
Journal of Materials Science: Materials in Medicine (2018) 29:187
https://doi.org/10.1007/s10856-018-6199-1

TISSUE ENGINEERING CONSTRUCTS AND CELL SUBSTRATES

Original Research

Fabrication of sulphonated poly(ethylene glycol)-diacrylate hydrogel
as a bone grafting scaffold

Hao Li1 ● Tingting Ma1 ● Man Zhang1
● Jiani Zhu1

● Jie Liu1
● Fei Tan 1

Received: 14 June 2018 / Accepted: 27 November 2018 / Published online: 7 December 2018
© Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract
To improve the biological performance of poly(ethylene glycol)-diacrylate (PEGDA) hydrogel as an injectable bone grafting
scaffold, sodium methallyl sulphonate (SMAS) was incorporated into PEGDA hydrogel. The physiochemical properties of
the resultant polymers were assessed via Fourier transform infrared spectroscopy (FTIR), swelling ratio, zeta potential,
surface morphology, and protein adsorption analysis. MC3T3-E1 cells were seeded on the hydrogel to evaluate the effect of
the sulphonated modification on their attachment, proliferation, and differentiation. The results of FTIR and zeta potential
evaluations revealed that SMAS was successfully incorporated into PEGDA. With increasing concentrations of SMAS, the
swelling ratio of the hydrogels increased in deionized water but stayed constant in phosphate buffered saline. The protein
adsorption also increased with increasing concentration of SMAS. Moreover, the sulphonated modification of PEGDA
hydrogel not only enhanced the attachment and proliferation of osteoblast-like MC3T3-E1 cells but also up-regulated
alkaline phosphatase activity as well as gene expression of osteogenic markers and related growth factors, including collagen
type I, osteocalcin, runt related transcription factor 2, bone morphogenetic protein 2, and transforming growth factor beta 1.
These findings indicate that the sulphonated modification could significantly improve the biological performance of PEGDA
hydrogel. Thus, the sulphonated PEGDA is a promising scaffold candidate for bone grafting.

Graphical Abstract

1 Introduction

Defects in the alveolar bone can interfere with the dental
prosthetic rehabilitation, particularly those being restored
with dental implant therapy. In clinic, current strategies
often involve various alveolar bone grafting procedures, but
both autogenous and heterogeneous cancellous grafts are
neither practical nor expedient. Meanwhile, the character-
istics of alveolar bone defects, such as large size, compli-
cated shape and deep location, make it difficult to be perfect
restored. The development of injectable hydrogels affords a
new method to restoring alveolar bone defects, because
hydrogels can replace implantation surgery with a mini-
mally invasive injection method and can form any desired
shape to match irregular defects.
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Photopolymerizable poly(ethylene glycol)-diacrylate
(PEGDA) is an important synthetic hydrogel for biomedical
applications such as drug delivery, regenerative medicine,
and the development of biosensors [1–3]. PEGDA is a
promising bone grafting scaffold candidate because of its
biocompatibility, tuneable mechanical properties, three-
dimensional porous structure, ability to homogeneously
encapsulate cells, and high tissue-like water content.
Comparing with the natural hydrogels, the synthetic
hydrogels, such as PEGDA, still have some advantages. In
addition to non-immunogenicity, the PEGDA is relative
ease of functionalization with biomolecular motifs and/or
small functional groups [4]. Meanwhile, as with other
synthetic hydrogels, PEGDA show better commercial
availability of reactive macromers of various molecular
weights and branching configurations, which might be a
limitation for natural hydrogels. However, the hydrated
surface layer formed on the PEGDA surface inhibits the
adsorption of specific adhesion proteins, such as fibronectin
(Fn), resulting in a lower cell attachment rate on the
hydrogel [5, 6]. This limits PEGDA bone grafting scaffold
applications.

Cell attachment onto the scaffold plays a decisive role in
regulating cell proliferation and promoting osteoblastic
differentiation. Various modifications have been applied to
improve cell attachment onto PEGDA. For example,
arginine-glycine-aspartic (RGDS) immobilization into
PEGDA could promote cell attachment on the hydrogel [7].
However, the process of bone development is inherently
dependent on the interaction between osteoblasts and
extracellular matrix (ECM) proteins. It has been well
established that the major adhesion proteins in bone, such as
Fn, function through mechanisms other than RGDS-integrin
binding [8, 9]. For example, a heparin-binding domain in Fn
of bone-derived cells has been found to play an important
role in osteoblastic attachment [10]. Moreover, ECM is still
difficult to deposit on the PEGDA modified with RGD [4].
Another approach to improve the cell attachment to
hydrogels is to change the physiochemical properties of the
material surface. It has been demonstrated repeatedly that
osteoblastic attachment to an artificial hydrogel depended
strongly on the physiochemical properties of the material
surface, such as its chemical composition, polarity, and
charge density [11–13].

The chemical functionality of an artificial hydrogel has a
direct influence on the differentiation fate of attached cells.
For example, it was proven that hydrogel-encapsulated
human mesenchymal stem cells could be induced to
osteogenesis by the hydrogel modified with different func-
tional molecular [4, 14]. On the one hand, it was found that
the sulphonated polystyrene surface could convert Fn from
a soluble dimer to insoluble stable matrix fibrils by inducing
disulphide bond rearrangement [10, 15, 16]. On the other

hand, the charge could improve the protein adsorption onto
the hydrogel surface [13]. The charged group might pro-
mote cell attachment by improving protein adsorption and
unfolding protein conformation [17]. In our previous study,
we found that a charged hydrogel would be helpful to
improve the pre-osteoblastic attachment, proliferation, and
differentiation regardless of positive or negative charge
[11]. However, until now, few studies have demonstrated
the effects of the incorporation of a charged sulphonated
group into PEGDA hydrogel on the attachment, prolifera-
tion, and differentiation of osteoblasts.

In this study, sodium methallyl sulphonate (SMAS), a
small molecule monomer with a charged sulphonated
group, was incorporated into PEGDA to produce a novel
hydrogel for use as a bone grafting scaffold. We hypothe-
sized that this novel hydrogel can enhance the attachment,
proliferation, and differentiation of osteoblasts. Therefore,
various concentrations of SMAS were incorporated into
PEGDA, and the physicochemical properties of the resul-
tant polymers were evaluated. In addition, pre-osteoblasts
were seeded on the hydrogels to evaluate the effect of the
charged sulphonated group on the cell viability, prolifera-
tion, and differentiation in vitro.

2 Materials and methods

2.1 Preparation of PEGDA

PEGDA was synthesized as described in our previous
study [11]. Dry PEG (0.1 mM; Mw= 4000 Da; Sino-
pharm Co. Ltd, Shanghai, China) and 0.2 mM triethyla-
mine were dissolved in anhydrous dichloromethane at
room temperature. Then, 0.4 mM acryloyl chloride was
added dropwise in an ice bath and stirred for 24 h. The
resultant solution was washed with 2 M K2CO3 aqueous
solution and separated into aqueous and dichloromethane
phases. The dichloromethane phase was subsequently
dried with anhydrous MgSO4, and PEGDA was pre-
cipitated in diethyl ether, filtered by filter paper, and dried
under a vacuum.

2.2 Hydrogel preparation

PEGDA aqueous solution was prepared at a final con-
centration of 40% by dissolving 2 g PEGDA powder in 5
mL HEPES solution. Photoinitiator D2959 (0.1 g; Sigma-
Aldrich, St. Louis, MO, USA) was dissolved in 20 mL
HEPES solution to obtain a final concentration of 0.5%
D2959 solution. It was then filtered and preserved avoiding
light. SMAS (0.633 g; Sigma-Aldrich, St. Louis, MO, USA)
was dissolved in 2 mL HEPES solution to obtain 2M
SMAS aqueous solution. All solutions were magnetically
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stirred for 30 min to ensure that the materials were com-
pletely dissolved.

As shown in Table 1, the hydrogel precursors containing
0, 50, 100, and 200 mM SMAS were prepared, respectively
(abbreviated as HG0, HG50, HG100, and HG200). The
PEGDA/SMAS mixture was pipetted onto two sterile glass
slides. There was a 1 mm spacer between the glass slides.
Then, the area was irradiated for 15 min using ultraviolet
light (365 nm, 8 mW cm−2).

2.3 Fourier-transform infrared spectroscopy

After lyophilization for 24 h, the chemical structures of the
hydrogels were characterized using a Fourier-transform
infrared (FTIR; NICOLET380, USA) spectrophotometer
(N= 3).

2.4 Zeta potential

The hydrogel samples in each group (N= 6) were immersed
in deionized water to achieve the equilibrium state and
ground into fine particles. After drying in a vacuum oven, 5
mg of the particles were dissolved in 1 mL deionized water
and the zeta potential was measured by a Zetasizer instru-
ment (Zen3600, Malvern Instruments, Malvern, UK).

2.5 Swelling ratio

To obtain equilibrium swelling, hydrogel samples (N= 6)
were immersed in deionized water or phosphate buffered
saline (PBS) for 24 h at 37 °C, respectively. Then, excess
water was removed with filter paper, and the swollen
hydrogels were weighed (Ws, swollen weight). The samples
were put in a vacuum oven at 50 °C for 24 h to achieve
complete dehydration and to determine the dry weight of
the samples (Wd, final dry weight). The swelling ratio was
calculated as follows: Swelling ratio= (Ws−Wd)/Wd.

2.6 Contact angle measurement

Hydrogels from each group (N= 6) were swollen in PBS
until reaching the equilibrium state. Then, the static water
contact angle of the hydrogels was observed using the

sessile drop method at room temperature by a contact angle
goniometer (SL200B, KINO INDUSTRY Co., Ltd., USA).
The contact angle was recorded digitally using the software
provided by the manufacturer.

2.7 Elastic modulus

Uniaxial compressive test was performed to evaluate the
elastic modulus of the unmodified hydrogel and PEGDA-
co-SMAS hydrogels. The hydrogels (8 mm in diameter, 2
mm in thickness, N= 4) of each group were crosslinked.
Then, the load cell was placed at the bottom plate of an
electromechanical universal testing machine (Shimadzu
AGS-J, Tokyo, Japan). Meanwhile, a digital cross-head
sensor was placed to the top plate at a strain rate of 0.5 mm/
min. The stress–strain curve was recorded digitally using
the software provided by the manufacturer. Compressive
modulus was calculated from the slope of the initial 5%
linear region of the respective stress–strain curves.

2.8 Protein adsorption

Hydrogels from each group (N= 5) were placed into 12-
well plates and immersed in Alpha modified Eagle’s med-
ium (α-MEM, Hyclone, Logan, USA) supplemented with
10% foetal bovine serum (FBS; Hyclone, Logan, USA) at
37 °C for 24 h. Then, the samples were moved to new plates
after washing three times with PBS. One millilitre of 1%
sodium dodecyl sulphate (SDS; Sigma-Aldrich, St. Louis,
MO, USA) solution was added into each well and stirred for
24 h to completely remove absorbed proteins from the
hydrogel. The protein concentrations of the SDS solutions
were determined by BCA Protein Assay Reagent (Beyo-
time, Guangzhou, China).

2.9 Scanning electron microscopy observation

After freeze-drying under a vacuum, the hydrogels from
each group were sputter-coated with gold-palladium.
Scanning electron microscopy (SEM, Hitachi S-4800,
Tokyo, Japan) was used to observe the morphology of the
hydrogels.

2.10 Cell culture

Mouse calvaria-derived pre-osteoblast, MC3T3-E1 cells,
were purchased from American Type Culture Collection
(ATCC) and cultured in α-MEM supplemented with 10%
foetal bovine serum (FBS), 100 U/ml penicillin, and 100 U/
ml streptomycin in a 37 °C, 5% CO2 incubator. The cells
were subcultured to approximately 80% confluency. The
cell culture medium was replaced every 1–2 days.

Table 1 Preparation of hydrogels modified with different
concentrations of SMAS

Group PEGDA
(mL)

D2959
(μL)

SMAS
(μL)

HEPES
(μL)

Volume
(mL)

HG0 1 400 0 600 2

HG50 1 400 50 550 2

HG100 1 400 100 500 2

HG200 1 400 200 400 2
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2.11 Cell attachment

The hydrogel samples (N= 6) were placed into 24-well
plates, and the cells were seeded on the hydrogel surface at
a density of 1 × 104 cells/cm2. Then, the cells were allowed
to attach for 2 h, and subsequently supplemented with 3 mL
medium. At specific time points, the hydrogels were
transferred to new 6-well plates, rinsed twice with PBS to
remove the unattached cells. After 2 h, 4 h, and 1 day, the
cells were observed by phase-contrast microscopy (CP62-
JSM-6390LV, Beijing, China).

2.12 Cell proliferation

A Cell Counting Kit-8 assay (CCK-8; Beyotime Institute of
Biotechnology, Guangzhou, China) was used to evaluate
the osteoblastic proliferation on the hydrogels. At days 1, 3,
and 5, CCK-8 assays were performed to determine the cell
viability according to the manufacturer’s instructions. In
brief, after changing the medium, 20 µL CCK-8 solution
was added into 200 µL of cell/hydrogel medium. Then, the
medium was transferred to 96-well plates and optical den-
sity (OD) values were determined at 450 nm using a micro-
plate reader (Synergy H1, BioTek Instruments, USA) after
incubation at 37 °C for 3 h.

2.13 Alkaline phosphatase (ALP) activity

To detect ALP activity, p-nitrophenyl phosphate liquid
substrate (pNPP) was mixed with the supernatant of the cell
lysate. Briefly, MC3T3-E1 cells were seeded onto each
hydrogel sample at a density of 4 × 105 cells/mL and cul-
tured in 1.5 mL medium supplemented with 0.2 mM
ascorbic acid (Sigma-Aldrich, St. Louis, MO, USA). At 7,
10, and 14 days, each specimen was lysed in 0.2% Triton
X-100 for 4 h and centrifuged at 12,000 rpm for 15 min at 4
°C. Then, 15 μL supernatant was added into 2-amino-2-
methyl-1-propanol (AMP) buffer solution containing 15
mmol/L pNPP and incubated at 37 °C for 30 min. After that,
0.1 M sodium hydroxide solution was used to terminate the
reaction, and the absorbance was recorded at 405 nm using
a micro-plate reader. Meanwhile, the total protein content in
the supernatant was calculated with the BCA Protein Assay
Reagent. The ALP activity was normalized to the total
protein concentration.

2.14 Quantitative real-time polymerase chain
reaction (RT-PCR)

To evaluate the gene expression of osteogenic markers and
related growth factors, total RNA was extracted via Trizol
(Aidlab, Benjing, China) after 7, 14, and 21 days. The RNA
concentration was determined by absorbance measurement

at 280 nm. One microgram of total RNA was reverse-
transcribed for cDNA using the ReverTra Ace reaction
system (TaKaRa Bio, Shiga, Japan). Quantitative real-time
polymerase chain reaction (RT-PCR) was performed to
evaluate the related gene expression level. All samples were
tested in triplicate. The primers used are shown in Table 2.

2.15 Statistical analysis

All data were analysed as the mean ± standard deviation
(SD). One-way analysis of variance (ANOVA) was per-
formed using SPSS (SPSS19.0; SPSS Inc., USA) to deter-
mine the statistical significance among the groups.
Statistical significance was defined as P < 0.05.

3 Results

3.1 FTIR spectra

The chemical structure of PEGDA and the reaction of
PEGDA with SMAS are shown in Fig. 1. According to the
results of FTIR, a new peak was found at 1105 cm–1 and
was ascribed to the carboxylic acid groups of SMAS (Fig.
2). Meanwhile, the intensity of the peak strengthened with
the increasing concentration of SMAS.

3.2 Swelling ratio and zeta potential

Table 3 shows the swelling ratio of hydrogels copolymer-
ized with different concentrations of SMAS in deionized
water or PBS, respectively. The results indicated that the
swelling ratio of the hydrogels significantly increased with
increasing concentration of SMAS in deionized water (P <
0.05). However, the sulphonated modification of the
PEGDA hydrogel had almost no effect on the swelling ratio
in PBS (P > 0.05). We found that the zeta potentials of
hydrogels modified with SMAS became more negative
(Table 3). Meanwhile, the charge density of PEGDA-co-
SMAS increased with the increasing SMAS concentration.
All of the PEGDA-co-SMAS hydrogels were more negative
than HG-0 (P < 0.05). For example, the zeta potential of
HG0 was initially 1.01 ± 0.13 mV, and it reached −3.82 ±
0.25 when 200 mM SMAS was incorporated into the
PEGDA hydrogel.

3.3 SEM observation, contact angle measurement
and protein adsorption

The hydrogels were observed by SEM to evaluate the effect
of sulphonate modification on the surface morphology of
the PEGDA hydrogel. As shown in Fig. 3A, all of the
hydrogels exhibited a three-dimensional interconnected
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porous structure regardless of the concentration of SMAS.
However, the sulphonate modification influenced the pore
sizes in the hydrogels. For example, the pore sizes in the
HG0 group were relatively homogeneous and ranged from 5
to 10 μm (Fig. 3Aa). However, in contrast with HG0, the
pore sizes of the HG200 group were more irregular and
ranged from 5 to 50 μm.

Contact angles of the hydrogels copolymerized with
various concentrations of SMAS are shown in Fig. 3B. The
surface contact angle decreased with increasing concentra-
tion of SMAS, which indicated an enhanced hydrophilicity
of the hydrogels surface. However, no significant difference
was found between the HG50 and HG0 group (P > 0.05).

The protein adsorptions of the four hydrogels are shown
in Fig. 3C. It was found that the amount of absorbed protein
increased in a dose-dependent manner with the increasing
concentrations of SMAS in the hydrogel precursor. For
example, compared with HG0, HG100 and HG200 showed
2.3-fold and 3.9-fold increases in the amount of absorbed
protein, respectively. These results clearly demonstrated

that the incorporation of the sulphonated group could
effectively enhance the protein adsorption of the hydrogel.

3.4 Elastic modulus

The elastic modulus of samples in each group was shown in
Fig. 4. We found that the elastic modulus remained constant
even if the concentration of the SMAS monomers incor-
porated into the PEGDA backbone increased. For example,
the elastic moduli were 8.82 ± 0.43 kPa for HG0 and 8.86 ±
0.62 kPa for HGP200. The difference was not statistically
significant (P > 0.05).

3.5 Cell attachment

The morphologies of the attached cells on the four hydro-
gels are shown in Fig. 5. After 2 h culture, almost all the

Fig. 2 The FTIR spectra of hydrogels modified with different con-
centrations of SMAS

Table 3 Swelling ratio and zeta potential of hydrogels incorporated
with different concentrations of SMAS (x ± s)

Groups Swelling ratio(%) Zeta potential (mV)

ddH2O PBS

HG0 19.45 ± 0.52 27.50 ± 0.72 1.01 ± 0.13

HG50 29.76 ± 2.15* 28.85 ± 3.89 −1.64 ± 0.24*

HG100 34.45 ± 3.47* 29.10 ± 2.82 −2.59 ± 0.28*

HG200 48.01 ± 3.81* 29.43 ± 3.28 −3.82 ± 0.25*

The data were presented as the mean ± SD

*indicates significant differences,compared with HG-0 (P < 0.05)

Table 2 Primers sequences for
RT-PCR

Gene Forward primer Reverse primer

TGFβ1 AGCTGCGCTTGCAGAGTTA AGCCCTGTATTCCGTGTGGT

BMP-2 GAGGCTGCTCAGCATGTTTG CTCCACGGCTTCTTCGTGAT

Runx-2 GGGAACCAAGAAGGCACAGC ACTTGGTGCAGAGTTCAGGG

COL 1 GAGAGGTGAACAAGGTCCCG AAACCTCTCTCGCCTCTTGC

OC TTCTGCTCACTCTGCTGACC GCCGGAGTCTGTTCACTACC

Fig. 1 Chemical structure of
PEGDA and the reaction of
PEGDA with SMAS
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cells on the surface of HG0 maintained a spherical shape.
However, many cells on the PEGDA-co-SMAS hydrogel
started to spread and presented short pseudopodia. At 4 h,
almost all the cells on the surface of the PEGDA-co-SMAS
had demonstrated fusiform or polygonal shapes. Addition-
ally, all the cells formed solid adhesion on both unmodified
hydrogels and PEGDA-co-SMAS after 1-day incubation.
However, more cells were found on the sulphonated
hydrogels compared with HG0.

3.6 Cell proliferation

CCK-8 was used to assess the effect of sulphonate mod-
ification on the osteoblastic proliferation. As shown in Fig.
6, MC3T3-E1 cells on both PEGDA hydrogels and mod-
ified hydrogels proliferated over time, but there were sig-
nificantly more cells on the HG100 and HG200 surfaces
than there were on the HG-0 surface at each time point (P <

0.05), including 1 day, 3 days, and 5 days. However,
there was no difference between the HG-0 and HG-50
groups (P > 0.05).

3.7 Alkaline phosphatase (ALP) activity

The ALP activity of the cells cultured on all hydrogels is
shown in Fig. 7. As shown, in contrast with the HG0 group,
the ALP activity of the HG100 and HG200 groups was
significantly improved at each time point (P < 0.05),
including 7 days, 10 days, and 14 days. For example, after
14 days of induction, the ALP activity of cells cultured on
HG100 and HG200 increased by about 0.40-fold and 0.50-
fold that of HG0, respectively. Nevertheless, there was no
significant difference between the HG0 and HG50 group (P
> 0.05) over the whole experimental period.

3.8 RT-PCR

To further evaluate the effect of sulphonate modification on
the osteoblastic differentiation, the gene expression levels of
osteogenic markers and related growth factors were inves-
tigated by RT-PCR (Fig. 8). The results revealed that,
compared with the HG0 group, enhanced gene expression
of osteogenic markers and growth factors was found in the
HG200 group (P < 0.05). For instance, after 21 days incu-
bation, the OC gene expression of HG200 increased 2.57-
fold compared with that of the HG0 group. In contrast with
the HG0 group, the osteogenic gene expression in the
HG100 group was enhanced with increasing culture time.

Fig. 3 Physiochemical properties of the hydrogels modified with dif-
ferent concentrations of SMAS. A surface morphology of the hydro-
gels: a group HG0; b group HG50; c group HG100; d group HG200.

B contact angle of the hydrogels (N= 6). C protein adsorption of the
hydrogels (N= 5). *indicates significant differences, compared with
HG-0 (P < 0.05)

Fig. 4 The elastic modulus of different hydrogels (N= 4)
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For example, although there was no significant difference in
BMP2 gene expression between HG0 and HG100 groups at
14 days, the BMP2 gene expression of the HG100 group
increased 2.13-fold at 21 days. Similar tendencies were
found in the gene expression levels of both osteogenic
markers and related growth factors. However, there was no

significant difference between HG0 and HG50 groups over
the cultivation period (P > 0.05).

4 Discussion

An important goal of bone grafting scaffold is to create a
structure that mimics native bone biochemically and

Fig. 5 Morphology of adherent
cells on the hydrogels modified
with different concentrations of
SMAS a cell morphology on
HG0 group at 2 h, b cell
morphology on HG0group at 4
h, c cell morphology on
HG0group at 1 day, d cell
morphology on HG50group at 2
h, e cell morphology on
HG50group at 4 h, f cell
morphology on HG50group at
1 day, g cell morphology on
HG100group at 2 h, h cell
morphology on HG100group at
4 h, i cell morphology on
HG100group at 1 day, j cell
morphology on HG200group at
2 h, k cell morphology on
HG200group at 4 h, l cell
morphology on HG200 group at
1 day

Fig. 6 Cell proliferation of MC3T3-E1 cell cultured with four
hydrogels at days 1,3,5. *indicates significant differences, compared
with HG-0(P < 0.05)

Fig. 7 ALP activity of cells cultured on the four hydrogels. *indicates
significant differences,compared with HG-0 (P < 0.05)
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structurally [18]. The ideal scaffold should not only mimic
critical aspects of the natural osteoblastic micro-
environment but also promote osteoblastic differentiation
through cell-material interactions [19, 20]. Studies have
repeatedly demonstrated that a small functional group can
be used to control the biological behaviour of hydrogel-
encapsulated cells [16, 21, 22]. In this study, the sulphonate
group was introduced into the hydrogel by copolymeriza-
tion of PEGDA with various concentrations of SMAS. The
results clearly indicated that the sulphonated PEGDA
hydrogels had physiochemical properties that could be
varied in a controllable manner. Moreover, the hydrogels
significantly enhanced the attachment, proliferation, and
differentiation of osteoblast-like cells.

According to FTIR, SMAS was successfully incorpo-
rated into the PEGDA hydrogel, and the modification was
dose-dependent. Meanwhile, the successful incorporation

was indirectly verified by the zeta potential measurement in
which the zeta potential increased with increasing SMAS
concentration in the hydrogel precursor. In theory, the zeta
potential of hydrogels should stem from the deprotonation
of hydroxy group in the SMAS. On the one hand, this result
indicated that the SMAS was incorporated into the PEGDA
hydrogel in a dose-dependent manner; on the other hand,
the charge density of the modified hydrogel could increase
with the increasing concentration of SMAS in the hydrogel
precursor [23, 24]. The swelling ratio increased in deionized
water with the increasing concentration of SMAS. In theory,
this should be attributed to the competitive incorporation of
SMAS onto the unsaturated bond of the acrylate group in
PEGDA. Since the unsaturated bonds serve as the cross-
linking site for PEGDA macromolecules as well, the mod-
ification would decrease the availability of unsaturated
bonds and lead to a loose polymeric cross-linked network in

Fig. 8 Expression of osteogenic
marker genes and related growth
factors for cells cultured on the
hydrogels (N= 6). a COLI, b
OC, c BMP2, d TGFβ1, e
RUNX-2. *indicates significant
differences, compared with HG-
0 (P < 0.05)
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modified hydrogels. The hypothesis could be verified by the
morphology observation. As shown in Fig. 3A, all hydro-
gels presented a three-dimensional interconnected fibril
network. In the case of modified hydrogels, the network was
more porous than that of the HG0 group, and the pore size
was ~50 μm. It has been demonstrated that a loose poly-
meric network in a hydrogel could facilitate nutrient trans-
port, metabolic waste discharge, and cell migration [25, 26].
However, an increase in the swelling ratio was not observed
in scaffolds submerged in PBS. This result may be asso-
ciated with a balance of osmotic pressure between the
charged hydrogel and PBS. Because of the effect of elec-
trostatic attraction on the modified hydrogel, counterions
are more easily adsorbed onto the modified hydrogel, and
the modified hydrogel could quickly achieve a balance
between internal and external osmotic pressure.

The attachment and proliferation of MC3T3-E1 cells
were enhanced on the modified hydrogels, and the
enhancement was closely related to the concentration of
SMAS in the hydrogel. It has been repeatedly reported that
a low cell attachment and proliferation rate were observed
on unmodified PEGDA hydrogels as a result of the extre-
mely hydrophilic environment [17, 27]. When a scaffold is
immersed into a physiological environment, the proteins in
the ECM adsorb onto the scaffold within seconds, forming a
protein layer which mediates the biological behaviour of
seeded cells [28]. In this study, although the modified
hydrogels were more hydrophilic than the unmodified
hydrogel, it was found that the protein adsorption was
significantly enhanced in a dose-dependent manner with the
increasing concentrations of SMAS in the hydrogel.
Because of the chemical and structural complexity of pro-
tein, the peptides along the adhesion-mediating protein
backbone exhibited large and periodic charge alternations.
For example, Fn Type III12–14, a domain function for both
cell attachment and TGF-β1 preservation, was continuous
positively charged peptides in a physiological environment
[15]. According to the results of the zeta potential assess-
ment, the sulphonate incorporation could have led to a
negatively charged hydrogel. Therefore, the sulphonated
hydrogel could easily attract proteins by mutual electrostatic
forces. Additionally, the strength of the electrostatic force
depends on the charge density, which may explain why
more proteins adsorbed onto the hydrogel with increasing
concentration of SMAS. Furthermore, the chemistry of the
sulphonate group is known to play an important role in
affecting the orientation and conformation of adsorbed
adhesion-mediating proteins, such as Fn, vitronectin, etc.
For example, Felgueiras found that the sulphonated
Ti6Al4V could promote the initial attachment and spreading
of MC3T3-E1 cells by inducing the conformational alter-
nation of Fn fibrillogenesis [29]. Pernodet found that, in the
absence of cells, Fn can be converted from a soluble dimer

to an insoluble stable matrix on fibrous sulphonated poly-
styrene surfaces. It was demonstrated that Fn fibrillogenesis
could result from the disulfide bond rearrangement caused
by the catalysis of the sulphonated surface [30]. However,
the effect of the sulphonated hydrogel on the conforma-
tional change in the ECM protein should be further studied.

The expression levels of ALP, osteogenic marker genes,
and growth factors were evaluated to assess the effect of
sulphonated hydrogels on osteoblastic differentiation [31].
ALP was proven to play an important role in the initiation
of matrix mineralization [32, 33]. As shown in Fig. 8,
compared with the HG0 group, the ALP activity of HG100
and HG200 groups was significantly enhanced at each time
point, indicating the initiation of differentiation of a greater
number of osteoblasts on the sulphonated hydrogel. How-
ever, the ALP activity was not significantly different
between HG0 and HG50 groups, indicating that the
improvement is associated with the concentration of SMAS
in the hydrogel. Meanwhile, the gene expression level of
osteogenic indicators, such as COLI and OC, was eval-
uated. COLI is the most abundant protein in bone ECM and
binds to other non-collagenous matrix proteins [34, 35]. The
up-regulated COLI expression demonstrated that mature
osteogenic ECM was formed and deposited on the sul-
phonated hydrogels. OC, the most specific marker of
osteogenesis and mature osteoblasts, is present only in the
bone matrix and is synthesized only by mature osteoblasts
[27, 36, 37]. The enhanced expression levels of both early
and late stage osteogenic indicators implies that the
MC3T3-E1 cells on modified hydrogels proceeded through
an accelerated differentiation mechanism, and matrix
mineralization was activated by the sulphonate group [38,
39]. Meanwhile, the gene expression levels of well-
established osteogenic growth factors, such as BMP-2 and
TGF-β1, were significantly up-regulated on the sulphonated
hydrogels with increasing SMAS concentration. BMP-2 is a
determinant factor in the development of the cell skeleton
and regulates the anabolic and catabolic cycles of the
osteoblast [40–43]. TGF-β1 plays a critical role in mod-
ulating Runx2 transcriptional activity and matrix miner-
alization in the MC3T3-E1 cell line. Runx2 is a
transcription factor involved in osteoblast differentiation
and acts as an important regulator of bone formation at
multiple stages [44, 45]. Correspondingly, in this study, the
Runx2 expression levels of HG100 and HG200 groups were
significantly up-regulated compared to that of the HG0
group at day 21. These results demonstrated that the sul-
phonated hydrogel could enhance osteoblastic differentia-
tion, and the improvement is SMAS dose-dependent.
However, determination of the underlying mechanism of
improved osteoblastic differentiation on the sulphonated
hydrogel requires further research.

Journal of Materials Science: Materials in Medicine (2018) 29:187 Page 9 of 11 187



5 Conclusions

To improve the biological performance of PEGDA hydro-
gel as a bone grafting scaffold, SMAS, a sulphonated
monomer, was used to modify the PEGDA hydrogel. The
results of FTIR and zeta potential analysis demonstrated
that sulphonated hydrogels with different concentrations of
sulphonate groups were fabricated. Based on the swelling
ratio in deionized water and morphological observations, it
was determined that a loose network was formed in the
PEGDA-co-SMAS. The protein adsorption of PEGDA-co-
SMAS was enhanced in accordance with increasing SMAS
concentration. Meanwhile, in contrast to the pure PEGDA
hydrogel, improved osteoblastic attachment, proliferation,
and differentiation were found on the sulphonated hydrogel.
The improvement level was associated with the concentra-
tion of SMAS. These results reveal that the sulphonated
PEGDA hydrogel is a promising scaffold candidate for
bone grafting. However, further research must be conducted
to determine the precise mechanism underlying enhanced
osteoblastic attachment, proliferation, and differentiation on
modified hydrogels.
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