MC3T3) have been performed
by CCK, live/dead assay as well as MTT, neutral red and BrdU assays.
The in vitro release studies of dimethyloxalylglycine as proangiogenic
drug [46,47], and tetracycline as antibiotic [48] have been carried out
at pH 7.0/7.4 and 37 °C. Histological analyses such as hematoxylin and
eosin Y, and Masson’s trichrome staining have been carried to in-
vestigate in vitro tissue regeneration ability. The experimental results
showed that HA-g-p(2-HEA)-x-PEGDA hydrogel contains excellent in-
terconnected porous architecture, showed excellent biocompatibility,
controlled release property of DMOG/TCN, and in vitro regeneration of
ECM and collagen. Hence it could be used in potential biomedical ap-
plications, specifically as controlled release matrix for DMOG/TCN
delivery, and tissue engineering. To our best of knowledge, this is the
first report on HA, HEA and PEGDA based terpolymeric hydrogel,
which is examined as a carrier of DMOG/TCN drugs, and as a matrix for
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osteoblast tissue regeneration.

2. Experimental
2.1. Materials

Sodium salt of hyaluronic acid (HA, Mw = 1659731 Da,
PDI = 3.974) was kindly donated by Hanmi Pharm. Co. Ltd., Korea.
Dimethyloxalylglycine (DMOG, Cayman Chemical Company, USA),
fetal bovine serum (FBS, Biotechnics Research, Mission Viejo, CA, USA),
penicillin-streptomycin (Lonza, Seoul, Korea), cell counting kit-8 (CCK-
8, Dojindo Laboratories, Kumamoto, Japan), live & dead viability/cy-
totoxicity kit for mammalian cells (Invitrogen, Carlsbad, CA, USA) and
bromodeoxyuridine (BrdU, Roche, Germany) were purchased and used
for experiment. All other chemicals such as potassium persulfate (KPS),
2-hydroxyethyl acrylate (2-HEA), poly(ethylene glycol) diacrylate
(PEGDA, average MW ~575), tetracycline (TCN), o-MEM and all
staining reagents were purchased from Sigma Aldrich (St. Luis, MO,
USA, Germany and China). Distilled water (DW) was employed for all
experiments.

2.2. Synthesis of terpolymeric gel

At first, 0.25g HA (0.623 x 10~ >mol taking into consideration of
molecular weight of one unit as shown in Scheme 1) was dissolved in
60 mL of DW in a 2-neck round bottom flask (RB) by stirring overnight
at room temperature. After that, the solution was placed in digital glass
oil bath (LK Lab Korea, Korea) and stirrer at 75 °C and with 400 rpm.
After 2 h, nitrogen gas was pursed through the RB for 30 min to make
the atmosphere inert. Afterwards, 5mL aqueous solution of KPS
2.5 x%x1078 g, 0.0092 x 103 mol) as an initiator was added to the HA
solution. After 20min, 2mL of 2-HEA (17.41 x 10 3mol) as a
monomer was mixed to the solution. When the solution turned into
more viscous, three different volumes such as 250puL
(0.487 x 10 3mol), 500puL (0.973 x 10 3mol), and 750pL
(1.460 x 10~ 3mol) of PEGDA as a crosslinker were separately added
for the synthesis of three grades terpolymeric crosslinked hydrogel.
After addition of PEGDA, the reaction was processed for another 3 h.
Lastly, the product was dialyzed in distilled water at 25°C for 48 h.
Then the purified samples were dried at lyophilizer at —56 °C for
7 days, called as dry HA-g-p(2-HEA)-x-PEGDA sample.

2.3. Characterizations

Molecular weight of the hyaluronic acid sodium salt (HA, Hanmi
Pharm. Co. Ltd., Korea) was determined on a gel permeation chroma-
tography (Model: Tosoh EcoSEC HLC-8320 GPC) equipped with
2 X Tskgel GMPW x 1 + Tskgel G2500PW X 1 and RI detector at Korea
Polymer Testing and Research Institute (KOPTRI, Seoul, Korea). FTIR
spectra were recorded using ATR-FTIR spectrometer (Model: Travel IR,
Smiths Detection, USA). The wavelength range of spectra was
650-4000cm ™. The 'H NMR spectra were executed with nuclear
magnetic resonance (NMR) spectrometer (Model: DD2 700, Agilent
Technologies-Korea, USA). The HR-MAS NMR spectrum (proton) of HA-
g-p(2-HEA)-x-PEGDA gel was recorded in Korea Basic Science Institute
(Seoul, Korea) using AVIII 700 MHz NMR spectrometer (Bruker
Instruments, Inc., Germany) using D20 as solvent. The thermogravi-
metric analyses were performed using thermogravimetric analyser
(TGA, Model: DTG-60, Shimadzu, Japan) at nitrogen atmosphere,
where scan rate was 5°C/min. The surface and cross-section mor-
phology of samples were observed by SEM (Model: SEM, TESCAN
VEGA3, Tescan Korea). The pore size was measured by ImageJ soft-
ware, and porosity was determined using liquid displacement method
using hexane as solvent [49]. The method of porosity determination is
discussed in detail in the Supporting information.
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Scheme 1. Probable mechanism for the formation of terpolymeric HA-g-p(2-HEA)-x-PEGDA gel.

2.4. Swelling study

The% swelling of the three grades of dried HA-g-p(2-HEA)-x-PEGDA
samples were measured gravimetrically at pH 7.0/7.4, and 37 °C. The
swelling study is depicted in detail in the Supporting information.

2.5. Rheological analysis

Rheological analysis of dialyzed HA-g-p(2-HEA)-x-PEGDA gel was
performed in Korea Polymer Testing and Research Institute (Koptri;
Seoul, Korea) by rotational rheometer (TA Instrument Ltd., DHR-1,
Germany) at the temperature of 37 °C. The analysis was carried out
using 25 mm parallel plate with measuring gap of 1 mm. Frequency
sweep measurement was executed with the range of 0.1-10 Hz. For
stress sweep measurement, oscillation stress range was 1-1000 Pa with
a constant frequency of 1 Hz. Shear viscosity of the gel samples was
measured between the shear rate range of 0.1-1300/s.
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2.6. Invitro cell study on HA-g-p(2-HEA)-x-PEGDA gel

2.6.1. Osteoblast cell (MC3T3) behaviours on the surface of HA-g-p(2-
HEA)-x-PEGDA gel film

In vitro osteoblast cell (MC3T3) proliferation study was performed
on the surface of HA-g-p(2-HEA)-x-PEGDA gel film to confirm the
biocompatibility of the hydrogel. The degrees of cell proliferation were
evaluated by CCK-8 assay by following our previous protocols [50]. The
images of MC3T3 cells on hydrogel film were captured using live and
dead viability/cytotoxicity kit by a fluorescence microscope (Leica
DMLB, Wetzlar, Germany) as described in the literatures [50,51]. The
details procedure of this study is described in Supporting information.

2.6.2. Evaluation of cytotoxicity of HA-g-p(2-HEA)-x-PEGDA gel

The in vitro toxicity of the HA-g-p(2-HEA)-x-PEGDA gel was de-
termined against cell organs like mitochondria, lysosome and DNA by
MTT, Neutral Red and BrdU assays, respectively [50,51]. The details
process is described in Supporting information.
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2.7. Invitro drug release study

2.7.1. Incorporation of dimethyloxalylglycine (DMOG) and tetracycline
(TCN) in HA-g-p(2-HEA)-x-PEGDA gel and in vitro release study

Two different amounts (14 and 28 pmol) of DMOG and TCN were
incorporated separately in 0.5mL of HA-g-p(2-HEA)-x-PEGDA gel
(optimized grade) through mixing in a 48 well plate by a spatula until
the drugs were completely dissolved. The height and diameter of the
drugs loaded gels were 7 mm and 10 mm, respectively. Then, the loaded
gels were dried in a lyophilizer at —60 °C for 72 h. After drying, the
average diameter (2r) and height (h) of the loaded cylindrical shaped
gelswere6 = 1 mm, 6 + 1 mm, respectively. The dried weights of the
14 and 28 umol DMOG containing gels were 27.8 = 0.2mg, and
30.3 = 0.2mg, respectively. Whereas, the dried weights of the 14 and
28 umol TCN containing gels were 31.6 += 0.2mg, and 37.9 * 0.2mg,
respectively.

The in vitro DMOG and TCN release studies of dried drug-loaded gels
were performed at pH 7.0/7.4, and 37 °C. To observe the effect of pH,
and impact of swelling on drugs release behaviour, two different pHs
(7.0 and 7.4) were chosen. Besides, to detect the release nature at the
same pH (7.4) where in vitro osteoblast regeneration study was per-
formed, the physiological pH i.e. pH 7.4 was selected in this study.
Briefly, the drugs loaded gels were put in flasks containing 100 mL of
buffer media (pH 7.0 and 7.4) at 37 °C. After 1, 3, 6, 12, 24, 48, 72 and
96 h, aliquots were taken out from flasks and absorbance were mea-
sured by UV-vis spectrophotometer (Model: BioMATE 3, Thermo
Scientific, Madison, USA). After each measurement, buffer solutions
were replaced by new buffer solutions. The% DMOG and TCN release
were calculated on the basis of standard drugs solutions. For each
samples, experiments were performed in triplicate.

2.7.2. Evaluation of DMOG and TCN release kinetics and mechanism

The in vitro DMOG and TCN release data were fitted in zero order
and first order kinetics models [36] to find out the kinetics of the drugs
release from the HA-g-p(2-HEA)-x-PEGDA gel (optimized grade). While,
the mechanism of the DMOG/TCN release was evaluated by fitting the
data in Higuchi [52], Peppas-Sahlin [53], and Kopcha models [52]. The
release kinetics and mechanism determination models are discussed in
detail in the Supporting information.

2.8. Histological analyses

The histological analyses of thin films of 100 uL of dried HA-g-p(2-
HEA)-x-PEGDA 2 gel (d = 1cm) containing MC3T3 cells were per-
formed by hematoxylin and eosin Y (H&E) and masson’s trichrome
(MT) stainings. The purposes of these staining were to observe the
formation of ECM, collagen, and prominent nucleus of MC3T3 cells on
the HA-g-p(2-HEA)-PEGDA gel film so that it could be ascertained that
the synthesized gel could be used in tissue engineering applications.
The procedure of histological analyses is discussed in detail in the
Supporting information.

2.9. Statistical analysis

All data were stated as mean *+ standard deviation. Statistical sig-
nificance 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 and sig-
nificant difference has been reported when p < 0.05 [50].
3. Results and discussions

3.1. Synthesis of terpolymeric HA-g-p(2-HEA)-x-PEGDA gel

Three grades of terpolymeric gel have been synthesized using HA
(0.25g, 0.623 x 10 °mol) as main biopolymer, 2-HEA (2mlL,
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17.41 x 10 °mol) as monomer and KPS (2.5x 107 3g,
0.0092 x 10~3mol) as initiator. The amount of crosslinker (PEGDA)
was varied using 250 uL (0.487 x 10~ 3 mol), 500 uL
(0.973 x 10" 3mol), and 750 uL (1.46 x 10~ 3mol) to get gel with
different porous architectures. It is assumed that in presence of heat,
one molecule KPS forms two sulphate anion radicals (5042~ -) in the
inert atmosphere (Scheme 1). These sulphate anion radicals abstract
hydroxyl protons from HA and generate radicals on HA. Compare to
hyaluronate, ~1.47 mol% initiator was used. Thus, it is anticipated that
~2.94 mol% sulphate anion radicals may have been generated in the
reaction medium and formed HA radicals. When 2-HEA was added,
those% HA-radicals (~ 2.94 mol%) reacted with 2-HEA molecules. At
this time, the solution started to change its viscosity, which suggested
grafting of 2-HEA onto the HA followed by polymerization and for-
mation of radical species of HA-g-p(2-HEA) (Scheme 1). Predefined
amounts of PEGDA were added to crosslink the graft copolymers. It is
noticed that the moles of PEGDA are higher in all three reactions than
those of expected generated radicals on the graft products (as mole of
KPS is lower than PEGDA). Consequently, it is hypothesized that while
PEGDA was added: (i) at first, the reactive radicals of graft products
attack on PEGDA, and once all the graft radical sites were attached with
the PEGDA (assuming inter-crosslinking), after that, (ii) the rest of the
PEGDA molecules reacted with each other and polymerized (Scheme 1).
Hence, it is predictable that PEGDA not only crosslinked two graft
polymers but also self-polymerized in the reaction condition. The
probable mechanism is represented in Scheme 1. Three grades of gels
have been designated as HA-g-p(2-HEA)-x-PEGDA 1, HA-g-p(2-HEA)-x-
PEGDA 2 and HA-g-p(2-HEA)-x-PEGDA 3 on the basis of used 250 pL,
500 pL, and 750 pL. of PEGDA amount (digital images in Fig. S1, Sup-
porting information). The grade, HA-g-p(2-HEA)-x-PEGDA 2 is selected
as optimized grade for details characterizations and application because
of its well defined porous network which is depicted in scanning elec-
tron microscopy (SEM) analysis section.

3.2. Characterization

Fig. S2 (Supporting information) designates the GPC study result of
sodium hyaluronate (HA) employed for the development of terpoly-
meric hydrogel. It is detected that the peak top for the elution time was
18.567 min (Fig. S2a, Supporting information). The number average
(Mn) and weight average (Mw) molecular weights were 414680 and
1659731 Da, while PDI value was 3.974 (Fig. S2b, Supporting in-
formation).

Fig. S3 (Supporting information) represents FTIR spectra of sodium
HA, 2-HEA, PEGDA, and dried HA-g-p(2-HEA)-x-PEGDA samples. In the
FTIR spectrum of HA, the peaks at 3301 and 2902 cm ™! are responsible
for the stretching vibrations of O—H/N—H bond and C—H bond [54].
The peaks at 1609 and 1406 cm ~! are due to the stretching vibrations
of C=0 and C—O bonds of —COO— group [54], while the peaks for
C—0—C asymmetric and symmetric stretching frequencies appeared at
1147 and 1038 cm ™! (Fig. S3a, Supporting information). In the FTIR
spectrum of 2-HEA, the peaks at 3429, 2953, 2885, 1717, and
1632 cm ™! are due to the stretching frequencies of O—H, C—H, C=0,
and C=C bonds, respectively (Fig. S3b, Supporting information). The
peaks at 1408, 1276 and 1189 cm ™! are owing to C—H bending, C—O0,
and C—O—H stretching frequencies, respectively (Fig. S3b, Supporting
information). In the FTIR spectrum, PEGDA demonstrates peaks at
2870, 1723, 1633, 1192, and 1101 cm ™! which are responsible for the
stretching frequencies of C—H, C=0, C=C, C—0 and C—O—C bonds,
respectively (Fig. S3c, Supporting information). In the FTIR spectrum,
HA-g-p(2-HEA)-x-PEGDA polymer shows peaks at 3415, 2938, and
1723 cm ™! are due to the stretching frequencies of O—H/N—H, C—H,
and C=O0 bonds, respectively (Fig. S3d, Supporting information). The
peaks at 1448, 1242, 1162, and 1074 cm~! are because of C—H
bending, and stretching frequencies of C—0, C—O—H, and C—0—C
bonds, respectively (Fig. S3d, Supporting information). The new peaks
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Fig. 1. H NMR spectra of (a) HA, (b) 2-HEA, (c) PEGDA, and H HR-MAS NMR spectrum of (d) HA-g-p(2-HEA)-x-PEGDA-2 gel (optimized grade) using D,O as

solvent.

at 1723 and 1242 cm ™! in Fig. Sd (Supporting information) suggest the
presence of both 2-HEA and PEGDA as building components of HA-g-p
(2-HEA)-x-PEGDA-2 sample. While, the absence of unsaturated double
bonds peaks of both 2-HEA (1632cm™') and PEGDA (1633cm™ %)
imply that 2-HEA polymerized to poly(2-HEA) and PEGDA reacted as
crosslinking agent in the reaction condition.

Fig. 1 represents 'H NMR spectra of HA, 2-HEA, PEGDA, and 'H HR-
MAS NMR spectrum of HA-g-p(2-HEA)-x-PEGDA gel. In 'H NMR
spectrum (Fig. 1a), HA shows chemical shifts at § = 4.42, 4.30, 3.20-
3.69 and 1.88 ppm which are responsible for the protons of anomeric
position (H1, H1"), ring protons (H2-H6, H2’-H5’), and methyl carbon
protons (H7), respectively [54,55]. In case of 2-HEA (Fig. 1b), the
chemical shifts between § = 6.30-6.33, 6.07-6.11, and 5.86-5.88 ppm
are due to protons associated with unsaturated carbons i.e. for H8, H9,
and H&, respectively. The chemical shifts at § = 3.72 and 4.15 ppm are
due to the protons of position H10 and H11, respectively (Fig. 3b). For
PEGDA (Fig. 1b), the chemical shifts appeared for unsaturated protons
between 8 = 6.36-6.39, 6.14-6.15, and 5.92-5.93 ppm i.e. for H12,
H13, and H12’, respectively (Fig. 1c). While, the chemical shifts be-
tween 8 = 3.61-3.64, 3.74, and 4.27 ppm are because of protons of
H14/H15, H16, and H17, respectively (Fig. 1c). In the 'H HR-MAS
NMR spectrum of HA-g-p(2-HEA)-x-PEGDA gel (Fig. 1d), the chemical
shifts between 8 = 4.50, 4.42-4.43, 3.29-3.60 and 2.16 ppm are owing
to anomeric protons (H1, H1"), ring protons (H2-H6, and H2-H5"), and
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methyl group protons (H7) of hyaluronate unit. The chemical shifts at
8 = 3.65, 3.74, 3.85, 4.01, and between 4.12-4.15 ppm are because of
H19, H10/H18, H8, H12, and H11/H17 protons, respectively (Fig. 1d),
respectively. The chemical shifts between § = 1.62-1.75, 1.95, 2.39,
and 2.46 ppm are due to H13, H15, H9/H14, and H16 protons, re-
spectively (Fig. 1d). In the NMR spectrum of the synthesized gel, no
chemical shifts appeared between 8§ = 5.86-6.39 ppm (for unsaturated
protons), rather new chemical shifts appeared between
8 = 1.62-2.46 ppm, which confirmed that 2-HEA and PEGDA are also
polymerized in the reaction medium (Fig. 1d). The chemical shift at
8 = 3.85 (H8) ppm signifies the covalent attachment between HA and
poly(2-HEA), which also verified the grafting of poly(2-HEA) onto hy-
droxyl groups of HA.

On the other hand, the absence of chemical shifts of unsaturated
protons of PEGDA and appearance of new chemical shifts at § = 1.95
and 2.46 ppm (Fig. 1d) ascertained that PEGDA crosslinked two graft
polymers of HA and poly(2-HEA) and formed crosslinked HA-g-p(2-
HEA)-x-PEGDA terpolymer (Scheme 1).

Fig. 2 depicts the SEM images of surface and cross-section of three
grades of lyophilized HA-g-p(2-HEA)-x-PEGDA gel. It was observed that
hyaluronate showed pod-like shape [56]. After grafting with 2-HEA and
crosslinking with PEGDA, the morphology of HA totally changed and
HA-g-p(2-HEA)-x-PEGDA samples showed porous network structure,
where pores are appeared in micrometre range. Among three samples,
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Fig. 2. SEM results: surface morphologies (a, c, e), and cross-section (b, d, f) of lyophilized HA-g-p(2-HEA)-x-PEGDA 1, 2, 3 gels, respectively (Magnification = 3 kx).

the second gel (HA-g-p(2-HEA)-x-PEGDA 2) demonstrated well-defined
porous architecture (Fig. 2¢), which is may be due to homogeneous and
adequate crosslinking. The ImageJ software results showed that the
average surface pore size of HA-g-p(2-HEA)-x-PEGDA 1, HA-g-p(2-
HEA)-x-PEGDA 2, HA-g-p(2-HEA)-x-PEGDA 3 was 5.2 * 1.1pum,
4.7 = 0.9um, and 5.6 = 1.1 um, respectively. The HA-g-p(2-HEA)-x-
PEGDA 1 gel showed porous network (Fig. 2a), but porosity is higher in
HA-g-p(2-HEA)-x-PEGDA 2 gel (53.4 + 0.5%) than that in HA-g-p(2-
HEA)-x-PEGDA 1 gel (42 + 0.4%). While, in HA-g-p(2-HEA)-x-PEGDA
3, porosity (39.3 = 0.2%) again decreased, which is owing to the
higher crosslinking density because of the employment of highest
amount of crosslinker (PEGDA). The cross-section images signify that
pores are interconnected to each other (Fig. 2b, d, f).

HA showed three weight loss zones in TGA analysis [56]. The zone
below 100°C is because of moisture evaporation, and the zones
150-260 °C, 260-440°C, and 450-600°C are due to the complete
breakdown of polysaccharide backbone and evaporation CO, [56]. In
the TGA plot of HA-g-p(2-HEA)-x-PEGDA 2 gel (Fig. 3a), the first
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weight loss region (below 100 °C) is because of the evaporation of
moisture, the second zone (187-311 °C) is due to breakdown of HA unit,
and the wide weight loss region (311-440 °C) is for the breakdown of
both 2-HEA and PEGDA unit.

3.3. Swelling study

Fig. 3b-c represents swelling test results of three grades of HA-g-p
(2-HEA)-x-PEGDA gel at pH 7.0, pH 7.4 and 37 °C. From Fig. 3b-c, it is
obvious that HA-g-p(2-HEA)-x-PEGDA gel reached in an equilibrium
state of swelling at about 12h in both media, which confirmed the
hydrogel formation behaviour of the cross-linked polymer. Among
three grades, HA-g-p(2-HEA)-x-PEGDA 3 showed the lowest% equili-
brium swelling ratio (457 + 22% at pH 7, and 752 * 18% at pH 7.4).
This result may be due to the higher% crosslinking in HA-g-p(2-HEA)-x-
PEGDA 3, and presence of the lower amount of pores into the gel net-
work (Fig. 2) compared to the other two grade gels. Among first two
grades, HA-g-p(2-HEA)-x-PEGDA 2 showed lower% equilibrium
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Fig. 3. (a) TGA plots of HA, and dried HA-g-p(2-HEA)-x-PEGDA 2 gel, and swelling (%) vs. time (h) plot of three grades of gel at (b) pH: 7.0, and (c) pH: 7.4 and 37 °C
(Results are represented as average + SD, n = 3), and (d-f) rheology study results of dialyzed HA-g-p(2-HEA)-x-PEGDA gel (optimized grade) at 37 °C.

swelling ratio (509 = 25% at pH 7, and 985 = 19% at pH 7.4) than
that of HA-g-p(2-HEA)-x-PEGDA 1 (526 = 26% at pH 7, and
1053 = 23% at pH 7.4). Although, no significant difference is ob-
served from the surface morphology of these two gels, while, cross-
section images display bigger sizes of pores in HA-g-p(2-HEA)-x-PEGDA
1 than that of HA-g-p(2-HEA)-x-PEGDA 2 (Fig. 2), which may be one of
the causes for higher% swelling of HA-g-p(2-HEA)-x-PEGDA 1. Besides,
the amount of crosslinker (PEGDA) is higher in grade 2 gel than that of
grade 1 gel. Moreover, all grades of HA-g-p(2-HEA)-x-PEGDA gel ex-
hibited higher% equilibrium swelling ratio at pH 7.4 than pH 7.0
(Fig. 3b—c). This is because of the high charge density (due to presence
of negative carboxylate ions) over the gels at pH 7.4 than that of pH 7.0,
which increased the hydrophilicity of the gels, resulting in higher%
equilibrium swelling ratio at pH 7.4.

3.4. Rheology study

The rheological characteristics of the dialysed HA-g-p(2-HEA)-x-
PEGDA gel has been performed at 37 °C. From the frequency sweep
experiment (Fig. 3d), it is apparent that elastic modulus (G’) is higher
than that of viscous modulus (G”) and both moduli increased with in-
crease of frequency, which signify the material is a gel with elasticity
[36]. From amplitude sweep study (Fig. 3e), it is obvious that elastic
modulus (G) is higher than that of viscous modulus (G”). It has been
seen that after the shear stress value of 63 Pa, elastic modulus value
starts to decreased sharply. Whereas, at the shear stress of ~203 Pa, the
viscous modulus of the gel overcomes the elastic modulus which in-
dicates flow nature of the gel at the experimental condition and the
point is known as yield stress of the HA-g-p(2-HEA)-x-PEGDA gel. Be-
fore reaching that point, the gel strength was measured as 1.03 (G’/
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G” = 7.79/7.56). Again, from Fig. 3f, it is noticed that the shear visc-
osity of the HA-g-p(2-HEA)-x-PEGDA gel continuously decreased with
increasing of shear rate. This characteristic indicates non-Newtonian
shear thinning behaviour of the gel. The nature of gel and mechanical
property of HA-g-p(2-HEA)-x-PEGDA gel implies that it could be used as
a filler with bioactive molecule release ability for small and irregular
defects in cancellous bone.

3.5. Invitro cell study on HA-g-p(2-HEA)-x-PEGDA gel

3.5.1. Osteoblast cell (MC3T3) culture and proliferation studies on the
surface of HA-g-p(2-HEA)-x-PEGDA gel film

Fig. 4 depicts the in vitro MC3T3 cell culture study results of HA-g-p
(2-HEA)-x-PEGDA gel film (optimized grade). From Fig. 4a, it is obvious
that with increase of time (1, 3, 5 and 7 days), the optical densities are
increased on both control (tissue culture plate) and HA-g-p(2-HEA)-x-
PEGDA gel film, which signify that the MC3T3 cells were progressively
grew and proliferated on both control and hydrogel film.

However, Fig. 4b suggests that the rate of MC3T3 cells proliferation
was higher on gel film than that of control. This study implies that HA-
g-p(2-HEA)-x-PEGDA gel film provided cordial substrate for cell growth
and proliferation. Fig. 4d-g showed in vitro cellular attachment on the
surface of HA-g-p(2-HEA)-x-PEGDA gel film, detected by the ethidium
homodimer-1 and calcein AM assay at 1, 3, 5 and 7 days. The gradual
increase in MC3T3 cell population after 1, 3, 5 and 7 day cultures es-
tablished that the cells with low population exhibit no desired con-
nection with each other at day 1 and 3 (Fig. 4d—e). While, at day 5 and
7, the cellular populations were more distinct on the surface of the gel
film (Fig. 4f-g). The cell-cell contacts were observed, and formation of
excellent three dimensional array of MC3T3 cells was noticed. The cell
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Fig. 4. (a) Optical density of MC3T3 cells after 1, 3, 5 and 7 days on TCP (control) and gel films, (b) rate of cell proliferation on the surface of the HA-g-p(2-HEA)-x-
PEGDA gel film, (c) cytotoxicity results of gel films, (d-g) MC3T3 cells images by live and dead assay on the surface of the gel film using ethidium homodimer-1 and
calcein AM assay after 1, 3, 5 and 7 days, respectively, and (h) MC3T3 cells images before extract addition, and (i-k) after the addition of extract from teflon as a
positive control, latex as a negative control and gel films, respectively. (Results are represented as average = SD, n = 3).

growth features reveal that the HA-g-p(2-HEA)-x-PEGDA gel provided
an excellent matrix for osteoblast cell growth and proliferation without
cytotoxicity, and could be a suitable biomaterial for bone tissue en-
gineering. Although, the cells proliferation is higher in the hydrogel
film by the effects of gel property itself such as gel network and che-
mical composition, other factors such as biophysical properties, espe-
cially the nanostructures, may be important in controlling of the cell
behaviours. Other research groups reported that the nanotopography of
the gel matrix can act as a potent modulator of cell behaviours in tissue
regeneration [57-59].

3.5.2. Evaluation of cytotoxicity of HA-g-p(2-HEA)-x-PEGDA gel

In vitro viability of the HA-g-p(2-HEA)-x-PEGDA gel (optimized
grade) has been detected by measuring cytotoxicity against mitochon-
dria, lysosome and DNA of MC3T3 cells using MTT, Neutral Red and
BrdU assays, respectively. In this study, the extract solution of gel film
has been used to compare viability with those of teflon and latex ex-
tracts. The viability value of teflon (positive control) is considered as
100%. Latex is used as negative control. From Fig. 4c, it is evident that
% cell viability of gel is higher than those of teflon and latex (Fig. 4c).
The gel showed 103 = 3%, 128 + 4%, and 104 = 5% cell viability
(Fig. 4c). Whereas, viability is significantly decreased in latex (Fig. 4c).
The effect of three extracts (teflon, latex and gel films) on MC3T3 cells
viability was further supported by the fluorescence images of MC3T3
cells (Fig. 4h-k). Cells were grown well in presence of extracts of teflon
(Fig. 4i) and gel films (Fig. 4k), no dead cells were found. While, many
dead cells are perceived for latex extract (Fig. 4j). This study confirmed
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that HA-g-p(2-HEA)-x-PEGDA gel did not release any toxic compounds,
i.e. indicating a non-toxic and biocompatible gel, and could be a sui-
table choice for biomedical applications.

3.6. Invitro release of DMOG and TCN from HA-g-p(2-HEA)-x-PEGDA gel

Fig. 5 represents in vitro release profiles of DMOG and TCN from HA-
g-p(2-HEA)-x-PEGDA gel (optimized grade) at pH 7.0/7.4 and 37 °C.
DMOG is a low molecular drug and a cell penetrant oxoglutarate
equivalent which can prevent prolyl hydroxylase (PHD) enzymes [60].
Consequently, it controls the stability of hypoxia inducible factor (HIF)-
la in cells and induces downstream gene expression [60]. HIF-1a is a
vital mediator of the adaptive cells response to hypoxia that has a
significant role in angiogenesis-osteogenesis coupling during bone re-
generation [60]. Besides, DMOG can increase the bone healing cap-
ability of adipose-derived stem cells (ASCs) by improving osteogenic
differentiation and angiogenic potential [60]. It can also increase the
angiogenic activity of bone marrow stromal cells (BMSCs) by triggering
the expression of HIF-1a in cells, and thus advance the angiogenesis of
the tissue-engineered bone [60]. On the other hand, TCN is an anti-
biotic which affects inflammation, immunomodulation, cell prolifera-
tion, and angiogenesis [61]. TCN prevents activities of matrix me-
talloproteinases (MMPs), which proteolytically breakdown several
constituents of the extracellular matrix (ECM) into collagenases and
gelatinases [61]. TCN can inhibit both collagenases and gelatinases
[61]. Generally, drugs are released from a hydrophilic polymer matrix
through four ways [36,53]: (i) dissolution process (surface drug), (ii)
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Fig. 5. In vitro release profiles of (a) DMOG, and (b) TCN from the loaded HA-g-p(2-HEA)-x-PEGDA gel (optimized grade) at pH 7.0/7.4 and 37 °C (results are

represented as average = SD, n = 3).

diffusion process, (iii) relaxation of the matrix, (iv) erosion of the ma-
trix. Here, two different amounts (14 umol and 28 pmol) of DMOG and
TCN were incorporated into the gels and in vitro release study was
performed at pH 7.0 and 7.4. It is observed that release rates of both
DMOG and TCN are quicker at pH 7.4 than that at pH 7.0 (Fig. 5a-b),
which is because of the higher rate of swelling of the gel at pH 7.4 [36].

At pH 7.4, gel network possesses negative charge (owing to car-
boxylate ions of HA) that accelerates to absorb large number of water
molecules, ensuing higher rate of swelling. Between two doses of drug
(DMOG/TCN), formulations bearing high dose (28 umol) showed
higher rates of DMOG/TCN release (Fig. 5a-b). Principally, high dose of
DMOG/TCN reduces the percentage of gel content in the formulation.
Therefore, the gel layer through which DMOG/TCN freely diffuse be-
came weaker, resulting higher rate of DMOG/TCN release [62]. In
addition, for high dose formulation, the higher rates of DMOG/TCN
release are also affected by the quick release of drugs at the initial
period, where most of the drugs may release from the surface of the gel
[62]. At the initial time, when the formulation makes contact with the
dissolution medium, the surface drugs molecules rapidly release
[62,63]. Furthermore, from Fig. 5a-b, it is also noticed that DMOG
executes quicker release rate than that of TCN in both media. This
phenomenon is owing to the difference of molecular weight between
DMOG (MW- 175.14 g/mol), and TCN (MW- 444.43 g/mol). Generally,
a low molecular weight drug has shorter mean dissolution time than
that of a high molecular weight drug [62,64]. Consequently, the low
molecular weight drug (DMOG) diffuses through the gel layer more
readily than that of the high molecular weight drug (TCN). From the
drug release results, it is also obvious that the DMOG and TCN loaded
hydrogel could assist the pre-angiogenesis-osteogenesis process. How-
ever, the ~100% release of DMOG and TCN drugs between 24 and 96 h
(depending on the nature and amount of dose) suggests that to advance
angiogenesis/osteogenesis for bone regeneration, both drugs should be
additionally added during the experiment after regular times of in-
terval, as an example, by controlling crosslinking density of gel net-
works.
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3.6.1. Drug release kinetics and mechanism

From the coefficient of determination (R?) value, it is observed that
the release data is well fitted (higher R? value, Table S1-S2, Supporting
information) with first order kinetics model than that of zero order
kinetic model. The results imply that both drugs (DMOG and TCN)
follows first order kinetics. While, from the release mechanism de-
termination models (Higuchi, Peppas-Sahlin, and Kopcha), it is obvious
that the release data are well fitted with Peppas-Sahlin model, where
the relaxational contribution (K,) is negligible compared to diffusion
contribution (K;) (Table S1-S2, Supporting information). Besides, the
diffusional exponent (A) is also higher than the erosional exponent (B)
derived from Kopcha model (Table S1-S2, Supporting information).
Hence, from both Peppas-Sahlin, and Kopcha models, it is obvious that
both DMOG and TCN release from HA-g-p(2-HEA)-x-PEGDA gel is
mostly controlled by diffusion process, however, erosion of matrix also
has lower contribution in release [36,52].

3.7. Histological analyses: hematoxylin and eosin Y (H&E) staining, and
Masson’s trichrome (MT) staining

Fig. 6 depicts the results of H&E and MT staining of HA-g-p(2-HEA)-
x-PEGDA gel film, which cultured with MC3T3 cells for 14, 21, and
28 days. From H &E staining image (Fig. 6a), it is observed that on day
14, cells were grown and spread well on the gel film, blue-coloured
nuclei are obvious. However, collagen in ECM (pink coloured) is lim-
ited. On day 21, it is apparent that the cells are connected with each
other, while ECM is well developed (Fig. 6b). On day 28, well devel-
oped pink-coloured ECM is clearly visible and it is spread throughout
the film, thereby cells are connected to each other, which indicate
tissue regeneration on the HA-g-p(2-HEA)-x-PEGDA gel film (Fig. 6c¢).
From MT staining results, brown-coloured prominent nuclei of the
MC3T3 cells and their collagen formation are observed on day 21
(Fig. 6e) compared to those at day 14 (Fig. 6d). On day 28, it is obvious
that blue-coloured collagen is formed in all over the ECM (Fig. 6f),
which confirmed that HA-g-p(2-HEA)-x-PEGDA gel film provided a
suitable matrix for tissue regeneration.
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Fig. 6. Staining results of H&E (a, b, ¢), and MT (d, e, f) of HA-g-p(2-HEA)-x-PEGDA gel film after in vitro MC3T3 cells cultured for 14, 21 and 28 days, respectively.

4. Conclusions

The HA-g-p(2-HEA)-x-PEGDA terpolymeric gel has been success-
fully synthesized through free radical polymerization using HA, 2-HEA
and PEGDA. The structure and compositions of gel has been confirmed
by FTIR, 'H-HR-MAS-NMR, and TGA analyses. The achievement of
equilibrium swelling ratio, and higher value of elastic modulus (G’)
confirmed the gel nature of terpolymeric system in aqueous medium at
37 °C. By grafting HEA molecule and changing the amount of PEGDA as
crosslinker, gel strength, microstructure and porosity of the HA-g-p(2-
HEA)-x-PEGDA gel changed significantly. The moderate amount of
PEGDA (500 pL) in this study generated a well-defined interconnected
porous network, which is suitable for both drug delivery and tissue
engineering applications. The evaluation of the potential applicability
of HA-g-p(2-HEA)-x-PEGDA gel as biomaterial has been performed by
observing the results of cell compatibility, in vitro tissue regeneration
capability and release behaviours of bioactive molecules such as DMOG
and TCN. Release profiles of DMOG and TCN demonstrated pH-de-
pendent sustained release up to 3-4days, where, release rate was
quicker at pH 7.4 than that of pH 7.0. The in vitro MC3T3 cell viability
and cytotoxicity results using CCK, live/dead, MTT, MTT, BrdU, and
neutral red assays confirmed that the HA-g-p(2-HEA)-x-PEGDA gel is
biocompatible and non-cytotoxic. The results indicate that the inter-
connected porous architecture and 3D network of the HA-g-p(2-HEA)-x-
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PEGDA gel endorsed excellent osteoblastic cell adhesion, proliferation,
and viability. The H&E and Masson’s trichrome staining results dis-
played that ECM including collagen were formed and well-developed
after 3 weeks. Overall, the novel, porous, biocompatible, HA-g-p(2-
HEA)-x-PEGDA gel could be used in biomedical applications, especially,
for the delivery of DMOG/TCN, and as a filler for small defect in bone
tissue engineering.
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