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Abstract Background/purpose: The modification in 3D hydrogels, tissue engineering, and
biomaterials science has enabled us to fabricate novel substitutes for bone regeneration. This
study aimed to combine different biomaterials by 3D technique to fabricate a promising all-
rounded hydrogel for bone regeneration.
Materials and methods: In this study, glycidyl methacrylate (GMA)-modified poly g-glutamic
acid (g-PGA-GMA) hydrogels with calcium silicate (CS) hydrogel of different concentrations
were fabricated by a 3D printing technique, and their biocompatibility and capability in bone
regeneration were also evaluated.
Results: The results showed that CS g-PGA-GMA could be successfully fabricated, and the pres-
ence of CS enhanced the rheological and mechanical properties of g-PGA-GMA hydrogels, thus
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making them more adept at 3D printing and implantations. SEM images of the surface structure
showed that higher CS concentrations (5% and 10%) contributed to denser surface architec-
tures, thus achieving improved cellular adhesion and stem cell proliferation. Furthermore,
higher concentrations of CS resulted in elevated expressions of osteogenic-related markers
such as alkaline phosphatase (ALP) and osteocalcin (OC), as well as enhanced calcium deposi-
tion represented by the increased Alizarin Red S staining. In vivo studies referring to critical
defects of rabbit femur further showed that the existence of hydrogels alone was able to
induce partial bone regeneration, demonstrated by the results from quantitative and qualita-
tive analysis of micro-CT scans. However, CS alterations caused significant increases in bone
regeneration, as indicated by micro-CT and histological staining.
Conclusion: These results robustly suggest combining different biomaterials is crucial to pro-
ducing a well-rounded hydrogel for tissue regeneration. We hope this study could be applied
as a platform for others to brainstorm potential out-of-the-box solutions, contributing to
developing high-potential biomaterials for bone regeneration.
ª 2023 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
Introduction

The incidence of bone defects increases in line with the
population’s age caused by trauma, inflammation, or tumor
resection remains a significant challenge in clinical treat-
ment.1 Bioactive materials have been demonstrated as the
most significant key in tissue engineering for bone regen-
eration, playing an effective role in the activation and
mineralization of osteoblast cells. The ideal bone substi-
tute should be biodegradable and non-cytotoxic with low
immunogenicity and able to provide a suitable micro-
environment for cell migration, differentiation, and pro-
liferation.2 There currently circulate a number of bone
regeneration materials on the market, covering calcium
silicate (CS), calcium phosphate, sodium sulfate, and bio-
glass, which are widely applied in bone regeneration ap-
plications, of which CS is the most popular biomaterial for
clinical bone regeneration with its high biocompatibility,
mechanical properties, and osteoinductive capabilities.3e5

Recently, several studies reported an advanced prepara-
tion technique allowing us to fabricate CS nano-particles
with mesopores, thus serving as a carrier for controlled
drug release.6e8 Therefore, it is necessary to develop a
biomaterial that can be easily delivered to the damaged
site and effectively promote long-term tissue regeneration.

Hydrogel is an excellent bridging tool in tissue engi-
neering with its favorable biocompatibility, degradability,
and tailorable mechanical properties.9e11 Previous studies
have demonstrated that hydrogels based on collagen,
polysaccharide, or gelatin could mimic the native micro-
environment, thus enhancing cellular viability, prolifera-
tion, and differentiation in comparison with bioceramics
hydrogels.12,13 This is possible since the polymers
mentioned above were similar in structure as compared to
native extracellular matrices (ECM).14 Hydrogels have been
widely used in tissue engineering as a drug delivery plat-
form for long-term cartilage regeneration, wound healing,
and angiogenesis studies.15,16 Most importantly, growth
factors and drugs could be loaded into the hydrogels,
contributing to consistent local delivery of factors during
hydrogel degradation. Considering this, specific target
molecules can be loaded into the three-dimensional
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hydrogel to activate specific osteogenic signaling path-
ways to enhance osteogenic-related gene and protein ex-
pressions. As a single-chain polyamine acid, the g-glutamic
acid hydrogels (g-PGA) are derived from native peptides
with similar structures as ECM.17 Similar to the other
hydrogels, g-PGA was reported to possess excellent
biocompatibility, non-cytotoxic, and tailorable biodegrad-
ability, with good encapsulation characteristics. In addi-
tion, g-PGA was also regarded as a suitable candidate for a
drug carrier platform, with high anti-bacterial and anti-
dermatitis capacity due to its high water absorption and
retention capability. Liu et al. further developed boron-
cross linked glycidyl methacrylate (GMA)-modified poly g-
glutamic acid (g-PGA-GMA) with DL-1,4-dithiothreitol
hydrogels and demonstrated that the hydrogels exhibited
a mechanical strength of 0.9 MPa which could enhance
rabbit’s bone marrow stem cell attachment, proliferation,
and subsequent cartilage regeneration.18 From the studies
above, it could be speculated that hydrogels could be
further modified to enhance bioactivity and regenerative
capabilities for soft tissue engineering. However, the me-
chanical strength of the hydrogels still remained insuffi-
cient for hard tissue engineering, such as bone tissue
engineering.19

In order to modify the mechanical properties of the
hydrogels, a photo-initiator could be added to contribute to
the formation of cross-linking bonds, serving by absorbing
an appropriate wavelength of light and decomposing into
free radicals to initiate photopolymerization and forming
bonds within the hydrogels.20 In recent years, the modifi-
cation of light-curing technology has significantly promoted
the progression of hydrogel for drug delivery applications.21

Various common natural and polymer materials involving
gelatin, silk fibroin, and chitosan were modified with photo-
polymerizable components to produce hydrogels with
enriched mechanical properties.22e24 The porosity, swelling
rate, encapsulation capabilities, and degradation rate of
the hydrogel can be further adjusted with different light-
curing parameters. Amongst the photo-initiators, the
Lithium Phenyl(2,4,6-trimethyl benzoyl)phosphinate (LAP)
has been developed, which was reported to be biocom-
patible and has a lower dose required to achieve

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Journal of Dental Sciences 19 (2024) 479e491
polymerization.25 Photo-polymerizable hydrogels have
since been applied in numerous fields of tissue engineering,
covering cartilage, bone, heart, and dental regeneration.26

Hou et al. reported a method combining photo-
polymerizable gelatin methacrylate (GelMA) modified with
hydroxyapatite to develop a hydrogel with excellent me-
chanical properties, porosity, and bioactivity for bone
regeneration.27

In this study, we encapsulated calcium silicate (CS) by g-
PGA-GMA hydrogel and fabricated 3D hydrogel by light-
curing processing. The physical and chemical properties of
g-PGA-GMA hydrogel with CS were evaluated according to
gelation timing, micromorphology, phase structure, func-
tional group, degree of grafting, stretch/stress loading
properties, and degradation rates. In addition, the
compatibility of CS/g-PGA-GMA hydrogel was assessed with
human umbilical mesenchymal stem cells (HUMSC) by
PrestoBlue and Live/Dead assay. Furthermore, alkaline
phosphate (ALP) assay and Alizarin Red staining were
applied to evaluate in vitro cell differentiation and miner-
alization capabilities. Lastly, the CS/g-PGA-GMA hydrogels
were implanted into critical femoral defects of rabbit
models, whose regenerative capabilities were further
evaluated depending on micro-CT and immunohistochem-
ical staining. This study serves as a novel platform for
future drug delivery studies by displaying the possibilities of
combining various suitable biomaterials and the application
of photo-curing technologies.

Materials and methods

g-PGA-GMA hydrogel synthesis

g-PGA-GMA was prepared according to our previously pub-
lished methods.22 First, 40 g of g-PGA powder (average
molecular weight 1250 kDa, Vedan, Taichung, Taiwan) was
added to 400 mL of deionized water and stirred at 50 �C to
obtain a 10% g-PGA solution. Next, 19.2 mL of glycidyl
methacrylate (GMA, Sigma-Aldrich, St. Louis, MO, USA) was
added to the solution and stirred at 60 �C for 30 min. The
mixture was then centrifuged at 8000 rpm and 40 �C for
30 min. Subsequently, the supernatant was collected and
placed into a dialysis bag (10K MWCO, Thermo Fisher Sci-
entific, Waltham, MA, USA) for 6 h of dialysis. The g-PGA-
GMA was collected and lyophilized for 24 h, then stored for
further usage. Prior to usage, the g-PGA-GMA was sterilized
with UV light for 30 min. The number and type of chemical
functional groups in the molecule were determined via NMR
analysis. The g-PGA-GMA samples were ground into powder
and fully dissolved in 0.5 mL D2O. 1

H NMR characterization
was performed by an amx-500 nuclear magnetic resonance
instrument of Bruker Company, Germany, with a tempera-
ture of 25 �C.

Synthesis of calcium silicate (CS)

Calcium silicate (CS) powder was prepared according to
methods published previously,28 normally composed of
calcium oxide (CaO, Sigma-Aldrich, St. Louis, MO, USA),
silicon dioxide (SiO2, Sigma-Aldrich, St. Louis, MO, USA),
and aluminum oxide (Al2O3, Sigma-Aldrich, St. Louis, MO,
481
USA), which were evenly mixed and stirred, placed in a
sintering furnace and sintered at 1400 �C for 2 h. The sin-
tered compound was then cooled for 2 h to room temper-
ature. The CS bulk was mixed with anhydrous alcohol,
centrifuged, and ground using a planetary ball mill for 12 h
to obtain the micro-grade powder, which was then stored in
a dry environment until further usage.

Preparation of light-curing CS/g-PGA-GMA hydrogel

Firstly, 0.25% lithium phenyl-2,4,6-trimethyl benzoyl phos-
phonate (LAP, Sigma-Aldrich, St. Louis, MO, USA) was dis-
solved in phosphate-buffered saline (PBS, Invitrogen, Grand
Island, NY, USA) and filtered through a 0.22 mm sieve to
remove unwanted products. Then, 10% g-PGA-GMA com-
bined with different proportions of calcium silicate (0, 2, 5,
and 10 wt%) was added to the dissolved LAP to obtain g-
PGA-GMA solutions, which were then stored in a dark,
sterile polymerizable cabinet for further usage. Finally, the
g-PGA-GMA solution was injected into the cylinder mold
(diameter:10 mm, height:10 mm) and irradiated with UV
light for 90 s to prepare g-PGA-GMA hydrogel.

Characterization of the g-PGA-GMA hydrogel

The surface phase structure of hydrogel and X-ray diffrac-
tion (XRD) patterns were obtained through an X-ray
diffractometer (Bruker D8 SSS, Karlsruhe, Germany) at a
5�/min rate in the scanning range of 20e50�. To determine
the chemical structure of the deposited minerals, the
attenuated total reflection Fourier transformed infrared
spectroscopy (FTIR, Vertex 80v, Bruker, Germany) spec-
trometer in the range of 500e4000 cm�1 with a resolution
of 4 cm�1. The surface morphology of the nanofibers and
films was characterized with a scanning electron micro-
scope (SEM, JSM-7001F, JEOL, Tokyo, Japan). The rheology
was followed by the manufacturer’s manual. The frequency
sweep experiment was performed in parallel plate mode in
a Modular Compact Rheometer, Anton Paar, under
isothermal conditions with force of 1 N, in an angular fre-
quency range of 0.1e10 rad/s at a constant shear strain of
0.05%. The sample weight and the gap between the two
parallel plates are maintained constant at 0.5 g and 1 mm,
respectively. To estimate the mechanical properties of
different nanofiber hydrogels, we conducted uniaxial ten-
sile testing with a universal mechanical testing machine
(Instron 5567, Canton, MA, USA), where each sample
(n Z 5) was cut into rectangular shapes (length: 30 mm,
width: 10 mm, thickness: 0.1 mm) before testing. The
stress-strain curves were obtained at a rate of 0.5 mm/min.
The Young’s modulus, ultimate tensile strength, and the
elongation at break were calculated according to stress-
strain curves.

In vitro soaking

The simulated body fluid (SBF) solution applied in this study
had compounds similar to human blood plasma, composed
of 7.9949 g of NaCl, 0.2235 g of KCl, 0.147 g of K2HPO4,
0.3528 g of NaHCO3, 0.071 g of Na2SO4, 0.2775 g of CaCl2,
and 0.305 g of MgCl2 in 6H2O, in 1000 mL of distilled H2O.
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The pH was adjusted to 7.4 with hydrochloric acid and tris
(hydroxymethyl) aminomethane. After immersion for dif-
ferential durations, the hydrogels were removed from SBF
and weighed on a laboratory scale (TE214S, Sartorius,
Goettingen, Germany) to acquire the in vitro degradation
profile. In addition, inductively coupled plasma atomic
emission spectroscopy (ICP-AES, PerkinElmer OPT 1 MA
3000DV, Shelton, CT, USA) was adopted to measure the
amount of released Si ion after periods times of immersion.
Six hydrogels were examined for each test, with the
average recorded.

Cell culture

This study involved the 3rd to 8th generation of human
umbilical mesenchymal stem cells (HUMSC, ScienCell
Research Laboratories, Carlsbad, CA, USA). The HUMSC
were cultured with a commercial medium (#4651, ScienCell
Research Laboratories, Carlsbad, CA, USA) with 500 mL
basal medium, 25 mL fetal bovine serum, 5 mL growth
supplement, and 5 mL penicillin/streptomycin solution.
The HUMSC were then cultured in a 37 �C incubator with 5%
CO2 with the culture medium replaced every two days.

Cell proliferation and viability

After 1, 3, and 7 days of culture, PrestoBlue� reagent
(PrestoBlue� Cell Viability Reagent, Invitrogen, Grand Is-
land, NY, USA) was added to the culture dishes and left to
react for 4 h. Then, 100 mL of the solution was pipetted into
a fresh 96-well plate for absorbance analysis with a spec-
trophotometer (Infinite Pro M200, Tecan, Männedorf,
Switzerland) at 570 nm wavelength taking a reference
wavelength of 650 nm. For the viability test, the hydrogels
were removed from the culture medium, rinsed with PBS,
and treated with live/dead viability/cytotoxicity kits
(Invitrogen, Grand Island, NY, USA). The cell viability was
observed under a confocal microscope (Leica TCS SP8,
Wetzlar, Germany). The images of the live and dead cells
were marked with green and red fluorescence,
respectively.

Alizarin red S staining

After 7 and 14 days of culture in hydrogels with an osteo-
genic differentiation medium, accumulated calcium depo-
sition on the HUMSC was analyzed using alizarin red S
staining. Firstly, the specimens were fixed and stained with
alizarin red S solution (pH Z 4) for 20 min. After this, the
hydrogels were washed several times and photographed
under a BX53 Olympus fluorescence microscope (Olympus,
Tokyo, Japan) at 200� magnification. In addition, the
absorbance of the alizarin red S stain was quantified using a
spectrophotometer at 450 nm. All experiments were per-
formed in triplicate.

Establishment of the critical-sized bone defect
model

The in vivo experimental protocol was approved by the
Animal Experimental Ethics Committee of China Medical
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University in Taichung, Taiwan (CMUIACUC-2019-099-1).
New Zealand white male rabbits aged 3 months and
weighing 1.8e2.0 kg were purchased from the National
Laboratory Animal Center (Taipei, Taiwan), and critically
sized defects of the distal femoral epiphysis (6 mm in
diameter, 6 mm in depth) were induced in them. The rab-
bits were divided into three groups of three rabbits each.
The rabbits in the two groups were implanted with CS0 and
CS10, respectively, which was not conducted in the other
group. The rabbits were first anesthetized with chlorhexi-
dine by injection and then anesthetized continuously with
100% oxygen with a gas anesthesia machine (Engler
ADS1000) containing 5% isoflurane. Before the skin was
dissected with a scalpel, the hair on the hind legs was
shaved with an electric shaver and disinfected with alcohol
and iodine. The muscle fascia was then dissected to expose
the femur, avoiding dissecting excess muscle and basic
structures, such as nerves and blood vessels. The hydrogel
was implanted into the defect site, and the wound was
closed with sutures and covered with a thick mask of anti-
inflammatory ointment. All rabbits fasted for 1 day before
surgery.

Micro-computed tomography (m-CT) and
histological staining

After 28 days, the samples were retrieved in accordance
with protocols approved by our ethical committee, then
washed, fixed, and sectioned at 6 mm a piece (OCT�)
(KMA-0100-00A, CellPath Ltd., Newtown, Wales, UK). Af-
terward, a microtome was taken to prepare 6 mm sections
from each specimen. The sections were then stained with
hematoxylin and eosin (HE, ScyTek Lab., West Logan, UT,
USA), a modified Masson’s trichrome stain kit (MT, ScyTek
Lab., West Logan, UT, USA), and a von Kossa kit (VK, ScyTek
Lab., West Logan, UT, USA), where Trichrome staining in
blue was applied to identify collagen, Von Kossa staining in
red to observe the difference between the osteoid tissue
and the calcified bone. A BX53 Olympus microscope was
used for the examination of the samples.

Statistical analyses

A one-way statistical analysis of variance (ANOVA) was
applied to analyze the significance of the between-group
differences in each experiment. Scheffe’s multiple com-
parison test was carried out to determine the significant
deviations of each sample. The statistical solutions were
defined so that a P-value <0.05 could be considered sta-
tistically significant, as indicated by an *.

Results

Characterization of g-PGA-GMA

A schematic diagram summarizing the preparation of g-
PGA-GMA hydrogels and the transformations in chemical
structures post-modifications were depicted in Fig. 1 g-
PGA-GMA hydrogel was synthesized through the ring-
opening reaction of g-PGA hydrogel and GMA. Due to its



Figure 1 Schematic for the digital light processing (DLP) fabrication and function of g-PGA-GMA/CS hydrogels for bone regen-
eration. (g-PGA, poly g-glutamic acid; GMA, glycidyl methacrylate; CS, calcium silicate).

Figure 2 (A) Synthesis of g-PGA hydrogel into g-PGA-GMA, (B) NMR analysis for 1H NMR spectrum of g-PGA hydrogel with GMA.
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weak mechanical properties, LAP, a photo-initiator cross-
linking under 350 nm UV exposure, was incorporated for
photo-curability for tailoring and modifying its mechanical
properties. Adding a photo-initiator also enables us to
fabricate hydrogels of various shapes and sizes, referring to
the area of defect due to post-printing modifications with
UV exposures. In addition, CS, a biomaterial widely used in
bone regeneration, was added to elevate its osteo-
capabilities, considering its osteoinduction characteris-
tics. NMR was conducted to examine the successful incor-
poration of g-PGA-GMA, as shown in Fig. 2.
Figure 3 The morphology of g-PGA-GMA/CS hydrogel with
different calcium silicate (CS) concentrations. (CS0 Z 0% CS;
CS2 Z 2% CS; CS5 Z 5% CS; CS10 Z 10% CS).
The physicochemical properties of CS/g-PGA-GMA
hydrogel

Fig. 3 exhibited the differences in outlook between g-PGA-
GMA hydrogels with different concentrations of CS, where all
hydrogels were fabricated via molding technique. g-PGA-
GMA was combined with different concentrations of CS with
labels as follows: CS0 (0% CS), CS2 (2% CS), CS5 (5% CS), and
CS10 (10% CS). The hydrogels were designed to be
10mm� 10mm� 5mm in size. CS0was transparent in color,
gradually becoming milky white with the increase in CS
concentrations. CS2 appeared translucent, while CS5 and
CS10 appeared homogenous and milky compared to the rest.
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These indicate that the color variations of the hydrogels
were directly related to the concentrations of CS in the
hydrogels, and the addition of CS was expected to enhance
hydrogel mechanical strength to promote bone regenera-
tion. Overall, the hydrogels have the capacity to retain the
elastic characteristics of g-PGA-GMA, developing better
mechanical strength with increasing CS concentrations. The



Figure 4 (A)The functional group of FTIR and (B) phase structure of XRD results for the different concentrations of calcium
silicate (CS) contained g-PGA-GMA hydrogel.
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capability of CS in promoting bone regeneration was evalu-
ated and described in the results below.

FTIR analysis was conducted further to confirm the
incorporation of CS into our g-PGA-GMA hydrogels, as
shown in Fig. 4A. The interphase patterns of the various
materials were identified by XRD analysis as an essential
tool further to confirm the successful modification of CS
into g-PGA-GMA. As seen in Fig. 4B, CS0 had the typical
crystalline peaks of g-PGA at 2q of 23.2�, 29.6�, and 32.5�.
In addition, the CS-modified hydrogels notably exhibited
the presence of CS peaks with increasing intensity at 2q in
the range of 29�e34�. The results showed that CS was
successfully added to g-PGA-GMA while retaining the
structural characteristics of g-PGA.

Rheological analysis of the various hydrogels was eval-
uated, as shown in Fig. 5A. The sol-gel temperature of a
Figure 5 The evolution of (A) dynamic rheology properties and (B
presented as mean � SEM, n Z 6 for each group. (SEM, standard e
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hydrogel is critical for effective extrusion and printing,
where the gelation temperature of G’ and G” was deter-
mined to be 25.0 �C. Despite the addition of CS, all groups
reported a sol-gel curing duration of approximately 80 s,
with CS5 and CS10 exhibiting a higher storage modulus in
comparison with CS2 and CS0, suggesting the robust
coexistence of CS with g-PGA-GMA and LAP photo-
initiators. In addition, the mechanical properties of the
hydrogels were evaluated and presented in the form of a
stress-strain curve (Fig. 5B). The mechanical properties of
a hydrogel are a crucial feature deserving consideration as
sufficient mechanical strength is required for the hydro-
gels to withstand the harsh native environment after im-
plantation for supporting regeneration. In addition,
enhanced mechanical properties allowed for easier and
better handling during surgical procedures. The results
) stress-strain curve for CS0, CS2, CS5, and CS10 hydrogel. Data
rror of mean).



Figure 6 Surface microstructure of g-PGA-GMA/CS hydrogel with different calcium silicate (CS) concentrations. The scale bar is
1 mm.
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indicated a direct relation of the mechanical properties
with the concentrations of CS with CS10, exhibiting more
than 5x enhanced mechanical strength compared to CS0.
In addition, CS0, CS2, CS5, and CS10 were able to with-
stand 37.4 � 3.9, 74.8 � 5.1, 144.9 � 8.3, and
177.2 � 10.1 kPa with 33.1%, 52.6%, 82.8% and 85.2%
strain, respectively. As the results above indicated, it was
further speculated that the increased mechanical prop-
erties benefit from the presence of additional chemical
bonds between CS and g-PGA-GMA.

Microstructure of CS/g-PGA-GMA hydrogel

To investigate the relationship between CS, surface archi-
tecture, as well as their effects on cellular behavior, sur-
face structures of fabricated hydrogels were analyzed using
the scanning electron microscope in Fig. 6. The CS0
retained a smooth and flat surface without obvious de-
positions, while the other three groups of hydrogels dis-
played a more rough and rugged texture with depositions on
the surfaces with increasing concentrations of CS. Thus, we
Figure 7 The (A) degradation and (B) Si ion released properties
concentrations soaked in SBF for 1 month. Data presented as mea
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can conclude that these surface topographical trans-
formations attributed to the addition of CS are directly
related to its concentrations.

Weight loss

The degradation rates of the CS/g-PGA-GMA were deter-
mined by assessing pre-and post-immersion weights of the
hydrogels, as shown in Fig. 7A. The degradation rates of the
CS-contained g-PGA-GMA varied between groups, where CS0
showed the highest degradation rate for all time points.
Rapid degradation was displayed in all groups during the 2
weeks of immersion before slowing down to a gradual
degradation rate till 4 weeks of immersion. CS0, 2, 5, and 10
were noted to exhibit a weight loss of 67.6 � 5.0%,
59.8 � 3.1%, 50.2 � 3.7%, and 40.6 � 3.8% after 4 weeks of
soaking. Degradation rates in vivo are a significant factor in
determining the ideal biomaterials for tissue regeneration,29

which are supposed to ideally match the regeneration rates
of tissues to provide ample structural support and nutrient
transport.
of g-PGA-GMA/CS hydrogels with different calcium silicate (CS)
n � SEM, n Z 6 for each group.



Figure 8 (A) The proliferation of the HUMSC cultured in g-PGA-GMA/CS hydrogel for 1, 3, and 7 days. * indicates a significant
difference (P < 0.05) when compared to CS0. (B) The cytoskeleton for F-actin filament (green) staining of HUMSC cultured in g-
PGA-GMA/CS hydrogel for 1, 3, and 7 days. The scale bar of the photograph is 100 mm. (HUMSC, human umbilical mesenchymal stem
cells).
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The levels of Si ion released during 4 weeks of immersion
were recorded, as shown in Fig. 7B. CS10 showed a gradual
increase in Si release during the 2 weeks of soaking, with
the levels of Si ion from the CS10 hydrogels after 2 and 4
weeks of immersion to be 0.29 � 0.02 and 0.34 � 0.04 mM
while from CS2 be 0.11 � 0.02 and 0.13 � 0.02 mM,
respectively.
Cell proliferation and morphology in HUMSC-laden
g-PGA-GMA hydrogels

HUMSC cultured in the CS/g-PGA-GMA hydrogels for 7 days
were evaluated for proliferation and immunofluorescence,
as shown in Fig. 8. As seen from the quantification results,
no significant differences were noted in all groups after 1
day of culture. However, CS5 and CS10 exhibited signifi-
cantly higher levels of proliferation from day 3 onwards as
compared to CS0. The increased cellular proliferation was
speculated to be promoted by the levels of released CS
from CS/g-PGA-GMA hydrogels. Furthermore, elevated
surface roughness and modified mechanical properties of
the hydrogels also acted as contributing factors to the
increased cellular proliferation of the CS/g-PGA-GMA
hydrogels. As the immunofluorescence results in Fig. 8B
depicted, more cells in the CS5 and CS10 groups appeared
on days 3 and 7 of culture compared to CS0. In addition,
cellular adhesion could be consulted to estimate the hy-
drophilic properties of the hydrogels indirectly. Consis-
tently, the hydrophilic capability of the CS/g-PGA-GMA
hydrogels was not affected by the addition of CS as the cells
well adhered after 1 day of a culture characterized by their
spindle-like shapes and flat appearances. This morphology
is consistent with results reported by others that encapsu-
lated cells in hydrogels with adequate cell attachment
motifs, such as RGD sequences, which appeared flattered
and spindled, which would then cause cells to be spherical
and cluster if lacking.
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Furthermore, even after 7 days of culture, more than
80% of the cells were still noted to be well adhered to the
surfaces of the hydrogels, indicating the favorability of the
micro-environment of the hydrogels, which is conducive to
cellular activity. The cell viability and metabolic activity in
this study could be explained by the cross-linking densities
and degradation profiles of each hydrogel. Increased cross-
linking densities and slower degradation rates of CS10
provide ample and stable contact angles for cells to adhere
and attach to. However, it is worth noting that slow
degradation could reduce cellular viability to a large extent
due to the entrapment of cells, limited nutrient provision,
and waste removal. Also, the above results proved that CS/
g-PGA-GMA hydrogels and their degraded by-products were
non-cytotoxic.

Osteogenesis-related protein expression

In order to compare and analyze the effects of CS con-
centrations in promoting bone regeneration, several
osteogenesis-related markers involving ALP and OC were
evaluated, as shown in Fig. 9. ALP expression level was
evaluated to be the highest in CS10, followed by CS5 and
CS2, with the lowest observed in CS0 (Fig. 9). The differ-
ence was especially evident on day 7 of culture, whereby
CS10 displayed 1.6-fold higher expression levels as
compared to CS0. The activity of ALP was strengthened in
line with concentrations of CS. Similarly, the expression
levels of OC were also directly proportional to the con-
centrations of CS, with the highest OC levels observed in
CS10. On day 7 of culture, the expression levels of OC were
2.1-fold higher in CS10 as compared to that in CS0.

Mineralization

The levels of bone regeneration were evaluated with Aliz-
arin Red S staining, as shown in Fig. 10, which was applied
to detect calcium mineral deposition. Calcium mineral



Figure 9 Osteogenesis in early and late stages markers of (A) ALP activity and (B) OC expression of HUMSC cultured in g-PGA-
GMA/CS hydrogel for different time points. * indicates a significant difference (P < 0.05) from CS0. Data presented as mean � SEM,
n Z 6 for each group. (ALP, alkaline phosphatase; OC, osteocalcin).

Figure 10 Alizarin Red S staining of HUMSC to assess calcium mineral deposits after being cultured in g-PGA-GMA/CS hydrogel for
7 and 14 days. The scale bar is 200 mm.
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deposition was reported in all groups after 7 and 14 days of
culture, where CS10, nevertheless, had the highest calcium
mineral deposition and nodule formation as compared to
the other groups at all time points, which reached a good
agreement with the expression levels of osteogenic-related
markers above.

In vivo bone regeneration

To further assess the in vivo osteogenesis of the prepared CS/
g-PGA-GMA, the hydrogels were implanted into the femur
defects of rabbits. After 4 weeks of implantation, new bone
formation was evaluated by conducting qualitative and
quantitative micro-CT, as shown in Fig. 11. The reduced
surface area of bone defects indicated that the presence of
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hydrogels alone could induce partial bone regeneration
compared to control (Ctl, defect only). However, the defects
filled with CS10 hydrogels were almost regenerated and
healed after 4 weeks of implantation. Further bone volume
and trabecular thickness quantification were carried out, as
shown in Fig. 11B and C. CS10 had the highest BV/TV ratio of
38.5%, followed by CS0 at 19.0% and Ctl at 4%. The results of
Tb.Th measurements reporting the highest trabecular
thickness observed in CS10 were consistent with the findings
above. The differences between the results of CS10 and Ctl
were demonstrated to be statistically significant (P < 0.05).
Therefore, the results robustly suggest that the presence of
hydrogels was capable of promoting bone regeneration and
that our novel hydrogels, with the addition of CSwere able to
modify bone regeneration and bone thickness to a large



Figure 11 Micro-CT analysis showing the morphology of bone regeneration. (A) Neo bone ingrowth defects site after it underwent
8-week regeneration with hydrogels. (B) The quantification data analysis of relative bone mass volume and Tb.Th in defects sites
after it underwent 8 weeks of regeneration with hydrogels. * indicates a significant difference (P < 0.05) when compared to CS0.
(D, defect site; BV/TV, bone volume fraction; Tb.Th, trabecular thickness; ctl, control).
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extent after 4 weeks of implantation as compared to Ctl.
Hydrogels might act as a bridge for bone regeneration and
play a critical role in bone regeneration with the interaction
with native bones.30,31

Bone regeneration was further evaluated under histo-
logical analysis, as shown in Fig. 12. HE, MT, and VK staining
showed increased bone regeneration and new bone for-
mation in the defects filled with CS10 hydrogels compared
to Ctl and CS0. After 4 weeks of implantation, some new
bone formation was observed in the defects filled by CS0
compared to Ctl, which had minimal bone formation.

Discussion

We have demonstrated thatg-PGA-GMA was successfully
incorporated without affecting the original structural
properties of g-PGA, exhibiting CH and methacryloyl groups
at 5.20 and 5.45 ppm, which corresponds to the presence of
GMA and the chemical shift that it brought along.32 In
addition, the DS of g-PGA-GMA was calculated to be 11.28%
by comparing the integrated area of vinyl (5.64e6.27 ppm)
and 4.13e4.52 ppm (g-PGA, a-proton).33

The FTIR analysis was carried out in the wavelength
range of 500 cm�1 to 4000 cm�1, where a characteristic
absorption band of CS (Si-O-Si) was in the 1150 cm�1 region
in the CS2, CS5, and CS10 groups, indicating the successful
incorporation of CS into hydrogels.34 Furthermore, it could
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be noted that the intensities of the CS absorption band
increase in line with the concentrations of CS added.
Furthermore, eOH groups at 3350 cm�1 appeared to
decrease with an increase in concentrations of CS, indi-
cating that g-PGA-GMA hydrogels could be modified with
varying concentrations of CS for different requirements and
situations. In addition, the CS hydrogels exhibited
decreased intensities of C-O-C, -COOC-, and -COOH peaks
in 1550 cm�1 and 1650 cm�1 regions, which correspond to
the presence of g-PGA-GMA.35

CS0 had the typical crystalline peaks of g-PGA at 2q of
23.2�, 29.6�, and 32.5�., whichwere noted to increase in line
with CS concentrations gradually.5 The relation of the me-
chanical properties between CS0 and CS10 was consistent
with results reported by others in confirming that CS modi-
fication provided enhanced mechanical properties to
hydrogels.36 The result showed these diversities in surface
structures were especially evident in groups with higher
concentrations of CS, whereby the presence of dense,
reticular network structures with micro-level pores could be
significantly observed.37 Previous studies had demonstrated
a favorability of micro-environments with roughness, inter-
connecting networks, and pores for cellular growth and dif-
ferentiation.38 Hence, hydrogels involving higher
concentrations of CS, which displayed denser surface ar-
chitectures, were speculated to be able to promote better
osteogenesis and regeneration in comparison to other



Figure 12 Hematoxylin-eosin (HE), Masson’s trichrome (MT), and von Kossa (VK) staining evaluating new bone regeneration
quality of CS0 and CS10 hydrogels in a critical-sized bone defect in vivo at 4 and 8 weeks of implantation. The scale bar is 400 mm.

Journal of Dental Sciences 19 (2024) 479e491
groups.39 The degradation rates of the CS/g-PGA-GMA were
determined by assessing the pre- and post-immersion
weights of the hydrogels. Hard tissues typically take 2
weeks to a month for sufficient regeneration; therefore,
CS10 composites were speculated to efficiently support tis-
sue regeneration as the degradation results above
indicated.40

Shie et al. first reported the potential benefits and roles of
Si ions on bone tissue regeneration,41 which is involved in
bone calcification and inhibition of osteoclasts, as they are
usually absorbed in the form ofmeta-silicate. Recent studies
have demonstrated that Si ion was involved in regulating
proliferation and in the differentiation of stem cells, as well
as downstream collagen secretion.42 Furthermore, it was
noted here that the presence of Si ion alone stimulated
osteogenesis differentiation of human mesenchymal stem
cells in the absence of osteogenic-inducing factors.5 In
addition, the presence of aqueous Si was reported to
enhance hydroxyapatite formation on surfaces of hydrogels,
which were considered to increase osteoblast secretion of
extracellular matrix and strengthen bone-hydrogel
integration.43

The biocompatibility of the CS/g-PGA-GMA hydrogels was
as expected based on individual biomaterials published by
others. g-PGA was demonstrated to support stem cell pro-
liferation and differentiation, and g-PGA-GMA induced
chondrogenic and osteogenic differentiation of stem cells.
On the other hand, CS was also widely reported to be
biocompatible for various types of cells, which was also
shown to release Si ions that were proven to provide osteo-
genic, angiogenic, and anti-bacterial capabilities. Several
osteogenesis-related markers were evaluated to compare
and analyze the effects of CS concentrations in promoting
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bone regeneration. ALP is a strong booster of bone regen-
eration as well as a marker of the early stage of bone
mineralization. These bone-related markers indicated the
positive effects of the CS incorporation on bone regenera-
tion, which showed a direct proportion to CS concentrations
in the hydrogels. On the other hand, OC is another early-
stage marker of bone turnover and a critical modulator of
bone resorption and formations. In addition, both ALPandOC
are also considered to integrate existing bones with newly
regenerated bone tissues. Therefore, the results collected
were consistent with previous studies, indicating that better
growth of HUMSC can be achieved with greater concentra-
tions of CS benefitting from its osteoinductive properties, as
evidenced by the expression of ALPandOC in the CS10 group.

Bone mineralization was also evaluated using Alizarin
Red S staining. The results illustrated the capability of our
CS/g-PGA-GMA hydrogels to provide an excellent microen-
vironment for bone mineralization and subsequent bone
regeneration. CS was reported to release calcium ions and
silicate ions, which are inductive for osteogenesis and
angiogenesis.44 In addition, CS-related biomaterials, pos-
sessing the alkalinization properties of CS, were argued to
have a certain degree of anti-bacterial capabilities.45 And
incorporating g-PGA-GMA hydrogels enabled us to fabricate
hydrogels of various shapes and sizes and yet have osteo-
genic capabilities and enhanced mechanical properties
provided by the addition of CS.

To use the femur defects of the rabbit model further to
assess the in vivo osteogenesis of the prepared CS/g-PGA-
GMA. The results of Tb.Th measurements reporting the
highest trabecular thickness observed in CS10 were
consistent with the findings above. The differences be-
tween the results of CS10 and Ctl were demonstrated to be
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statistically significant (P < 0.05). Therefore, the results
robustly suggest that the presence of hydrogels was
capable of promoting bone regeneration and that our novel
hydrogels, with the addition of CS were able to modify bone
regeneration and bone thickness to a large extent after 4
weeks of implantation as compared to Ctl. Hydrogels might
act as a bridge for bone regeneration and play a critical role
in bone regeneration with the interaction with native
bones.30,31 The histological analysis showed most of the
CS10 hydrogels had been degraded and filled with new bone
growth. Therefore, the addition of CS elicited more bone
regeneration and formation.43,46,47

In this study, CS/g-PGA-GMA hydrogels were successfully
fabricated in uniform distribution by DLP processing.
Benefitting from the calcium silicate and photo-crosslinker,
the mechanical properties of the CS/g-PGA-GMA hydrogel
were increased 5-fold better than those of the g-PGA-GMA
hydrogel. The hydrogels maintained homogeneous
morphology and uniform porous structures even with high
concentrations of CS. The CS/g-PGA-GMA hydrogel can elude
the disadvantage of rapid degradation, with weight loss
reduced to 26% within one month. At the same time, the
addition of CS enables the gradual release of Ca and Si ions
into the surrounding liquid to promote and enhance cellular
activities. Cellular behavior studies demonstrated that CS/
g-PGA-GMA hydrogel stimulated proliferation, differentia-
tion, and Ca mineral deposition of HUMSC in comparison to
the g-PGA-GMA group. Based on the in vivo rabbit femur
model, the analysis indicated that the CS/g-PGA-GMA
hydrogel enhanced bone regeneration, appearing at
increased levels. These results strongly indicated the crucial
advantage of combining different biomaterials in fabricating
a promising all-rounded hydrogel for bone regeneration. We
hoped this study could be provided to develop high-potential
biomaterials for bone tissue regeneration.
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