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ARTICLE INFO ABSTRACT

Keywords: The clinical treatments of bone defects remain a challenge. Hydrogels containing bone marrow mesenchymal
GelMA stem cells (BMSCs) are extensively used to bone regeneration because of excellent biocompatibility and hy-
BMSCs

drophilicity. However, the insufficient osteo-induction capacity of the BMSC-loaded hydrogels limits their
clinical applications. In this study, bio-active glass (BG) and BMSCs were combined with gelatin methacryloyl
(GelMA) to fabricate composite hydrogels via photo-crosslinking, and the regulation of bone regeneration was
investigated. In vitro experiments showed that the BG/BMSCs@GelMA hydrogel had excellent cytocompatibility
and promoted osteogenic differentiation in BMSCs. Furthermore, the BG/BMSCs@GelMA hydrogel was injected
into critical-sized calvarial defects, and the results further confirmed its excellent angiogenetic and bone
regeneration capacity. In addition, BG/BMSCs@GelMA promoted the polarization of macrophages towards the
M2 phenotype. In summary, this novel composite hydrogel demonstrated remarkable potential for application in
bone regeneration due to its immunomodulatory, excellent angiogenetic as well as osteo-induction capacity.
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1. Introduction

Bone defects are often caused by periodontitis, trauma, osteoporosis,
tumours, and osteoarthritis, which negatively affect the quality of life
[1]. The repair of critical bone defects usually requires transplantation.
The materials used for bone-defect repairs include autologous bone,
allogeneic bone, xenogenic bone, metal, and ceramic materials. How-
ever, the application of bone graft materials is limited by an insufficient

number of transplanted bones, rejection reactions, and limited osteo-
genic capabilities. Currently, there are no ideal bone-graft materials [2].

The extracellular matrix (ECM) regulates the biological behaviour of
cells [3]. Therefore, biomaterials should control cell proliferation and
differentiation by emulating the ECM to promote tissue regeneration.
Because the main components of the ECM are proteoglycans and pro-
teins, bone graft materials based on natural proteins and poly-
saccharides have received widespread attention [4]. GelMA prepared by
the reaction of gelatin with MA contains arginine-glycine-aspartate
(RGD) sequence and matrix metalloproteinase (MMP), which can pro-
mote cell adhesion, proliferation and differentiation [5]. Simulta-
neously, GelMA can permanently fix the shape of the hydrogel through
covalent crosslinking subjected to ultraviolet (UV) light exposure to
compensate for the shortcomings in the mechanical properties of gelatin
[6]. These characteristics make GelMA extensively used in tissue engi-
neering research, including bone, cartilage, blood vessels, and the heart
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Table 1

The developed hydrogels and their chemical compositions.
GelMA GelMA BG

5% (w/w) —

0.5%BG@GelMA 5 % (w/w) 0.5 % (w/w)
1.0 % BG@GelMA 5 % (w/w) 1.0 % (w/w)
1.5 % BG@GelMA 5 % (w/w) 1.5 % (w/w)
2.0 % BG@GelMA 5 % (w/w) 2.0 % (w/w)

[7-10].

Bone marrow stromal cells (BMSCs) were first identified by Frie-
denstein in 1976. BMSCs participate in tissue repair and mediate im-
mune responses through cell differentiation and paracrine mechanisms
in specific environments [11-13]. Currently, the major way of stem cell
therapy involves the injection of stem cells directly into the treatment
region, thereby reducing the damage caused by surgery. However, the
low-retention rate of the injected BMSCs and the complex microenvi-
ronment of the implant area limit cell proliferation and differentiation,
which are important barriers to effective clinical translation. To solve
this problem, many researchers have encapsulated cells in hydrogels to
provide a stable microenvironment conducive to cell proliferation and
differentiation [14]. In recent years, GelMA hydrogels containing RGD-
and MMP- target sequences have attracted widespread research atten-
tion. However, because the osteogenic capability of the GelMA hydrogel
is limited [15], the osteo-inductive capability of the GelMA-BMSC
hydrogel cannot be guaranteed. Therefore, various polymers,
bio-macromolecules, and nano-materials have been introduced into
GelMA hydrogel [2,16,17]. For example, Chai et al. [18] wrapped
BMSCs and BMP-2 in photo-crosslinkable GelMA, in which BMSCs
exhibited enhanced osteogenic effects. Li et al. [19] showed that
hydrogel containing deferoxamine can promote angiogenesis and bone
regeneration. However, inflammation and heterotopic bone regenera-
tion caused by the high-dose release of BMP-2 limit the application of
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these materials [20].

Compared with growth factor release, the advantage of bio-glass in
promoting bone regeneration is not only its lower cost but more
importantly the fact that ions released by bio-glass are easier to control
[21]. A single ion can activate a specific cellular response that requires
the precise delivery of large amounts of growth factors [22-24]. In
addition, the activity of growth factors is limited by their half-lives in the
body as well as the micro-environment. 45S5 bio-glass (BG) is one of the
third-generation bio-active inorganic materials and has been extensively
studied and applied to bone-defect repair and wound repair [25,26].
45S5 BG can form a hydroxyapatite layer at the interface between the
material and bone defect, which can firmly bind BG to living bone and
tissue [27]. Second, 45S5 BG triggers and enhances cellular activity
during tissue regeneration via its dissolved products [28]. Third, new
blood vessels in the body deliver oxygen and nutrients to surrounding
tissues to promote survival and growth [29], maintain the internal ho-
meostasis of bone tissue, and promote the differentiation of BMSCs to
osteoblasts, thus promoting bone regeneration. Study have shown that
45S5 BG promotes the vascularization of endothelial cells [30].
Compared with the short half-life and high price of cytokines, BG has
great advantages in practical application. Studies have shown that BG
ion products regulate exosome secretion from BMSCs. For example, BG
ions downregulate micro-ribonucleic acid (miR)-342-5p and upregulate
miR-1290 in MSCs, thereby promoting endothelial cell vascularization
[25]. The degradation product of BG is hydroxyapatite, which is one of
the main components of natural bone and teeth. Adding BG to the
GelMA hydrogel makes it more similar to the ECM of natural bone. After
BMSC encapsulation, a micro-environment similar to that of the ECM in
the hydrogel was conducive to the proliferation of BMSCs, and addition
of BG promoted bone regeneration in situ by inducing the osteogenic
differentiation of BMSCs.

Immune cells play an important role in bone tissue regeneration
[31]. Among these cells, macrophages have gained widespread attention
for their important role in regulating multiple stages of bone tissue
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Fig. 1. Characterization of hydrogels. (A) Cross-section image of hydrogel (SEM). (B) SEM images in the different groups. (C) Degradation properties of GelMA and
BG@GelMA hydrogel in vitro. (D) Dynamic swelling behaviors of GelMA and BG@GelMA hydrogel in vitro. (E) Stress when the hydrogel strain reaches 50 % after UV
crosslinking. (F) The compressive modulus of hydrogels after UV crosslinking. The data presented as mean + SD, n = 3. *P < 0.05, **P < 0.01 and ***P < 0.001.
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Fig. 2. In vitro evaluation of the cytocompatibility of the hydrogel. (A) Calcein-AM/PI staining. (B) Proliferation of BMSCs in different hydrogels. (C) Cell survival

rate. Data presented as mean + SD, n = 4. *P < 0.05, ****P < 0.0001.

repair [32,33]. Macrophages were divided into proinflammatory M1
phenotype and anti-inflammatory M2 phenotype [34]. M1 macrophages
are involved in phagocytosis and early angiogenesis by releasing
pro-inflammatory signals in bone defect repair. However, the long-term
presence of M1 macrophages induces chronic inflammation and inhibits
tissue healing [35]. Therefore, inducing the transformation of M1
macrophages into M2 phenotypes in bone tissue is a promising inno-
vative strategy for bone defect repair. Many bioactive ions have been
shown to affect the recruitment, maturation, activation, and secretion of
pro-inflammatory and anti-inflammatory cytokines in macrophages [36,
37]. BGs have been considered to be an effective platform for releasing
bioactive ions that promote the transformation of M1 macrophages into
M2 phenotypes [38,39]. However, the underlying mechanism has not
been fully elucidated, but it has been reported that it is involved in the
Toll-like receptor (TLR) pathway and the activation of NF-xB [35].
Therefore, in our strategy, the addition of BG promotes vascular
regeneration, induce the polarization of M1 macrophages towards M2
phenotype, promotes bone regeneration.

In the present article, we designed a hydrogel that contained BMSCs
and 45S5BG. To confirm our hypothesis, we first optimised the con-
centration of loaded BG in the GelMA hydrogel and then investigated the
proliferation and differentiation of MSCs encapsulated in GelMA. The
hydrogels exhibited good mechanical properties and bio-compatibility.

In vitro experiments showed that adding BG to the BMSCs@GelMA
hydrogel could further endow the hydrogel with the desired osteo-
inductive properties. In addition, this study confirmed the excellent
bio-compatibility, angiogenetic, immunomodulatory and osteogenic
functions of the composite hydrogel based on micro-computed tomog-
raphy (micro-CT), hematoxylin & eosin (H&E), Masson’s trichrome,
immunofluorescence staining in a Sprague-Dawley rat cranial-defect
model.

2. Method
2.1. Materials

GelMA was obtained from SunP Biotech (Beijing, China). Lithium
phenyl (2,4,6-trimethylbenzoyl) phosphinate (LAP), propidium iodide,
calcein-acetoxymethyl, GelMA lysis solutions were purchased from EFL
(Suzhou, China). Cell counting kit-8 (CCK-8) was obtained from Yeasen
Biotechnology (Shanghai, China). Trypsin, penicillin-streptomycin,
Dulbecco’s modified eagle’s medium (DMEM)/F12 were purchased
from Service Bio (Wuhan, China). Foetal bovine serum (FBS) was ob-
tained from CellMax (Shanghai, China). The BG was obtained from
Aladdin (Shanghai, China). The Alizarin red S staining (ARS), BCIP/NBT
alkaline phosphatase colour development, alkaline phosphatase assay,
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Fig. 3. Osteogenic differentiation of BMSCs in hydrogels. (A) ALP staining at day 7 (A) and 14 (B). (C) ALP activity assays at day 7 and 14. ARS at days 14 (D) and 21
(E). (F) Quantitative analysis of ARS.
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Fig. 4. (A) ALP staining of the MSCs co-cultured at day 7. (B) ARS staining of the MSCs co-cultured at day 14. (C) Quantitative analysis of ARS. Relative mRNA-
expression levels of ALP (D) and RUNX2 (E) in BMSCs.

and BCA protein assay kits were obtained from Beyotime Biotechnology 2.2. Preparation of hydrogels

(Shanghai, China). Collagenase II was obtained from Enzyme Biotech-

nology (Shanghai, China). The composition of various bio-inks (Table 1). Briefly, GelMA were
dissolved in deionized water in a beaker at 50 °C for 1 h. Subsequently,
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GelMA

Fig. 5. Imaging evaluation 3 and 7 d after surgery in calvarial defect. Micro-CT images for 3 (A) and 7 d (B).

BG@GeIMA

LAP and 45S5 BG were added to GelMA solution and continuously
stirred in a 50 °C water bath for 2 h. The uniform bio-ink was obtained
successfully.

2.3. Scanning electron microscopy (SEM)

The SEM (Zeiss) was used to observe the surface and interior of the
hydrogel. The surface and internal surfaces of the lyophilised hydrogel
samples were coated with gold-palladium for 3 min. SEM images were
acquired at different magnifications.

2.4. Compressive mechanical properties

The compression mechanical properties of different hydrogels were
tested using a electromechanical universal testing machine and a 5 N
load cell. The slope of the strain range 0-10 % of the stress-strain curve
was used to calculate the Young’s modulus of the different hydrogels.

2.5. Swelling test

In order to detect swelling of different hydrogels, 5 % GelMA, 5 %
GelMA/0.5 % BG, 5 % GelMA/1 % BG, 5 % GelMA/1.5 % BG, 5 %
GelMA/2 % BG bio-inks were cured in a standard mould after exposure
to UV light (405 nm) for 30 s. The hydrogels were lyophilised and
weighed to determine their dry weight (W1). These hydrogels were then

BMSCs@GelMA BG/BMSCs@GelMA

immersed in PBS at 40 °C. After soaking at different time points, the
swelling weight (W2) was recorded. The swelling ratio was calculated as
Q = (W2-W1)/W1 x 100 %.

2.6. In vitro degradation test

The aforementioned methods were used in the swelling test to
fabricate hydrogels to detected the degradations of 5 % GelMA, 5 %
GelMA/0.5 % BG, 5 % GelMA/1 % BG, 5 % GelMA/1.5 % BG, and 5 %
GelMA/2 % BG hydrogels. Different hydrogels were incubated at 37 °C
using collagenase II. The hydrogels were removed at the appropriate
time point. The sample was subsequently lyophilised and weighed (W1),
and the dry weight at day 0 was recorded as WO0. The degradation ratio
was calculated as DR = (W0-W1)/WO0 x 100 %.

2.7. Cell culture

BMSCs were obtained from the femurs and tibia of Sprague-Dawley
rats as reported previously [40]. Five healthy 1-week-old male rats were
euthanised and immersed in 75 % alcohol for 5 min. The muscles and
skin of both lower limbs were resected by aseptic surgery. The
DMEM/F12 medium was sucked into the syringe to flush the bone
marrow out of the bone cavity completely. Cells were cultured in
DMEM/F12 complete culture medium at 37 °C under 5 % CO5 condi-
tions. The complete culture medium was replaced every 3 d. After the
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Fig. 6. Histological analysis at 3 and 7 d after implantation in rat calvarial defect. H&E and Masson’s trichrome staining at 3 d (A, B) and 7 d (C, D). Area of
neovascularization at day 7 (E), 28 (F), and 56 (G) after implantation, respectively. Area of collagen (% total area) at 7 d (H).

confluence reached 90 %, BMSCs were harvested and passaged. The
experiment used third-generation BMSCs.

2.8. Preparation of BMSCs-laden hydrogels

BG, LAP, GelMA required for the experiment were accurately
weighed. The GelMA and LAP were then mixed in DMEM/F12 medium,
and filtered with a filter. The BG were exposed to UV for 48 h. To
encapsulate BMSCs in the hydrogel, BMSCs (1 x 10° cells/mL) were
transplanted into the GelMA pre-polymer (with or without bio-glass)

followed by 30 s of UV irradiation for photo-crosslinking.

2.9. Cell viability analysis

The CCK-8 kit was used to detect cell proliferation. Briefly, cell-laden
hydrogels were cultured for different times and 250 pL of CCK-8 solution
was added to each well. The supernatant was used to measure optical
density (OD) values after incubation at 37 °C for 2 h. The live/dead
viability kit was used according to the manufacturer’s instructions.
Images were captured by fluorescence microscope.
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Fig. 7. Imaging evaluation 4 and 8 w after surgery in calvarial defect. Micro-CT images for 4 weeks (A) and sagittal images (B). BV/TV (C) and BMD (D) after 4
weeks. Micro-CT images for 8 weeks (E) and sagittal images (F). BV/TV (G) and BMD (H) after 8 weeks. Red dotted circle indicates the bone defect area. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

2.10. Alkaline phosphatase (ALP) staining

The cell-laden hydrogels were cultured in osteogenic media for
appropriate time. The hydrogels were washed three times and lysed the
GelMA hydrogel with a GelMA lysis solution. When the cells were
released from the hydrogel, the cells were lyzed using Western blotting
and IP solutin. The cell solution was then centrifuged at 13,000 RPM for
10 min to collect the supernatant. ALP activity and protein concentra-
tion were detected by ALP assay kit and BCA protein assay Kkit, respec-
tively. The cell-laden hydrogels were cultured in osteogenic media for
different times. The hydrogels were washed with PBS, ALP staining was
performed.

2.11. Alizarin red staining (ARS)

The cell-laden hydrogels were cultured in an osteogenic medium for
different time. The hydrogels were washed with de-ionised water and
fixed with paraformaldehyde. The cell-laden hydrogels were stained
with the ARS. Camera and optical microscope were used to photograph
the samples. In order to quantify calcium deposits inside the hydrogel,
the nodules were immersed in 10 % cetylpyridine chlorinated solution
and absorbance was determined at 562 nm.

2.12. Osteogenic gene expression

Briefly, BMSCs culture for 7 d, the total amount of RNA was

extracted. Then, the RNA was reverse-transcribed to obtain comple-
mentary deoxyribonucleic acid (DNA) (cDNA). The mRNA expression of
related genes was detected by QRT-PCR. The primer sequences are listed
in Table S1.

2.13. Invivo calvarial defect model

All animal experiments were conducted in accordance with the
Guidelines for the Care and Use of Experimental Animals of Nanchang
University, and approved by the Animal Ethics Committee of Nanchang
University. All the implanted BMSCs were allogeneic. The Spra-
gue-Dawley rat cranial-defect was used to evaluate the bone regenera-
tion of the hydrogels in each group in vivo. Thirty-two 12-week-old rats
were given general anesthesia, and a sagittal incision was made directly
above the skull. Two critical size defects with a diameter of 5 mm were
drilled on both sides of the skull using a dental ring drill, and the he-
matoma was cleaned using sterile PBS, hydrogel was implanted, and
wound was sutured. Implant four different hydrogels: (1) GelMA, (2)
BG@GelMA, (3) BMSCs@GelMA, and (4) BG/BMSCs@GelMA (n = 4).
The cell density of the BMSC-loaded hydrogels was 1 x 10 cells/ml.
Four rats were randomly sacrificed from each group at 4 and 8 weeks
after implantation, and samples were collected for further experiments.

2.14. Imaging analysis

Thirty-two rats in the GelMA, BG@GelMA, BMSCs@GelMA, and BG/
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Fig. 8. Histological analysis at 4 and 8 w after implantation in rat calvarial defect. H&E and Masson’s trichrome staining at 4 w (A, B) and 8 w (E, F). Percentage of
new bone area in H&E at 4 w (C) and 8 w (G). Percentage of collagen area in Masson’s trichrome at 4 w (D) and 8 w (H).

BMSCs@GelMA groups were respectively sacrificed at 3 d, 7 d, 4 weeks,
and 8 weeks after surgery, and their skulls were removed. Samples were
measured by a micro-CT scanning system. Briefly, the sample is scanned
first in this study. The datas were reconstructed using three-dimensional
(3D) surface rendering. Bone volume/tissue volume (BV/TV) as well as
bone mineral content (BMD) were calculated using micro-CT analysis
software after the defect area was identified.

2.15. Histological analysis

The skull specimens were fixed, decalcified, embedded, and then
stained with H&E and Masson’s trichrome. At days 3, 7, 28, and 56,
particle analysis was performed using the ImageJ function of the same
threshold range. The field of view was selected under an 80 x magni-
fication, and three ROIs were randomly selected for each sample. The
neovascularization area of the above ROI in the HE-stained tissue images
were calculated using ImageJ software. The area of regenerated mineral
tissue in H&E staining images was calculated using ImageJ to evaluate
bone regeneration. The density of collagen in Masson’s trichrome-
stained images was calculated using ImageJ to evaluate bone
regeneration.

2.16. Immunofluorescence staining

After routine dewaxing, the slices were boiled for 30 min. After
cooling to 25 °C degrees, wash on a shaker three times for 5 min. The
slices were incubated with 3 % bovine serum albumin and 0.1 % Triton
X-100 for 20 min. The sections were then incubated with primary

antibody at 4 °C overnight. After washed and incubated with
fluorescent-labelled secondary antibodies , the sections were then
immersed in 4 ’, 6-diamino-2-phenylindole (DAPI) and nucleated at
37 °C.

2.17. Statistical analyses

GraphPad Prism (version 9.0, manufacturer, location) was used for
statistical analyses. The data were displayed as mean =+ standard devi-
ation. Data were compared with a one-way analysis of variance followed
by Tukey’s post-hoc test among groups. P-values <0.05 were defined as
statistically significant.

3. Result and discussion
3.1. Characterisation of hydrogels

SEM was used to analyse the microporous structures of the GelMA
and BG@GelMA hydrogels in situ. As shown in Fig. 1A, the GelMA
hydrogel had interconnected and evenly distributed pores, which
allowed the cells to attach inside the hydrogel and exchange substances
with the outside environment. BG was evenly distributed in the GelMA
hydrogel. The morphology of BMSCs in hydrogel was observed by SEM.
Most cells were wrapped in the hydrogel, so they could not be observed
directly. Only a rounded protrusion wrapped in the micro-filaments was
visible (Fig. 1B (al, bl)). Some studies have shown that the morphology
of cells in a hydrogel can be outspread by extending the culture time. A
few cells migrated from the inner parts to the surface of the hydrogel
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Fig. 9. Immunofluorescence staining in vivo. Inmunostaining for CD31 (A), OCN (B) and OPN (C) at 4 weeks. Quantitative analysis of CD31 (D), OCN (E) and OPN
(F) at 4 weeks. Immunostaining for CD31 (G), OCN (H) and OPN (I) at 8 weeks. Quantitative analysis of CD31 (J), OCN (K) and OPN (L) at 8 weeks.

(Fig. 1B (a2, b2)). As shown in Fig. 1B (a3, b3), the cells adhered to the
hydrogel, and some of them were attracted by BG. The integrity of the
scaffold is essential for cell culture [41,42]. In the collagenase degra-
dation experiment, the GelMA hydrogels degraded completely in 2 h
(Fig. 1C). However, the degradation rate decreases with the incorpora-
tion of BG into the hydrogel. In addition, the inclusion of BG reduced the
swelling rate of the hydrogels, which may be due to its hydrophobicity
(Fig. 1D). The data presented above show that BG incorporation delays
the enzymatic degradation of the hydrogel and limits water penetration
and volume changes after implantation to produce more stable con-
structs. The mechanical properties of the hydrogels were evaluated
using uni-axial compression experiments. The stress at 50 % strain
(Fig. 1E) and compressive modulus (Fig. 1F) of the GelMA hydrogels
increased significantly at increasing BG concentrations. According to the
results of the mechanical properties, addition of BG resulted in higher
mechanical strength.

3.2. Cytocompatibility of hydrogels in vitro

Because BMSCs were crucial in the repair of bone defects, we
examined the activity of the BMSCs encapsulated in the hydrogels.

Studies have shown that lower concentrations of GelMA result in higher
cell viability than high concentrations of GelMA. Therefore, 5 % GelMA
hydrogel was used to encapsulate the cells in this study. The results of
the live/dead assays showed that more than 80 % of the cells were viable
from d 1 to d 7 in all groups, except the 2.0 % BG/BMSCs@GelMA group
(Fig. 2A). In addition, no significant differences in the OD values were
observed in any of the groups on day 1, 3, and 7, except for the 2.0 %
BG/BMSCs@GelMA group (Fig. 2B and C). These results demonstrate
that the BMSCs@GelMA, 0.5 % BG/BMSCs@GelMA, 1.0 % BG/
BMSCs@GelMA, and 1.5 % BG/BMSCs@GelMA hydrogels exhibited
good biocompatibility. These hydrogels were used in subsequent
experiments.

3.3. Osteogenic differentiation of BMSCs

The ideal biological scaffold should be able to promote the osteo-
genic differentiation of BMSCs. However, GeIMA hydrogel only provides
a stable 3D micro-environment for cells, and its insufficient osteo-
induction ability limits its applications. Study have shown that BG
promotes osteogenic differentiation of bone marrow mesenchymal stem
cells through BMP/Smad signaling pathway [43]. Cui et al.
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Fig. 10. Immunofluorescence staining analysis. Immunofluorescence staining images of iNOS (A) and CD206 (B) in rats following different treatments, and
orresponding expression analysis of iNOS (C), and CD206 (D). Ratio of expression of CD206 (M2) to iNOS (M1) (E).

Heart

Liver

Fig. 11. Schematic illustration of in vivo evaluation. H&E Staining of organs implanted with GelMA-BG@GelMA (A) and BMSCs@GelMA-BG/BMSCs@GelMA(B) for
4 weeks, and Ge]MA-BG@GelMA(C) and BMSCs@GelMA-BG/BMSCs@GelMA(D) for 8 weeks (bar = 400 pm).

demonstrated that bone cement containing BG stimulates bone regen-
eration of femoral condylar defect in rabbits by activating Wnt/p-cate-
nin signaling pathway [44]. Therefore, the incorporation of BG is
essential for the osteogenic properties of hydrogels. ALP and ARS were
used to detect osteogenic differentiation of BMSCs [45]. As shown in
Fig. 3A-C, ALP expression was higher in the 0.5%BG/BMSCs@GelMA,
1.0%BG/BMSCs@GelMA, and 1.5%BG/BMSCs@GelMA compared with
the GelMA group; moreover, compared with the 0.5%
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BG/BMSCs@GelMA and 1.0%BG/BMSCs@GelMA, the 1.5%
BG/BMSCs@GelMA group exhibited enhanced ALP staining and
increased ALP activity. Mineralised nodules are markers of osteoblast
differentiation and maturation. ARS was performed to detect the effects
of the hydrogels on the mineralisation of BMSCs (Fig. 3D-F). The
number of bone mineralisation nodules increased significantly in the
BG/BMSCs@GelMA group. Bone mineralisation in the 1.5%
BG/BMSCs@GelMA group significantly increased among the three
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groups. Quantitative analyses further indicated that 1.5%
BG/BMSCs@GelMA promoted the formation of mineralised modules.
Based on above results, we believed that the 1.5%BG/BMSCs@GelMA
hydrogel promotes osteogenic differentiation of BMSCs, and the 1.5%
BG/BMSCs@GelMA hydrogel was used in the in vivo study.

The material was co-cultured with BMSCs to verify its effect on
osteogenic differentiation of BMSCs. The qRT-PCR was used to evaluate
the effect of hydrogels on marker genes for the osteogenic differentiation
of BMSCs. The data indicated that the expression levels of ALP (Fig. 4D)
and Runx2 (Fig. 4E), bio-marker genes of osteoblast differentiation,
were significantly higher in the BG/BMSCs@GelMA group than
BMSCs@GelMA group [46]. In addition, the ALP and ARS staining re-
sults indicated that the degree of ALP and ARS staining was more
obvious in the BG/BMSCs@GelMA group (Fig. 4A-C).

3.4. In vivo bone regeneration of hydrogels

BG/BMSCs@GelMA hydrogels have been shown to have desirable
cellular biocompatibility and excellent osteo-induction effects in vitro.
In this study, a rat cranial defect model was used to evaluate further the
osteogenic effects of BG/BMSCs@GelMA. Two 5 mm diameter critical-
sized bone defects were drilled on both sides of the skulls of the rats
and implanted with different hydrogels. Subsequently, in situ, optical
crosslinking was performed using UV light (405 nm).

The hematoma begins to dissipate on the third day after the fracture,
with the local release of cytokines to recruit stem cells. At seven days
after fracture, local cartilage callus and unmineralized cartilage tissue
formed. Therefore, we chose to examine the bone defect area to explore
the process of early osteogenesis at day three and seven after implan-
tation. Micro-CT was performed to observe early osteogenesis. Three
days after implantation, there was no new bone tissue in any group
(Fig. 5A). Seven days after implantation, there was a small amount of
new bone tissue between the material and host bone (Fig. 5B). Stem cells
in the initial inflammatory phase do not proliferate or differentiate.

After the implantation of hydrogels, the ideal hydrogel structure is
gradually degraded and absorbed, while the cells in the scaffold prolif-
erate and secrete the ECM into the body to achieve bone regeneration.
Three days after implantation, the hydrogel scaffold was relatively
complete, without fracture or collapse, and played a supporting role. A
small number of fibroblasts and a limited degree of angiogenesis were
observed at the bottom of the hydrogel, and no new bone tissue was
observed in any group (Fig. 6A and B). Seven days after implantation, a
large number of vessels and new collagen were observed in each group,
whereas the BG/BMSCs@GelMA group exhibited the best new bone and
blood vessel production outcomes (Fig. 6C-E). Interestingly, hydrogels
in the BG@GelMA, BMSCs@GelMA, and BG/BMSCs@GelMA groups
degraded faster compared with the GelMA group. Mass cells were
observed around the hydrogels, and some cells entered the hydrogels,
thus indicating that the hydrogels promoted cell migration. Wang et al.
[47] showed that BG promotes BMSCs migration through ionic disso-
ciation products. Furthermore, studies have shown that MSCs stimulate
the migration of MSCs and endothelial cells via a paracrine mechanism
[48]. The aforementioned studies showed that the BG@GelMA,
BMSCs@GelMA, and BG/BMSCs@GelMA groups had higher cell infil-
tration and angiogenesis than the GelMA group.

The hydrogel completely degraded 4 weeks after surgery. At week 4
after surgery, new bone tissue was formed in all groups, with the BG/
BMSCs@GelMA group yielding the best new bone production
(Fig. 7A-D). The difference in new bone formation was more pro-
nounced, with the new bone volume of the BG/BMSCs@GelMA group
being significantly higher than those in other groups at 8 weeks after
surgery (Fig. 7E and F). Quantitative analyses of BV/TV and BMD
further demonstrated the effect of BG/BMSCs@GelMA on bone regen-
eration (Fig. 7G and H).

Subsequently, H&E staining showed that at 4 and 8 weeks after
implantation, there were new bones in all groups. Four weeks after
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surgery (Fig. 8A-D), the BG/BMSCs@GelMA group had a higher content
of new bone, followed by the BG@GelMA and BMSCs@GelMA groups.
However, there was only a little of new bone in the GelMA group, which
was mainly fibrous tissue. New bone tissues were mainly distributed at
the interface between the hydrogels and host tissue. Eight weeks after
surgery (Fig. 8E-H), especially in the BG/BMSCs@GelMA group, a large
amount of new bone tissue was formed in the centre of the defect area,
and these new bones occupied almost the entire bone defect area.
Masson’s trichrome staining confirmed the presence of new bone for-
mation in all groups, and the BG/BMSCs@GelMA had a better bone
composition effect than the other groups.

Bone is connective tissue rich in blood vessels, and early angiogen-
esis is essential for bone regeneration [49-52]. BG promotes vascular
regeneration and is extensively used in wound repair and bone regen-
eration [35,53]. At four weeks, the BG@GelMA had more new blood
vessels than GelMA group (Fig. 6F). Studies [54,55] have shown that
BMSCs co-culture with human umbilical vein endothelial cells promotes
the vascularization of bone tissue, which may be caused by the secretion
of vascular endothelial and other growth factors by BMSCs. The data of
H&E staining indicated that the BMSCs@GelMA group had a higher
number of new vessels than the GelMA group at 4 weeks after implan-
tation. In order to further detect the angiogenesis in the defect area,
immunofluorescence staining was performed. The result of immuno-
staining showed that the expression of CD31 was significantly higher in
the BG/BMSCs@GelMA group than the other groups at week 4 after
surgery (Fig. 9A and D). This proved that the BG/BMSCs@GelMA group
had the highest number of blood vessels among the four groups which is
consistent with above results. Interestingly, there was no significant
difference in fluorescence intensity among four groups at 8 weeks
(Fig. 9G and J).

Our results showed that the immunofluorescence intensity of the BG/
BMSCs@GelMA group was the highest. The quantitative analysis
showed that the expression of the osteoblast markers OCN (Fig. 9B and
E) and OPN (Fig. 9C and F) was significantly higher in the BG/
BMSCs@GelMA group than the other groups at week 4 after surgery
[56-58]. This demonstrates the positive effect of BG/BMSCs@GelMA on
osteogenesis. Interestingly, the expression levels of OCN (Fig. 9H and K)
and OPN (Fig. 91, L) decreased at 8 weeks after implantation in the
BG/BMSCs@GelMA group compared with 4 weeks. We believe that
these results were due to the formation of a large number of new bone
tissues in the BG/BMSCs@GelMA group at 8 weeks, in which the oste-
oblasts were wrapped by bone tissues and matured into bone cells.

Growing studies [33,59] have proved that the behavior of host-cells
and the occurrence and development of diseases were affected by the
local microenvironment. Persistent inflammatory states, such as
persistent M1 macrophage activation, may affect the immune-regulated
osteogenesis process and delay bone regeneration. Whether biomaterials
regulate the host immune response to provide a suitable immune
microenvironment for bone tissue regeneration are very vital for bone
regeneration. Macrophages play an important role in regulating multi-
ple stages of bone tissue repair. Macrophages can transform into
different phenotypes in different microenvironments. As shown in
Fig. 10, at 4 weeks after surgery, Immunofluorescence staining showed
that CD206 fluorescence staining intensity increased after adding BG.
This indicates that the addition of BG promotes the polarization of
macrophages towards M2 type, thus promoting bone tissue regenera-
tion. iNOS fluorescence intensity was significantly reduced, while
CD206 fluorescence intensity was significantly increased after
BG/BMSCs@GelMA hydrogel treatment compared with other groups.
Quantitative analysis results showed that BG/BMSCs@GelMA hydrogel
had the highest M2/M1 ratio. The above results indicated that
BG/BMSCs@GelMA hydrogel efficiently enhances the transition of
macrophages from the M1 to the M2 phenotype.

In order to detect the toxicity of hydrogels in vivo, major organs of
rats were histologically stained, H&E staining revealed that the hearts,
livers, spleens, lungs, and kidneys of SD rats treated with bioactive
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hydrogel scaffolds did not exhibit significant inflammation or damage
(Fig. 11A-D). Overall, these results demonstrated that the hydrogel
scaffolds in each group had good biocompatibility.

This study is associated with some limitations. Some studies have
proved that scaffold-encapsulated cells have positive effect on bone
tissue regeneration and may play a therapeutic role by differentiating
into specific cells or paracrine. In this study, we prepared a hydrogel
loaded with BMSCs to promote bone regeneration in rat cranial defects.
However, this study did not explore the proliferation of BMSCs within
the hydrogel in vivo, which is a limitation. Second, We have studied the
effects of BG on BMSCs differentiation but did not detect the effects of
BG on BMSCs paracrine signalling. Our future studies will focus on
exploring the paracrine effects of BG on BMSCs and observing the pro-
liferation of BMSCs in the hydrogel implanted in vivo.

4. Conclusions

Recently, research based on stem cell therapy has been extensively
used to repair bone defects. In this study, we successfully designed an in-
situ photopolymerised, and cost-effective BG/BMSCs@GelMA hydrogel.
In vitro experiments indicated that addition of BG enhanced osteo-
induction of the hydrogels. The composite hydrogel scaffold further
promoted angiogenesis and mineralisation of the bone defect areas,
which is crucial for the bone regeneration. In addition, this composite
bioactive hydrogel scaffold, with excellent biocompatibility and osteo-
genic activity, is a promising material for bone regeneration.

Statement of significance

There are many therapeutic methods for bone-defect repair, but
these are limited by the insufficient number of transplanted bones,
rejection reactions, and limited osteogenic capabilities. In this study,
BG/BMSCs@GelMA with osteogenic and angiogenic properties was
developed for bone-defect repair. 1) BG/BMSCs@GelMA exhibited
excellent cytocompatibility. 2) BG promoted the osteogenic differenti-
ation of BMSCs in the BG/BMSCs@GelMA hydrogel and co-cultured
BMSCs. 3) In the rat cranial-defect model, BG/BMSCs@GelMA
recruited cells, promoted vascular regeneration in the early osteogenic
stage, and showed significant bone regeneration performance 8 weeks
after implantation. 4) BG/BMSCs@GelMA demonstrated immunomod-
ulatory properties and promoted macrophage polarization towards M2
type. In conclusion, BG/BMSCs@GelMA can be used as a promising graft
for the treatment of bone defects.
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