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Nanocomposite hydrogels are suitable in bone tissue engineering due to their
resemblance with the extracellular matrix, ability to match complex geometries,
and ability to provide a framework for cell attachment and proliferation. The
nanocomposite hydrogel comprises organic and inorganic counterparts. Gelatin
methacrylate (GELMA) is an extensively used organic biomaterial in tissue
engineering due to its excellent biocompatibility, biodegradability, and
bioactivity. The photo-crosslinking of GELMA presents a challenge when
aiming to create thicker nanocomposite hydrogels due to opacity induced by
fillers, which obstructs the penetration of ultraviolet (UV) light. Therefore, using a
chemical crosslinking approach, we have developed nanocomposite GELMA
hydrogel in this study by incorporating citrate-containing amorphous calcium
phosphate (ACP_CIT). Ammonium persulfate (APS) and Tetramethylethylenediamine
(TEMED) were deployed to crosslink the methacrylate group of GELMA. The
oscillatory shear tests have confirmed that crosslinking enhances both storage
(G') and loss modulus (G”) of GELMA. Subsequently, incorporation of ACP_CIT in
GELMA hydrogel shows further enhancement in G’ and G” values. In vitro analysis of
the developed hydrogels revealed that chemical crosslinking and incorporation of
ACP_CIT do not compromise the cytocompatibility of the GELMA. Hence, for
developing nanocomposite GELMA hydrogels employing APS/TEMED crosslinking
emerges as a promising alternative to photo-crosslinking.

KEYWORDS

nanocomposite hydrogel, amorphous calcium phosphate, citrate-containing
amorphous calcium phosphate, gelatin methacrylate, chemical crosslinking,
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1 Introduction

The nanostructure arrangement of the extracellular matrix (ECM) provides appropriate
physical and biological properties to bone. Nanocomposites are preferred for mimicking
bone tissue as they provide an appropriate matrix environment and integrate desired
biological properties (Sahoo et al., 2013). Nanocomposites contain organic (hydrogel) and
inorganic (nanofiller) components (Indurkar et al., 2023a). The organic component is
conducive to cell proliferation, nutrient, and waste transport, while the nanofiller enhances
mechanical properties by hydrogen bonding, hydrophobic interaction, or charge
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interactions with the hydrogel (Phogat et al., 2023). Nanocomposite
hydrogels provide superior reinforcement potential, biomolecule
delivery, and tunable degradability compared to pure hydrogel
(Nallusamy and Das, 2021). Therefore, it can be considered a
preferred strategy for bone tissue regeneration.

GELMA is an attractive material in tissue engineering due to its
biodegradability, bioactivity,
crosslinking properties in developing nanocomposite hydrogels.

biocompatibility, and unique
The versatile bio-functionality of GELMA arises from the arginine-
lysine-aspartic acid (RGD) motifs essential for cell attachment
(Gonzédlez-Gamboa et al., 2022). A commonly used method for
crosslinking GELMA hydrogels is photo-crosslinking, wherein
ultraviolet (UV) light is used with photoinitiator, which enters
a high-energy radical state and acts on the reactive functional
group of GELMA (Zhang et al., 2023). The major shortcoming of
photo-crosslinking is limited light penetration depth caused by
decreased light intensity along the height of the hydrogel to be
cured. A 5-200 um layer or up to a few millimeters can be cured
effectively. However, as the height increases, the light intensity
decreases, decaying light intensity within the material according to
the Beer-Lambert law. The photoinitiator absorbs the incident
light at the top of the hydrogel, leading to a top-to-bottom
crosslinking gradient (Klikovits et al., 2022). Moreover, filler
addition further
complicating the photo-crosslinking process. The incorporation

deteriorates  hydrogel’s  transparency,
of filler makes opaque hydrogels, which can reflect, refract, and
absorb light, which decreases the intensity of penetration light
(Gao et al., 2024).

A redox system that uses a chemical initiator (APS and
TEMED) is relatively simple and effective in overcoming
GELMA’s  shortcomings in developing nanocomposite

hydrogels. Like photoinitiated crosslinking, the APS/TEMED
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crosslinking approach works on free radical polymerization.
The addition of TEMED accelerates the scission of ammonium
persulfate (APS), forming disulfide radicles and hydroxyl radicles
(Seetharaman et al., 2017). These free radicles snatch one electron
from the carbon-carbon double bonds in the methacrylate group
of the GELMA monomer and later become free radicles, which
binds the monomers together to form long aliphatic chains
that are consequently crosslinked (Tsanaktsidou et al, 2019).
The crosslinking mechanism is reported in previous studies
(Park et al., 2018).

Amorphous calcium phosphate (ACP) is the precursor of
hydroxyapatite (HAP) and possesses remineralization potential
(Bian et al, 2024). However, due to ACP’s metastability, it
rapidly converts to HAP, resulting in a loss of remineralization
activity (Yan et al., 2022). To prolong the remineralization capacity
of ACP, stabilizing amorphous nature is of prime importance.
Various organic and inorganic stabilizing agents have been used
previously to prolong the crystallization of ACP (Chen et al., 2014).
In previous studies, citrate was proven to stabilize ACP and delayed
its transformation to HAP (Chatzipanagis et al., 2016; Schweikle
et al., 2019; Degli Esposti et al., 2022; Indurkar et al., 2023c).

Given the metastable nature of ACP, a faster crosslinking
process is required to maintain its remineralization potential, in
contrast to the stable crystalline forms of calcium phosphate.
Therefore, citrate-stabilized ACP (ACP_CIT) was synthesized
and used as an inorganic filler in developing nanocomposite
GELMA hydrogels. Rapid crosslinking was achieved using APS/
TEMED while effectively addressing the limitation of photo-
crosslinking. The impact of APS/TEMED crosslinking on the
morphology of ACP_CIT and the effect of ACP_CIT on the
rheological properties and cytocompatibility of GELMA hydrogel
was also evaluated.
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FIGURE 1

XRD (A), the morphology of synthesized ACP_CIT (B), and FTIR of Non-crosslinked GELMA, radically GELMA (non-crosslinked and crosslinked), and

GELMA-ACP_CIT nanocomposite hydrogel (C).

2 Materials and methods
2.1 Materials

Calcium citrate tetrahydrate (CAS 5785-44-4), trisodium
phosphate  (CAS  7601-54-9), sodium hydroxide (CAS
1301-73-2), ammonium persulfate (CAS 7727-54-0), and N, N,
(CAS 110-18-9)
procured from Sigma Aldrich, Germany. Methacrylate gelatin
(GELMA) with ~50% degree of methacrylate was obtained from
Cellink, Sweden. Hanks balanced salt solution (HBSS) was acquired
from Gibco Life Technologies, Germany.

N’, N'-Tetramethylethylenediamine were

2.2 Synthesis of ACP_CIT

The synthesis of ACP_CIT was performed according to the
previously reported procedure (Indurkar et al., 2023b). Briefly, the
reaction was performed in a volume of 300 mL. Initially, 150 mL of
50 mM of calcium citrate solution was prepared in Milli-Q” water,
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followed by pH adjustment to 11.5 using 2 M sodium hydroxide.
Subsequently, 150 mL of 100 mM trisodium phosphate solution was
added rapidly into 150 mL of 50 mM of calcium citrate solution. The
precipitate was isolated by centrifuging at 3,000 rpm for 5 min, and
the precipitate was washed thrice with Milli-Q” water. Subsequently,
the centrifuge tubes containing the precipitates were immersed in
liquid nitrogen for 15 min, followed by freeze-drying for 72 h. The
obtained powder was preserved in airtight containers for further
characterization.

2.3 Characterization

The phase composition of synthesized ACP_CIT was
determined using X-ray diffraction (XRD) and performed with a
PANalytical Aeris diffractometer (Netherlands). The diffraction
data were collected at 40 kV and 15 mA in a step mode with a
step size of 0.04°, in the 20 range from 10° to 70°.

Fourier-transformed infrared spectroscopy (FTIR) analysis was
performed using Nicolet iS50 FT-IR spectrometer (Thermo
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APS/TEMED crosslinked GELMA (A) and nanocomposite GELMA scaffolds containing ACP_CIT (B). Micro and nanostructure analysis of APS/TEMED
crosslinked GELMA (C—E) and nanocomposite GELMA scaffolds containing ACP_CIT (D-F).

Scientific, Waltham, MA, United States). Experiments were
performed in transmission mode from the wavenumber ranging
from 4,000 to 400 cm™ with a resolution of 4 cm™ (64 scans).

The morphology and particle size of ACP_CIT were evaluated
by Field Emission Gun Transmission Electron Microscopy (FEG-
TEM, Tecnai G2 F30, United States) operated at 300 kV. The sample
preparation was as follows: a small amount of ACP-CIT powder was
dispersed in isopropyl alcohol and sonicated in an ultrasonic bath.
Further, the samples were placed on a carbon-coated grid and dried
before analysis.

2.4 Synthesis of the hydrogels

Two sets of hydrogels were prepared: GELMA and
nanocomposite. GELMA-ACP_CIT. The GELMA hydrogel was
prepared by dissolving 5 mL of (5% w/v) GELMA in Milli-Q”
water at 50°C. Subsequently, the nanocomposite hydrogel was
prepared by adding 100 mg of ACP_CIT (2% w/v) in 5 mL of
(5% w/v) GELMA solution and stirred for 10 min at 500 rpm.
Subsequently, 100 pL of APS (10% w/v) and 10 uL TEMED were
added to GELMA and GELMA-ACP_CIT solution. After mixing,
each hydrogel was poured into the 12 mm diameter and 2 mm
height silicon molds using a displacement pipette. The hydrogels
were allowed to crosslink for 30 min at 37°C.

2.5 Oscillatory shear tests

Oscillatory ~ shear tests were performed with a TA
HR20 rheometer (United States) to examine the hydrogels’
viscoelastic properties. A 20 mm diameter parallel plate geometry
with a solvent trap was used. Each sample was analyzed in triplicate,
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presenting average and standard deviation data. The linear
viscoelastic region (LVE) was analyzed by amplitude sweep
analysis, and complex viscosity was performed under a constant
frequency of 1 Hz and shear stress ranging from 1% to 1,000%. The
loss moduli (G”) and storage moduli (G') were characterized by the
frequency sweep analysis performed under 1% strain under the
frequency range from 0.1 to 10 Hz. All the analyses were performed
at a constant temperature of 37°C in triplicate, and data is presented
as average with standard deviation.

2.6 Field emission scanning electron
microscopy

The micro and nanostructure of samples were examined using a
high-resolution field emission scanning electron microscope SEM/
STEM (Verios 5 UC, Thermo Fisher). SEM images were acquired
utilizing through-lens (TLD) and Everhart-Thornley (ETD)
detectors, operated at 2 kV. The samples were coated with a
10 nm carbon layer using a LEICA EM ACE 200 coater. A low
current and vector scanning approach with a dwell time of 50 ns was
employed to prevent charging and sample damage. Samples were
transferred onto LacyCarbon support film grids for STEM
measurements.  Images  were  captured
STEM3 detector, operated at 30 kV.

using a  BF

2.7 In vitro analysis

2.7.1 Cell culture maintenance

An osteoblast precursor cell line derived from mouse (Mus
musculus) calvaria (MC3T3-El, Sigma Aldrich, Germany) was
employed for cellular analysis after ten passages. MC3T3-E1 cells
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FIGURE 3

The viscoelastic properties of the hydrogels were analyzed using oscillatory shear tests: the LVE region of the hydrogel was analyzed by amplitude
sweep (A-C). Investigation of storage and loss modulus of the hydrogels by frequency sweep (D-F). Tan 8 analysis (G), and complex viscosity test

analyzing the flow properties of the hydrogels (H).

were maintained in an a-MEM medium containing 10vol% Fetal
bovine serum (Gibco Life Science, United States) and 1vol%
penicillium-streptomycin  (Thermo Fisher Scientific, Waltham,
MA, United States) at 37°C in a humidified atmosphere of 95%
air and 5% CO,. The cultures of MC3T3-E1 cells were trypsinized by
adding 3 mL of trypsin-EDTA solution. When the cells were
detached, 9 mL of a-MEM medium was added to the T75 flask.
The cells were counted, and 1 x 10° cells/mL were inoculated into
fresh T-75 flasks, followed by incubation at 37°C in a humidified
atmosphere of 95% air and 5% CO,.

2.7.2 Cell harvesting

Cell culture media was removed from the T-75 flask, followed by
adding 5 mL of sterile Dulbecco’s phosphate buffer saline (DPBS)
(Thermo Fisher Scientific, Waltham, MA, United States) to dislodge
loosely attached cells and remove fractions. Then, the DPBS was
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discarded, adding 3 mL of 0.25% Trypsin-EDTA (Thermo Fisher
Scientific, Waltham, MA, United States) solution for 3-5 min and
incubating at 37°C for 3-5 min. After detachment of cells, 9 mL of a-
MEM medium was added and mixed well and then transferred to a
centrifuge tube at 350 rpm for 2 min to acquire cell pellet, followed
by redispersion in 3 mL of cell medium and mixed well. 100 uL of the
cell suspension was transferred to 96-well plates, later 100 pL of
trypan blue was added, and cells were further counted using a
Neubauer chamber (Neubauer-improved, Paul Marienfeld Gmbh
and Co.Kg, Germany). A solution containing 25,000 cells per ml was
prepared and centrifuged at 350 rpm for 2 min to acquire a
cell pellet.

2.7.3 Cell encapsulation

For the cellular analysis, sterile synthesis of ACP_CIT and GELMA
was performed. All the reagents were passed through 0.22 um Millipore
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Day 7

Fluorescent microscopy of rhodamine-phalloidin (red) and DAPI (blue) staining of MC3T3-E1 cells embedded in GELMA and GELMA-ACP_

CIT hydrogels.

filters, whereas calcium citrate and MillifQ® water were autoclaved
at 121°C for 15 psi for 30 min. The obtained cell pellet
(Section 2.7.2) was mixed in 5% (w/v) GELMA solutions and
crosslinked with sterile filtered 100 pL of APS (10% w/v) and 10 uL
TEMED. The hydrogel was poured into the silicon molds and
allowed to crosslink for 30 min at room temperature. The same
procedure was performed for encapsulation in ACP_CIT-GELMA
hydrogels. The hydrogels were incubated in the a-MEM medium at
37°C in a humidified atmosphere of 95% air and 5% CO,. The cell
culture analysis was performed for 7 days, and the medium was
changed every 2 days.

2.7.4 Rhodamine phalloidin/DAPI staining

Cell morphology in hydrogels was examined under a
fluorescence microscope (Axio, Carl Zeiss, Jena, Germany).
Samples (n = 3) were treated with 4% formaldehyde solution
for 5 min in the dark. Subsequently, the samples were treated
with 0.1% Triton-X solution for permeation. Further, the samples
were washed twice with HBSS. Afterward, the samples were stained
with 5 pL/mL solution of Rhodamine-Phalloidin staining
(Thermofisher Scientific, United States) for 1 h followed by
1 uL/mL DAPI (Thermofisher Scientific, United States) solution
for 5 min in the dark. Further, the samples were washed, immersed
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in HBSS solution, and analyzed under a fluorescence microscope
(Primo Vert Axio, Zeiss, Oberkochen, Germany).

3 Result and discussion
3.1 Characterization

The lack of crystalline order confirms the formation of ACP_
CIT, as shown in Figure 1A. Detailed characterization of ACP_CIT
was reported in our previous publication (Indurkar et al., 2023b).
The FEG-TEM analysis in Figure 1B reveals the spherical
morphology and particle size of ~40 nm of synthesized ACP_CIT.

The FTIR analysis of non-crosslinked GELMA and APS/
TEMED crosslinked hydrogels (GELMA and GELMA-ACP_CIT)
are shown in Figure 1C. The characteristic peaks of O-H and N-H
group stretching vibrations were observed at 3,300 cm™. The peaks
in the regions 3,100-2,800 cm™ correspond to the CH, stretching
vibrations. The characteristics of amide bands of gelatin were
observed around i) 1,632 cm representing C=O stretching of
amide 1, ii) 1,533 cm™ representing N-H bending coupled with
C-H stretching of amide II, iii) 1,232 cm™ was denoted to C-N
stretching and N-H bending of amide III, iv) 922 cm ™' indicating -C-
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C- the skeletal stretch of amide IV and v) 615 cm™ corresponds to
the CH out-off plane skeletal stretch of amide V (Elsayed et al.,
2018). The results indicate that all the amide bands of gelatin remain
intact after crosslinking. It is worth noting that the characteristic
peak around 1,640 cm™ in the GELMA spectrum corresponds to the
C=C stretching of the methacrylate group, which is too close to C=O
amide-I stretching. Therefore, it is difficult to distinguish and verify
the disappearance of C=C after crosslinking (Fonseca et al., 2020).

3.2 Hydrogel characterization

The synthesized hydrogels are shown in Figures 2A, B. The
GELMA forms transparent hydrogels, therefore making it suitable
for photo-crosslinking. However, the incorporation of ACP_CIT
makes GELMA hydrogels opaque.

Recent studies have revealed that the opacity of the hydrogel
obstructs  the GELMA.
Nanocomposites GELMA hydrogel containing nanohydroxyapatite
(nHA) revealed incomplete crosslinking of GELMA/nHA inside a
multilayer scaffold (Liu et al, 2019). Similarly, incorporating

photo-crosslinking ~ potential  of

amorphous magnesium phosphate in GELMA leads to opaque
hydrogels, making crosslinking difficult and affecting the stiffness of
the hydrogel (Dubey et al., 2020). Crosslinking is essential to maintain
the structural integrity of hydrogel or scaffold. Due to the limitation of
photo-crosslinking, there is a pressing need to develop a chemical
crosslinking approach for creating nanocomposite GELMA hydrogel.
The APS/TEMED chemical crosslinking is a simple approach that
results in quick crosslinking of nanocomposite GELMA hydrogel
containing ACP_CIT, as shown in Figure 2B.

The surface microstructure of APS/TEMED  crosslinked
GELMA and nanocomposite GELMA scaffolds containing ACP_
CIT is shown in Figures 2C, D. The nanostructure of the hydrogel
was examining the morphology of the ACP_CIT. The ACP_CIT
nanoparticles maintain their spherical morphology and are well
embedded into the GELMA matrix, as shown in Figure 2F. The
structural analysis has indicated that the APS/TEMED crosslinking
does not hamper the spherical morphology of ACP_CIT.

3.3 Oscillatory shear tests

Analyzing the linear viscoelastic region of the hydrogels (LVE) is the
first step in evaluating the viscoelastic properties shown in Figures 3A-C.
The storage modulus (G') represents the elastic property of viscoelastic
material, indicating the stored deformation energy. In contrast, the loss
modulus (G”) corresponds to the viscous property of viscoelastic,
indicating deformation energy lost through internal friction when
flowing. When G'>G”, the material possesses viscoelastic solid-like
properties. On the other hand, when G'<G” the material possesses
viscoelastic fluid-like behavior (Indurkar et al., 2020). The GELMA
(non-crosslinked), GELMA and GELMA-ACP_CIT exhibits G'>G”
corresponding to viscoelastic gel-like behavior with LVE region
falling within 10% of strain. On increasing the strain, the crossover
point is reached where G’ = G”. After the crossover point, the three-
dimensional hydrogel network completely ruptures (Pereira et al., 2022).

The polymeric chain in the non-crosslinked hydrogel is free and
exhibits a high degree of freedom. Therefore, the ability to withstand
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irreversible strain-induced deformation is high, so the crossover point of
GELMA was observed at 501% strain. However, after crosslinking with
APS/TEMED, the polymeric chains are linked together, observed from
enhancement in G’ and G"; therefore, the ability to withstand
irreversible strain-induced deformation is reduced. Incorporating
ACP_CIT in GELMA hydrogel enhances the crossover point to
158%, imparting the ability to withstand higher stains.

The frequency sweep analysis was performed at a constant strain of
1% within the LVE region. The G’ and G” were analyzed against
frequency, as shown in Figures 3D-F. At lower frequencies, the G” of
non-crosslinked GELMA hydrogel dominates over the G’ value
corresponding to the sol-gel behavior. With increased frequency, the
G’ drastically increases and takes over G” values. Conversely, the G’ and
G" of GELMA and GELMA-ACP_CIT were independent of frequency.

The G’ and G” of each sample were analyzed at 1 Hz frequency.
The non-crosslinked GELMA hydrogel has very low G’ of 0.12 Pa and
G" of 0.016 Pa, indicating its fragile nature (Dulong et al., 2024). The
moduli of the GELMA hydrogel were found to be frequency-dependent.
G" dominates G’ at lower frequencies while at higher frequencies G’
exceeds G” reflecting its viscoelastic liquid-like behavior (Figure 3D).
Upon crosslinking, the moduli of both GELMA and GELMA-ACP_
CIT become independent of frequency exhibiting viscoelastic gel-like
properties (Ramli et al.,, 2022). The crosslinking significantly enhanced
the moduli of the GELMA, with G’ increasing to 82.58 + 13 Pa and G”
0f2.25 + 0.5 Pa (Figure 3E). Furthermore, incorporation of ACP_CIT in
GELMA has resulted in further increase with G reaching to 318.8 +
6.5Paand G” of 11.3 + 0.2 Pa, thus confirming the reinforcement effect
(Figure 3F). The moduli of GELMA and GELMA-ACP_CIT were
independent of frequency; therefore, further analysis was performed on
these two samples.

Tan § is the G” to G’ ratio often used to analyze the damping
factor of the hydrogels represented in Figure 3G. When the tan § >
1 sample behaves like a viscous liquid, the tan § < 1 sample behaves
more like an elastic solid (Yan and Pochan, 2010). At 1 Hz, the tan §
of GELMA was 0.035 + 0.0006. On incorporating ACP_CIT, the
polymer movement may have been confined, thus decreasing the tan
§ (0.027 + 0.002) of GELMA-ACP_CIT (SudarshanRao, 2021).

Shear-thinning or pseudoplastic flow behavior is essential to
pressure or mechanically assisted extrusion-based biofabrication
systems. For example, during extrusion, the hydrogel or bioink
undergoes stress through a small orifice, adversely affecting the
viability of the suspended cells and the shape fidelity of the printed
construct. However, shear-thinning properties reduce the shear
stress, diminishing the risk of cell death and maintaining the
printed construct’s pattern fidelity (Moon et al., 2024). The flow
behavior of hydrogel shown in Figure 3H demonstrates the shear-
thinning behavior of the GELMA and GELMA-ACP_CIT hydrogels
(Vlachopoulos and Strutt, 2016). Therefore, these hydrogels can
effectively be utilized as biomaterials for pressure or mechanically
assisted extrusion-based biofabrication systems.

3.4 Rhodamine phalloidin and DAPI staining

In vitro analysis evaluated the effect of the APS/TEMED crosslinking
and ACP_CIT incorporation in GELMA hydrogel. The fluorescent
microscopy images are presented in Figure 4, which show the
cytoskeleton (red) and the nucleus (blue) of MC3T3-E1 cells. Cell
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attachment was observed on the first day, and by the seventh day, the
cells were spread and distributed well on the hydrogel, confirming the
cytocompatibility of APS/TEMED crosslinking. The preliminary analysis
indicates that APS/TEMED crosslinking and incorporation of ACP_CIT
have not shown adverse effects on the cytocompatibility of GELMA.

4 Conclusion

The nanocomposite hydrogels of GELMA containing ACP_CIT
were developed successfully using chemical crosslinking. The FTIR
analysis revealed that the APS/TEMED crosslinking did not alter the
functional groups of GELMA. Subsequently, the oscillatory shear
tests revealed that the non-crosslinked GELMA possesses very low
G' and G” values (less than 0.1 Pa). On crosslinking, G’ (82.58 +
13 Pa) and G” (2.25 + 0.5 Pa) were significantly enhanced imparting
structural integrity to the scaffold. On incorporation of ACP_CIT in
GELMA, a further enhancement in G’ (318.8 + 6.5 Pa) and G”
(11.3 + 0.2 Pa) confirms the reinforcement potential. Finally, the
in vitro analysis has concluded that APS/TEMED and ACP_CIT do
not obstruct the growth of MC3T3-El cells. The preliminary
analysis has shown the cytocompatibility of chemical crosslinking
and ACP_CIT incorporation in GELMA hydrogel. Therefore, the
APS/TEMED crosslinking can be further explored in various
processing approaches electro-
spraying, freeze-dyring) to develop GELMA-based nanocomposites.

(bioprinting, electrospinning,

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

Ethical approval was not required for the studies on animals in
accordance with the local legislation and institutional requirements
because only commercially available established cell lines were used.

References

Bian, C., Guo, Y., Zhu, M., Liu, M., Xie, X., Weir, M. D., et al. (2024). New
generation of orthodontic devices and materials with bioactive capacities to
improve enamel demineralization. J. Dent. 142, 104844. doi:10.1016/J.JDENT.
2024.104844

Chatzipanagis, K., Tafisco, M., Roncal-Herrero, T., Bilton, M., Tampieri, A., Kroger,
R, et al. (2016). Crystallization of citrate-stabilized amorphous calcium phosphate to
nanocrystalline apatite: a surface-mediated transformation. CrystEngComm 18,
3170-3173. doi:10.1039/C6CE00521G

Chen, Y., Gu, W,, Pan, H,, Jiang, S., and Tang, R. (2014). Stabilizing amorphous

calcium phosphate phase by citrate adsorption. CrystEngComm 16, 1864-1867. doi:10.
1039/C3CE42274G

Degli Esposti, L., Tonescu, A. C., Carella, F., Adamiano, A., Brambilla, E., and Iafisco,
M. (2022). Antimicrobial activity of remineralizing ion-doped amorphous calcium
phosphates for preventive Dentistry. Front. Mater. 9, 846130. doi:10.3389/fmats.2022.
846130

Dubey, N., Ferreira, J. A., Daghrery, A., Aytac, Z., Malda, J., Bhaduri, S. B., et al.
(2020). Highly tunable bioactive fiber-reinforced hydrogel for guided bone
regeneration. Acta Biomater. 113, 164-176. doi:10.1016/].ACTBI0.2020.06.011

Dulong, V., Rihouey, C., Gaignard, C., Bridiau, N., Gourvil, P., Laroche, C,, et al.
(2024). Exopolysaccharide from marine microalgae belonging to the Glossomastix

Frontiers in Bioengineering and Biotechnology

10.3389/fbioe.2024.1421415

Author contributions

Data
Methodology, Software, Validation, Writing—original draft. KR:

AL Conceptualization, curation,  Investigation,
Formal Analysis, Supervision, Validation, Writing-review and

editing. ARB: Funding acquisition, Resources, Supervision,
Validation, Writing-review and editing. JL: Formal Analysis,
Funding acquisition, Resources, Supervision, Writing-review

and editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. The authors
acknowledge financial support from the European Union’ Horizon
2020 research and innovation program under grant agreement No.
857287 Baltic Research Programme (BBCE) and Project No. EEA-
RESEARCH-85 “Waste-to-resource: eggshells as a source for next-
generation biomaterials for bone regeneration (EGGSHELL)” under
the EEA Grant of Iceland, Liechtenstein and Norway No. EEZ/BPP/
VIAA/2021/1.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

genus: fragile gel behavior and suspension stability. Bioengineered 15, 2296257. doi:10.
1080/21655979.2023.2296257

Elsayed, H. M., Attia, R. Z,, Mohamed, O. A,, El-Sayed, N. H., and Ibrahim, S. A.
(2018). High bloom gelatin strength from white leather shavings. Leather Footwear J. 18,
259-274. doi:10.24264/LF].18.4.2

Fonseca, D. F. S, Costa, P. C., Almeida, I. F., Dias-Pereira, P., Correia-S4, I, Bastos, V.,
et al. (2020). Swellable gelatin methacryloyl microneedles for extraction of interstitial
skin fluid toward minimally invasive monitoring of urea. Macromol. Biosci. 20,
€2000195. doi:10.1002/MABI.202000195

Gao, Y., Karatas, Y. D., Nouali, H., Salomon, J. P., Lalevée, ., and Simon-Masseron, A.
(2024). Zeolite/polymer composites prepared by photopolymerization: effect of
compensation cations on opacity and gas adsorption applications. Chem. — A Eur. J.
30, €202302229. doi:10.1002/CHEM.202302229

Gonzalez-Gamboa, I, Velazquez-Lam, E., Lobo-Zegers, M. J., Frias-Sanchez, A. 1,
Tavares-Negrete, J. A., Monroy-Borrego, A., et al. (2022). Gelatin-methacryloyl hydrogels
containing turnip mosaic virus for fabrication of nanostructured materials for tissue
engineering. Front. Bioeng. Biotechnol. 10, 907601. doi:10.3389/fbioe.2022.907601

Indurkar, A., Bangde, P., Gore, M., Reddy, P., Jain, R., and Dandekar, P. (2020).
Optimization of guar gum-gelatin bioink for 3D printing of mammalian cells.
Bioprinting 20, €00101. doi:10.1016/]. BPRINT.2020.E00101

frontiersin.org


https://doi.org/10.1016/J.JDENT.2024.104844
https://doi.org/10.1016/J.JDENT.2024.104844
https://doi.org/10.1039/C6CE00521G
https://doi.org/10.1039/C3CE42274G
https://doi.org/10.1039/C3CE42274G
https://doi.org/10.3389/fmats.2022.846130
https://doi.org/10.3389/fmats.2022.846130
https://doi.org/10.1016/J.ACTBIO.2020.06.011
https://doi.org/10.1080/21655979.2023.2296257
https://doi.org/10.1080/21655979.2023.2296257
https://doi.org/10.24264/LFJ.18.4.2
https://doi.org/10.1002/MABI.202000195
https://doi.org/10.1002/CHEM.202302229
https://doi.org/10.3389/fbioe.2022.907601
https://doi.org/10.1016/J.BPRINT.2020.E00101
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1421415

Indurkar et al.

Indurkar, A., Choudhary, R., Rubenis, K., and Locs, J. (2023a). Role of carboxylic
organic molecules in interfibrillar collagen mineralization. Front. Bioeng. Biotechnol. 11,
1150037. doi:10.3389/FBIOE.2023.1150037

Indurkar, A., Choudhary, R., Rubenis, K., Nimbalkar, M., Sarakovskis, A., Boccaccini,
A. R, etal. (2023b). Amorphous calcium phosphate and amorphous calcium phosphate
carboxylate: synthesis and characterization. ACS Omega 8, 26782-26792. doi:10.1021/
ACSOMEGA.3C00796

Indurkar, A., Kudale, P., Rjabovs, V., Heinmaa, L, Demir, O., Kirejevs, M., et al. (2023c).
Small organic molecules containing amorphous calcium phosphate: synthesis, characterization
and transformation. Front. Bioeng. Biotechnol. 11, 1329752. doi:10.3389/fbioe.2023.1329752

Klikovits, N., Sinawehl, L., Knaack, P., Koch, T., Rgen Stampfl, J., Gorsche, C., et al.
(2022). A review on modeling cure kinetics and mechanisms of photopolymerization.
Polym 14, 2074. doi:10.3390/POLYM14102074

Liu, J., Li, L., Suo, H., Yan, M., Yin, J., and Fu, J. (2019). 3D printing of biomimetic
multi-layered GelMA/nHA scaffold for osteochondral defect repair. Mater. Des. 171,
107708. doi:10.1016/].MATDES.2019.107708

Moon, S. H,, Park, T. Y., Cha, H.J., and Yang, Y. J. (2024). Photo-/thermo-responsive
bioink for improved printability in extrusion-based bioprinting. Mater. Today Bio 25,
100973. doi:10.1016/].MTBIO.2024.100973

Nallusamy, J., and Das, R. (2021). Hydrogels and their role in bone tissue engineering:
an overview. J. Pharm. Bioallied Sci. 13, S908. doi:10.4103/JPBS.JPBS_237_21

Park, J., Kwon, S., Hwang, N. S., and Kang, B. J. (2018). Clinical application of bone
morphogenetic protein-2 microcarriers fabricated by the cryopolymerization of gelatin
methacrylate for the treatment of radial fracture in two dogs. Vivo 32, 575-581. doi:10.
21873/INVIVO.11278

Pereira, F. C., Clinckspoor, K. J., and Moreno, R. B. Z. L. (2022). Optimization of an
in-situ polymerized and crosslinked hydrogel formulation for lost circulation control.
J. Pet. Sci. Eng. 208, 109687. doi:10.1016/].PETROL.2021.109687

Phogat, K., Ghosh, S. B., and Bandyopadhyay-Ghosh, S. (2023). Recent advances on
injectable nanocomposite hydrogels towards bone tissue rehabilitation. J. Appl. Polym.
Sci. 140, €53362. doi:10.1002/APP.53362

Frontiers in Bioengineering and Biotechnology

09

10.3389/fbioe.2024.1421415

Ramli, H., Zainal, N. F. A, Hess, M., and Chan, C. H. (2022). Basic principle and good
practices of rheology for polymers for teachers and beginners. Chem. Teach. Int. 4,
307-326. doi:10.1515/cti-2022-0010

Sahoo, N. G, Pan, Y. Z,, Li, L., and He, C. B. (2013). Nanocomposites for bone tissue
regeneration. Nanomedicine (Lond). 8, 639-653. doi:10.2217/NNM.13.44

Schweikle, M., Bjernoy, S. H., van Helvoort, A. T. J., Haugen, H. J., Sikorski, P.,
and Tiainen, H. (2019). Stabilisation of amorphous calcium phosphate in
polyethylene glycol hydrogels. Acta Biomater. 90, 132-145. doi:10.1016/].
ACTBIO.2019.03.044

Seetharaman, G., Kallar, A. R, Vijayan, V. M., Muthu, J., and Selvam, S. (2017).
Design, preparation and characterization of pH-responsive prodrug micelles with
hydrolyzable anhydride linkages for controlled drug delivery. J. Colloid Interface Sci.
492, 61-72. doi:10.1016/].JCIS.2016.12.070

SudarshanRao, K. (2021). Dynamic mechanical behavior of unfilled and graphite
filled carbon epoxy composites. IOP Conf. Ser. Mater. Sci. Eng. 1126, 012033. doi:10.
1088/1757-899X/1126/1/012033

Tsanaktsidou, E., Kammona, O., and Kiparissides, C. (2019). On the synthesis and
characterization of biofunctional hyaluronic acid based injectable hydrogels for the
repair of cartilage lesions. Eur. Polym. ]. 114, 47-56. d0i:10.1016/].EURPOLYM]J.2019.
02.024

Vlachopoulos, J., and Strutt, D. (2016). Rheology of molten polymers. Multilayer Flex.
Packag, 77-96. doi:10.1016/B978-0-323-37100-1.00006-5

Yan, C., and Pochan, D. J. (2010). Rheological properties of peptide-based
hydrogels for biomedical and other applications. Chem. Soc. Rev. 39, 3528.
doi:10.1039/B919449P

Yan, J., Yang, H.,, Luo, T., Hua, F,, and He, H. (2022). Application of amorphous
calcium phosphate agents in the prevention and treatment of enamel demineralization.
Front. Bioeng. Biotechnol. 10, 853436. doi:10.3389/FBIOE.2022.853436

Zhang, J., Liu, C,, Li, X, Liu, Z., and Zhang, Z. (2023). Application of photo-
crosslinkable gelatin methacryloyl in wound healing. Front. Bioeng. Biotechnol. 11,
1303709. doi:10.3389/fbioe.2023.1303709

frontiersin.org


https://doi.org/10.3389/FBIOE.2023.1150037
https://doi.org/10.1021/ACSOMEGA.3C00796
https://doi.org/10.1021/ACSOMEGA.3C00796
https://doi.org/10.3389/fbioe.2023.1329752
https://doi.org/10.3390/POLYM14102074
https://doi.org/10.1016/J.MATDES.2019.107708
https://doi.org/10.1016/J.MTBIO.2024.100973
https://doi.org/10.4103/JPBS.JPBS_237_21
https://doi.org/10.21873/INVIVO.11278
https://doi.org/10.21873/INVIVO.11278
https://doi.org/10.1016/J.PETROL.2021.109687
https://doi.org/10.1002/APP.53362
https://doi.org/10.1515/cti-2022-0010
https://doi.org/10.2217/NNM.13.44
https://doi.org/10.1016/J.ACTBIO.2019.03.044
https://doi.org/10.1016/J.ACTBIO.2019.03.044
https://doi.org/10.1016/J.JCIS.2016.12.070
https://doi.org/10.1088/1757-899X/1126/1/012033
https://doi.org/10.1088/1757-899X/1126/1/012033
https://doi.org/10.1016/J.EURPOLYMJ.2019.02.024
https://doi.org/10.1016/J.EURPOLYMJ.2019.02.024
https://doi.org/10.1016/B978-0-323-37100-1.00006-5
https://doi.org/10.1039/B919449P
https://doi.org/10.3389/FBIOE.2022.853436
https://doi.org/10.3389/fbioe.2023.1303709
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1421415

	Development of nanocomposite hydrogel using citrate-containing amorphous calcium phosphate and gelatin methacrylate
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Synthesis of ACP_CIT
	2.3 Characterization
	2.4 Synthesis of the hydrogels
	2.5 Oscillatory shear tests
	2.6 Field emission scanning electron microscopy
	2.7 In vitro analysis
	2.7.1 Cell culture maintenance
	2.7.2 Cell harvesting
	2.7.3 Cell encapsulation
	2.7.4 Rhodamine phalloidin/DAPI staining


	3 Result and discussion
	3.1 Characterization
	3.2 Hydrogel characterization
	3.3 Oscillatory shear tests
	3.4 Rhodamine phalloidin and DAPI staining

	4 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


