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Introduction: The formation of bone-like apatite (Ap) on natural polymers through biomimetic mineralization using simulated body
fluid (SBF) can improve osteoconductivity and biocompatibility, while lowering immunological rejection. Nonetheless, the coating
efficiency of the bone-like Ap layer on natural polymers requires improvement. Carbonyls (-COOH) and hydroxyls (-OH) are
abundant in graphene oxide (GO), which may offer more active sites for biomimetic mineralization and promote the proliferation
of rat bone marrow stromal cells (BMSCs).

Methods: In this study, gelatin methacryloyl (GeIMA) microgels were infused with GO (0, 0.5, 1, and 2 mg/mL) and embedded into
microgels in SBF for 1, 7, and 14 days. Systematic in vitro and in vivo experiments were performed to evaluate the structure of the
microgel and its effect on cell proliferation and ability to repair bone defects in rats.

Results: The resulting GO-GelMA-Ap microgels displayed a porous, interconnected structure with uniformly coated surfaces in bone-
like Ap, and the Ca/P ratio of the 1 mg/mL GO-GelIMA-Ap group was comparable to that of natural bone tissue. Moreover, the 1 mg/
mL GO-GelMA-Ap group exhibited a greater Ap abundance, enhanced proliferation of BMSCs in vitro and increased bone formation
in vivo compared to the GelMA-Ap group.

Discussion: Overall, this study offers a novel method for incorporating GO into microgels for bone tissue engineering to promote
biomimetic mineralization.

Keywords: graphene oxide, gelatin methacryloyl, bone-like apatite, biomimetic mineralization, simulated body fluid, bone repair

Introduction

Large bone defects resulting from trauma, infection, or tumor excision contribute to a worldwide clinical issue,’!
particularly in their reconstruction and repair. Bone defect repair can be divided into three main categories: autografts,
allografts, and artificial bone microgels.” Meanwhile, in the field of bone reconstruction, autografts are the gold standard
for offering optimal osteoconductive, osteoinductive, and osteogenic properties. Nonetheless, this technique is plagued
with complications, such as insufficient bone mass, irreparable donor site damage, and low availability, thus, restricting
the application of autografts bone tissue reconstruction.® Similarly, allograft utilization is limited by the possible risk of
disease transmission and immunological rejection. Consequently, there is an urgent requirement to create optimum
artificial bone substitutes for bone regeneration.
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A number of artificial bone substitutes have been developed in recent years, such as those made of hydrogels,
nanoparticles, nanofilms, nanocomposites, ete.t Hydrogels, resembling the natural ECM, are optimal for recreating
conditions for in vitro cell culture and provide three-dimensional (3D) support for tissue formation.” Furthermore,
hydrogels are promising in bone regeneration due to tunable mechanical strength, favorable biocompatibility, and good
bioactivity. In this regard, naturally occurring hydrogel-based biopolymers may be superior to synthetic polymers due to
their vast availability, low cost, good immunogenicity, cytocompatibility, and degradability under physiological condi-
tions. At present, hydrogels are primarily divided into alginate, chitosan, gelatin/GelMA, hyaluronic acid, fibrinogen,
collagen, and zein. Among them, Gelatin methacryloyl (GeIMA) is one of the most promising biomaterials due to its low
antigenicity, high solubility, less immunogenicity, and ease of UV cross-linking.®’ Recently, GelMA has been exten-
sively applied as a microgel in the reconstruction of bones because of the outstanding biocompatibility and surface
modification ability. The GeIMA microgel can be easily modified, cross-linked, or coated with other bioactive molecules
to create biological microgels with customized biological properties, including excellent mechanical properties, superior
biodegradation properties, controlled drug release.®” Moreover, the unique microstructure of GelMA microgel is
conductive to cell proliferation, migration, and differentiation.'® Despite that, the mechanical strength and osteoconduc-
tivity of the GeIMA microgel require further improvements.'!

For the past few years, carbon nanotubes (CNTs), graphene oxide (GO), and carbon nano-onions (CNOs) were
integrated into gelatin to enhance the mechanical and biological properties of gelatin-based microgels.'> Among these
materials, GO is considered the most promising carbon material for bone regeneration due to its high surface area,
superior antimicrobial properties and biocompatibility. Recent research has also demonstrated graphene oxide (GO) is
a suitable nanomaterial for enhancing the mechanical characteristics of microgel.'® Functional groups, such as the
carbonyls (-COOH) and hydroxyls (-OH), are abundant in GO and could generate chemical connections with hydrogels
and accelerate MSC osteogenic differentiation to different degrees. The GO 7-m bonds could also adsorb proteins and
ions to promote stem cell differentiation and proliferation.'* Nonetheless, the inefficient osteoconductivity of these GO-
based microgels poses a challenge for practical application.'”

In recent years, many scholars have found that in addition to the surface morphology, the material composition at the
interface also affects the cell fate.'® Hydroxyapatite (Ap) is a product of biomimetic mineralization using simulated body
fluids (SBFs) and has become a common bone substitute due to the excellent biocompatibility, osteoconductivity, and
osteoinductivity, and the similarity between the inorganic component with human and animal bones.!” The morphology
structure and crystalline structure of Ap are essential in involving in mediating cellular behavior. For instance, the Ap
crystalline structure influences the release of calcium (Ca) and phosphate (P) ions, determining cell fate. It has been
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found that Ap can be incorporated into nanomaterials and nanofiber to enhance the osteoinductive and osteoimmuno-
modulatory functions of the fiber scaffolds.”'®'? Furthermore, the Ap morphology could provide biophysical informa-
tion to adjust cell behaviors, while the surface roughness could promote cell adhesion and proliferation.?’

In this study, mineralized GO-GelMA-Ap microgels were prepared using a microarray chip, followed by mineraliza-
tion in SBF to form the Ap layer. Systematic in vitro experiments were carried out to estimate the uniformity of Ap
distribution in the microgel and assess the influence of the microgel on both cell proliferation and osteogenic differentia-
tion. Moreover, the in vivo validation was conducted to ascertain the microgel capacity to regenerate bone tissues in a rat
calvarial defect model. The study findings demonstrated that GO-GelMA-Ap could repair the calvaria critical-size bone

defect, and 1 mg/mL GO-GelMA-Ap microgel was superior in repairing the calvaria critical-size bone defect.

Materials and Methods

Graphene (500 meshes) was obtained from Acros Organic Company (USA). Reagents sodium chloride (NaCl), sodium
bicarbonate (NaHCO;), potassium chloride (KCI), potassium hydrogen phosphate trihydrate (K,HPO,4-3H,0),
Magnesium chloride hexahydrate (MgCl,-6H,0), hydrochloric acid (HCI), calcium chloride (CaCl,), sodium sulfate
anhydrous (Na,SO,), and tris(hydroxymethyl)aminomethane [CNH,(HOCH,);] were obtained from Sinopharm
Chemical Reagent Co., Ltd. Kokubo’s method was used to prepare SBF solution.?'

Phosphate-buffered saline (PBS) and trypsin—EDTA were obtained from Servicebio technology Co., Ltd. Fetal bovine
serum (FBS), low-glucose Dulbecco’s modified Eagle’s medium (L-DMEM), 1% penicillin and streptomycin were
obtained from Hyclone.

The study was performed in compliance with the Guide for the Care and Use of Laboratory Animals from the
National Institutes of Health and approved by the Committee on Ethics of Animal Experiments of Tongren Hospital of
Wuhan University. The experimental protocol was formally approved by the Ethics Committee of Wuhan Third Hospital,
Tongren Hospital of Wuhan University, and observed the Guideline for the Care and Use of Laboratory Animals.

Fabrication of the GO-GelMA-Ap Microgels
Synthesis of GO—GelMA—Ap Microgels

The modified Hummer method was used to prepare GO. First, a mixture of phosphoric and sulfuric acid was prepared at
a ratio of 1:9. A mixture of potassium permanganate, and graphene (6:1) was then added to the acid mixture in an ice
bath and heated at 50°C for 12 hours with constant stirring. Subsequently, 30% hydrogen peroxide (H,0O,) was added to
obtain GO with a higher oxidation level and a more regular structure.”> GelMA was produced by directly reacting gelatin
with MA in a phosphate buffer solution (pH = 7.4) at 50°C, adding methacryloyl substitution groups onto the amino acid
residues of reactive amine and hydroxyl groups.*® Laser prototyping is a new technology to prepare the micro-stencil
array chip using polymethyl methacrylate (PMMA).** The GO-GelMA—Ap microgels were synthesized by chemical
cross-linking and biomimetic mineralization (Figure 1). First, 20% GelMA and GO [0%, 0.1%, 0.2%, 0.4% w/v in 20 mL
phosphate-buffered saline (PBS)] solutions were mixed at a ratio of 1:1 (GO final concentrations: 0%, 0.05%, 0.1%, and
0.2% w/v) under sonication for 15 min. The resulting solutions were cast in a micro mold plate (length: 7.5 cm, width:
2.5 cm, height: 0.01 cm). After cross-linking the micro-mold plates under UV light at a wavelength of 365 nm, the
microgels were collected in six-well plates and lyophilized for 12 h to obtain microspheres (diameter: 1500 um, height:
1 mm). The steps were repeated for GO microgel fabrication. The composite microgels were soaked in CaCl, and
K,HPO, solutions to accelerate the process of depositing biomimetic apatite. Subsequently, the microgels were immersed
in a 20 mL solution containing 0.2 M CaCl, for a duration of 3 min, followed by 20 mL of deionized water for 3 s,
20 mL solution containing 0.2 M K,HPO, for 3 min, and 20 mL of deionized water for 3 s. These steps were repeated
thrice in this experiment. As the microgel was immersed in 40 mL SBF, Ap was gradually deposited on the microgel
surface. The microgels were stored at 37°C for several periods (1, 3, 5, and 7 days), and the SBF solution was changed
daily to maintain an evenly distributed ionic strength throughout the experiment. Reagents NaCl, NaHCO;, KClI,
K,HPO,4-3H,0, MgCl,-6H,0, HCI, CaCl,, Na,SO,, and [CNH,(HOCH,);] were dissolved in deionized water to prepare
the SBF solution and adjusted to pH 7.40 at 36.5°C using Tris (hydroxymethyl) aminomethane and aqueous 1 M HCl
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Figure | Schematic diagram of the synthesis of GO—GelMA—Ap microgels and application to cranial bone defect.

solution. The microgels were washed with deionized water once removed from the SBF and frozen at —50°C for 12
h under vacuum conditions.

Characterization of Microgels

Mass Increase (M) of the Microgels After Biomimetic Apatite Deposition

The microgels’ MI was measured following biomimetic Ap deposition in SBF using an electronic analytical balance with
an accuracy of 107> g. The difference between M1 (microgel mass before alternate sedimentation in CaCl, and K,HPO,
solutions) and M2 (microgel mass after biomimetic Ap deposition) is described by eq. 1.

M2 — M1
MI(%) = === x 100% (1)

Environmental Scanning Electron Microscopy (ESEM) and Energy-Dispersive Spectrometry (EDS) Evaluation

The ESEM (Quanta 200, FEI Company, USA) was used to observe the morphology and microstructure of the microgels
surface and cross-section pre- and post-biomimetic mineralization coating. Meanwhile, EDS was used to evaluate the
ratio of calcium and phosphate in the biomimetic coating.

X-Ray Diffraction (XRD), Fourier Transform (FTIR), and Thermogravimetric Analysis (TGA) Evaluation

The XRD (Empyrean, PANalytical B.V.) was used to analyze the crystalline phases at a scanning rate of 0.013°/s in a 26
range from 5° to 40° with Cu Ka radiation (Kal= 1.540598 Ko02=1.544426). The FTIR spectroscopy instrument
(VERTEX 70; Bruker) was applied to confirm functional groups on biomimetic mineralized microgels from 4000 to
400 cm ™" at a resolution of 0.4 cm™'. The TGA (Diamond TG/DTA; Perki-nElmer Instruments, Shanghai, China) was
used to measure the amount of Ap in the 3D microgels. In this experiment, the microgel was heated from 25°C to 800°C
at a temperature of 50°C per minute in an N, atmosphere.
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Mechanical Properties Evaluation and in vitro Degradation
An all-electric dynamic test instrument was used to evaluate the mechanical properties of the microgels at a loading rate
of 5 mm/min until the strain reaches 20%. The mechanical characteristics of the microgels were assessed using an all-
electric dynamic test equipment (ElectroPuls E1000, INSTRON) and the evaluation was conducted at a loading rate of
5 mm/min until the strain reaches 20%. Weight loss was used to show degradation of microgels. Initially weighed
microgel specimens with different concentration (W) were immersed in collagenase solution and incubated for 12 hours
at 37°C. Then, the samples were drawn out of the buffer solution at 3 hours, washed with distilled water, then dehydrated
in the desiccator and weighed (W,).%

The weight loss ratio calculated as % x 100%

The weight remaining ratio was calculated as
1-— [w x 100%)]
Micro-Computed Tomography (Micro-CT) Analysis
The Micro-CT (SkyScanl176; Bruker, German) was used to observe the Ap deposition. VG studio software (Volume
Graphics GmbH, Heidelberg, Germany) was used to reconstruct the corresponding 3D images. The apatite volume (AV)
and the proportion of apatite volume relative to total volume (AV/TV) were calculated using the Micro-CT assistance
software (Scanco Medical, Zurich, Switzerland).

In vitro Cellular Evaluation

Rat Bone Marrow Stromal Cells (BMSC) Isolation and in vitro Culture

Rat BMSC were separated and extracted using the previously mentioned method.?® Newborn Sprague Dawley rats (3 — 5
days old) were euthanized via cervical dislocation and soaked in 75% alcohol for 10 min. The long bones in their
extremities were separated from attached muscles and soft tissues. Cartilage at both ends of the bones was extracted
using ophthalmic scissors, and the treated cartilage was rinsed repeatedly using the culture medium until the cavities
appeared white. In the end, a complete medium was used to grow fresh bone marrow tissues, which were later incubated
in 5% carbon dioxide (CO,) at 37°C. The culture medium was replaced every 5 days, and the BMSC passage was
indicated by the fusion of the attached BMSCs.

Cell Seeding on Microgels

The microgels were disinfected in 75% alcohol for 20 min, rinsed thrice with PBS, and soaked in the medium overnight.
The BMSC (passage 3) were digested with trypsin and re-suspended at a density of 1x10° cells/mL. Subsequently, 20
sterilized microgels were placed in a six-well plate (Corning Int., Singapore) and were seeded with 60 pL of cell
suspension. After a 2 h incubation, the cell-seeded microgels were transferred into a new 6-well plate and cultured in
2 mL Dulbecco’s modified eagle medium (DMEM, Hyclone). The cultures were maintained in an incubator in 5% CO, at
37°C, and the media were replaced every 3 days.

Assessment of Cell Viability, Proliferation and Migration

Living cells and dead cells were visualized by calcein AM and propidium iodide (PI) staining, respectively. Briefly, after
1, 3, and 7 days of incubation, the microgels were washed three times with phosphate-buffered saline (PBS) and
subsequently soaked in calcein staining solution for 45 min and PI solution for 10 min at 37°C. Then the microgels were
examined using confocal fluorescence microscopy. The cell-seeded microgels at specified time points (1, 3, and 7 d) were
added in a 96-well plate. Then, 20 L. MTT solution and 200 pL complete medium were added in 96-well for 4
h incubation at 37°C in 5% CO, in darkness. Next, the microgels were washed with PBS and treated with 150 pL
dimethyl sulfoxide (DMSO, Sigma, USA). Subsequently, DU 730 UV/Vis spectrophotometer (Beck-man Coulter, USA)
was applied to record absorbance at 450 nm wavelength.
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In vivo Evaluation of Cranial Defect

In situ Bone Regeneration of Rat Cranial Defect

To investigate the potential of the GO—GelMA—Ap implants in promoting new bone formation in vivo, a total of 24
female adult SD rats (6 weeks old, weighing between 170 and 230 g) were obtained from the Animal Management
Center of Wuhan Third Hospital, Tongren Hospital of Wuhan University and were randomly divided into four groups: (1)
GelMA; (2) 0.5 mg/mL GO—-GelMA—Ap; (3) 1 mg/mL GO—-GelMA—Ap; and (4) 2 mg/mL GO—GelMA—Ap (n = 6 rats
per group). The 10% chloral hydrate was injected to narcotize the rats and rats were sagitally incised 2 cm down the
middle of the scalp. The rat fascia was isolated and cleaned to expose the calvaria, and the cranial defect was drilled in
two parallel directions 5 mm apart. Ultimately, microgels were implanted to close the incision in the defect area.
Implanted specimens were gained at 4 weeks and 12 weeks post-operation. New bone formation was evaluated with
a Micro-CT scanner (SkyScan 1176; Broker). Calculations were conducted using CTAn software to determine bone
volume/tissue volume (BV/TV) and bone mineral density (BMD).

Histological Observation

Staining of the samples obtained at 12 weeks was preceded by 7 days of paraformaldehyde fixation and 4 weeks of
decalcification in 10% Ethylene Diamine Tetraacetic Acid (EDTA). After decalcification, the samples were dehydrated in
a graded ethanol series, embedded in paraffin, and sectioned with a thickness of 2mm. Staining of the divided samples
with HE and Masson’s Trichrome (Sigma, USA) and microscope observation (Eclipse Ni-E; Tokyo, Japan) were carried
out. OCN monoclonal antibodies (Abcam, UK) were incubated separately on the processed sections after being blocked
for 30 minutes with ghost serum antibody. Finally, the staining samples were examined under the microscope.

Statistical Analysis

All data presented in this study are expressed as the mean = SD. Student’s #-test was used to compare the means of two
groups and one-way analysis of variance (ANOVA) tests with post hoc contrasts by Student—Newman—Keuls test was
used to compare the means of multiple groups. P < 0.05 was considered to be a statistically substantial difference.

Results

Macro- and Micro Images of Microgels Before Biomimetic Apatite Deposition

The GelMA microgel was white, while the other three GO—GelMA microgels with GO concentration from 0.05% to
0.2% w/v exhibited a gradual color change gradually from brown to black (Figure 2A). The surface and cross section
morphology of the microgels before bio was illustrated in SEM images. All four microgels groups demonstrated porous
and interconnected structures. Meanwhile, the surface of the GelMA microgel was smooth, and the other three GO
—GelMA microgels were folded and had uneven surfaces. The cross-sectional observation also indicated a smooth
morphology of the GelMA microgel and rougher surfaces on the GO-incorporated microgels (Figure 2B).

SEM Images of the Surface and Cross-Section of the Microgels After Biomimetic
Apatite Deposition

On the third day of mineralization, the Ap crystal attachment was observed in the surface and cross-section of all
microgels with uneven mineral distribution (Figure 3A). Moreover, increased mineralized crystallization was observed in
relation to prolonged mineralization time and GO concentration increment. The 1 mg/mL GO-GelMA group possessed
the most mineralized crystals when the SBF immersion time was extended to day 7 (Figure 3B).

Characterization of Microgels

Based on the earlier findings, in vitro and in vivo experiments were carried out with a seven-day SBF treatment. According to the
EDS analysis, most of the minerals on the microgels contain calcium and phosphorus, with Ca/P ratios estimated (Figure 4A).
The Ca/P ratio (1.66 = 0.066) in the GO—GelMA—Ap group with a concentration of 1 mg/mL exhibited the highest similarity to
natural bone tissue (1.67). The distribution of Ca and P elements on the microgels was slightly uneven, as confirmed by the EDS
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Figure 2 Optical and SEM image of the microgels before biomineralization. (A) Optical image of GelMA, 0.5, |, and 2 mg/mL GO-GelMA microgels; (B) surface and cross
section SEM image of the microgels before biomineralization. Scale bar = 20 um.
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Figure 3 Surface and cross-sectional SEM images of the microgels after biomineralization for 3 and 7 days. Scale bar = 10 um (A and B).

mapping (Figure 4B), potentially attributed to the irregular morphology of the microgel surface. Mineral formation on the
microgel surface was analyzed using X-ray diffraction measurements (Figure 4C). For GO, the 26 peak can be seen to be shifted
to 9.03°, which indicated that the graphene was fully oxidized into GO.>” The characteristic absorption peaks of Ap were
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Figure 4 Characterization of the microgels. (A) The EDS point assessment of the composite microgel; (B) the EDS mapping assessment of the composite microgel; (C)
XRD spectra; (D) FTIR spectra; (E) TGA analysis of the microgels; (F) mass increase percentage; (G) compressive modulus of the microgels after biomineralization in SBF;
(H) in vitro degradation of microgels. * p < 0.05, ** p < 0.0, ** p < 0.001.

observed at 260 = 26° and 20 = 32° in all four groups of mineralized microgels when compared with the GeIMA microge

1.28

Moreover, there was a significant rise in the absorption peak with the increase in GO concentration. The microgel chemical
composition was analyzed using FTIR spectroscopy (Figure 4D). FTIR spectrum of GO exhibited various oxygenated bands at
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3385 cm™', which are assigned to O-H vibrations.”” The GelMA microgels showed a distinct gelatine amide band; the peak at
3310 cm ' corresponded to the N-H stretch of amide A, the peak at 3063 cm™ ' corresponded to the C-H stretch of amide B, the
peak at 1629 cm ' corresponded to the C=O stretch of amide I, the peak at 1539 cm ™' corresponded to the N-H deformation of
amide II, and the peak at 1235 cm ™' corresponded to the N-H deformation of amide II1.°° In the biomimetic mineralized
microgels, the peaks at 1033cm ™!, 961cm ™', and 601 cm ™" corresponded to the vibration of the PO, groups of Ap, indicating the
formation of carbon-hydroxyapatite during mineralization, which is similar to natural bone Ap.*'

After biomimetic mineralization, the microgel mineral content was determined by thermogravimetric analysis (Figure 4E).
The remaining weights of GO, GelMA, GelMA—Ap, 0.5 mg/mL GO—GelMA—Ap, 1 mg/mL GO—GelMA—Ap, and 2 mg/mL
GO—-GelMA—-Ap microgels were 10.97%, 30.77%, 34.46%, 46.75%, 49.32%, and 50.12%, respectively. The sharp decrease of
GO from 190°C to 200°C was related to the overflow of GO in that temperature range.*” These results indicated more Ap was
deposited in 1 mg/mL and 2 mg/mL GO—GelMA—Ap groups. The rate of increase in microgel weight was determined by
analyzing the weight changes during the mineralization process, and the Ap content in the microgels was also analyzed
(Figure 4F). There were significant differences (p < 0.05) between all microgels at day 7 (GeIMA—Ap, 119.8% =+ 8.4%;
0.5 mg/mL GO—GelMA—Ap, 157.0% + 9.1%; 1 mg/mL GO—-GelMA—Ap, 183.7% + 8.17%; 2 mg/mL GO—-GelMA—Ap,
196.5% + 8.0%). The mechanical properties of the microgels were evaluated via a compression test (Figure 4G). According to the
findings, it was observed that the elastic modulus of GelMA—Ap microgels (45.28 + 4.01 KPa) exhibited a significantly reduced
value in comparison to the microgels incorporated with GO (0.5 mg/mL GO—GelMA—Ap, 65.19 + 12.27 KPa; 1 mg/mL GO
—GelMA—-Ap, 94.96 + 2.76MPa; and 2 mg/mL GO—GelMA—Ap, 138.6 = 12.27KPa). In vitro, collagenase degradation was
performed on all microgels (Figure 4H) and the degradation rates of GeIMA, GelMA—Ap, 0.5 mg/mL GO—GelMA—Ap, 1 mg/
mL GO—GelMA—Ap, and 2 mg/mL GO—GelMA—Ap microgels within 12 h were 68.9% + 2.8%, 49.4% + 3.3%, 35.1% £ 6.3%,
27.6% + 1.7%, respectively.

Micro-Computed Tomography (Micro-CT) Analysis of Microgels

The Ap content and proportion of all microgels were analyzed using Micro-CT. Based on the cross-section (Figure 5A),
the Ap is mainly distributed on the microgel surface. Furthermore, the 1 mg/mL and 2 mg/mL GO-GelMA-Ap microgels
had more hydroxyapatite content and better mineralization at the central position from the coronal view (Figure 5B). The
Ap volume (AV) quantitative calculation of the four microgel groups is 0.317 £ 0.010, 0.570 + 0.044, 1.107 + 0.031,
1.344 + 0.064 mm®, respectively (Figure 5C). The Ap volume in microgels with GO was higher than the GelMA
microgels, which increased with GO concentration. The percentages of Ap volume in the total volume (AV/TV) of the
four microgel groups are 2.842 + 0.386%, 6.407 + 1.371%, 12.830 + 0.647%, and 15.340 + 0.897%, respectively
(Figure 5D). The Ap proportion in microgels with GO was higher than in GeIMA microgels, and 2 mg/mL GO-GelMA-
Ap microgel recorded the largest overall volume fraction.

In vitro Cellular Evaluation of the Microgels

Confocal laser microscopy was used to assess the BMSC survival and dispersion on the microgels at days 1, 3, and 7 post-
seeding and analyzed in three dimensions (Figure 6A). Live and dead cell staining was performed to observe the cell survival
on the microgels. On the first day, few viable cells were evident on the microgels of the four groups. After incubating for 3
days, the SEM was performed to assess the cellular morphologies within the microgels. Fewer single cell appeared on the
surface of the microgels in GeIMA—Ap and 0.5 mg/mL GO—GelMA—Ap groups. Conversely, more clustered cells were
present in 1 mg/mL and 2 mg/mL GO-GelMA—Ap groups (Figure 6B). At day 7, the number of living cells revealed the cell
growth rate was remarkably higher in the 2 mg/mL GO—-GelMA—Ap microgel (Figure 6C). Finally, the MTT assay assessed
cell proliferation in the microgels on day 1, 3, and 7. Thus, it can be inferred that the 1 and 2 mg/mL GO—GelMA—Ap group
has a higher proliferation rate on days 3 and 7 (Figure 6D).

In vivo Evaluation of Microgels

Rat Cranial Bone Defect Model

The rat cranial bone defect model was established to assess the new bone-forming abilities of four microgels and examine the
osteogenic capacity of the microgels. These microgels were implanted into 5 mm critical-sized bone lesions. Micro-CT was
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Figure 5 Micro-CT analysis of the microgels. (A) cross-section and (B) coronal section images of microgels. Scale bar = 500 um. (C) Apatite volume (AV) and (D) the
apatite volume fraction (AV/TV) of microgels. * p < 0.05, ** p < 0.01, ** p < 0.001.

employed to conduct the 3D reconstruction pictures of freshly produced bones at weeks 4 and 12 post-implantation (Figure 7A
and B). The borders of the lesions exhibited the growth of newly-formed bones in all groups, while a section of new bone
formation was evident in the central area of the defects of the 1 mg/mL and 2 mg/mL GO-GelMA-Ap microgels at week 4 post-
implantation. Meanwhile, the cranial bone deficiencies in the 1 mg/mL GO-GelMA-Ap microgel were almost completely filled
with freshly generated, thick bone tissue during 12 weeks. In addition, the 1 mg/mL GO-GelMA-Ap group had significantly
greater ratios of new bone tissue volume fraction (BV/TV) and bone mineral density (BMD) at week 12 post-implantation,
according to the micro-CT quantitative analysis (Figure 7C and D).

Histological Analysis of Bone Regeneration

Hematoxylin and eosin (H&E) staining and Masson’s trichrome staining (Figure 8A—-D) of the microgels at 12 weeks
post-implantation demonstrated bone lacunas, as well as central canals could be observed in the four groups. Notably,
bone lacuna contained more new bone tissue in the 1 mg/mL GO—GelMA-Ap group than in the other groups. Following
12 weeks of implantation, the margins of the four groups exhibited an appearance of dense and developed bone tissues,
as shown by H&E staining and Masson’s trichrome staining. Most of dense bone tissue is distributed at the defects in
1 mg/mL GO—-GelMA—Ap group, contrary to the other groups. The OCN expression was immunohistochemically
determined after 12 weeks of implantation to assess the osteogenic ability of the microgels. A positive OCN expression

(Figure 9) was indicated by the brown areas surrounding the implants. At 12 post-implantation, more new bone tissues
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Figure 6 In vitro cellular evaluation of the microgels. (A) Confocal microscopy imaging of BMSC cultured on the microgels with calcein AM/PI staining at day I, 3 and 7.
Scale bar = 500 pum; (B) the SEM image of BMSC culture on the microgels at day 3. Scale bar = 10 pum; (C) the living cell numbers of the microgels at day 1, 3, and 7; (D) the
MTT analysis of the microgels at day |, 3, and 7. * p < 0.05, ** p < 0.01, ** p < 0.001.

and brown positive signals were distributed in the 1 mg/mL GO-GelMA—Ap group. The brown positive signals
suggested the new bone tissue regeneration in 1 mg/mL GO-GelMA-Ap group.

Discussion
Biomimetic mineralization to deposit Ap onto the surfaces of microgels using SBF is a common technique to enhance the

osteoconductive capacity of the bone graft alternatives.*> Nonetheless, this method lacks the efficiency in producing an
evenly distributed and substantial bone-like Ap covering on the microgel surfaces.** Therefore, a biomimetic GO-
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GelMA-Ap microgel was designed in this study, and the optimal GO concentration and immersion time in SBF were
explored. The critical-size bone defect was remedied with the implementation of biomimetic GO-GeIMA-Ap microgels,
thus, confirming the osteoinductive capacity of the microgels in vivo. Furthermore, GO incorporation in GelMA
microgels improved the efficacy of the Ap formation process in SBF.

The homogenous distribution of GO in the GO-GeIMA microgels resulted in the functional moieties evenly spreaded
on the surface.>> Abundant -COOH and —OH groups in GO offered ample nucleation sites for GelMA microgels in
SBF.*® Given that the sites provided by the GO oxidation group are consumed during binding to the pre-nucleation
clusters in the SBF, GO in low concentrations may not create additional nucleation sites. In contrast, a high GO
concentration (1 and 2 mg/mL) provided sufficient nucleation sites to accelerate the biomimetic mineration process
and form bone-like Ap (Ca/P = 1.66 £ 0.07) with similar characteristics to native bone tissue. Moreover, more mineral
deposits and deep mineralization depth were observed on days 3 and 7 of mineralization for 1 mg/mL and 2 mg/mL GO-
GelMA-Ap microgel than GeIMA-Ap microgel in SEM (Figure 3B). This finding corroborated the GO ability to
stimulate biomimetic mineralization of the GeIMA microgel. In addition, the Micro-CT results of the four microgels
demonstrated that the 1 and 2 mg/mL Go-GelMA-AP group had more hydroxyapatite content and better mineralization
in the center and exhibited the largest proportion of Ap volume (Figure 5).

6736 International Journal of Nanomedicine 2023:18

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dovepress Peng et al

0.5mg/ml GO-GelMA-Ap

(@]

1mg/ml GO-GelMA-Ap

O

2mg/ml GO-GelMA-Ap

Figure 8 Histological examination of the microgels after implantation for 12 weeks. (A-D) H&E staining and Masson’s Trichrome staining images of the four group microgels
after implantation for 12 weeks, respectively. Scale bar = 200 um (top), scale bar = 100 pm (below).

https://doi.org/10.2147/1)N.S433624 6737

International Journal of Nanomedicine 2023:18
DovePress


https://www.dovepress.com
https://www.dovepress.com

Peng et al Dovepress

OCN

Lateral margin Center region

GelMA-Ap

0.5 mg/ml

2 mg/ml 1 mg/ml
GO-GelMA-Ap GO-GelMA-Ap GO-GelMA-Ap

Figure 9 OCN staining pictures of the microgels after implantation for 12 weeks. Scale bar = 100 pum.

Despite the promising results of GO in bone regeneration, concerns regarding the potential toxicity of this compound
remain. Based on the current study findings, the cytotoxicity of GO is associated with size, concentration, functionality, and
fabrication structure.®” The live/dead staining and quantitative assay of living cell numbers in the microgel indicated more live
cell growth on the microgel with increasing GO concentration (Figure 6A and C). Therefore, GO did not exhibit adverse
effects on cell growth and proliferation. At 12 weeks post-implantation, GO deposition was observed in the defect area without
evidence of inflammatory cell infiltration (Figure 8A-D). An earlier study reported that GO could be slowly degraded via
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enzymatic and photo-Fenton reactions.*® In the present study, the 12-week in vivo bone regeneration experiment suggested no
biotoxicity in GO-GelMA groups, but a long-term biotoxicity assessment is essential for further GO-GelMA application.

The mechanical performance of bone substitutes is crucial in determining cell fate. Numerous studies have demon-
strated that softer matrices are superior for chondrocyte differentiation, while dense matrices are viable for osteogenic
differentiation.>® The elastic modulus of the four microgel groups in this study exceeded 40 kPa, hence, appropriate for
cell proliferation. The elastic modulus of the GO-incorporated microgels was higher than the GeIMA-Ap microgels,
peaking in the 1 and 2 mg/mL GO-GelMA-Ap microgels (Figure 4G). The enhanced mechanical characteristics could be
attributed to the non-covalent interaction between GO and the hydrogel.** Moreover, GO addition promoted the microgel
mineralization efficiency, and higher Ap deposition enhanced the mechanical strength of the microgel.>®

The cranial bone defect model was established in this study to evaluate the bone regeneration efficacy of microgels (Figures 8
and 9). The findings indicated that the cranial bone defects in the 1 mg/mL GO-GelMA-Ap exhibited a near-complete filling of
newly-formed bone tissue after 12 weeks of implantation. In addition, the H&E, Masson’s Trichrome, and OCN stainings also
suggested that the 1 mg/mL Go-GelMA-Ap microgel was superior in bone repair, besides the extensive new bone formation
surrounding the defect area. Firstly, the GO was added to GeIMA to create an even structure with thinner and wrinkled pore walls,
allowing for faster cell infiltration, adhesion, proliferation, differentiation, ECM formation, and integration with host bone.*’
Secondly, crystallization can be accelerated to a certain extent due to the presence of GO, promoting mineral deposition on the
microgel and accelerating osseointegration.*> Moreover, the mineralized bone-like apatites in GO incorporated microgels
improved host-derived cells proliferation and osteogenic differentiation.*’ Finally, recent studies have reported that GO can
promote angiogenesis. Angiogenesis is a fundamental process in bone tissue regeneration. The GO could induce angiogenesis
and contribute to nutrient formation and transportation in bone regeneration, thus, promoting cell osteogenesis in the microgel.**

Conclusion

In summary, we successfully constructed porous GO-GelMA-Ap microgel via chemical crosslinking reactions. This GO-
incorporated composite microgel possessed good physiochemical properties, osteoinductivity, and increased biominer-
alization efficiency than GelMA microgels. Specifically, the optimal GO concentration (1 mg/mL) and SBF immersion
time (7 days) were also identified in this study. Finally, the critical-sized rat cerebral defects were repaired using the
1 mg/mL GO-GelMA-Ap microgels. These results suggest that GO-GelMA-Ap microgel could serve as a novel

substitute in bone tissue engineering.
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