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onate-functionalized GelMA
hydrogels for mineralization and osteogenesis†

Lei Liu,ab Xiaoyu Li,ab Xuetao Shi *ab and Yingjun Wang *ab

In a minimally invasive procedure, hydrogels can be injected into an affected area for drug loading and

tissue repair. Here, gelatin methacryloyl (GelMA) was modified with alendronate (ALN), and three

different alendronate-functionalized GelMA (GelMA-ALN) hydrogels were prepared. The modification

greatly improved the swelling ratio, protein adsorption and mineralization. The GelMA-ALN hydrogels

significantly promoted the in vitro osteogenic differentiation of hFOB cells as indicated by their higher

alkaline phosphatase (ALP) activity, denser mineralization and up-regulated osteogenesis-related genes

at both the mRNA and protein levels. Meanwhile, the cells maintained their activity and differentiated into

osteoblasts when encapsulated in the GelMA-ALN hydrogels. Alendronate-modified hydrogels have

potential for use in the minimally invasive treatment of irregular bone defects.
1 Introduction

Bone defects, especially skull defects with complex shapes,
require tissue engineering scaffolds that match the shape of the
defect. Hydrogels are naturally promising materials because of
their injectability and in situ formability. Gelatin methacryloyl
(GelMA), a photopolymerizable gelatin material that is modied
by adding methacrylate groups to its amine-containing side
groups, contains arginine-glycine-aspartic acid (RGD)
sequences1 and is similar to the native extracellular matrix
(ECM).2 Due to their collagen-like backbone and mild poly-
merization conditions, GelMA hydrogels exhibit cell-responsive
characteristics, such as promoting cell adhesion, proliferation
and differentiation.3,4 GelMA hydrogels are suitable for encap-
sulating cells and undergo in situ crosslinking aer in vivo
injection.5–7

Although hydrogels can match the shape of natural bone,
they still have different compositions. Phosphate groups are
thought to play an important role in assisting and modulating
calcication in the early stages of bone formation.8–13 Benoit14

used phosphate-functionalized polyethylene glycol to promote
the osteogenesis of human mesenchymal stem cells (hMSCs) in
normal growth media, demonstrating that osteogenesis was
caused by the presence of small molecule-phosphate groups.
This method is a simple means for preparing biomimetic bone
biopolymers. Subsequent studies conrmed that phosphate
groups can promote mineralization15–18 and adsorb proteins to
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improve biological function.19–22 Furthermore, phosphate
groups have been identied as a signalling unit that regulates
the cell cycle, proliferation rate and signal transduction path-
ways.23–26 Bisphosphonates (BPs), which can inhibit bone
resorption, are widely used in the therapy of osteoporosis.27,28

Furthermore, BP groups strongly and reversibly bind calcium
ions29,30 and can also bind to hydroxyapatite, calcium phosphate
and other calcium crystals.31,32 BP groups were shown to have
a high affinity for bone minerals, which leads to their selective
uptake by bone.33 Although the activity34–39 and osteogenesis40–45

of cells encapsulated in 3D GelMA hydrogels have been widely
studied, fewer studies have focused on the osteogenesis of cells
cultured in 3D BP-functionalized hydrogels.

In this study, alendronate-functionalized GelMA (GelMA-
ALN) hydrogels with three different alendronate concentra-
tions were prepared. The hydrogel-based bone repair material
can be easily injected in vivo by syringe. Based on our previous
ndings, it was hypothesized that this chemical modication
could enhance osteogenesis in a dose-dependent manner. First,
the protein adsorption and mineralization of the GelMA-ALN
hydrogels were evaluated. Second, osteogenic differentiation
was demonstrated by the higher alkaline phosphatase (ALP)
activity, denser mineralization and up-regulation of
osteogenesis-related genes, including runt-related transcription
factor 2 (Runx 2), ALP, osteocalcin (OCN), collagen Ⅰ (COL Ⅰ) and
osteopontin (OPN), at both the mRNA and protein levels.
Finally, the live/dead staining and immunouorescence stain-
ing of cells encapsulated in the hydrogels were performed to
determine the activity and osteogenic differentiation, respec-
tively, in a three-dimensional environment. The results showed
that the alendronate modication markedly increased osteo-
genesis in both the 2D and 3D environments.
This journal is © The Royal Society of Chemistry 2018

http://crossmark.crossref.org/dialog/?doi=10.1039/c8ra03550d&domain=pdf&date_stamp=2018-06-20
http://orcid.org/0000-0001-9919-8931
http://orcid.org/0000-0002-6332-9706
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra03550d
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA008040


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Ju

ne
 2

01
8.

 D
ow

nl
oa

de
d 

on
 1

1/
3/

20
25

 1
0:

58
:3

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
2 Materials and methods
2.1 Materials

Alendronate (ALN) was purchased from Aladdin (China).
Gelatin, methacrylic anhydride, N-(3-dimethylaminopropyl)-N0-
ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide
(NHS), acetic acid, tris(hydroxymethyl)aminomethane hydro-
chloride, alizarin red S, sodium dodecyl sulfate (SDS), and 2-(N-
morpholino) ethanesulfonic acid (4-morpholineethanesulfonic
acid) (MES) were purchased from Sigma (USA). Dulbecco's
modied Eagle's medium (DMEM)/F12 (DMEM-F12),
phosphate-buffered saline (PBS), trypsin–EDTA, and foetal
bovine serum (FBS) were obtained from Gibco (USA).

2.2 Synthesis of GelMA

GelMA was prepared according to our previously reported
procedure (Fig. 1a).46 Briey, 10 g of gelatin type A was dissolved
in 100mL 1� PBS at 50 �C. Then, 20mL ofmethacrylic anhydride
was added to the mixture, and the acylation reaction was per-
formed under stirring for 1 h. Themixture was dialysed for 5 days
against warm deionized water through a dialysis membrane
(Fisherbrand code, 12–14 kDa cut-off) and lyophilized for 2 days.

2.3 Synthesis of GelMA-ALN

Alendronate-functionalized GelMA (GelMA-ALN) was synthe-
sized according to previously reported methods (Fig. 1b).
Briey, 1 g of GelMA was dissolved in 20 mL of a 0.5 M MES
buffer (pH ¼ 5) at 60 �C, and the mixture was then cooled to
37 �C. Three mmol of MES and 3 mmol of NHS were added to
the solution, which was vigorously stirred for 20 min to activate
the carboxyl groups on GelMA. Three mmol of alendronate was
dissolved in 10 mL of a 0.5 M MES buffer at 60 �C, and the
mixture was added to the reaction solution, which was subse-
quently reacted for another 24 h. The mixture was then dialysed
for 5 days against warm deionized water through a dialysis
membrane (Fisherbrand code, 12–14 kDa cut-off) and lyophi-
lized for 2 days. By controlling the feed ratio, GelMA-ALN was
Fig. 1 Schematic illustrations of the (a) synthesis of GelMA, (b) synthesis
hydrogel.

This journal is © The Royal Society of Chemistry 2018
prepared with three different alendronate contents (G-LALN, G-
MALN and G-HALN represent low, medium and high alendro-
nate contents, respectively) (Table S1†). GelMA and GelMA-ALN
hydrogels were mixed in PBS at concentration of 10 w/v% with
0.5 w/v% photoinitiator and dissolved at 60 �C. The solution was
transferred to mould and crosslinked under UV light.
2.4 Characterization of GelMA-ALN

The FTIR spectra (CCR-1, Thermo-Nicolet, USA) were collected
between 400 cm�1 and 4000 cm�1 with a resolution of 2 cm�1.
1H and 31P NMR spectra were obtained using a 400 MHz spec-
trometer (AVANCE Digital 400, Bruker, Germany). The samples
were dissolved in D2O with 1% acetic acid-d4 to a concentration
of 10 mg mL�1. The 31P NMR spectra represent 1000 scans. The
surface elemental compositions of GelMA and GelMA-ALN were
characterized using an X-ray photoelectron spectrometer (XPS,
Thermo Escalab 250Xi) operated at 150 W using Al Ka radiation
as the excitation source (15 kV). The diameter of the analysed
spot was approximately 500 mm. To calibrate the broadening of
the spectral lines and the dri towards higher binding energies,
a binding energy of 285.0 eV was assigned to the aliphatic
carbon (–CH2) C 1s peak to correct the other binding energies.
2.5 Topography of the hydrogels

The morphologies and microstructures of the hydrogels were
observed by a tungsten lament scanning electron microscope
(Thermo Fisher Scientic, USA). The hydrogels were lyophilized
under vacuum at �20 �C and then mounted on aluminium
stubs. Aer sputter-coating the samples with gold for 60 s, the
morphologies of the hydrogel surfaces were observed at an
accelerating voltage of 10 kV.
2.6 Swelling ratio and equilibrium water absorption

To study the inuence of ALN on the swelling ratio, the GelMA
and GelMA-ALN hydrogels (3 mm high, 5 mm in diameter) were
immersed in a PBS solution. The mass of each wet sample (Ww)
of GelMA-ALN and (c) preparation of the hydrogel. (d) Injection of the

RSC Adv., 2018, 8, 22764–22776 | 22765
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was measured at different times. Finally, the samples were
lyophilized to obtain the dry weights (Wd). The swelling ratio
(%) was calculated using the formula:

Swelling ratio ¼ (Ww � Wd)/Wd � 100%

The equilibrium swelling ratio of the hydrogels was deter-
mined in a PBS solution at 37 �C. The hydrogels were lyophi-
lized and weighed to obtain the initial weight (Wi). Then, they
were immersed in PBS for 48 h and reweighed to obtain the
hydrated weight (WH). The swelling ability of the hydrogels was
calculated using the following equation:

Equilibrium swelling ratio ¼ (WH � Wi)/Wi � 100%

where Wi and WH are the initial dried and hydrated weights,
respectively.

2.7 Mechanical testing

The mechanical properties of the GelMA and GelMA-ALN
hydrogels were examined with a universal material testing
machine (Intron5967, Instron, USA). Cylindrical samples
(10 mm in diameter, 5 mm in thickness) were constructed and
subjected to a constant compression speed of 3 mm min�1. At
least 5 samples were measured for each group of hydrogels to
obtain the compression curves and average Young's modulus,
which was calculated using the slope of the stress–strain curves
between 0% and 10%.

2.8 Rheological measurements

The rheological properties of GelMA and GelMA-ALN hydrogels
were performed using a stress-controlled rheometer (Anton
Paar MCR302) in plate–plate geometry (plate diameter of 25
mm, distance of 0.3 mm). The UV-initiated polymerization was
investigated through UV light irradiation at 7.0 mW cm�2. The
rheological properties of GelMA and GelMA-ALN hydrogels were
recorded by oscillatory frequency sweeps (0.01–100 rad s�1, 1%
strain) at 37 �C.

2.9 Mineralization

2� SBF was prepared by sequentially dissolving NaCl, NaHCO3,
KCl, K2HPO4$3H2O, MgCl2$6H2O, CaCl2, and Na2SO4 in
distilled deionized water at 37 �C. The GelMA and GelMA-ALN
hydrogels were incubated in 2� SBF for 3 days, washed three
times with deionized water, and then lyophilized. Aer coating
the hydrogels with gold, they were examined by a tungsten
lament scanning electron microscope (Thermo Fisher Scien-
tic, USA) at an accelerating voltage of 10 kV.

2.10 Protein adsorption

The protein adsorption on the hydrogels was examined by
measuring the total amount of proteins.22,47 Before protein
adsorption, the hydrogels were extensively washed with phos-
phate buffer saline (PBS). They were allowed to swell in DMEM-
F12 media without serum in a humidied incubator at 37 �C for
22766 | RSC Adv., 2018, 8, 22764–22776
48 h. Then, the hydrogels were placed in a 24-well plate with
1 mL DMEM-F12 supplemented with 10% serum. Aer 6, 12
and 24 h in a humidied incubator at 37 �C, the hydrogels were
transferred to a clean 24-well plate and gently rinsed with PBS
for 10 s to remove loosely attached proteins. Then, 0.5 mL of a 1
w/v% sodium dodecyl sulfate (SDS) solution were pipetted into
each well, and the well plate was placed on a shaker for 30 min
for protein desorption. The concentration of proteins in the SDS
solution was measured using a BCA protein assay kit (P0012S,
Beyotime Company, China) according to the manufacturer's
instructions.

2.11 Enzymatic degradation

To characterize the enzymatic degradation properties of GelMA
hydrogel, we placed the hydrogel samples in 2.0 mL centrifuge
tubes with 1.5 mL PBS containing 2.5 UmL�1 collagenase type II
at 37 �C. At a pre-dened time, the GelMA and GelMA-ALN
hydrogels were removed, frozen, and lyophilized. Mass loss
was determined as the ratio of the nal weight to the original
dry weight. All experiments were repeated 4 times.

2.12 Cell culture

The hFOB cell line (CRL-11372, ATCC, USA) was maintained at
34 �C in DMEM-F12 containing 10% foetal bovine serum. The
cells were cultured in a humidied atmosphere of 5% CO2 until
conuency was achieved.

2.13 Cells cultured on the 2D hydrogel surfaces

2.13.1 Cell proliferation. Before cell seeding, the hydrogels
were disinfected with 70% ethanol for 30 min and then washed
with PBS, which was changed ve times, for 5 min. The
hydrogels were further incubated in DMEM-F12 overnight.
Then, 400 mL of a cell suspension containing 5 � 104 cells were
seeded on the scaffolds and incubated for 45 min to allow the
cells to attach. The medium was changed every 2 days. The cell
numbers were determined using a CCK-8 assay kit and by live/
dead staining. The live/dead staining was observed by laser
confocal microscopy (TCS SP8, Leica, Germany).

2.13.2 Alizarin red S staining and quantication. The
mineralization of the hFOB cells cultured on the hydrogels was
determined by alizarin red S staining.48 Aer incubation for 7
and 14 days, the cells with adherent mineralized nodules were
removed from the hydrogels with trypsin–EDTA and washed
with physiological saline. These cells were then stained with
alizarin red S for 2 min. Aer rinsing with ultrapure water 5
times to remove the non-specic stain, the stained nodules were
placed in a 96-well plate and observed by microscopy. The
alizarin red S stain was extracted by sonication in 10 mMHCl in
70% ethanol for 10 min. The extracts were then diluted with 5
volumes of PBS, and the absorbance was measured at 550 nm
using a multifunctional microplate reader (Thermo Scientic
3001, USA) for the determination of the mineralization.

2.13.3 ALP activity. The ALP activity was assayed using an
alkaline phosphatase assay kit (P0012S, Beyotime Company,
China) according to the manufacturer's instructions. Briey,
aer culturing for 3, 7 and 14 days, the cells were washed three
This journal is © The Royal Society of Chemistry 2018
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times with PBS and incubated in RIPA lysis buffer (P0013K,
Beyotime Company, China) for 2 h at 4 �C. Then, 50 mL of the
lysate of each sample was incubated in alkaline phosphatase
buffer for 30 min at 37 �C. The reaction was stopped by adding
100 mL of a reaction stop solution, and the absorbance was
measured at 405 nm using a multifunctional microplate reader
(Thermo Scientic 3001, USA). A calibration curve was prepared
using different concentrations of p-nitrophenyl, and the ALP
activity was normalized to the total protein content of each
scaffold using a commercially available protein assay kit
(P0012S, Beyotime Company, China).

2.13.4 RNA isolation and quantitative real-time PCR. The
marker genes of osteogenic differentiation (Runx 2, COL Ⅰ, ALP,
OPN and OCN) in the hFOB cells were detected by quantitative
real-time PCR. The hFOB cells were seeded on the scaffolds at
a density of 2� 105 cm�2 and subsequently cultured for 3, 7 and
14 days at 37 �C. The total RNA was isolated using a HiPure
Total RNA kit (Magentec, China) at the specied time intervals.
The RNA was then reverse-transcribed into cDNA using a Pri-
meScript RT reagent kit with gDNA Eraser (TaKaRa Biotech-
nology, Japan). Finally, qRT-PCR analysis was performed using
a SYBR Green system (GeneCopoeia) on a RT-PCR instrument
(QuantStudio 6 Flex, Life Technologies). The relative quanti-
cation of the target genes was normalized to that of beta actin,
and the 2�DDCt method was used to calculate the gene
expression.

2.13.5 Immunouorescence staining. Aer culturing for 3,
7 and 14 days, the cells were xed in a 4% neutral formaldehyde
solution for 30 min, permeabilized with 0.1% Triton X-100 for
20 min and then incubated in 10% normal goat serum for 1 h to
block non-specic proteins. The cells were incubated in the
primary antibody (Runx 2 ((27 K): sc-101145, Santa Cruz), ALP
((C-8): sc-373737, Santa Cruz), OCN ((ABOC-5021): sc-73464,
Santa Cruz) or OPN ((LFMb-14): sc-73631, Santa Cruz)) over-
night at 4 �C and then incubated in the secondary antibody
(donkey anti-mouse IgG H&L (Alexa Fluor® 647, ab150107) for
Runx 2, OCN and OPN; donkey anti-mouse IgG H&L (Alexa
Fluor® 594, ab150108) for ALP) for 1 h at room temperature.
The Cell Navigator F-Actin labelling kit (F-actin, AAT Bioquest,
Inc.) was used to stain the cell skeleton (green) for 1 h at room
temperature. Aer gentle washing with PBS, the cell nuclei
(blue) were stained with 40,60-diamidino-2-phenylindole (DAPI,
Beyotime, China) for 5 min at room temperature. The cells were
then observed by laser confocal microscopy (TCS SP8, Leica,
Germany). To estimate the Runx 2, ALP, OCN and OPN
expression, the ImageJ soware was used to determine the ratio
between the nuclear and cytoplasmic uorescence intensities of
the hFOB cells stained with the relevant antibody.49
2.14 Cells encapsulated in the 3D environment

2.14.1 Cell activity in the 3D environment. GelMA and
GelMA-ALN were dissolved in a PBS solution at concentration of
10 w/v% with 0.5 w/v% Irgacure 2959 and then sterilized. Cells
were digested and added to the solution to prepare a cell
suspension of 1 000 000 cells per mL. The cell suspension was
transferred to well plates and crosslinked by UV light irradiation
This journal is © The Royal Society of Chemistry 2018
(5 mW) for 5 min. Aer adding the medium, the well plates were
transferred to the incubator. For the cell activity studies, the
cells encapsulated in the hydrogels were cultured at 34 �C for 1
and 5 days. Then, they were stained by live/dead staining and
observed by laser confocal microscopy (TCS SP8, Leica,
Germany).

2.14.2 Immunouorescence staining in the 3D environ-
ment. The immunouorescence staining method for the cells
encapsulated in the 3D hydrogels was similar to that used for
the cells on the 2D surface. Aer encapsulation in the hydrogels
and culturing for 7 and 14 days, the cells were xed in a 4%
neutral formaldehyde solution for 1 h, permeabilized with 0.1%
Triton X-100 for 20 min and then incubated in 10% normal goat
serum for 1 h to block non-specic proteins. The cells were
incubated in the primary antibody (ALP ((C-8): sc-373737, Santa
Cruz), OCN ((ABOC-5021): sc-73464, Santa Cruz) or COL Ⅰ (pan
CEA (COL-1): sc-47756, Santa Cruz)) overnight at 4 �C and then
incubated in the secondary antibody (donkey anti-mouse IgG
H&L (Alexa Fluor® 647, ab150107) for COL Ⅰ and OCN and
donkey anti-mouse IgG H&L (Alexa Fluor® 594, ab150108) for
ALP) for 1 h at room temperature. F-actin was used to stain the
cell skeleton (green) for 1 h at room temperature. DAPI was used
to stain the cell nuclei (blue) for 5min at room temperature. The
cells were then observed by laser confocal microscopy (TCS SP8,
Leica, Germany). To estimate the COL Ⅰ, ALP, and OCN expres-
sion, the ImageJ soware was used to determine the ratio
between the nuclear and cytoplasmic uorescence intensities of
the hFOB cells stained with the relevant antibody.49

2.15 Statistical analyses

Statistical analyses were performed using the SPSS soware,
version 12.0 (SPSS Inc, USA). The data were presented as the
mean � SD, and the levels were compared by the Student's t-
test. P values of less than 0.05 were considered to be signicant.

3 Results and discussion

As shown in Fig. 1, double bonds were rst introduced into
gelatin to enable UV crosslinking. Then, using zero graing
technology, which prevents the introduction of unrelated
groups or links, alendronate was graed onto GelMA.

3.1 Characterization of GelMA and GelMA-ALN

As shown in Fig. S1,† the proton peaks of the methyl groups
(–CH]CH2) appeared at 5.3 and 5.6 ppm, demonstrating the
successful introduction of double bonds into gelatin and the
synthesis of GelMA. GelMA-ALN was characterized by FTIR, 1H
NMR, 31P NMR and XPS. As shown in Fig. 2a, increases in the
absorbances of the peaks at 1080, 975 and 920 cm�1, which
overlapped with those of GelMA, indicated the presence of P–O.
Furthermore, an increase in the absorbance of the amino Ⅱ
stretch at 1550 cm�1 was also observed, demonstrating that
alendronate was graed onto gelatin by an amide reaction. In
the 1H NMR spectrum of GelMA-ALN (Fig. 2b), the peak at
2.8 ppmwas attributed to the protons of the phosphate group in
alendronate. The 31P NMR spectra (Fig. 2c) revealed an obvious
RSC Adv., 2018, 8, 22764–22776 | 22767
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Fig. 2 (a) FTIR, (b) 1H NMR, (c) 31P NMR and (d) XPS spectra of the GelMA, G-LALN, G-MALN and G-HALN materials.
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resonance peak at 17.6 ppm for GelMA-ALN.50 The surface
chemical composition was determined by XPS. As shown in
Fig. 2d, the presence of the P 2p signals at 134 eV further
demonstrated that bisphosphonate groups were successfully
introduced into GelMA. Thus, the FTIR, 1H NMR, 31P NMR and
XPS data demonstrated that alendronate was successfully graf-
ted onto GelMA.

3.2 Topography and properties of hydrogels

The microstructure of the hydrogels is shown in Fig. 3a. All
hydrogels typically have porous microstructures with pore sizes
on the order of tens of microns. The GelMA and G-LALN
hydrogels had a less dense 3D structure with larger inter-
connected pores. The G-MALN and G-HALN hydrogels had an
interconnected microstructure with a brillar mesh, indicating
that the network structure of the hydrogel was maintained aer
in situ processing. The connected porous microstructure of the
hydrogels enables nutrient transport and waste disposal. The
swelling behaviour of GelMA and the alendronate-modied
GelMA hydrogels was investigated, as shown in Fig. 3b and c.
The swelling ratios of the hydrogels rst increased and then
decreased as the alendronate content increased. The equilib-
rium swelling ratio (Fig. 3c) exhibited the same trend as the
swelling ratio. All the alendronate-modied GelMA hydrogels
had higher equilibrium swelling ratios than the GelMA hydro-
gel. The equilibrium swelling ratio increased from 765% to
921% and then decreased to 846% as the alendronate content
increased. The substitution of the amino groups by BP groups
led to an increase in the hydrophilicity of the hydrogels. The
dramatic decrease in the swelling of the G-HALN hydrogels
might have been due to intramolecular hydrogen bonding.
22768 | RSC Adv., 2018, 8, 22764–22776
The mechanical properties of the hydrogels are shown in
Fig. S2.† The modication of GelMA with ALN showed a signif-
icant decrease in compressive modulus. The compressive
modulus was determined to be 0.29 � 0.01, 0.24 � 0.02, 0.14 �
0.02 and 0.11 � 0.01 kPa for GelMA, G-LALN, G-MALN and G-
HALN, respectively. To further investigate the effect of modi-
cation on the mechanical properties of hydrogels, rheological
measurements were performed before and aer the polymeri-
zation during the formation of the hydrogels. Oscillatory
frequency sweeps during the polymerization process showed
that the polymerization started within 15 s (Fig. S3a†), which
provides the possibility of rapid photocross-linking aer injec-
tion. As shown in Fig. S3b,† each hydrogel showed signicantly
higher G0 compared to G00 and the G-HALN hydrogel showed
lowest values of G0 at all shear stress amplitudes tested. More-
over, the frequency sweep curves illustrated that the G0

remained the same irrespective of the frequency applied which
is a typical behaviour of solid-like materials.

Previous research showed that adsorbed serum components
can mediate cell attachment to and spreading on hydrogels.47

The protein adsorption capacity was determined by immersing
the hydrogels in a medium with 10% foetal bovine serum. As
demonstrated in Fig. 3d, alendronate modication could
promote protein adsorption. Aer soaking for 6 h, the protein
adsorption of the hydrogels increased but was not signicantly
different. The protein adsorption on the G-HALN hydrogel was
signicantly enhanced compared to that on the GelMA hydrogel
at 12 h, suggesting that alendronate modication resulted in
a remarkable increase in the protein adsorption capacity. This
result could be explained by the fact that the zeta potential of
GelMA was altered by incorporating charged –PO4 groups into it
This journal is © The Royal Society of Chemistry 2018
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Fig. 3 (a) SEM images of the microstructures of the hydrogels. The scale bar is 100 mm. (b) Swelling ratio, (c) equilibriumwater absorption and (d)
protein adsorption of the GelMA, G-LALN, G-MALN and G-HALN hydrogels.
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through the graing of alendronate.47,51 This explanation was
further supported by the observed increase in the protein
adsorption on the GelMA-ALN hydrogels with increasing
alendronate content.

To study the effect of alendronate modication on degra-
dation of hybrid hydrogels, we studied enzymatic degradation
of GelMA and GelMA-ALN hydrogels in collagenase solution by
monitoring the percentage of hydrogel residual mass (Fig. S4†).
Due to the highly interconnected and porous network, the
collagenase solution can easily permeate the hydrogel network
and degrade the entire network uniformly and rapidly.
Furthermore, the GelMA and G-LALN hydrogels underwent
complete degradation within 36 h, whereas the G-MALN and G-
HALN hydrogels lasted for 48 h. This illustrates the feasibility of
cell-mediated enzymatic degradation of the hydrogels, a critical
feature for enabling encapsulated cells to remodel their
microenvironment to form a continuous tissue.

3.3 Mineralization

The in vitro osteogenic bioactivity of the hydrogel network could
be evaluated by the in vitro biomineralization. The formation of
apatite-like deposits on a biomaterial surface upon submersion
in SBF indicates its bone-bonding capability. In this study,
mineralization was characterized by immersing the hydrogels
in 2� SBF for 3 days. As shown in Fig. 4, very few irregular
apatite particles formed on the surface of the GelMA hydrogel,
whereas many spherical apatite clusters, which might be an
amorphous precursor of crystalline hydroxyapatite, formed on
the surfaces of the alendronate-modied hydrogels.52 The
formation of the apatite particles correlated with the BP
content; as the content of the BP groups increased, more and
smaller apatite particles were formed. These results suggested
that the BP groups provided additional sites for hydroxyapatite
nucleation and growth.
This journal is © The Royal Society of Chemistry 2018
3.4 Cell proliferation

The ability to support cell proliferation is an important
requirement for tissue engineering scaffolds. To evaluate the
cytocompatibility of the hydrogels, CCK-8 tests and live/dead
staining were performed. The live/dead staining of hFOB cells
cultured on the hydrogels is shown in Fig. 5a. Most of the cells
in the four different groups were green, and few dead cells (red)
were observed because of cell metabolism and apoptosis. The
cells proliferated well on all the hydrogels, and the cell numbers
on all the hydrogels increased obviously from day 1 to day 7. The
cells nearly covered the hydrogel surfaces at day 7. The quan-
titative data (Fig. 5b) of cell proliferation were further supported
by CCK-8 tests. The proliferation rates of the hFOB cells on the
GelMA and GelMA-ALN hydrogels were not signicantly
different. These results indicated that the introduction of BP
groups did not affect the biological activity of the GelMA
hydrogel.
3.5 Alizarin red S staining and ALP activity

To investigate the effects of the alendronate modication on
osteogenesis, hFOB cells were cultured on the hydrogels for 7
days (early stage) or up to 14 days (late stage) aer initiation of
induction. Alizarin red S staining allows the comparison of
bone-like calcium deposits.53 Both quantitative and qualitative
evaluations of the alizarin red S staining were performed. The
mineralization level visualized by alizarin red S staining
revealed the deposition of calcium. As shown in Fig. S2,† aer
14 days of induction at 37 �C, mineralized nodules were
observed in all the groups. The alizarin red S staining of the
GelMA-ALN hydrogels was more distinct than that of the GelMA
hydrogel. This result indicated that the alendronate-modied
GelMA hydrogels facilitated more mineralization than the
GelMA hydrogel, which was further conrmed by dissolving the
RSC Adv., 2018, 8, 22764–22776 | 22769
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Fig. 4 SEM images of the GelMA, G-LALN, G-MALN and G-HALN hydrogels after mineralization in a 2� SBF solution for 3 days.
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stained calcium nodules and measuring the OD value of the
solution at 550 nm. As shown in Fig. 6b, the OD values of the G-
LALN and G-HALN groups were signicantly higher than that of
the GelMA group on day 7. Moreover, the OD values of all the
alendronate-modied GelMA groups were signicantly higher
than that of the GelMA group (P < 0.001) on day 14, which
demonstrated the greater capacity of the alendronate-modied
GelMA groups for supporting mineralization. The ALP activities
of hFOB cells cultured on the hydrogels for 3, 7 and 14 days was
presented in Fig. 6c. The hFOB cells cultured on the
alendronate-modied GelMA hydrogels had signicantly higher
Fig. 5 Proliferation and spread of hFOB cells cultured on the GelMA,
microscopy images of the hFOB cells stained with a live/dead reagent o
respectively. The scale bar is 500 mm. (b) CCK-8 assay of the hFOB cells

22770 | RSC Adv., 2018, 8, 22764–22776
ALP activities than those cultured on the GelMA hydrogel. The
ALP activity of the cells cultured on the G-LALN hydrogel for 7
days was signicantly higher than that of the cells cultured on
the GelMA hydrogel. The higher ALP activity and alizarin red S
staining of the GelMA-ALN groups indicated their greater ability
to support cell osteogenic differentiation.
3.6 Gene expression related to osteogenesis

To assess the functional effects of the alendronate modication
on osteogenic differentiation in the hFOB cells, the expression
G-LALN, G-MALN and G-HALN hydrogels. (a) Confocal fluorescence
n days 1, 4 and 7. The live and dead cells were stained green and red,
on the CS and CS-P scaffolds after 1, 4, and 7 days of culture.

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 (a) Quantitative mineralization results, that is, the absorbance of the extracted alizarin red S dye measured at 7 and 14 days. (b) ALP activity
of hFOB cells cultured for 3, 7 and 14 days (*P < 0.05, **P < 0.01, ***P < 0.001).
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of key marker genes associated with osteogenesis, namely, Runx
2, ALP, COL Ⅰ, OCN and OPN, are shown in Fig. 7. At day 3, all
the alendronate-modied GelMA groups exhibited signicant
differences in the expression of Runx 2. Specically, the ve key
osteogenic markers in the G-LALN group were signicantly up-
regulated compared to those in the control group. At day 7, the
expression of OCN and OPN in the G-MALN group and of OPN
in the G-HALN group was signicantly higher than that in the
control group. At day 14, the levels of OCN in the cells cultured
on the alendronate-modied GelMA groups were signicantly
higher than that in the control group. The cells on the
alendronate-modied GelMA hydrogels exhibited a signicantly
higher expression of the well-established early (Runx 2) and late
(OCN) bone markers. The marked increases in the levels of
Runx 2, ALP, OCN and OPN expression further indicated the
osteogenic differentiation of the hFOB cells on the alendronate-
modied GelMA hydrogels.
3.7 Immunouorescence staining

This nding was further conrmed by analysing the protein
markers Runx 2, ALP, OPN and OCN, which are osteogenesis
Fig. 7 qRT-PCR analysis of the mRNA levels of osteogenic genes. Relativ
of the hFOB cells after 7 and 14 days of culture. Statistically significant di
0.05, **P < 0.01, ***P < 0.001).

This journal is © The Royal Society of Chemistry 2018
markers in the early and late stages of osteogenic differentia-
tion, by the immunouorescence staining of hFOB cells on the
GelMA and alendronate-modied GelMA hydrogels. As shown
in Fig. 8, the early osteogenesis proteins, ALP and Runx 2, were
evaluated at day 3. At this early time in the osteogenic differ-
entiation process, the G-LALN and G-MALN groups exhibited
higher uorescence intensities for Runx 2 and ALP. The Runx 2
stain wasmainly concentrated in the nuclei in the GelMA group,
whereas it was concentrated in the nuclei and their surround-
ings in the G-LALN and G-MALN groups. The ALP stain was
distributed throughout the cells. Some irregular staining was
observed in the GelMA group. In contrast, the cells in the G-
LALN and G-MALN groups were almost entirely stained.

OCN, which is the most abundant protein in the bone
matrix, participates in both endocrine and mineralization
processes and plays an essential role in bone formation. As
shown in Fig. 9, as the culture time increased from 7 days to 14
days, the OCN staining of all the groups became brighter,
because the amount of the OCN protein secreted by the hFOB
cells increased with increasing culture time. Some irregular
staining of the cells was observed at 7 days; however, the cells
e gene expression of (a) Runx 2, (b) ALP, (c) COL Ⅰ, (d) OCN and (e) OPN
fferences between the different materials at the same time point (*P <

RSC Adv., 2018, 8, 22764–22776 | 22771
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Fig. 8 Immunofluorescence staining of hFOB cells cultured on the GelMA, G-LALN, G-MALN and G-HALN hydrogels. ALP and Runx 2
expression of hFOB cells cultured for 3 days. The scale bar is 50 mm.
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were almost entirely stained at 14 days. More OCN staining was
observed in the G-LALN, G-MALN and G-HALN groups than in
the GelMA group at both 7 and 14 days.

Similar phenomena were observed for the OPN staining
(Fig. 10). As the culture time increased from 7 days to 14 days,
the OPN staining of all the groups became brighter. More OPN
staining was observed in the G-LALN and G-MALN groups than
Fig. 9 Immunofluorescence staining of hFOB cells cultured on the GelM
cells cultured for 7 and 14 days. The scale bar is 50 mm.

22772 | RSC Adv., 2018, 8, 22764–22776
in the GelMA group at both 7 and 14 days. Semi-quantitative
analysis of the immunouorescence staining was performed
using the ImageJ soware to quantify the ability of the hydro-
gels to promote osteogenic differentiation. As shown in Fig. S3,†
the observed trend was similar to those in the visual immuno-
uorescence staining observations and the quantitative results
of qPCR. At a culture time of 3 days (Fig. S3a†), all the
A, G-LALN, G-MALN and G-HALN hydrogels. OCN expression of hFOB

This journal is © The Royal Society of Chemistry 2018
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Fig. 10 Immunofluorescence staining of hFOB cells cultured on the GelMA, G-LALN, G-MALN and G-HALN hydrogels. OPN expression of hFOB
cells cultured for 7 and 14 days. The scale bar is 50 mm.
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alendronate-modied GelMA hydrogels exhibited signicant
differences in the expression of Runx 2 and ALP. The semi-
quantitative analysis of the OCN immunouorescence stain-
ing (Fig. S3b†) showed that the OCN expression of all the
alendronate-modied GelMA groups was signicantly higher
than that of the control group at both 7 and 14 days. The semi-
quantitative analysis of the OPN immunouorescence staining
(Fig. S3c†) showed that the OPN expression of the G-LALN and
G-MALN groups was signicantly higher than that of the control
group at both 7 and 14 days. The results of the
Fig. 11 Laser confocal images of hFOB cells encapsulated in the hydroge
respectively. The scale bar is 200 mm.

This journal is © The Royal Society of Chemistry 2018
immunouorescence staining and semi-quantitative analyses
demonstrated that the G-LALN and G-MALN groups signi-
cantly promoted the secretion of osteogenesis proteins in the
2D environment. This is consistent with previous research that
low-dose of alendronate can serve as an osteo-inductive factor to
promote osteogenesis in vitro and accelerate bone regeneration
in vivo.54–57 Overall, these results showed that the alendronate
modication signicantly accelerated the osteoblastic differ-
entiation of hFOB cells without the need for osteogenesis-
inducing supplements.
ls for 1 and 5 days. The live and dead cells were stained green and red,

RSC Adv., 2018, 8, 22764–22776 | 22773
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Fig. 12 Immunofluorescence staining images of hFOB cells encapsulated in the GelMA, G-LALN, G-MALN and G-HALN hydrogels for 7 days
(ALP) and 14 days (COL Ⅰ and OCN). The scale bar is 25 mm.
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3.8 Cells encapsulated in the 3D hydrogel

3.8.1 Cell activity. Hydrogels are promising tissue engi-
neering scaffolds because they closely mimic the extracellular
microenvironment. Maintaining normal cellular behaviour in
a 3D microenvironment is an important criterion for the
fabrication of tissue engineering scaffolds. When hFOB cells
were encapsulated in the hydrogels, they maintained good
activity for 5 days (Fig. 11). Together with the results for the cells
cultured on the surfaces of the hydrogels, these results
demonstrated that the alendronate-modied GelMA hydrogels
exhibited no cytotoxicity compared to the GelMA group.

3.8.2 Immunouorescence staining. Bone tissue engi-
neering scaffolds must be able to mimic extracellular matrix
characteristics, including the interconnected porous structures,
3Dmicroenvironments and abundant cell adhesion sites, which
have been shown to be essential factors.58 Similar to the results
for the cells cultured on the surfaces of the hydrogels, the hFOB
cells encapsulated in the GelMA-ALN hydrogels could be
differentiated into osteoblasts. The cells secreted the osteo-
genesis proteins ALP, OCN and COL Ⅰ in the 3D environment
(Fig. 12a). A semi-quantitative analysis of the immunouores-
cence staining showed that the uorescence intensities of all
the alendronate-modied GelMA hydrogels were signicantly
higher than that of the control group (Fig. 12b). This result
indicated that the GelMA-ALN hydrogels exhibited a greater
osteogenic differentiation effect than the control group in the
3D environment. The inner structures of the GelMA-ALN
hydrogels appeared to be more conducive for osteogenesis. In
summary, the GelMA-ALN hydrogels enhanced the expression
of osteogenic marker proteins in hFOB cells in both 2D and 3D
environments.
4 Conclusions

Methacryloyl gelatin (GelMA) was synthesized and then
successfully graed with alendronate without introducing any
unrelated functional groups. Themodication greatly improved
the swelling ratio and equilibrium water absorption. The ALP
activity and alizarin red S staining results revealed the up-
regulation of alkaline phosphatase and mineralization,
respectively, of hFOB cells cultured on the alendronate-
22774 | RSC Adv., 2018, 8, 22764–22776
modied GelMA hydrogels. The up-regulation of the
osteogenesis-related genes Runx 2, ALP, OCN and OPN indi-
cated that osteogenic differentiation occurred in the
alendronate-modied GelMA hydrogels. Furthermore, the cells
maintained their activity and differentiated into osteoblasts
when they were encapsulated in the GelMA-ALN hydrogels. The
alendronate-modied hydrogels are expected to be useful for
the minimally invasive treatment of irregular bone defects.
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