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ARTICLE INFO ABSTRACT

Keywords: Despite various strategies have been proposed to accelerate bone regeneration, the treatment of bone defects in

GelMA_ ) critical size still remains a clinical challenge. In this study, we fabricated nanocomposite gelatin methacryloyl

ganosﬂl;?te (GelMA)/nanosilicate (NS) hydrogels for the delivery of dexamethasone (DEX), and systematically investigated
examethasone

their performance in drug delivery for bone repair. Nanocomposite hydrogels were fabricated by mold casting,
and exposed to ultraviolet (UV) light to induce covalent crosslinking. Afterwards, we conducted a systematic
characterization study to determine the effects of varying NS concentration, GelMA methacrylation degree and
UV exposure time on mechanical, structural, and drug release behaviors of nanocomposite hydrogels. In
particular, the higher methacrylation degree of GelMA, longer UV exposure and the presence of NS exhibited
gradually enhanced mechanical properties. For instance, the compressive strengths of nanocomposite hydrogels
containing 0% (w/v) NS (GONS120) and 3% (w/v) NS (G3NS120) at 120 s of UV exposure were 194.816
kPa-367.284 kPa (p < 0.001), respectively. Similarly, they exhibited higher swelling ratio (%) and slower
degradation rate (%) with longer UV exposure and increased NS amount. Nanocomposite hydrogels revealed
slower drug release rate due to longer UV exposure and increased NS amount. At day 14 of the release study,
99.53% and 60.687% of DEX were released from GONS120 and G3NS120, respectively. Particularly, the nano-
composite GelMA/NS hydrogels supported osteoblast adhesion well, and NS and DEX exhibited synergistic effect
on osteoblast proliferation with 5.01 fold increase after 7 days of culture. Our results clearly showed that GeIMA/
NS nanocomposite hydrogels with tunable physiochemical and drug carrier properties could provide a favorable
option for accelerating bone repair.

Nanocomposite hydrogels
Bone repair

1. Introduction [7]1. Despite, autografts are still gold standard for the repair of critical

size bone defects, this approach has important shortcomings associated

Bone is a highly dynamic connective tissue with a key role in me-
chanical support, mobility of body, and blood cell production [1,2].
Bone disorders caused by trauma, osteoporosis, bone infection, tumors,
and rheumatic diseases affect more than 20 million people annually
worldwide, resulting in substantial pain, reduction in long term quality
of life, and economic burden on patients [3,4]. Even though, bone has a
significant regeneration capacity, large defects beyond a critical size
cannot allow complete healing without orthopedic intervention, and the
complete healing of large scale bone defects still remains a major chal-
lenge in clinical surgery [2,5,6]. The current approaches for the treat-
ment of critical-size bone defects are the use of autografts and allografts
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with second surgery, high cost, donor site morbidity, infection, and
chronic pain [8,9]. Besides, allografts suffer from shortage of donor,
immune rejection, infection, and disease transmission as the second
most common treatment option [10]. To address these limitations, a
variety of materials including metals (e.g. titanium, magnesium), bio-
ceramics (e.g. hydroxyapatite, beta-tricalcium phosphate), natural (e.g.
collagen, hyaluronic acid), and synthetic polymers (e.g. poly(D,
L-lactic-glycolic acid), polycaprolactone) or their composites have
been proposed to repair critical-sized bone defects [3,9,11]. However,
despite recent advances in orthopedics research, adequate healing of
bone disorders remains an unsolved clinical challenge due to
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characteristic drawbacks of these materials.

Hydrogels such as collagen, gelatin, hyaluronic acid and alginate
have attracted great interest in bone regeneration due to their distinctive
characteristics including high water content, flexibility, porous struc-
ture, and biocompatibility. In particular, they could closely mimic
physical and chemical properties of the natural extracellular matrix
(ECM) of the bone. They are also able to encapsulate bioactive molecules
and cells and precisely control the release of entrapped molecule
[12-14]. In recent years, among these hydrogels, gelatin methacryloyl
(GelMA), photocrosslinkable form of gelatin, is widely used in
biomedical applications owing to its biocompatibility and tunable
physical properties [15,16]. The physical properties of GelMA hydrogel
including degradation, swelling, drug release, and mechanical proper-
ties could be precisely control through methacrylation degree of GelMA
and UV light exposure time [17].

To date, various nanocomposite hydrogels fabricated by the addition
of hydroxyapatite, beta-tricalcium phosphate, bioactive glasses, nano-
silicates, graphene oxide, and carbon nanotubes have been widely
employed to accelerate the mechanical and osteogenic characteristics of
hydrogels [16,18,19]. Among them, currently, nanosilicate (NS) has
shown a great potential in bone reconstruction and regeneration [20].
NS (Nag.7[(Mgs s5Lig.3)SigO20(0OH)4]0.7) is a two dimensional smectite
clay with around 1 nm in thickness and 20-30 nm in diameter [21]. NS
exhibits an anisotropic surface charge distribution with negatively
charged flat top and bottom surfaces, and positively charged edges. This
unique disk structure allows creating a “house of cards” structure for the
formation of a homogeneous colloidal suspension [22-24]. In addition,
thanks to its anisotropic surface charge distribution, it could reveal a
physically crosslinked network by electrostatic interaction with anionic,
cationic, and neutral polymers, resulting in a remarkable increase in
mechanical strength and drug release properties avoiding burst release
[25-27]. Additionally, it is biocompatible and has generally regarded as
safe by The Food and Drug Administration (FDA) [28]. Moreover, it has
been demonstrated to achieve osteoinduction and osteogenic differen-
tiation of human mesenchymal stem cells (hMSCs) and adipose stem
cells (ASCs) in the absence of growth factors owing to its bioactive
degradation products such as lithium, magnesium and orthosilicic acid
[29]. Hence, previous studies revealed that nanosilicate incorporated
systems could simultaneously enhance bone regeneration. For instance,
Dong and coworkers prepared GelMA nanosilicate for extrusion bio-
printing, and the rheological properties, the mechanical strength of the
hydrogel and osteogenic differentiation of bone marrow mesenchymal
stem cell (BMSC) were promoted by the addition of nanosilicate [30].
Roozbahani and coworkers fabricated nanocomposite porous calcium
phosphate cements consisting of dexamethasone loaded nanosilicate
which resulted remarkably reduced burst release of dexamethasone
[31]. Similarly, Liu and coworkers developed BMSCs encapsulated
gelatin, alginate, and nanosilicate hydrogel [28]. We have also previ-
ously developed silicate based bilayer injectable scaffold for the treat-
ment of nonunion bone defects. The addition of nanosilicate enhanced
the rheological properties and the mechanical strength of the hydrogel,
and significantly accelerated the growth of the osteogenic cells and
endothelial cells in vitro [20]. Then, a double layer osteochondral
hydrogel was designed by using alginate (Alg)-polyacrylamide (PAAm)
and laponite XLS/Alg-PAAm. Results illustrated that mechanical
strengthes of hydrogels were increased around 15 times in the presence
of 5 wt% nanosilcate. The transition of macrophage polarization also
enhanced to the reparative M2 phase [32].

In this study, we developed nanocomposite dexamethasone sodium
phosphate (DEX) loaded nanosilicate/GelMA hydrogels to evaluate
hybrid NS hydrogels as functional drug carrier in bone repair. To date,
some researches have focused to develop gelatin/NS or GelMA/NS
nanocomposite hydrogels. However, due to a lack of systematical eval-
uation of GelMA and nanosilicate nanocomposite hydrogels for drug
delivery, drug carrier properties for bone regeneration have not been
clearly elucidated to date. Specifically, we have modulated crosslinking
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density and NS amount of hydrogels to control DEX release. Hence, we
performed a detailed and systematic characterization study to evaluate
the effect of varying concentration of NS, methacrylation degree of
GelMA, and UV crosslinking time on the mechanical, structural, and
drug release behavior of nanocomposite hydrogels. We used DEX as a
low molecular weight model drug taking advantage of its osteoinductive
effect and immunosuppressive activity to eliminate inflammatory re-
sponses during bone regeneration. In particular, the local administration
of DEX loaded hydrogels could induce bone regeneration by avoiding
undesired side effects of a systemic administration of glucocorticoids.

2. Materials and method
2.1. Materials

Dexamethasone sodium phosphate (DEX) was kindly provided by
Deva Pharmaceuticals, Turkey, as a gift. The nanosilicate (Laponite
XLG) was purchased from BYK Additives & Instruments. Gelatin from
porcine skin (type-A, 300 bloom), methacrylic anhydride (MW 154.16),
2-hydroxy-1-[4-(2 hydroxyethoxy) phenyl]-2-methyl-1-propanone
(Irgacure 2959) were purchased from Sigma Aldrich. MC3T3-E1 cells
(ATCC® CRL-2593) were purchased from ATCC®. Alpha Minimum
Essential Medium (MEM «, nucleosides, no ascorbic acid) was purchased
from Gibco. Phosphate buffered saline was purchased from Thermo-
fisher. Cell analysis reagents including Live/Dead kit, PrestoBlue, Alexa
488-phalloidin, and 4’,6-diamidino-2-phenylindole (DAPI) were pur-
chased from ThermoFisher (Waltham, MA, USA). All other reagents
were analytical grade and purchased from Sigma Aldrich.

2.2. Synthesis and characterization of gelatin methacryloyl

GelMA polymers with two different methacrylation degrees were
synthesized using previous protocol (1). In brief, GelMA was prepared
by dissolving 10% (w/v) type A porcine skin gelatin in Dulbecco’s
phosphate buffered saline (DPBS) at 50 °C. Thereafter, methacrylic an-
hydride (1.25 mL or 5 mL) was added dropwise into the gelatin solution
and stirred for 2 h at 50 °C. The reaction was terminated by fivefold
dilution with preheated DPBS at 50 °C. Then, the GelMA solution was
dialyzed against distilled water using a dialysis tube (12-14 kDa cutoff,
Sigma-Aldrich) for 7 days to allow removal of unreacted methacrylic
anhydride and impurities. The obtained GelMA solution was frozen at
—80 °C followed by lyophilization for 7 days.

To determine the methacrylation of GelMA, 'H NMR spectra were
recorded on a Varian UNITY INOVA NMR spectrometer at 40 °C in
deuterium oxide and operating frequency was set as 500 MHz. The
Fourier transform infrared (FTIR) spectra of unreacted gelatin and
GelMA was obtained at wavelength of 400-4000 cm ™! by using a FTIR
spectrophotometry equipped with ATR sampling accessory (Jasco FT/
IR-4600).

2.3. Preparation of GelMA/nanosilicate nanocomposite hydrogels

GelMA/NS composite hydrogels were prepared by mold casting
method using a cylindrical polydimethylsiloxane (PDMS) mold followed
by UV exposure (Fig. 1). To obtain cylindrical PDMS molds (5 mm
diameter), PDMS and curing material (Sylgard 184 silicone elastomer,
Dow Corning) were mixed homogenously in a ratio of 10:1. This solution
was kept in a vacuum oven for 30 min to remove air bubbles, poured into
a Petri dish including a male mold, and left in a vacuum oven for 15 min.
Then, it was kept in an oven for 3 h. To produce GelMA/NS hydrogels,
nanosilicates with different concentrations including 0%, 1%, 2%, 3%,
and 4% (w/v) were dispersed in distilled water including 10 mg/mL
DEX and 0.25% (w/v) photoinitiator [2-hydroxy-1-(4-(hydroxyethoxy)
phenyl)-2-methyl-1-propanone, Irgacure 2959] for 5 min at 1000 rpm
using vortex. GelMA with high (GelMA) or low methacrylation degree
(GelMA|ow) were added to this dispersion to obtain total 15% (w/v)
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Nanocomposite Hydrogel

Fig. 1. Schematic of the fabrication of the GelMA/NS/DEX nanocomposite hydrogels.

solid concentration (GelMA and nanosilicate) and stirred at 1000 rpm
and 60 °C for further 30 min. Thereafter, 280 pl of GNS mixture was
transferred into prepared PDMS mold by pipetting. Immediately after,
the hydrogels in PDMS mold were exposed to UV irradiation (360-480
nm, power 5.07 W cm’z, and distance from the light source 8 cm) for 60,
90, or 120 s to determine the effect of exposure time (OmniCure S2000,
Excelitas Technologies, Waltham, MA, USA). Nanocomposite hydrogels
were coded according to formulation parameters; for instance, hydrogel
containing 15% (w/v) GelMA, 0% (w/v) NS, and 60 s UV exposure was
coded as GONS60.

Herein, we first optimized various parameters including MA substi-
tution degree of GelMA, concentration of GelMA (11-15% (w/v)) and
NS (1-4% (w/v)), and UV exposure time. Nanocomposite hydrogels
containing GelMAow and 1%, 2%, 3%, and 4% (w/v) NS were suc-
cessfully prepared. However, the formulation containing 4% (w/v) NS
and GelMA became too viscous before casting to PDMS mold. Therefore,
we excluded formulations containing 4% (w/v) nanosilicate from the
study for both GelMA[ow and GelMA.

2.4. The Fourier transform infrared spectroscopy analysis

The FTIR analysis was used to determine the chemical interaction
between GelMA, nanosilicate, and DEX. FTIR spectra of GelMA, nano-
silicate, DEX, their physical mixture, and photocrosslinked GelMA/NS
hydrogels were determined at wavelength of 400-4000 cm ™! by using a
FTIR spectrophotometry equipped with ATR sampling accessory (Jasco
FT/IR-4600).

2.5. Scanning Electron Microscopy (SEM) energy dissipative X-ray
analysis

The structure and morphology of the composite GelMA/NS hydro-
gels were determined by Scanning Electron Microscopy (SEM, Zeiss —
Evo, MA10). G/NS hydrogels were coated with a thin layer of gold using
a sputter coater prior to imaging. Energy Dispersive X-Ray (EDX) anal-
ysis was conducted to define the elemental composition of nano-
composite hydrogels.

2.6. Mechanical properties

For mechanical tests, UV crosslinked GelMA/NS hydrogels were
soaked into distilled water for 2 h, and the compressive strengths of the
samples were determined at cross speed 1 mm s * and an 80% strain
level by using a texture analyzer (TA.XT Plus Texture Analyzer). The
compressive modulus was calculated as the slope of the linear region
corresponding with 0-10% strain (n = 4).

2.7. Swelling properties

To define swelling properties of GelMA/NS hydrogels, hydrogels
were placed in 5 mL of phosphate buffer (pH 7.4) at 37 + 0.5 °C after UV
crosslinking. At predetermined intervals, the hydrogels removed from
PBS, the surface water of hydrogels was removed using a filter paper,
and then their weight was recorded. The swelling rate was calculated by
the ratio between the weight gain and the initial weight (n = 3).

2.8. Degradation properties

To evaluate in vitro degradation rate, GelMA/NS were incubated in
10 mL of PBS (pH 7.4) at 37 °C under constant shaking at 100 rpm for up
to 4 weeks. At defined time intervals, the hydrogels were removed,
rinsed in deionized water, lyophilized and then weighed. PBS was
replaced every week. The degradation percentage was reported by the
ratio between the weight loss and the initial dry weight using following
equation (n = 6):

The final weight of nanocomposite hydrogels

M %
ass remaining (%) = The initial weight of nanocomposite hydrogels

(€]
2.9. Drug loading

To determine the drug loading efficiency, the prepared dexametha-
sone loaded hydrogels were cut into small pieces. Then, 10 mL of
deionized water was added and stirred at 1000 rpm and 37 °C for 12 h.
After complete degradation of hydrogels, obtained solution was filtered,
and UV absorbance was determined at 287 nm. Drug loading percentage
was reported based on the ratio between drug amounts found in
hydrogels and theoretical drug amount (n = 4).

2.10. In vitro drug release

To study in vitro drug release, GelMA/NS hydrogels were incubated
in 5 mL of PBS at 37.0 °C under constant agitation at 100 rpm for up to 3
weeks. At predetermined time points, the release medium was with-
drawn to find the amount of released DEX and replaced with fresh buffer
to maintain the sink condition. Immediately after, obtained release
medium was filtered and UV absorbance was determined at 287 nm (n
=3).

2.11. Invitro cell culture

MC3T3-E1 preosteoblasts were cultured in a-MEM containing 10%
FBS and 1% penicillin-streptomycin and incubated in 5% CO3 at 37.0 °C.
Cell culture medium was replaced every 3 days. Cells were passaged at
80-90% confluence, and passages 2—-3 were used in experiments.
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Cells (4 x 10* cells/well) were seeded on GelMA/NS nanocomposite
hydrogels following UV crosslinking, and then cell adhesion, spreading,
and proliferation were evaluated as a function of GelMA, NS, and DEX.

2.11.1. Invitro cell adhesion and spreading studies

To determine cell adhesion and spreading, DAPI and Alexa Fluor 488
phalloidin staining were performed on days 1, 3, and 7 after cell seeding
to stain the nuclei and actin fibers of cells according to the manufac-
turer’s instructions. Briefly, cell seeded hydrogels were rinsed in PBS,
fixed in paraformaldehyde (4% (w/v)) for 20 min, and then washed with
PBS. Triton X-100 (0.05% (v/v)) was applied for 20 min for per-
meabilization of the cell membrane, and thereafter rabbit serum albu-
min (5% (w/v)) was applied 1 h to block the membrane. F-actin
cytoskeleton stained by incubation in Rhodamine-Phalloidin for 1 h at
37 °C. Subsequently, hydrogels were incubated in DAPI for 30 min at
37 °C for the staining of the nuclei. Immediately after, the stained
hydrogels were monitored by fluorescence microscopy (Zeiss AxioScope
Z1).

2.11.2. Invitro cell proliferation studies

To evaluate the metabolic activity of cells, PrestoBlue assay was
performed according to the manufacturer’s instructions at days 1, 3, and
7. In brief, after determined time points, cell seeded hydrogels were
incubated in the cell culture medium containing 10% (w/v) PrestoBlue
for 1 h at 37 °C. Afterwards, supernatant was collected to measure the
fluorescence of the reduced PrestoBlue dye at 570 (excitation) and 600
nm (emission) (Spectroflorometer, Jasco, FP 83009).

2.12. Statistical analysis

Statistical analyses were performed by One-way ANOVA with +95%
confidence interval, and P values < 0.05 were given as statistically
significant. The results were reported as mean + standard deviation
(SD).
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3. Results and discussion
3.1. Synthesis and characterization of GelMA

GelMA| ow and GelMA were synthesized by modification of gelatin
with the reactive methacrylamide (MA) groups using previously re-
ported method (Fig. 2A). The methacrylation degree of GelMA polymer
was confirmed by 1H NMR analysis. Two peaks at 5.4 ppm and 5.7 ppm
can be attributed to the alkenyl double bond of methacrylate groups
conjugated to gelatin (Supp. Fig.1) [33]. Moreover, methacrylation
degree of GelMAow and GelMA were calculated as 39.4% and 76.8%,
respectively. The functional groups of GelMA were determined by FTIR
(Fig. 2B). GelMA includes repeating amide bands due to its protein
structure. Amide bands in GelMA indicate different vibrational states of
peptide bonds. When the spectra of gelatin and low and high meth-
acrylated GelMA were examined, it was observed that some alterations
occurred in the C-H stress and flexure regions due to the addition of
methacrylate to the lysine groups of gelatin. In FTIR spectrum, the peak
observed at 1441 cm ™! is known as Amid-III, the result of vibration of
N-H bonds and partly C-N bonds. The peak at 1522 cm ™, known as
Amide-1I, was also obtained due to N-H bonds. At 1628 cm ™!, there was
Amide-I peak, which shows the vibration of C=0 bonds, and the loca-
tion and intensity of this peak occur as a result of the secondary structure
of the gelatin. The peaks seen at 3260 cm ! and 2915 cm ™! region were
due to O-H and C-H stretching vibrations, respectively. In conclusion,
the FTIR results confirmed the successful synthesis of GelMA in accor-
dance with the previous studies [33,34].

3.2. Fabrication of nanocomposite hydrogels

In the preformulation studies, we first determined the compatibility
of formulation components including DEX, GelMA and NS using FTIR.
An incompatibility problem between formulation ingredients and active
agents can lead physical, chemical, and microbiological instability [35].

Q I

\\/.--\
NH
A) HOOC [/ ~---
H,N HO COOH -
Il PBS, 50 °C
+ 3 o P ey HO NH,
HO
NHz NHZ O\/
0
Gelatin Methacrylic anhydride q y A\
\\/\N J
H
Methacrylated gelatin
B)
Gelatin
M"‘/\
9
< |GelMA 0w
-
id-lll
~~ Amidl
Amid-l
4000 3000 2000 1000

Wave number (cm'1)

Fig. 2. A) Schematic of the synthesis of GelMA, B) FTIR spectra of gelatin and gelatin methacryloyl with low and high methacrylation degree.
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Hence, FTIR spectra of DEX, GelMA, NS and their physical mixtures
were evaluated, prior to preparation of hydrogels (Fig. 3A, Fig. 3B).
Thereafter, the FTIR spectra of hydrogels were analyzed following UV
exposure to identify the structure after photocrosslinking. Finally, no
incompatibility was detected between formulation components.

According to the obtained IR spectrum of DEX, a wide absorption
band was obtained between 3200 and 3500 cm™! depending on the
vibration of the hydroxyl groups (Fig. 3A). A band due to C-H strain
vibrations in the methyl group was obtained at 2939 cm™!, while a
strong absorption band was detected at 1668 cm ™' due to C=O strain
vibrations. The bands of the phosphate anion in the dexamethasone
sodium phosphate structure were determined at 1025, 1031 and 1044
cm L. The obtained results are consistent with the characteristic spectra
for dexamethasone sodium phosphate in the literature [36-38]. Based
on IR spectrum of nanosilica, two peaks were detected at 960 and 645
em ! due to Si-OH, strain in Si-O and stretching in Si-O-Si (Fig. 3A).
The peak at 3405 cm ™! proved the presence of hydroxyl groups on the
nanosilica. The findings are compatible with the characteristic spectra
for nanosilica in the literature [39-41]. The IR spectra of DEX, GelMA,
NS and their physical mixtures were evaluated (Fig. 3B). Since, the peaks
of each component are included in the spectra, it was confirmed that
there was no incompatibility between the formulation ingredients and
DEX.

Nanocomposite hydrogels were fabricated by mold casting method
using a PDMS mold and exposed by UV light (Figs. 1 and 3C). After
lyophilization, the IR spectra of nanocomposite hydrogels were analyzed
(Fig. 3D). In particular, the amine peaks from GelMA and Si-OH peaks
from nanosilicate were determined in the spectra. In addition, there was
no difference in the spectra of nanocomposite hydrogels that were UV
applied for 90 s and 120 s.

A)

GelMA

T (%)

1668

. T r 1044
4000 3000 2000 1000
Wave number (cm™)

)
Formulation codes
Code | GelMA | NS
GONS 15% | 0%
G1NS 14% | 1%
G2NS 13% | 2%
G3NS 12% | 3%

* 60, 90, or 120 s added to these codes
to indicate UV exposure time
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3.3. Mechanical properties of nanocomposite hydrogels

A functional bone construct should be designed to recapitulate load
bearing properties of native bone tissue. The stiffness of structure has a
vital role in the adhesion, proliferation and differentiation of osteogenic
cells. Additionally, hydrogels should maintain their structural integrity
during surgical procedures and new tissue formation. Previously, NS has
demonstrated a great potential in many aspects of biomedical applica-
tions owing to its remarkable structural and mechanical properties. In
particular, NS could improve physical properties of GelMA, and the
electrostatic interaction between GelMA and NS could enhance physical
stability of hydrogel.

The compressive modulus and compressive strength of GelMA
hydrogels with or without NS increased gradually with increasing
duration of UV exposure such as 60, 90, and 120 s (Fig. 4). For instance,
compressive moduli of pristine GelMA hydrogels were found to be 22.73
+ 3.65 kPa (GONS60) and 39.021 + 8.68 kPa (GONS120), for 60 s and
120 s UV exposure. Additionally, compressive moduli improved from
38.53 + 4.95 kPa (GINS60) to 56.28 + 9.82 kPa (G1NS120) for 60 s and
120 s UV exposure (Fig. 4B). Similarly, compressive strengths of those
hydrogels increased from 113.325 + 23.6 kPa (GONS60) to 194.816 +
21.71 kPa (GONS120) for 60 s and 120 s UV exposure (Fig. 4C).

Furthermore, mechanical strength was gradually and significantly
enhanced with the increasing NS concentration. For 120 s UV exposure,
the compressive moduli increased from 39.021 + 8.68 kPa (GONS120)
to 74.48 + 10.61 kPa (G2NS120) with the presence of NS (p > 0.05).
Similarly, compressive strengths of these hydrogels increased 194.816
kPa (GONS120) to 333.35 kPa (G2NS120) (p < 0.01). However, further
increase in NS concentration to 3% (w/v) (G3NS120) slightly enhanced
the compressive modulus (79.83 + 8.89 kPa) and compressive strength
(367.29 + 33.89 kPa) compared to 2% (w/v) NS addition (G2NS120) (p

B)

PM1

T (%)
=
b
y

1448
1539

4000 3000 2000 1000

Wave number (cm 1)
D) GONS90
G3NS90

GONS120

T (%)

G3NS120

T T T
4000 3000 2000 1000

Wave number (cm'1)

Fig. 3. A) FTIR spectra of GelMA, NS, DEX, B) FTIR spectra of physical mixture of formulation components. PM1, PM2, PM3 and PM4 represent GelMA:NS (1:1),
GelMA:DEX (1:1), NS:DEX (1:1), and GelMA:NS:DEX (1:1:1), respectively. C) Formulation codes for GelMA/NS nanocomposite hydrogels. D) FTIR spectra of

fabricated nanocomposite hydrogels.
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120 s UV exposure
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Fig. 4. A) Stress-strain curves for nanocomposite hydrogels applied 60 s, 90 s, and 120 s UV exposure, B) Compressive moduli and C) Compressive strengths of
nanocomposite hydrogels with high methacrylated GelMA and NS, D) Compressive moduli and E) Compressive strengths of nanocomposite hydrogels with low
methacrylated GeIMA and NS, (n = 4). (ns > 0.05,*p < 0.05, **p < 0.01; ***p < 0.001; ****p < 0.0001).

> 0.05). In general, an increase in NS amount enhanced the electrostatic
interaction between negatively charged NS and positively charged
gelatin. Moreover, by the presence of NS in GelMA matrix, mechanical
strength and resistance to stress could enhance, polymer yarns and fibers
could be more flexible, and also an improved resistance to tension could
be obtained. The mechanical pressure could be transmitted directly
through the NS and therefore better distributed throughout the entire
hydrogel. As a result, NS could increase the stiffness and strength of
matrices owing to the improved dispersion of inorganic materials,
resulting in a better organic-inorganic interface in hybrid structures
[42].

In addition, the NS addition resulted in enhanced mechanical prop-
erties in GelMA; ow/NS nanocomposite hydrogels (Figs. 4D and E). The
compressive moduli were 6.78 + 3.11 and 21.99 + 5.35 kPa for
GrLowONS120 and Grow3NS120, respectively, for 120 s UV exposure.
The effect of NS gradually decreased with the increasing UV exposure
time. It is also worthy that there was only a slight increase in
compressive modulus and compressive strength of hydrogels with Gel-
MA; ow with increasing UV exposure time (p > 0.05). Since GelMA;ow
has a small number of methacrylate groups on the polymer backbone,
most of these methacrylate groups were able to crosslink within 60 s.
Moreover, mechanical strength of hydrogels was significantly enhanced
with higher methacrylation degree, as we expected. For instance, after
90 s UV exposure, the compressive moduli of hydrogels fabricated
pristine GelMAow and GelMA were 6.1 + 2.12 kPa (GLowONS90) and
35.89 + 8.77 kPa (GONS90), respectively (p < 0.0001) (Fig. 4B and D).
It was attributed to superior covalent crosslinking density of high
methacrylated GelMA.

In light of these findings, mechanical properties of nanocomposite
hydrogels were governed by methacrylation degree of GelMA, nano-
silicate amount, and UV exposure time in accordance with previous
literature due to covalent crosslinking density and electrostatic inter-
action between GelMA and NS. Since, mechanical stability is beneficial
to provide effective cellular adhesion and growth, we used hydrogels
fabricated by GelMA (with high methacrylation of GeIMA) and longer
UV exposure including 90 s and 120 s for following experiments.

3.4. SEM and EDX of nanocomposite hydrogels

Herein, the hydrogels gained a more transparent structure in the
presence of nanosilicate as seen in Fig. 5in accordance with previous
literature [43]. It may be due to suppressed crystallization and the
generation of amorphous polymers with the addition of nanosilicate.

In addition to mechanical properties, hydrogels should have an
optimal degree of porosity in order to offer sufficient cell growth,
nutrient, and vascularization. The morphological features and porosity
were analyzed by SEM. As shown in Fig. 5B, all hydrogels in the study
presented a highly porous structure. There was no nanosilicate aggre-
gation even in hydrogels with high nanosilicate amount (3% (w/v)). As
the NS amount increased, nanosilicate platelets could be identified on
the hydrogels. The applied UV time did not provide any alteration in the
morphology of the hydrogels. According to EDX analysis silicon and
magnesium were detected NS incorporated hydrogels owing to the
chemical composition of NS, as we expected (Fig. 5C).
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Fig. 5. A) The hydrogels exhibited a more transparent structure after NS addition, B) SEM images of nanocomposite hydrogels, C) Energy dispersive X-Ray (EDX)

analysis of nanocomposite GelMA/NS hydrogels.

3.5. Swelling of nanocomposite hydrogels

The degree of swelling determines the infiltration degree of body
fluids into the nanocomposite structure and may have an effect on the
release properties of the active substance. In this study, all hydrogels
exhibited similar trends with a rapid swelling within the first hour and
the presence of swelling equilibrium after 6 h (Fig. 6A). Particularly, the
swelling ratio reduced with increasing NS amount, consistent with
previous studies [39-41,44]. For instance, after 24 h of incubation, the
swelling rate was 453 + 23.2% for GONS120 and 336% + 17.1% for
G3NS120 (P < 0.05). This reduction can be attributed to electrostatic
interaction of GelMA and NS. Additionally, the swelling rate slightly
reduced with the increasing duration of UV exposure (P > 0.05) due to
the presence of covalent interactions.

3.6. Degradation of nanocomposite hydrogels

To obtain effective bone regeneration, the degradation time of
hydrogel presents a great importance. Notably, the degradation

behavior was mainly governed by nanosilicate amount and duration of
UV exposure as shown in Fig. 6B. For instance, the time period for 50%
degradation of hydrogels increased, as the amount of nanosilicate and
UV exposure became higher (GONS90: 4 days, G3NS90: 8 days,
GONS120: 6.0 days, and G3NS120: 10 days) due to electrostatic inter-
action as well as enhanced covalent crosslinking through photo-
polymerization. Hydrogels with the highest amount of NS and longer UV
exposure time (G3NS120) revealed lowest degradation rate with 85.2 +
5.8% weight remaining after 4 days of incubation. After 7 days of in-
cubation, degradation rates of hydrogels were 17.5 + 3.1%, 47.1 +
5.2%, 20.3 + 3.1%, and 52.7 + 4.9% for GONS90, G3NS90, GONS120,
and G3NS120, respectively. The complete degradation of hydrogels was
occurred after 13 days, 16 days, 21 days and 24 days for GONS90,
GONS120, G3NS90, and G3NS120, respectively, mainly dependent to
the nanosilicate amount.

3.7. Invitro drug release of nanocomposite hydrogels

To find out the drug entrapment and release capacity of
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Fig. 6. A) Swelling rate (%) of nanocomposite GelMA/NS hydrogels (n = 3), B) Degradation profile of nanocomposite GelMA/NS hydrogels (n = 6).

nanocomposite hydrogels, we used DEX as model drug because of its
osteogenic activity. In this study, the loading efficiency of DEX was
found to be over 95% for all hydrogels, as we expected.

DEX release from hydrogels was studied in PBS pH 7.4 at 37 °C for 14
days (Fig. 7). For 90 s of UV exposure, 50% DEX was released within the
5, 6, 12, and 48 h from GONS90, GINS90, G2NS90, and G3NS90,
respectively (Fig. 7A). After 24 h, the released DEX amount was 80.39 +
8.17% for GONS90; while it was 41.89 + 3.69% for G3NS90. At the 14th
day, 91.289 + 7.32%, 83.975 + 6.84%, and 70.017 + 7.19% of DEX
was released from GINS90, G2NS90 and G3NS90, respectively. For 120
s of UV exposure, 50% DEX was released within the 6, 14, 24, 96 h from
GONS120, GINS120, G2NS120, and G3NS120, respectively (Fig. 7B).
After 24 h, 74.919 £ 5.17% of DEX was released from GONS120,

whereas only 39.364 + 4.65% of DEX was released from G3NS120. At
the 14th day, 87.901 + 5.78%, 76.187 + 7.13%, and 60.687 + 6.32% of
DEX was released from G1NS120, G2NS120 and G3NS120, respectively.
However, almost 100% of encapsulated DEX was released after 8 and 10
days from GONS90 and GONS120, respectively. The release rate of DEX
was governed by nanosilicate amount and UV exposure time. Since UV
exposure time increases the degree of covalent binding, the release
period of DEX was prolonged with increasing UV exposure time.
Moreover, the release rate was also gradually prolonged due to
increasing nanosilicate amount attributed to the electrostatic in-
teractions between positively charged gelatin and negatively charged
NS.
After the release kinetics from

defining release profiles,
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Fig. 7. A) In vitro drug release profile of nanocomposite GelMA/NS hydrogels after 90 s UV exposure, B) In vitro drug release profile of nanocomposite GelMA/NS
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nanocomposite hydrogels were calculated using the zero order, first
order, Higuchi, Korsmeyer-Peppas and Hixon-Crowel. In general, DEX
release from all hydrogels was in accordance with Korsmeyer-Peppas
and Higuchi kinetics (Table 1). In hydrogels, the degree of cross-
linking and swelling directly affect the drug release, and this could be
explained by Korsmeyer-Peppas kinetics. In this study, the r? for Kors-
meyer Peppas kinetics was higher in hydrogels containing only GelMA
with higher swelling rate and crosslinking density. Moreover, “n” was
determined as 0.9523 and 0.946 in GONS90 and GONS120 coded for-
mulations, respectively, indicating that the release was controlled by
swelling and diffusion in these formulations. Notably, the value of “n”
gradually decreases as the nanosilicate ratio increases in nanocomposite
hydrogels due to decreasing swelling rate of hydrogels with increasing
nanosilicate amount. The release mechanism changed from swelling
control to diffusion control as the nanosilicate ratio increases. Hence,
the value of “n" was found to be lower than 0.5 in formulations con-
taining 3% (w/v) NS indicating the release with the Fick diffusion
mechanism. Increasing UV exposure resulted in increased crosslinking
density and reduced swelling rate, and therefore, diffusion occurred
more dominantly. Due to mentioned reasons, the release mechanism in
nanocomposite hydrogels containing nanosilicate has also been found to
be compatible with the Higuchi kinetics (diffusion controlled). As a
result, swelling is effective for DEX release from formulations containing
only GelMA, while diffusion is more effective for those containing
nanosilicate.

3.8. Invitro cell studies

A vital requirement to develop a biomaterial for biomedical appli-
cation is its ability to support cellular adhesion, and proliferation.
Cellular adhesion has an important impact on cell spreading, migration,
proliferation and differentiation for the ultimate purpose of ECM for-
mation. In this study, MC3T3 preosteoblasts were used to evaluate cell
adhesion and proliferation on fabricated nanocomposite hydrogels. To
investigate the efficacy of GelMA, NS, and DEX on cellular adhesion,
morphology, and spreading, Rhodamine-Phalloidin/DAPI staining was
carried out on nanocomposite hydrogels on day 1, 3, and 7. As shown in
Fig. 8A, nanocomposite hydrogels did not reveal any cytotoxic effect
according to the cellular morphology. Gelatin is known for its good
cellular interaction owing to its arginine-glycine-aspartic acid motifs
(RGD) for manuplating cell adhesion. Thereby, osteoblast easly adhered
to surfaces of hydrogels and elicit cellular spreading. Notably, cellular
spreading enhanced in the presence of DEX, NS, and NS-DEX. According
to the fluorescence microscopy images, the osteoblast cells spread after 3
and 7 days in culture.

To investigate the mitochondrial activity and proliferation of oste-
oblast cells on nanostructures, PrestoBlue assay was conducted. The
PrestoBlue results indicated that the proliferation of osteoblasts gradu-
ally and significantly enhanced over the 1, 3, and 7 days in culture
(Fig. 8B). For nanocomposite hydrogels prepared with pristine GelMA,
after 7 days of culture, the cell proliferation revealed 3.65 and 3.93 fold
increase for GONS120 and GONSDEX120, respectively. The addition of

Table 1
In vitro release kinetic parameters for GelMA/NS nanocomposite hydrogels.
Code Zero First Korsmeyer- Higuchi  Hixson-
order order Peppas Crowell
I‘2 I‘2 1’2 n 1'2 l'2
GONS90 0.9895 0.9705 0.9901 0.9523 0.9405 0.9833
GINS90 0.7659 0.8179 0.8919 0.8142 0.9125 0.8033
G2NS90 0.6691 0.7832 0.7995 0.7222  0.8927 0.7454
G3NS90 0.6801 0.7915 0.7924 0.4832  0.8649 0.7554
GONS120 0.9921 0.9781 0.9933 0.946 0.9411 0.9876
GINS120  0.7106 0.8325 0.865 0.6519  0.9201 0.7935
G2NS120  0.6573 0.785 0.7851 0.5564  0.8834 0.744
G3NS120  0.7168 0.8173 0.7724 0.388 0.8815 0.7853
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NS in G3NS120 provided a significant increase (around 4.65 fold) in the
proliferation rate of osteoblast cells after 7 days of culture due to posi-
tive effect of degradation product of NS (p < 0.001). In particular, the
effect of NS on osteoblast proliferation was superior compared to DEX
after 3, and 7 days of culture. For instance, after 7 days, the proliferation
rate was increased 3.92 and 4.65 fold for GONSDEX120 and G3NS120,
respectively. Overall, GelMA and NS could improve osteoblast adhesion
in the presence of any osteinductive factor. The release of DEX also
enhanced proliferation of osteoblasts owing to its osteoinductive effect,
as we expected. Specifically, we can speculate that NS and DEX provide
synergistic effect on osteoblast proliferation which resulted in 5.01 fold
increase in the proliferation rate of cells on GBNS120DEX after 7 days.

Taken together, acording to cell culture studies NS incorporated
hydrogels (without any osteoinductive agent) could promote cellular
interactions and proliferation with no adverse effect. In addition, NS and
DEX free pristine GelMA hydrogels (GONS120) showed a good cell
spreading and proliferation. It is well known that GelMA has the
bioactive RGD motifs and matrix metalloproteinase (MMP) sensitive
motifs which can accelerate cell attachment, proliferation and differ-
entiation [45,46]. NS incorporated hydrogels G3NS120 revealed
significantly enhanced cell spreading and proliferation, as we expected.
In particular, NS could exhibit osteogenic properties even in the absence
of osteoinductive agents owing its structural components such as
lithium, magnesium and orthosilicic acid [29]. Lithium could inhibit
glycogen synthase kinase-3p and accelerate activity of Wnt/p-catenin
signaling pathway [47,48], while orthosilicic acid could accelarate the
expression of ALP, COL1 and OCN to enhance osteogenesis [49,50].
Magnesium could promote cellular adhesion, osteogenic differention
and also angiogenesis, hence lead functional bone regeneration [51,52].
Also, NS affected cell adhesion and proliferation indirectly owing to
remarkebly enhanced mechanical properties of NS containing hydro-
gels. Importantly, the sustained release of DEX resulted in better cellular
spreading and proliferation in GelMA based or GelMA-NS based con-
structs due to its osteoinductive effect and immunosuppressive activity
to eliminate the inflammatory responses during bone regeneration.

4. Conclusion

In this study, we have systematically optimized GeIMA/NS hydrogels
for the delivery of dexamethasone as a model drug and performed initial
cell characterization studies. We prepared nanocomposite hydrogels by
mold casting and crosslinked under UV exposure to induce covalent
crosslinking. Then, we conducted a systematic and detailed in vitro
characterization with varying concentration of NS, methacrylation de-
gree of GelMA, and UV crosslinking time to determine their effect on
mechanical, structural, and drug release behavior of nanocomposite
hydrogels. Notably, the higher methacrylation degree of GelMA, longer
UV exposure time and the addition of NS resulted in gradually acceler-
ated mechanical properties, as we expected. The swelling rate of nano-
composite hydrogels was reduced while degradation period was
increased due to longer UV exposure time and increased NS amount.
Furthermore, slower drug release rate was exhibited with longer UV
exposure time and/or increased NS amount. These findings clearly
demonstrated the effect of UV crosslinking density and NS amount due
to its unique structural features. Finally, the nanocomposite GelMA/NS
hydrogels showed favorable adhesion of osteoblastic cells, and NS and
DEX achieve synergistic effect on osteoblast proliferation which resulted
in 5.01 fold increase in the proliferation rate of cells after 7 days of
culture. The obtained results showed that GelMA/NS nanocomposite
hydrogels with tunable physiochemical and drug carrier properties
could present a beneficial option in bone repair.
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