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Abstract
Background Medication-related osteonecrosis of the Jaw (MRONJ) is a rare but severe side effect in patients treated 
with medications such as Bisphosphonates (BPs). Its pathophysiological mechanism needs to be more precise. 
Establishing preventive measures and treatment standards is necessary. This study aimed to develop a composite 
hydrogel scaffold constituted by methacrylated gelatin (GelMA), methacrylated heparin (HepMA) and PRF, and 
investigate its potential application value in the prevention of MRONJ.

Methods GelMA, HepMA, and PRF were prepared using specific ratios for hydrogel scaffolds. Through mechanical 
properties and biocompatibility analysis, the release rate of growth factors and the ability to promote bone 
differentiation in vitro were evaluated. To explore the healing-enhancing effects of hydrogels in vivo, the composite 
hydrogel scaffold was implanted to the MRONJ rat model. Micro-computed tomography (Micro-CT) and histological 
examination were conducted to evaluate the bone morphology and tissue regeneration.

Results The Hep/GelMA-PRF hydrogel improved the degradation rate and swelling rate. It was also used to control 
the release rate of growth factors effectively. In vitro, the Hep/GelMA-PRF hydrogel was biocompatible and capable 
of reversing the inhibitory effect of zoledronic acid (ZOL) on the osteogenic differentiation of MC3T3-E1s. In vivo, the 
micro-CT analysis and histological evaluation demonstrated that the Hep/GelMA-PRF group exhibited the best tissue 
reconstruction. Moreover, compared to the ZOL group, the expression of osteogenesis proteins, including osteocalcin 
(OCN), type collagen I (Col I), and bone morphogenetic protein-2 (BMP-2) in the Hep/GelMA-PRF group were all 
significantly upregulated (P < 0.05).

Conclusions The Hep/GelMA-PRF hydrogel scaffold could effectively control the release rate of growth factors, 
induce osteogenic differentiation, reduce inflammation, and keep a stable microenvironment for tissue repair. It has 
potential application value in the prevention of MRONJ.
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Introduction
Bisphosphonates (BPs), which chelate calcium ions on 
the surface of hydroxyapatite crystals through phos-
phonic acid groups, impair the absorption capacity and 
cell integrity of osteoclasts by blocking ATP synthesis of 
osteoclasts and inhibiting metabolic enzymes of the ner-
vonic acid pathway, are the first-line drugs for the treat-
ment of calcium metabolism disorders [1–3]. As a highly 
stable compound, BPs are not saturated at skeleton-
binding sites in bone. Repeated administration of BPs in 
clinical practice will continuously accumulate bioactive 
doses in bone, forming a reservoir of adsorbed drugs, 
which will continue to be released for months or years 
after stopping treatment [4, 5]. It will affect the alveolar 
bone replacement cycle, destroy the osteogenesis-osteo-
clast balance, and make alveolar bone lose its ability to 
repair bone micro-damage, leading to regional osteone-
crosis [6] (Fig.  1a). For better disease management, the 
American Association of Oral and Maxillofacial Sur-
geons (AAOMS) [7, 8] defined Medication-related osteo-
necrosis of the Jaw (MRONJ) as having been treated with 
BPs, and the maxillofacial region had persistent dead 
bone exposure of more than eight weeks and no history 
of radiotherapy.

Oral invasive procedures usually cause MRONJ. Tooth 
extraction is known to be the most important indepen-
dent risk factor for MRONJ [7, 9]. However, the patho-
physiological mechanism of MRONJ needs to be more 
precise. Moreover, unified prevention measures and 
treatment standards are needed. In particular, the pre-
vention of the disease is crucial for cancer patients. Many 
researchers are trying to figure out how to solve this chal-
lenge. The development of some biomaterials is still in 
the preclinical modeling stage, and in vitro studies still 
need to be completed [10, 11].

In recent years, reports have emerged of platelet-rich 
fibrin (PRF) contributing to the treatment of MRONJ 
[12–14]. PRF is the second generation of APCs. It can 
release Platelet-derived growth factors (PDGF), Trans-
forming growth factor β1 (TGF-β1), Vascular endothe-
lial growth factor (VEGF), and so on. The growth factors 
can stimulate the production of collagen, produce anti-
inflammatory agents, initiate internal growth of blood 
vessels, induce cell differentiation, control the local 
inflammatory response, and help tissue healing [15]. It 
has positive functions of soft tissue regeneration, plastic 
surgery, guided bone tissue regeneration, maxillary sinus 
lifting, skin graft healing, and other aspects [12]. Nota-
bly, Jamalpour et al. [16] treated the MRONJ rat model 
by surgery combined with PRF and photobiomodula-
tion with efficacy in promoting wound healing and bone 

tissue regeneration. It is hypothesized that PRF may con-
tribute to the prevention of MRONJ.

Collagen, mucopolysaccharide sulfate, and other natu-
ral materials exist widely and have good biocompatibility. 
Hydrogels are essential in cell culture, tissue engineering, 
and other fields. However, in addition to complemen-
tary functional group reactions, natural materials often 
rely on physical crosslinking and need better mechanical 
strength and stability. Methacrylic acid (MA) has recently 
been a widely used modification scheme. MA is used to 
modify the side chains of gelatin and heparin to obtain 
methacrylate gelatin (GelMA) and methacrylate hepa-
rin (HepMA) [17, 18]. It preserves the arginine-glycine-
aspartic acid (RGD) and the matrix metalloproteinase 
(MMP) sequence on the main chain of gelatin. Moreover, 
HepMA preserves the ability of specific binding growth 
factors [19, 20]. At the same time, MA modification gives 
GelMA and HepMA the ability to covalently bond under 
ultraviolet light, which has higher stability than physical 
cross-linking (Fig. 1b).

Therefore, this experiment intended to combine PRF 
with the GelMA and HepMA mixed system to prepare 
a multi-component photocurable hydrogel, which could 
play a synergistic role. We established the MRONJ rat 
model through BPs administration and tooth extraction. 
The composite hydrogel was placed into the extraction 
socket to provide a physical barrier and help tissue regen-
eration (Fig.  1c). We evaluated the preventive effect of 
Hep/GelMA-PRF hydrogel on MRONJ by observing the 
wound healing after tooth extraction in rats.

Result
Morphological assessment
After irradiating under UV light at 405  nm, GelMA 
appeared as light yellow (Fig.  2a, e). Hep/GelMA 
appeared as colorless (Fig.  2b, e). GelMA-PRF was 
orange (Fig. 2c, e). Hep/GelMA-PRF was reddish-orange 
(Fig. 2d, e).

FT-IR assessment
The absorption peak at 3421  cm− 1, the amide A band, 
is due to the stretching vibration of the N-H and O-H 
groups. The absorption peak at 2978 cm− 1, the amide B 
band, is due to the C-H group stretching. The absorp-
tion peak at 1615 cm− 1 is associated with C = O stretch-
ing, which is the amide I band. The absorption peak at 
1545  cm− 1 is attributed to N-H bending, the amide II 
band. The absorption peak at 1390 cm− 1 is related to the 
N-H bending vibration, the amide III band. Hep/GelMA 
hydrogels have similar peak patterns to GelMA and 
HepMA (Fig. 3a).
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Critical electrolyte concentration staining assessment
Compared to Hep/GelMA, GelMA showed a lighter blue 
color in Alcian Blue stains at > 0.05 M MgCl2 concentra-
tion. However, Hep/GelMA showed a dark blue color 
from 0.05  M to 0.5  M. There was no significant differ-
ence in the staining intensity of the two hydrogels in the 
0.7–0.9  M MgCl2 concentration of the staining solution 
(Fig. 3b).

Degradation rate and growth factor sustained-release 
capacity assessment
The degradation of hydrogels increased with time in all 
groups (Fig. 3c). GelMA showed rapid degradation, with 
scaffold structure breakage occurring after 7–14 days. 
Its complete degradation takes about 21 days. The rapid 
degradation of GelMA-PRF appeared within 5–7 days, 
earlier than that of GelMA. Whatmore its complete 
degradation takes about 14 days. Hep/GelMA and Hep/
GelMA-PRF degraded slowly and steadily over 28 days, 
with only partial degradation. In addition, Hep/GelMA-
PRF hydrogel can release PRF growth factors continu-
ously for more than four weeks (Fig. 3d).

Swelling balance assessment
The results showed a gently rising trend of GelMA-PRF 
and Hep/GelMA-PRF. They reached the swelling bal-
ance after 24  h. However, GelMA maintained a steady 
upturn. At 48  h, the swelling rate of GelMA-PRF and 
Hep/GelMA-PRF was less than that of GelMA and Hep/
GelMA (Fig. 3e).

Biocompatibility assessment
MC3T3-E1 were distributed in the bottom of the petri 
dish. They were fusiform, showing a positive growth state 
(Fig. 4a).

The live/dead staining tested the biocompatibility of 
the hydrogel (Fig.  4b). The cells showed high prolifera-
tive activity and a low proportion of dead cells (red) in 
each group. All the hydrogels showed no cytotoxicity 
and good biocompatibility. The number of cells in each 
group increased gradually over time. On day 3, the pro-
portion of living cells in the Hep/GelMA-PRF group and 
GelMA-PRF group was significantly higher than that in 
the other two groups, indicating that the hydrogels in the 
two groups were more vital in promoting the prolifera-
tion of MC3T3-E1.

Fig. 1 Mechanism diagram. (a) BPs cause MRONJ. The P-C-P structure of the main chain of BPs forms a bidentate chelator by chelating calcium ions on 
the surface of bone apatite crystals through two adjacent phosphonic acid groups, which can create a strong bond with the HA crystal. BPs are released 
into the cytoplasm of osteoclasts after separation from HA in the vesicles of osteoclasts and inhibit bone resorption by blocking ATP synthesis, inhibiting 
metabolic enzymes of the mevalonate pathway, impairing the resorptive capacity and cell integrity of osteoclasts, and triggering apoptosis. (b) GelMA 
Crosslinks with HepMA through ultraviolet light. (c) Hep/GelMA-PRF solution is solidified into a hydrogel in the extraction socket by ultraviolet light. PRF 
can release growth factors in the extraction socket.
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CCK-8 staining detected the effect of zoledronic acid 
(ZOL) on the proliferation of MC3T3-E1 (Fig.  4c). As 
shown in picture 4c, compared with the 0 µmol/L ZOL 
group, the 2 µmol/L group could significantly inhibit 
cell proliferation on day 5. Therefore, 2 µmol/L ZOL was 
selected for the subsequent experiment.

ZOL-induced MC3T3-E1 cocultured with hydrogels. 
CCK-8 staining detected the cells’ proliferative activity 
(Fig. 4d). The results showed that the proliferating activ-
ity of the Hep/GelMA-PRF + ZOL group was significantly 
higher than that of the GelMA + ZOL group (P < 0.05). 
It was confirmed that Hep/GelMA-PRF hydrogel could 
resist the inhibitory effect of ZOL on the proliferation of 
MC3T3- E1.

ZOL-induced MC3T3-E1 cocultured with hydrogel 
extract. Moreover, the activity of cells in each group was 
observed by the live/dead staining (Fig. 4e). The live/dead 
staining showed that the proportion of dead cells in the 
ZOL group was significantly higher than in the other 
three groups on day 3. Furthermore, compared with the 
ZOL group, the Hep/GelMA-PRF + ZOL group had sig-
nificantly stronger green fluorescence per unit area. In 
conclusion, the Hep/GelMA-PRF + ZOL group had a 

higher proportion of living cells, better cell vitality, and 
could resist the negative effect of ZOL.

Osteogenic differentiation assessment
On day 7, ALP staining showed that the Hep/GelMA-
PRF group was more profound than the GelMA group 
(Fig.  4f ). Moreover, The Hep/GelMA-PRF + ZOL group 
was more profound than the GelMA + ZOL group. On 
day 14, the Hep/GelMA-PRF + ZOL group was still more 
profound than the GelMA + ZOL group. These results 
indicated that Hep/GelMA-PRF could induce early 
osteogenic differentiation and resist the inhibitory effect 
of ZOL.

Alizarin red staining was performed on MC3T3-E1 
(Fig. 4g). The Hep/GelMA-PRF group formed more cal-
cium nodules than the other three groups. However, no 
apparent calcium nodules were found in the GelMA and 
the GelMA + ZOL groups. The cells in the GelMA + ZOL 
group shrank and became round, which may be caused 
by the toxic effect of ZOL. There were more calcium 
nodules in the Hep/GelMA-PRF + ZOL group than 
in the GelMA + ZOL group. In conclusion, The Hep/

Fig. 2 Morphological assessment. (a) GelMA. (b) Hep/GelMA. (c) GelMA-PRF. (d) Hep/GelMA-PRF. (e) From left to right: GelMA、Hep/GelMA、GelMA-
PRF、Hep/GelMA-PRF. (Scale bar: 3 mm)
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GelMA-PRF hydrogel could reverse ZOL’s inhibitory 
effect on osteogenic differentiation.

Clinical assessment
The gingival in the control and Hep/GelMA-PRF groups 
was healing. However, the wound healing was delayed 
with yellow pus in the ZOL group at four weeks. More-
over, it had a large area of necrotic bone with gingival 
inflammation at eight weeks. And the Hep/GelMA group 
showed a small area of necrotic bone (Fig. 5a). Statistical 
analysis showed that the Hep/GelMA-PRF group signifi-
cantly reduced the area of open wounds at four and eight 
weeks after tooth extraction compared with the ZOL 
group (p < 0.05) (Fig. 5b).

Radiographic assessment
X-ray and micro-CT were used to observe the bone tis-
sue (Fig.  5c). The control group had horizontal resorp-
tion of the alveolar bone. At four weeks, the other three 
groups effectively preserved the alveolar bone, and there 
were apparent bone trabeculae in the proximal extraction 

sockets. The Hep/GelMA-PRF group had the most sig-
nificant newborn bone trabeculae. Distal extraction sock-
ets have a slower growth rate due to their big and deep 
size. However, by eight weeks, the ZOL group showed 
diffuse osteolytic destruction, blurred borders, and dead 
bone fragments. It also expanded the bone toward the 
buccal and lingual sides. The Hep/GelMA and the Hep/
GelMA-PRF groups effectively healed the wounds. The 
Hep/GelMA-PRF group had the most significant healing 
effect, with the newborn bone trabeculae maturing and 
being able to fill the extraction sockets.

Statistical analysis showed that the BV/TV and the 
BMD of the Hep/GelMA-PRF group were significantly 
higher than the ZOL group at eight weeks (P < 0.05) 
(Fig.  5d, e). The Tb.Sp of the Hep/GelMA-PRF group 
was significantly lower than the ZOL group at eight 
weeks (p < 0.05) (Fig.  5f ). Meanwhile, the Tb.Th of the 
Hep/GelMA-PRF group in eight weeks was significantly 
increased compared to four weeks (P < 0.05) (Fig. 5g).

Fig. 3 Characterization of hydrogels. (a) Fourier transform infrared spectrum. (b) Critical electrolyte concentration staining. Compared to Hep/GelMA, 
GelMA showed a lighter blue color in Alcian Blue stains at > 0.05 M MgCl2 concentration. (c) Degradation rate. (d) Capacity of release of TGF-β1. (e) Swell-
ing balance. Data represent mean ± SEM
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Histologic assessment
At four weeks, many empty lacunae and neutrophils 
appeared in the ZOL group, suggesting extensive 
necrotic bone tissue and diffuse inflammatory infiltra-
tion. The crest of the alveolar ridge, especially the inter-
radicular septa, concentrated most empty lacunae. The 
control and Hep/GelMA-PRF groups had no inflamma-
tion and empty lacunae. However, the control group had 
severe bone absorption. In contrast, the Hep/GelMA-
PRF group formed many new braided bones and small 
blood vessels.

At eight weeks, the ZOL group inhibited bone remod-
eling and formed some sequestrum with inflamma-
tion and colony infections. The Hep/GelMA group also 
formed empty lacunae and inflammation. In contrast, 
the Hep/GelMA-PRF group formed new bones with no 
prominent inflammation and empty lacunae (Fig. 5h).

Statistical analysis showed that the bone-filling per-
centage of the Hep/GelMA-PRF group was significantly 
higher than that of the other three groups (P < 0.05) 
(Fig. 5i). In addition, the necrotic bone area of the ZOL 

group was significantly higher than that of the other 
three groups (P < 0.05) (Fig. 5j).

Masson staining showed dense, thick, and regular col-
lagen fibers in the control and Hep/GelMA-PRF groups. 
The ZOL group had fewer collagen fibers with severe 
inflammation and colony infections (Fig. 6a).

Osteoclasts can be stained purple-red by the TRAP 
(Fig.  6b). At four weeks, the number of osteoclasts was 
higher in the Hep/GelMA-PRF group (P < 0.05). At eight 
weeks, there was a significant increase in the ZOL group 
(P < 0.05) (Fig. 6c).

Immunohistochemical staining showed that at four 
weeks, the Hep/GelMA-PRF group expressed more 
OCN-positive protein, Col I-positive protein, and BMP-
2-positive protein than the ZOL group (P < 0.05) (Fig. 6d, 
e, f, g). The control group had the highest expression of 
VEGF-positive protein. At eight weeks, the control, Hep/
GelMA, and Hep/GelMA-PRF groups expressed less 
Col I-positive protein (P < 0.05) (Fig.  6d, f ). In addition, 
the control and Hep/GelMA-PRF groups expressed less 
VEGF-positive protein (P < 0.05) (Fig. 6d, h).

Fig. 4 In vitro assessment. (a) MC3T3-E1. (Scale bar: 100 μm) (b) Live/dead staining was used to test the biocompatibility of hydrogels. (Scale bar: 500 μm) 
(c) CCK-8 staining was used to screen for ZOL concentration. (d) CCK-8 staining was used to detect ZOL-induced cell proliferative activity. (e) Live/dead 
staining assay was performed to detect ZOL-induced cell proliferative activity. (Scale bar: 500 μm) (f) ALP staining. (g) Alizarin red staining. (Scale bar: 
100 μm) Data represent mean ± SEM. (*: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001)
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Discussion
BPs are first-line agents for treating disorders of calcium 
metabolism. They are widely used to treat patients suf-
fering from bone tumors, osteoporosis, Paget’s Disease 
(PD), acute hypercalcemia, and multiple myeloma [21]. 
However, prescriptions for BPs in the U.S. fell by nearly 
seven million after introducing MRONJ [22]. The preven-
tion and treatment of MRONJ is a complex problem that 
needs to be solved, and millions of patients worldwide 
still need to take BPs for various diseases.

PRF is a second-generation APC rich in several growth 
factors. It can stimulate collagen production, initiate 
intravascular growth, and control local inflammatory 
responses. However, PRF degrades rapidly. The release 
time of growth factors can only last seven days, and its 
long-term efficacy in preventing and treating MRONJ 
remains to be further investigated [23]. Based on this, the 
construction of PRF-loaded hydrogel scaffold materials is 
expected to delay the release time of growth factors.

As described by Scott et al. [24], the critical electro-
lyte staining method selectively stains anionic functional 
groups based on the MgCl2 concentration. Thus, sulfate 

groups can be colored at higher magnesium ion concen-
trations than carboxylate groups. Due to the presence of 
carboxyl and sulfate groups in HepMA and only carboxyl 
groups in GelMA, Hep/GelMA hydrogels can take on a 
darker blue color in higher concentrations of electrolyte 
solutions, but GelMA hydrogels have a lighter blue color.

The hydrophilicity and water absorption of hydrogels 
are related to the crosslinked network’s molecular struc-
ture and the monomers’ degree of crosslinking. If the 
crosslinked network is too tightly structured, the hydro-
gel’s water absorption is reduced. The higher the hydro-
philicity of the monomer structure, the better the water 
absorption of the hydrogel. In the swelling balance test, 
the PRF-loaded hydrogels reached the swelling balance 
within 12–24  h, suggesting that incorporating PRF and 
HepMA made the crosslinked network structure more 
compact and stable.

Crosslinking is the key to avoiding the dissolution 
of hydrophilic polymer chains. The Hep/GelMA-PRF 
hydrogel maintained a low degradation rate within 28 d, 
indicating that the incorporation of HepMA increased 
the stability of the crosslinking system and prolonged the 

Fig. 5 In vivo assessment. (a) Post-treatment clinical results. (Scale bar: 1 mm) (b) The percentage of unhealed areas. (c) Radiographic assessment. (Yellow 
arrow: extraction fossa) (Scale bars: 3 mm) (d-g) Bone metabolism-related indexes of each group. (d) BV/TV. (e) BMD. (f) Tb.Sp (g) Tb.Th. (h) Histologic as-
sessment. WB: Woven bone. LB: Lamellar bone. NB: Necrotic bone. IF: Inflammatory infiltration. red arrow: empty lacunae. blue arrow: osteocytes. *: bacte-
rial colony. (White scale bar: 500 μm. black scale bar: 100 μm) (i) Bone filling percentage. (j) Necrotic bone area percentage. Data represent mean ± SEM. 
(*: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001)

 



Page 8 of 13Tao et al. BMC Oral Health         (2024) 24:1010 

degradation time of the hydrogel. This confirms that the 
dense and firm three-dimensional network of the Hep/
GelMA-PRF hydrogel could firmly bind the PRF in the 
hydrogel, realizing the long-term and sustained release of 
the growth factors.

Researchers have developed various preclinical models 
to explore the mechanisms of MRONJ. Rats are the most 
frequently used animal in the MRONJ model (up to 60%) 
due to general advantages such as ease of husbandry, 
shorter experimental period, and lower costs [25]. Sys-
temic drug induction combined with tooth extraction is 
the most common combination in the model. ZOL is a 
third-generation BPs, the most potent and longest-lasting 
BPs in the clinic, and is the most common choice in the 
MRONJ model [26]. The AAOMS definition stipulates 
that a diagnosis of MRONJ requires “persistent expo-
sure to the sequestrum for more than eight weeks or a 
fistula deep to the sequestrum, " equivalent to one week 
of rat life [7, 8]. Therefore, MRONJ-like lesions should 
be present in rats for at least one week to verify the suc-
cessful establishment of the model. An ideal model 
should mimic the pathophysiological features of MRONJ, 
including osteonecrosis, inflammation, and angiogenesis 
inhibition. However, the current model only simulates 

some of these pathophysiological features [25]. Our study 
concluded that MRONJ-like lesions could exist in rats for 
over one week, and the MRONJ model was considered 
successful.

The ZOL group had delayed healing with necrotic bone 
exposure and gingival inflammation, so the MRONJ 
model was established successfully. Meanwhile, the Hep/
GelMA-PRF group showed tissue regeneration.

On radiographic assessment, the ZOL group showed 
increased sequestrum and higher Tb.Sp values than the 
Hep/GelMA-PRF group. It suggests that bone trabeculae 
were less connected, and bone integrity was disrupted 
in the ZOL group. Which is an essential indicator for 
evaluating MRONJ [27]. The Hep/GelMA-PRF group 
increased BV/TV and BMD values compared with the 
ZOL group. Notably, the alveolar bone in the control 
group was gradually resorbed. In contrast, the other 
groups could maintain the morphology of the extraction 
sockets, which was speculated to be related to the ZOL-
inhibiting bone resorption mechanism. In addition, the 
hydrogel covering the wound provided a stable micro-
environment for blood clot mechanization and tissue 
regeneration.

Fig. 6 In vivo assessment. (a) Masson staining. (Scale bar: 50 μm) (b) Trap staining. (Red arrow: osteoclast) (Scale bar: 100 μm) (c) Trap + cell number /
mm2 in each group. (d) Immunohistochemical staining. (Scale bar: 100 μm) (e-h) Immunohistochemical protein expression. (e) OCN. (f) Col I. (g) BMP-2. 
(h) VEGF. Data represent mean ± SEM. (*: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001)
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Histologic assessment can observe more severe lesions. 
Sequestrum formation is the most important marker 
of the MRONJ rat model. In general, necrotic bone is 
an area with at least ten contiguous empty lacunae [27, 
28]. In this experiment, HE staining showed large areas 
of empty lacunae in the ZOL and Hep/GelMA groups. 
These were mainly concentrated at the top of the alveo-
lar ridge, especially at the root bifurcation, consistent 
with Yu et al.‘s [29] findings. We suppose that the surgery 
damaged the alveolar ridge, forming a sequestrum. ZOL 
impaired the resorption function of osteoclasts, and the 
organism failed to remove the sequestrum in time. Sec-
ond, ZOL decreased the number of endothelial cells and 
endothelial precursor cells, which could easily trigger 
ischemic necrosis. The location of the alveolar ridge was 
far away from the mandibular neural tube, so there was 
not enough blood supply. Meanwhile, the necrotic bone 
was exposed and infected, so this area was the first to 
develop osteonecrosis.

In addition, ZOL inhibited bone formation by impair-
ing osteoclast resorption and osteoclast-osteoblast bal-
ance [30, 31]. In the absence of any new bone formation 
on the surface of the existing bone, which became the 
primary source of new bone production in the extrac-
tion sockets, a clear boundary between the alveolar bone 
and the new woven bone was observed in the histologic 
assessment (Fig. 5). It is suggested that Hep/GelMA-PRF 
hydrogel mediates woven bone formation by promoting 
such a bone formation pathway.

The oral mucosa surrounds the alveolar bone. The 
simultaneous healing of both after trauma is osteomu-
cosal healing [32]. However, bone resorption and col-
lagen formation play essential roles in the formation of 
new bone and connective tissue, which are critical steps 
in osteomucosal healing [32]. In this study, incomplete 
resorption of necrotic bone in the ZOL and Hep/GelMA 
groups affected osteomucosal healing and led to MRONJ. 
In contrast, collagen fibers of the Hep/GelMA-PRF group 
were deposited on the woven bone. At the same time, the 
epithelial cells migrate to the connective tissue and close 
the gingival, resulting in complete osteomucosal healing.

In addition, osteogenesis-related factors (OCN, Col 
I, BMP-2) and vasculogenesis-related factors (VEGF) 
are essential indicators of osteogenic and vasculogenic 
capacity, respectively. The upregulation of the expres-
sion of osteogenesis-related factor-positive proteins sug-
gests that the Hep/GelMA-PRF group can promote the 
neogenesis of woven bone by promoting the expression 
of bone formation-related genes. However, there was no 
significant difference in VEGF-positive protein expres-
sion among the three groups injected with ZOL. PRF is 
rich in VEGF, which promotes angiogenesis [15]. How-
ever, hypoxia is a significant factor in VEGF produc-
tion [33]. So, the expression of VEGF-positive protein 

increased in the ZOL and Hep/GelMA groups in infected 
and hypoxic environments.

In conclusion, this study successfully constructed the 
MRONJ rat model, and surgery, infection, and insuf-
ficient blood supply may be the triggering factors of 
MRONJ. The Hep/GelMA-PRF hydrogel has good bio-
compatibility and tissue regeneration ability. It rapidly 
activated the repair program, providing a stable micro-
environment for repairing wounds, promoting osteomu-
cosal healing, and avoiding sequestrum formation. The 
gingival of the Hep/GelMA-PRF group was regeneration. 
The hydrogel and the gingival prevented bacteria from 
invading and reduced infection. Moreover, releasing 
growth factors in the hydrogel promoted intravascular 
growth and controlled local inflammatory responses. At 
the same time, the hydrogel also acted as a barrier mem-
brane, preventing gingival epithelial fibroblasts from 
growing into the extraction sockets. It could increase 
osteoblasts in the extraction sockets, providing a scaffold 
for bone regeneration.

In many case reports and a few clinical trials on 
MRONJ, the PRFs’ application combined with other 
treatments has shown promising results [34, 35]. Accord-
ing to the previous preclinical study, PRF combined 
with photobiomodulation (PBM) treatment signifi-
cantly improved clinical, histological, and radiographi-
cal parameters in MRONJ rat lesions [16]. However, they 
did not research the preventive effect of PRF on MRONJ. 
This study innovatively prepared the PRF composite 
hydrogel. It proved that Hep/GelMA-PRF hydrogel could 
effectively prevent the occurrence and progression of 
MRONJ in SD rats without other treatment. It provides a 
new idea for the prevention of MRONJ.

Although the results of this study presented significant 
differences in the prevention of the MRONJ rat model 
by Hep/GelMA-PRF composite hydrogels, there are still 
some limitations. The AAOMS suggests the prophylactic 
use of antibiotics after tooth extraction [8]. Antibiotics 
and antibacterial mouthwashes have many applications 
but are combined with other treatments [36]. According 
to recent research, PRF loaded with antibiotics allowed 
the release of antimicrobial drugs in an effective con-
centration [37]. Directly targeting tissues with local 
drug delivery strategies is a viable approach to reducing 
unnecessary antimicrobials. This may be one of the direc-
tions for future improvement of Hep/GelMA-PRF hydro-
gels. Further investigation is needed to illustrate the 
specific molecular mechanism of the prevention effects 
on MRONJ. In the future, the potential of Hep/GelMA-
PRF hydrogels in the prevention of MRONJ needs to be 
further explored by large animal experiments to deter-
mine the efficacy and safety of this hydrogel.
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Materials and methods
Animal care
Carried out all animal-related experiments in the Labo-
ratory Animal Center of Jilin University. Reviewed and 
approved all experiments by the Institutional Animal 
Care and Use Committee and complied with Jilin Uni-
versity’s and the state’s requirements for the ethical wel-
fare of experimental animals (China, Protocol number: 
SYXK2023-0010). Controlled the breeding conditions in 
strict accordance with GB14925.

Preparation of L-PRF
Selected healthy adult female Sprague-Dawley (SD) rats 
weighing 200–220 g as the blood supply (Fig. 7a). After 
euthanized with an overdose of phenobarbital sodium 
salt, 5 ml of abdominal aortic blood was placed in addi-
tive-free glass tubes and then centrifuged at 400  g for 
12 min. After standing at 4℃ for 2 min, take the middle 
layer of light yellow gel (Fig. 7b, c). After lyophilization, 
ground into powder and stored at -20℃ (Fig. 7d).

Preparation of Hep/GelMA-PRF
HepMA (EFL, China) was added to the 0.25% (w/v) 
LAP solution (EFL, China) and heated in a water bath at 
90℃ away from light. GelMA (GM-60, EFL, China) was 
added to the above solution and heated in a water bath at 
40℃ to prepare the 1% (w/v) HepMA-10% (w/v) GelMA 
hydrogel precursor solution. A 0.22 μm sterile needle fil-
ter sterilized the solution. The lyophilized PRF powder 
was added to the precursor solution. The solution was 
irradiated under 405  nm ultraviolet light for 1  min and 
solidified into Hep/GelMA-PRF hydrogel (Fig. 7a).

Fourier transform infrared spectrometer
2 mg of sample and 200 mg of KBr (Aladdin, China) were 
ground in an agate mortar of about 200 mesh. The pol-
ished sample was put into the infrared particular mold 
and pressed 12 Mpa on the tablet. Then, the sample was 
put in the instrument sample room. The detection range 
of the Fourier transform infrared spectrometer was 
500–4000 cm− 1.

Fig. 7 Experimental flow chart. (a) The preparation of Hep/GelMA-PRF. (b, c) Freshly extracted PRF (yellow arrow). (d) Lyophilized PRF. (e) Study groups. 
(f) Surgical flowchart. A sharp probe was wedged into the root bifurcation of the first mandibular molars to extract it, and the hydrogel was put in the 
tooth extraction fossa. Sutured the tooth socket
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Critical electrolyte concentration staining
As described by Scott et al. [24], the samples were put 
into 1 mL of Alsin Blue dye (Solaibio, china) containing 
MgCl2+ (0.05 M, 0.1 M, 0.3 M, 0.5 M, 0.7 M, 0.9 M) with 
different concentrations, and shaken overnight at room 
temperature, away from light. HepMA binding in hydro-
gels was verified by comparing staining intensity at differ-
ent electrolyte concentrations.

Degradation rate determination
The lyophilized samples were weighed as W3. Then, the 
samples were soaked in 5 mL PBS at 1, 3, 5, 7, 14, 21, and 
28 days, respectively, and weighed the degraded samples 
as Wd after lyophilization. The degradation rate was cal-
culated as follows:

 
Degradation rate (%) =

W3 − Wd
W3

× 100

W3 represents the weight of the lyophilized hydrogel. 
Wd represents the weight of lyophilized hydrogel after 
degradation.

Determination of growth factor sustained-release capacity
The sample was put in the 10 mL centrifuge tube, and 
4 mL PBS was put into the incubator at 37℃. 2 mL 
supernatant PBS was collected at 1, 3, 5, 7, 14, 21, and 
28 days, respectively. After that, the same volume of PBS 
was added. The TGF-β1 concentration in the superna-
tant at different times was determined by an ELISA kit 
(ABclonal, china) to evaluate hydrogel’s growth factor 
sustained-release ability.

Swelling balance measurement
The fresh samples were weighed as W0. They were also 
immersed in 5 mL PBS and taken out at 0.5, 1, 2, 4, 6, 8, 
12, 24, and 48 h and weighed as Wt. The swelling rate is 
the percentage between the swelling gel’s weight and the 
fresh gel’s weight. The formula is as follows.

 
Swelling balance (%) =

Wt
W0

× 100

Wt represents the weight of hydrogel after t hours of 
swelling. W0 represents the weight of the freshly pre-
pared hydrogel.

Biocompatibility assessment
The extracts of the hydrogels were prepared according 
to the method of detecting biological materials provided 
by ISO10993-5. MC3T3-E1 were inoculated into the 
24-well plates. After 24 h, the medium was discarded and 
replaced with the extracts. After 1 and 3 days, the cells 

were stained with a Calcein-AM/PI detection kit (Beyo-
time, China).

To investigate the effect of different concentrations of 
ZOL (Sinopharm, China) on cell proliferation, MC3T3-
E1 were inoculated in the medium. After 24  h, the 
medium was replaced with the medium containing 0, 2, 
4, 6, 8, and 10 µmol/L ZOL. CCK-8 (Ncmbio, China) was 
incubated for one hour. Then, the enzyme-labeled instru-
ment measured the absorbance (Rayto, USA). The appro-
priate concentration of ZOL was selected for subsequent 
experiments.

MC3T3-E1 were inoculated on the hydrogel surface 
and put into the ZOL medium after 24 h. After 1, 2, and 
3 days, the cells with CCK-8 were incubated for 2 h, and 
each well’s absorbance value was measured.

MC3T3-E1 were inoculated in the medium, which 
were replaced with ZOL the next day. After three days, 
the cells were stained with a Calcein-AM/PI detection kit 
and observed under a fluorescence microscope.

Osteogenic differentiation assessment
MC3T3-E1 were inoculated on the hydrogel surface, and 
on the next day, the medium was changed to an osteo-
genic induction medium with or without ZOL. The ele-
mental composition of the osteogenic induction medium 
was 50  µg/mL vitamin C + 10 nM dexamethasone + 5 
mM β-sodium glycerophosphate-complete medium. The 
osteogenic induction medium was replaced with or with-
out ZOL every three days. On the 7th and 14th day of 
osteogenic induction, the cells were stained with BCIP/
NBT Alkaline Phosphatase Color Development Kit (Bey-
otime, china).

MC3T3-E1 were co-cultured with hydrogel after 28 
days, and the cells were fixed with 4% paraformaldehyde 
at room temperature for 15 min on the gel surface. The 
cells were added to Alizarin Red S Solution (Solaibio, 
china) at room temperature for 30  min, then were 
observed under a microscope (OLYMPUS, Japan).

MRONJ rat model
Forty-eight female SD rats were selected, aged eight 
weeks, weighing 200–220 g. All mice were fed with sterile 
water, day and night alternations every 12  h, and adap-
tive feeding for one week. Thirty-six rats were selected. 
Throughout the experiment, they received intraperito-
neal (IP) injections of 125 µg/kg ZOL two times weekly 
and 5 mg/kg dexamethasone (Dex; Chenxin Pharmaceu-
tical Co., LTD, China) one time weekly. After six weeks, 
rats were euthanized with an overdose of phenobarbital 
sodium salt (Dingguo, china). Then, a sharp probe was 
wedged into the root bifurcation of the first mandibular 
molars to extract it, and the hydrogel was put in the tooth 
extraction fossa. Randomly divided the rats into three 
groups:
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The ZOL group (set no material in the tooth extraction 
fossa).

The Hep/GelMA group (set Hep/GelMA hydrogel in 
the tooth extraction fossa).

The Hep/GelMA-PRF group (set Hep/GelMA-PRF 
hydrogel in the tooth extraction fossa).

The other 12 SD rats were treated with an IP injection 
of the same amount of saline for six weeks (set no mate-
rial in the tooth extraction fossa). All of them were post-
operative intramuscular injections of penicillin (80000 U/
kg) for three consecutive days (Fig. 7e, f ).

Micro-CT imgaging
The X-ray machine and Micro-CT were used to scan the 
imaging system to evaluate the bone. The X-ray machine 
adopts the parallel projection mode, 10  cm away from 
the focus, and the exposure time is 0.18  s. The Quan-
tum GX2 micro-CT Imaging System was used to scan 
the system with a working voltage of 90 kV and a resolu-
tion of 17 μm. The region of interest was the first molar 
extraction fossa. The CTvox and DataViewer were used to 
observed the sample shape. The trabecular metric param-
eters measured included trabecular BMD, BV/TV, Tb.Th, 
and Tb.Sp.

Histologic analysis
The mandible tissues were stained with hematoxylin and 
eosin staining kit (Solaibio, china), Masson’s trichrome 
staining kit (Solaibio, china), Trap staining kit (Sigma, 
USA), and immunohistochemistry reagent (Maxim 
china). The sections were imaged under an OLYMPUS, 
BX53F microscope. The OLYMPUS cellSens Entry 2.2 
software was used to analyze. In the expression analysis 
of immunohistochemically stained sections of differ-
ent groups, the same area and the same conditions were 
selected for positive area analysis using Image J software.

Statistics
Data were expressed as the mean ± standard error (SEM) 
using GraphPad Prism 9.5. All experiments were per-
formed independently at least three times. The normal 
data distribution was assessed using the Shapiro–Wilk 
test. For data normally distributed, a t-test was used to 
compare two groups and one-way ANOVA was used 
to analyze significant differences among groups. When 
p < 0.05, the results were significantly different.

Conclusion
The constructed photo crosslinked Hep/GelMA hydro-
gel supported by PRF has excellent physical and chemical 
properties and good biocompatibility. It provides a stable 
microenvironment for tissue remodeling, prevents the 
invasion of foreign bacteria, and reduces the risk of infec-
tion. At the same time, it gives time and space to support 

the formation of new bone tissue in the tooth extraction 
fosse. Hep/GelMA-PRF hydrogel can effectively prevent 
the occurrence and progression of MRONJ in rats and is 
a promising tissue engineering material.
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