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Abstract
The role of gelatin methacrylate hydrogels with varying degrees of methacrylation (69% and 84%) was accessed with FTIR,
NMR, microCT, and subsequent exposure to human osteoblasts. The cells responded positively to the degree of methacrylation
and showed attachment, growth, and proliferated on both hydrogels. The cell reacted differently to the degree of methacrylation
with higher proliferation on higher substitution; however, cell differentiation behavior was improved for less substitution. The
secretion of late osteogenic markers (osteoprotegerin (OPG), osteopontin (OPN), and osteocalcin (OCN)) and angiogenic factor
vascular endothelial growth factor (VEGF) was increased for gelatin methacrylate hydrogels with 69% degree of methacrylation
and thus would be the better candidate for future bone regenerative applications amongst the three tested hydrogels.

1 Introduction

Hydrogels, a specific class of hydrated polymers, are potential
candidates for bone augmentation. Hydrogels can mimic the
extracellular matrix of bone and integrate well with surround-
ing tissue, allowing a stabilized anchorage with host bone [1,
2]. They are degradable by endogenous enzymes or hydroly-
sis, which renders them the advantage of avoiding the com-
plicacy of surgical removal of the implant and subsequent
inflammation [3, 4]. In the water-rich environment, hydrogels
form a fibrous network, presenting the ability to entrap bioac-
tive molecules and control the release as required to promote
the healing process [5–7]. Flexible polymer chains of
hydrogels enable them to be easily tailored to obtain required
forms and shapes for implantation. Concentration of poly-
mers, crosslinkers, and degree of crosslinking allows for the

control over the physical properties of hydrogels such as pore
size, porosity, rigidity, and degradation [8, 9].

Gelatin is a natural hydrophilic polymer well known for its
use in different areas of tissue engineering including skin, neuron,
cartilage, and bone [10–13]. Rising interesting in gelatin-based
biomaterials is because of the fact that they are biocompatible,
non-antigenic, and biodegradable [14, 15]. Due to the presence
of a large number of functional groups in the side chains, gelatin
readily binds to chemical crosslinkers [16, 17]. Bulcke et al.
developed a methacrylic anhydride crosslinked gelatin hydrogel
with controllable chemical networks [18]. Desirable compressive
modulus and swelling properties of gelatin methacrylate (GM)
can be obtained by controlling the polymer concentration, UV
exposure time, and thermal gelation before UV exposure [19,
20]. Schuurman et al. reported high chondrocyte viability and
the formation of cartilaginous tissue on GM hydrogels [20]. The
porous architecture of GM hydrogel also provided a suitable
microenvironment for neural stem cell survival and ingrowth
[19]. Sustained release of BNP-2 from BNP-2 loaded GM
hydrogels significantly enhanced the osteogenic differentiation
of human adipose–derived stem cells compared with exogenous
delivery of that growth factor [21]. Nguyen et al. incorporated
GM microparticles with two different crosslinking densities into
mouse embryonic stem cell aggregates and tested the effects on
matrix metalloproteinase activity and cell differentiation [22].

In this study, we demonstrated the role of varying degrees
of methacrylation of GM hydrogels to support the growth and
differentiation of primary human osteoblasts.
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2 Materials and methods

2.1 Synthesis of gelatin methacrylate hydrogels

Gelatin type B (approximate isoelectric point of 5 and Bloom
strength of 254) isolated from bovine skin by an alkaline treat-
ment was obtained from Rousselot (Ghent, Belgium). Ethyl-
2-bromo propionate, sodium phosphate (dibasic, anhydrous,
p.a.), potassium hydrogen phosphate, and N-vinylpyrrolidone
(NVP, 99%) were acquired from Acros (Geel, Belgium).
Diethyl ether and chloroform were obtained from Chem-Lab
(Zedelgem, Belgium) and 1,1,1,3,3-hexafluoro-2-propanol
(HFP) from Fluorochem (Glossop, UK). The applied
photoinitiator 0.8 w/v% 1-[4-(2-hydroxyethoxy)-phenyl]-2-
hydroxy-2-methyl-1-propane-1-one (Irgacure® 2959) was
obtained from BASF (Antwerp, Belgium). L-Lysine
monohydrochloride was purchased from Merck (Darmstadt,
Germany), dithiothreitol from Thermo Fisher Scientific
(Waltham, USA), sodium azide (99%), and iodine (I2) from
Avocado Research Chemicals Ltd. (Karlsruhe, Germany)
were prepared as reported [18, 23, 24]. The methacrylation
was carried out as already described [25]. Samples were ex-
posed to a 25-mW/cm2 UV-A light (LITE-Box G136 365 nm;
NK-OPTIK, Germany) for 10 min to induce hydrogel
crosslinking. The remaining chemicals were purchased from
Sigma-Aldrich and used as received, unless stated otherwise.

2.2 Pore size and porosity analysis

The pore size and porosity of GM hydrogels were measured
using a nano-computed tomograph (Multiscale x-ray
NanoCT, SkyScan 2211, Bruker microCT, Kontich,
Belgium). Samples were prepared with a 1.5-mm diameter
and a 5-mm thickness. Scanned images were reconstructed
using NRecon (SkyScan) and the porosity percentage was
calculated using CTAn (SkyScan, Kontich, Belgium).

2.3 Swelling

In order to determine the material swelling properties, three
disc-shaped samples (d = 1 mm) for each sample type were
freeze-dried and weighed (initial mass, m0). Subsequently, the
samples were incubated for 24 h in deionized water at 37 °C.
After swelling, the samples were again weighed (mt) and
swelling degrees were calculated using the following equa-
tion:

Swelling %ð Þ ¼ Wht−Wd0

Wd0
� 100 ð1Þ

withWdo = weight of dry gel at initial time 0 andWht = weight
of hydrated gel at time t.

All these experiments were performed in duplicate.
The results are reported as mean values with the corre-
sponding SD.

2.4 NMR

The synthesized gelatin and alginate materials were structur-
ally evaluated by conventional proton nuclear magnetic reso-
nance (1H-NMR) spectroscopy according to previous experi-
ments [26]. In brief, in order to apply conventional 1H-NMR
spectroscopy, the dissolution of the polymer in a deuterated
solvent is a prerequisite. In this work, the gelatin derivatives
were dissolved in deuterated water (D2O, 99.90% D) and
spectra were recorded on a Bruker WH 500 MHz at 40 °C
with a zg30 pulse sequence, a spectral width of 10 kHz, an
acquisition time of 3.28 s, a preparation delay of 1 s, and 16
accumulations. The chemical shift scale was calibrated with
respect to tetramethylsilane (TMS) as the internal standard.
Alginate derivatives on the other hand were first freeze-dried
before dissolving in D2O (99.96% D). Resonance spectra
were recorded at room temperature on an Agilent/Varian
Inova 400 spectrometer using a 5-mm one NMR pulsed-
field gradient (PFG) probe. The chemical shift scale was cal-
ibrated relatively to the trimethylsilyl resonance of sodium
2,2-dimethyl-2-silapentane-5-sulfonate (DSS) at 0 ppm. The
signal of remaining water was suppressed by low power water
presaturation. Spectra were acquired with a 90° pulse of
6.3 μs, a spectral width of 6.5 kHz, an acquisition time of
2.6 s, a preparation delay of 12 s, and 128 accumulations. A
line broadening of 1.0 Hz was applied prior to Fourier trans-
formation to the frequency domain. Moreover, a high-
resolution magic angle spinning (HR-MAS) 1H-NMR spec-
trum was recorded on a Bruker Avance II 700 spectrometer
(700.13 MHz) using a HR-MAS probe. Afterwards, the spec-
tra were analyzed after baseline correction according to Van
Vlierberghe et al. [26]

Infrared (IR) spectroscopy was applied for structural eval-
uation of the methacrylate derivative. For this purpose, a
Frontier IR/NIR spectrometer from PerkinElmer was applied
and measurement was performed in the mid-IR region ranging
from 4000 to 400 cm−1. In addition, IR mapping was per-
formed on the gelatin-alginate hydrogels. The surfaces of the
dried hydrogel samples (5 × 5 × 1 mm) were scanned to eval-
uate the absorbance potentially occurring at the characteristic
wavenumbers for gelatin and alginate. The IR mapping was
performed using a Perkin Elmer Spectrum 100 FTIR spec-
trometer with a Spotlight 400 FTIR imaging system
(PerkinElmer, Zaventem, Belgium).

2.5 In vitro experiments

Normal human osteoblast cells (NHOst) were used in the
in vitro studies. Hydrogels were seeded with cells at a density
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of 3 × 104 cells/cm2 and incubated in osteoblast growth media
(Promocell, Heidelberg, Germany). The media was harvested
at 1, 3, 7, 14, and 21 days. For confocal studies, cells cultured
on the hydrogels were fixed at 7, 14, and 21 days and stained
with fluorescent dyes. Each hydrogel group was tested in four
parallels.

2.6 Lactate dehydrogenase activity

Cytotoxic effects of the hydrogels were tested by lactate de-
hydrogenase activity in the cell culture media using cytotox-
icity detection kit (Roche Diagnostics, Indianapolis, IN, USA)
according to producer’s instructions. Cell culture media were
harvested after 1 and 3 days of incubation. Duplicates of 50 μl
of the sample were added to 50 μl of the mixture (catalyst and
dye solution) and incubated in the dark for 30 min before
measuring the absorbance in an absorbance microplate reader
(ELx800, BioTek, VT, USA) at a wavelength of 490 nm.

2.7 Cell attachment

Cell attachment and proliferation behavior on the hydrogels
were studied after staining as previously described [27]. After
7 and 14 days of culture, the cell culture media were harvest-
ed, and the cells on the hydrogels were washed twice with
PBS, fixed in 4% paraformaldehyde for 10 min, and washed
with PBS. Fixed cells were permeabilized with 0.25% Triton-
X for 10 min and washed with PBS. A solution of 2.5% BSA
(in PBS) was added to block non-specific binding. The cells
were then stained with Alexa Fluor (568) conjugated
phalloidin (Thermo Fischer Scientific, MA, USA, 1:400
working dilution in PBS) to visualize the actin filaments.
Cell nuclei were stained with DAPI (Thermo Fischer
Scientific, MA, USA, 1:1000 working dilution in PBS).
Stained cells were observed under a confocal fluorescent mi-
croscope (Leica TCS SP8, Leica Microsystems, Wetzlar,
Germany).

2.8 Collagen expression

To visualize the expression of collagen type 1 at day 21, cells
were stained according to the producer’s instructions. Briefly,
the cells were fixed and incubated with Anti-Collagen I anti-
body (COL-1) (Abcam, Cambridge, UK, 1:1000 working di-
lution in PBS) overnight at 4 °C, and Alexa Fluor-488 conju-
gated Goat anti-mouse IgG (H + L, Invitrogen, USA, 1:400
working dilution in PBS) for 1 h at room temperature. The F-
actin was labeled with Alexa Fluor (568) conjugated
phalloidin and the nuclei were stained with DAPI. Stained
cells were observed under a confocal fluorescent microscope.

2.9 Alkaline phosphatase activity

Alkaline phosphatase (ALP) activity was quantified by mea-
suring the hydrolysis of p-nitrophenyl phosphate (pNPP,
Invitrogen, Carlsbad, CA, USA) at 405 nm. Standard curves
using calf intestinal alkaline phosphatase (CIAP, Promega,
Madison, WI, USA) were used as a reference. Aliquots of
25μl of samples together with 100 μl of pNPPwere incubated
for 30 min at room temperature according to the protocol. The
reaction was stopped with the addition of 50 μl of 3 M NaOH
and the absorbance was read in an absorbance microplate
reader.

2.10 Quantification of released bone markers
and cytokines

The effect of the hydrogels on the secretion of bone markers
and cytokines in the culture media was measured using
Milliplex Human Bone Panel kit (osteoprotegerin (OPG),
osteopontin (OPN), osteocalcin (OC), sclerostin (SOST),
Dickkopf-1 (DKK1)) and Human cytokine Panel kit (mono-
cyte chemoattractant protein-1 (MCP-1), Interleukin 6 (IL-6),
vascular endothelial growth factor (VEGF)) at 3, 7, 14, and
21 days of culture. All analyses were performed according to
manufacturers’ protocols. Multi-analyte profiling of the pro-
tein level in cell culture medium was performed on the
Luminex 200 System using xMAP technology (Luminex,
Austin, TX, USA). Acquired fluorescence data were analyzed
by the xPONENT 3.1 software (Luminex). All data were nor-
malized to cells grown on tissue culture plate.

2.11 Statistical methods

Statistical analysis was performed with SigmaPlot 14.0
(Systat Software Inc., Chicago, USA). Student t test was used
to evaluate the effect of different hydrogels compared with the
control. The Mann-Whitney rank sum test was used if the
results were not normally distributed. The significance level
was set to p ≤ 0.05.

3 Results

3.1 Characterization of hydrogels

Morphology of the porous G, GM69, and GM84 hydrogels
was observed by NanoCT (Fig. 1). The pore sizes of G,
GM69, and GM84 hydrogels was 94 ± 46, 229 ± 105, and
216 ± 86 μm, respectively. All hydrogel groups consisted of
interconnected pores with around 85% porosity. The strut
thickness of G hydrogels was 13 ± 7.0 μm. After
methacrylamide crosslinking, the strut thickness of GM69
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and GM84 increased up to 41 ± 16 and 42 ± 21 μm, respec-
tively (Table 1).

The gels showed differentiation of swelling, where the
highest swelling was observed for G (1684% after 8 h and
1783% after 24 h) and lowest for GM84 (938% after 8 h
and 956% after 24 h). The swelling was linked to the degree
of substitution (DS), where NMR showed the highest DS for
GM84 (84%) and lower for GM69 (69%), whereas the degree
of substitution G (Table 2). The FTIR analysis shows no dif-
ference between the different groups (Fig. 2).

3.2 Cytotoxicity, cell attachment, and proliferation

No cytotoxic effects on cultured NHOs were observed for all
hydrogel groups compared with the control (tissue culture
plate) both at days 1 and 3 (Fig. 3a).

Cells were cultured on the G, GM69, and GM84 hydrogels
to determine if the degree of methacrylation affected the cell
attachment and proliferation behavior. The morphology of the
cells on the hydrogels was observed after 7 and 14 days of
culture. More cells were attached to GM69 and GM84
hydrogels compared with G hydrogels after 7 days of culture.
Attached cells on GM69 and GM84 hydrogels were elongat-
ed, with an increased number of extensions and filopodia. Cell
numbers on GM69 hydrogels did not seem to increase notably
at day 14 compared with that at day 7, whereas the cells
continued to proliferate on the surfaces of the GM84

hydrogels until day 14 which was evidenced by the intensity
of dye bound to the actin filaments of dense multilayered cells
(Fig 3b).

Cells cultured on the hydrogels were immune-stained with
anti-collagen I antibody at day 21 to visualize collagen type 1
localization by confocal microscopy. Expressed collagen
showed more intense labeling on the GM84 hydrogels com-
pared with that on GM69 hydrogels (Fig. 3c).

3.3 Bone markers and cytokines secreted
in the culture medium

GM69 and GM84 hydrogels induced 160% and 190%
(p < 0.05) increase, respectively, in the ALP activity at day 3
compared with the control. The activity was then decreased
down to control. G hydrogels caused an 80% increase at day 3
and a 140% increase at day 7 (p < 0.01) compared with the
control. Then, the secretion was downregulated (Fig. 4a).

Secretion of OPN in the media was lower compared with
the control at day 3 for GM69 hydrogels (p < 0.05), which
later increased slightly up to 14 days and became stable after-
wards. Secretion of OPNwas lower compared with the control

Table 1 Pore morphology of gelatin methacrylate hydrogels (n = 3)

Samples Porosity (%) Pore size (μm) Strut thickness (μm)

G 85 ± 1.3 48–140 6–20

GM69 83 ± 2.2 124–334 25–57

GM84 85 ± 4.1 130–302 21–63

Data represent the mean ± standard deviation

Fig. 1 MicroCT images of the different hydrogels used in the study where a cross-section of the X, Y, and ZX plan is displayed together with 3D images
(upper corner). (a G, b GM69, c GM84)

Table 2 Characterization of gelatin methacrylate hydrogels (n = 4)

Acronym Swelling at
8 h (%),
Av ±
St.Dev

Swelling at
24 (%),
Av ± St.Dev

Increase of wt.
at 24 h post
immersion in
MQ water, Av
± St.Dev

Gel
fraction
(%), Av
±
St.Dev

DS
(%)
1H-
NMR
(%)

G 1684 ± 46 1783 ± 51 6 ± 4.3 71 ± 7 13
pH= 6.9 pH = 7.1

GM69 1249 ± 186 1667 ± 214 3.4 ± 3.7 68 ± 9 69
pH= 6.9 pH = 7.1

GM84 938 ± 38 956 ± 32 1.9 ± 0.8 87 ± 2 84
pH= 7 pH= 7.04

DS degree of substitution, Av ± St.Dev average value ± standard deviation
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at all time points for GM84 hydrogels. At day 14, the secretion
was significantly upregulated by GM69 hydrogels compared
with GM84 hydrogels (p < 0.05). G hydrogels did not influ-
ence OPN secretion significantly at any time points when
compared with the control (Fig. 4b).

At day 3, the secretion of OCN was not significantly
different compared with the control for any hydrogel
groups. After this time point, GM84 and G hydrogels
reduced the section significantly compared with the con-
trol (p < 0.05), whereas GM69 hydrogels increased OCN

Fig. 3 LDH showing no cytotoxic effect of the hydrogels and no
significant difference between the groups (a). Confocal images after 7
and 14 days of cultured primary human osteoblast stained with collagen-1
and F-actin +collagen 1. Cells continued to proliferate on the surfaces of

the GM84 hydrogels until day 14, which was evidenced by the intensity
of dye bound to the actin filaments of dense multilayered cells (b).
Expressed collagen showed more intense labeling on the GM84
hydrogels compared with that on GM69 hydrogels (c) (n = 4)

Fig. 2 FITR profile of the
different gels
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secretion slightly at day 21 when compared with the
control (Fig. 4c).

OPG secretion was initially enhanced by GM69 and GM84
hydrogels up to 120% and 90%, respectively (p < 0.05), at day
3 compared with the control and downregulated at day 7. At
day 14, the secretion reached a 320% increase by GM69
(p < 0.001) and only a 100% increase by GM84 hydrogels
(p < 0.05) compared with the control. Then, the secretion
was downregulated slightly by both hydrogels. Secretion
was not significantly changed by G hydrogels compared with
the control at any time points except at day 14, where the
secretion was increased up to 50% (Fig. 4d).

The secretion of VEGF was enhanced by GM69 hydrogels
to 180% (p < 0.001) at day 3 which reached a 390% (p < 0.01)
increase at day 7 compared with the control, then decreased.
The secretion was not influenced by GM84 hydrogels at day 3
but increased to 210% (p < 0.05) at day 7 and downregulated
afterwards. Secretion induced by G did not reach a statistical
significance at any time points when compared with the con-
trol (Fig. 4e).

4 Discussion

In this study, we demonstrated the role of gelatin methacrylate
(GM) hydrogels with varying degrees of methacrylation to
support the growth and differentiation of primary human os-
teoblasts. We found that cell behavior was dependent on the

degree of methacrylation. Highly methacrylated hydrogels
(GM84) were being more permissive to cell proliferation than
the softer ones (GM69) for a longer period, whereas the softer
hydrogels favored the secretion of bone markers and cyto-
kines after a certain point when the cell proliferation was
reduced.

The photocrosslinkable gelatin methacrylate hydrogels
were synthesized by adding methacrylate groups to the amine
group containing side chains of gelatin. We observed that the
pore size and strut thickness of the hydrogels can be tuned by
altering the degree of methacrylation. Chen et al. demonstrat-
ed that the porosity and the degradability could be controlled
by modifying the methacrylation degree to achieve a desirable
mechanica l s t i ffness wi thout compromis ing the
cytocompatibility [28]. In our study, both GM hydrogels sup-
ported cell attachment and proliferation when seeded on its
surface. Having gelatin as the backbone, GM hydrogels pro-
vided appropriate cell binding motifs, which promoted cell
adhesion and proliferation [29]. The reason for the higher
number of cells attached to GM84 hydrogels might be the
degree of stiffness of the hydrogel. Cell proliferation increases
with the stiffness of the matrix. Cells on the stiffer matrix
generally exhibit more organized cytoskeletons and more sta-
ble focal adhesions [30]. Storage modulus has been reported
to be 18 ± 1.3 kPa for UV cured 10 w/v % gel-MOD [31].
Nichol et al. demonstrated an increase in stiffness for a higher
degree of methacrylation increased, where 81% DMA
responded to 18 kPa and 54% responded to 10 kPa in

Fig. 4 Cellular response to the hydrogels measured by Milliplex Human
Bone Panel kit where secretion of various bone markers and cytokines in
the culture media was measured for cultivation up to 21 days. a Alkaline
phosphatase (ALP), b osteopontin (OPN), c osteocalcin (OCN), d

osteoprotegerin (OPG), e vascular endothelial growth factor (VEGF).
The response has been normalized to cell culture tissue plate. *p < 0.05
versus control, **p < 0.05 versus G and GM69, **p < 0.05 versus GM69
(n = 4)
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compressive modulus [29]. The modulation of differentiation
pathways by hydrogel stiffness was largely independent of the
degree of cell proliferation. The effect of different stiffness
properties of Gel-MOD on osteo- and chondrogenic differen-
tiation has been investigated with encapsulated hASC/hTERT
microspheroids. Žigon-Branc et al. found out that regardless
of the hydrogel stiffness (for the samples stimulated with os-
teogenic medium), the expression of selected markers
RUNX2, BGLAP, ALPL, and COL1A1 was not conclusive.
However, when microspheroids were placed in softer Gel-
MOD, these started to outgrow and interconnect within a
few days, and their protrusion was slower or more limited in
stiffer Gel-MOD hydrogels. [32]. Previous studies have
shown a significant influence on stem cell migration, prolifer-
ation, and differentiation by varying stiffness of two-
dimensional (2D) or 3D substrates [33]. The expression level
of ALP, the early bone osteogenic marker, was similar on both
hydrogels. However, the late bone markers such as OPN,
OCN, and OPG became the predominant osteogenic message
for the softer gels at later time points. A much higher expres-
sion of VEGF was observed for the softer gel when compared
with the stiffer gel. Although there is a positive correlation
between the increasing matrix stiffness and the increasing cell
differentiation, the stiffness optimum for differentiation varies
significantly from cell to cell. Neurons prefer to growwell and
form multiple branches on softer gels while glial cells do not
survive well on these deformable matrices [34]. Myoblasts are
able to form myotubes on materials of varied elasticity.
However, myotube striations only emerge on gels with stiff-
ness similar to normal muscle [35]. Human umbilical vein
endothelial cells (HUVEC) formmulti-cellular structures with
larger lumens having spread appearance on stiff gels but thin,
multi-cellular structures with small lumens on softer gels [36].
Neutrophils, on the other hand, are insensitive to stiffness
changes and spread equally well on matrices with a very wide
range of elasticity [37].

5 Conclusion

In summary, we tested the role of gelatin methacrylate
hydrogels with varying degrees of methacrylation (69% and
84%) to support the growth and differentiation of primary
human osteoblasts. Cells grew and proliferated on both
methacrylated hydrogels but the degree of proliferation was
a higher degree of methacrylation. Conversely, cell differenti-
ation behavior was improved on less degree of substitution.
Although the expression of early osteogenic marker (ALP) did
not seem to be influenced by the DS of the hydrogels, the
secretion of late osteogenic markers (OPN, OCN, and OPG)
and angiogenic factor (VEGF) was increased by less degree of
methacrylation. Based on these data, gelatin methacrylate

hydrogels with a 69% degree of methacrylation can be pro-
posed in future bone regenerative applications.
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