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ABSTRACT
Donor-side morbidity of autografting for maxillofacial region defect regeneration has directed attention to bioengineered scaf-
folds. Composite scaffolds that mimic the bone extracellular matrix (ECM) are the potential candidates for defect reconstruction. 
Herein, a plant-based regenerative hydrogel, quince seed mucilage (QSM), was enriched with the nanohydroxyapatite (nHAp) 
particles to construct composite scaffolds (QSM/nHAp). The emerging scaffold is able to induce cellular spheroid formation and 
regenerate the critical-sized bilateral mandibular defects in rabbits. The macroscopic observations, histochemical (HC) and im-
munohistochemical (IHC) stainings, μ-computer tomography (CT) scanning, quantitative real time-polymerase chain reaction 
(qRT-PCR) analyses, and scanning electron microscopy (SEM) imaging revealed that all QSM/nHAp scaffolds were swelled with 
host blood, filled the whole cavity, and sustained cellular infiltration without adverse reactions. The gradual biodegradation 
profile of the scaffolds improved bone regeneration by releasing nHAp particles from the scaffold. Strikingly, co-development of 
dental and bone regeneration was observed for all QSM/nHAp groups beginning after day 21. Moreover, QSM/nHAp scaffolds 
induced expression (> 2-fold) of bone and dental-related gene and protein expressions at the grafted area and sustained a proper 
platform for maxillofacial remodeling. Therefore, we strongly believe that such biocompatible plant-based constructs, compared 
with conventional medical devices used in maxillofacial surgery, could support and induce simultaneous bone and dental regen-
eration due to the intrinsic dynamics of the material.

1   |   Introduction

Maxillofacial region defects due to trauma, tumor formation, 
infections, and congenital deficiency can cause critical-sized 
defects characterized by significant bone loss where the nat-
ural regeneration process is unattainable [1]. In the clinic, 

the reconstruction of critical-sized defects is mainly driven 
by using autologous grafts. The resemblance between autol-
ogous grafts and the host tissue significantly reduces the risk 
of immune rejection and enhances regeneration. However, at 
least two invasive operations are applied to harvest the autolo-
gous graft and reconstruct the defect area. In addition to these 
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drawbacks, autologous grafts have a natural source limit; 
upon defect size, the harvested graft for reconstruction can 
be insufficient to cover the defected region [2]. Currently, bio-
engineered scaffolds developed for maxillofacial defects have 
captured interest in preclinical studies to overcome the limita-
tions of regeneration for critical-sized defects. Biocompatible 
polymers from synthetic or natural origins were utilized as 
gap filler scaffolds at defective areas in sponge, gel, or woven 
forms to improve regeneration at the defective side [3, 4]. 
However, low cellular infiltration, insufficient bioactivity, and 
impractical design of engineered materials hamper the practi-
cal use of most developed materials; therefore, a limited num-
ber of newly developed scaffolds can be on stage for clinical 
practices [4, 5].

Hydroxyapatite is the essential inorganic structure of bone that 
plays a significant role in the mechanical strength and matu-
ration of bone tissue [6–9]. In the literature, the utilization of 
hydroxyapatite particles is a very common practice for bone tis-
sue engineering applications due to the bioactivity and biocom-
patibility of this inorganic mineral [6, 9–12]. On the other hand, 
the brittle and stiff nature of the hydroxyapatite particles limits 
their use in bone remodeling applications without combining 
additional components. Therefore, hydroxyapatite is mostly in-
tegrated into a polymer to improve the mechanical toughness 
and durability of scaffolding material [6, 11–14].

The usage of plant-based materials for tissue engineering appli-
cations is becoming popular due to their being pathogen-free, 
biosafe, biocompatible, green, and economical sources of bio-
polymers [15–17]. Among them, quince seed mucilage (QSM) 
extracted from Quince (Cydonia oblonga) seeds captured inter-
est nowadays for tissue engineering practices owing to its bio-
logical potential. It has wide usage in the traditional medicine of 
Iranian and East Asian cultures for the treatment of bronchitis, 
colitis, ulcers, and skin burns [18–21]. In the literature, several 
in vitro and in vivo experiments were performed with QSM, and 
its biocompatible and regenerative properties were evaluated for 
tissue engineering practices [21–27]. Moreover, according to the 
ISO 10993-3 document, QSM polymer is considered to be bio-
safe in terms of hemolytic index [18, 28]. Besides, the previous 
studies published by our group revealed the potential of QSM 
material for cellular spheroid formation and bone regeneration 
in vitro [22, 25, 27, 29]. The promising outcomes from this re-
search directed the concerns of QSM polymer for further evalu-
ations at bone remodeling studies in vivo.

Herein, a porous composite scaffold obtained from QSM and 
nanohydroxyapatite (nHAp) materials was fabricated, and the 
biological functions of the emerging material in the remodel-
ing of critical-size mandibular defects in rabbit models were 
evaluated. While the QSM formed the polymeric backbone of 
the composite scaffolds, providing high water-swelling capac-
ity and a tunable biodegradation profile to guide regenerative 
effects, nHAp particles enhanced the bone extracellular ma-
trix (ECM) biomimicry and bioactivity  [18, 22, 25, 27]. QSM/
nHAp was shown to trigger growth-factor-free osteogenic dif-
ferentiation of human adipose-derived mesenchymal stem cells 
(MSCs), demonstrating the potential of this composite material 
in bone tissue regeneration and remodeling [22]. Thus, this 
study explored the potential of QSM/nHAp scaffolds for bone 

regeneration in rabbit maxillofacial defects. Critical-size man-
dibular defects were created bilaterally in 36 male New Zealand 
rabbits, with scaffolds implanted on one side and the other left 
blank as a control. Regeneration was evaluated via in-depth 
analyses. Overall, QSM/nHAp scaffolds demonstrated promis-
ing results in efficient bone regeneration, and it is believed that 
this study contributes a valuable plant-based material for in vivo 
bone and dental regeneration to the literature.

2   |   Materials and Methods

2.1   |   Fabrication of Composite Scaffolds

The extraction method and in-depth characterizations of QSM 
were presented in our previously published studies [22, 25]. 
Briefly, a water-based extraction protocol was followed; for 
that, 4 g of fresh quince seeds were weighed in 75 mL of ultra-
pure water, and extraction was fulfilled using a rotary evapo-
rator (R-210, Buchi, Switzerland) for 12 h at 30°C. Following 
the extraction, the QSM was lyophilized (LyoQuest-55, Telstar, 
Spain) and stored for further usage. The composite solution of 
QSM and nHAp was prepared at a 1:1 (w/w) ratio using 5 mg/
mL QSM and nHAp powder (< 200 nm, 67,741 Sigma-Aldrich). 
After homogenization with a homogenizer (IKA Turrax T18, 
Germany), the QSM/nHAp blend was poured into a cylindri-
cal mold (d = 10 mm, l = 4 mm) and then crosslinked with N-(3-
dimethylaminopropyl)-N′-ethylcarbodiimide (EDC)-N-hydroxy 
succinimide (NHS) crosslinkers in ethanol containing (70%) 
2-(N-morpholino) ethanesulfonic acid (MES) buffer (pH: 5.5) 
according to the previously reported protocol [22] (Figure  1). 
Finally, porous scaffolds were obtained after lyophilization and 
sterilized under UV light (254 nm) for one hour in a biosafety 
cabinet.

2.2   |   Animals and Experimental Design

The experiments were conducted under the approval of the 
Clinical Research Ethics Committee at “The Faculty of Medicine, 
Çanakkale Onsekiz Mart University” with a permission num-
ber of 2021/05–03. Thirty-six male white New Zealand rabbits, 
aged five months and weighing 3–3.5 kg, were received and 
kept ten days in quarantine under veterinary care at Çanakkale 
Onsekiz Mart University Experimental Research Application and 
Research Center (ÇOBİLTUM), where all the surgical operations 
took place. The study was planned according to the Animals in 
Research: Reporting In  Vivo Experiments (ARRIVE) guideline 
[30, 31]. The sample size was determined via G*Power software (G 
* Power 3.1, Heinrich Heine University, Germany), t-tests, and the 
method of the previously reported study elsewhere [32]. The input 
parameters were set to be the α-type error probability of 0.05, the 
power 0.85, and the (d) = 0.7318588; the number of subjects was 
calculated as 69. Since the mandibular defects were created bi-
laterally, the total number was divided by 2, which yields 35 sub-
jects per group. Due to the experiments being created on the same 
subject for four different time points (days 10, 21, 45, and 90), one 
more rabbit was added to have equal subject interruptions. Thus, 
the total sample number was calculated to be 36 rabbits. For the 
evaluations, a series of experiments were conducted in the ex-
perimental and control groups at four distinct time points. The 
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primary endpoint was the assessment of wound healing, osteo-
genesis, angiogenesis, foreign body reaction, and the outcomes of 
the early, first intermediate, second intermediate, and late phases. 
The selected time points were defined as follows: day 10 for eval-
uating the early-phase inflammatory response within the defect 
site, day 21 for assessing the initial deposition of bone-like matrix, 
marking the onset of osteogenic differentiation as reported in the 
literature, day 45 for monitoring scaffold resorption and bone tis-
sue development during the intermediate phase, and day 90 for 
analyzing late-stage bone regeneration, matrix maturation, and 
the biodegradation profile of the scaffold material.

Therefore, after the surgical operation, days 10, 21, 45, and 90 
were designated as checkpoints, and a total of 24 rabbits (6 per 
time point) were used for histological and immunohistochemical 
(IHC) analyses. Additionally, 4 animals (1 per time point) were 
allocated for scanning electron microscopy (SEM) evaluation, 
and 8 animals (2 per time point) were used for quantitative real 
time-polymerase chain reaction (qRT-PCR) analyses. The ran-
domly assigned rabbits for experimental groups were sacrificed 
at the time points, and macroscopic evaluations, μ-computer to-
mography (CT) scanning, histology and immunohistology stain-
ing, qRT-PCR, and SEM analysis were performed.

For the surgical operations, all rabbits were anesthetized 
through intramuscular administration of 35 mg/kg ketamine 
HCl (Ketalar, Pfizer) and 5 mg/kg XylazineHCl (Rompun, Bayer). 
Bilateral critical-sized mono cortical mandibular defects, mea-
suring 10 mm × 4 mm in diameter and depth were created on 
the rabbits' mandibles using a 10 mm trephine bur and physio 
dispenser. Then, QSM/nHAp scaffolds were implanted on the 
left side of the mandibula, while the right-side cavity was left 
empty as a control group. Mini-plate fixation was applied to both 
sides to prevent further fracture formation. Then, the flap was 
closed using resorbable suture material, and the rabbits daily re-
ceived enrofloxacin (Baytril-K, 2.5 mg/kg IM) with meloxicam 
(Maxicam, 0.2 mg/kg IM) for the following five days after the 
surgical operation. The subjects were then euthanized on days 10, 
21, 45, and 90 with 200 mg/kg (IM) sodium pentothal (Ekipental, 
Tümekip İlaç Sanayi, Türkiye) injections for further evaluation.

2.3   |   Macroscopic Evaluations

After the sacrification, specimens were collected using a bur, 
and the specimens from days 10, 21, 45, and 90 were photo-
graphed from a 20 cm distance using a tripod and Canon Eos 
6D Mark II camera system (Canon, Japan) to evaluate their mac-
roscopic morphology and fixed using a 10% neutral formalin 
solution. The Masson's trichrome-stained samples were used for 
imaging to understand the tissue distribution within samples.

2.4   |   μ-CT Scanning

The specimens were scanned by the SkyScan 1275 μ-CT 
(SkyScan, Belgium) system. The radiographic parameters for 
μ-CT scanning were settled as follows: 65 kVp, 125 mA, 1 mm 
aluminum filter, 0.02654 mm isotropic voxel size, angular ro-
tation step of 0.2°, 360° scanning, 16-bit pixel depth, 450 pro-
jections, and an exposure time of 49 s, resulting in a total scan 
duration of 29 min. In each sample, the μ-CT sections that ex-
hibited the closest correspondence to the histologic image were 
carefully chosen and manually aligned with the corresponding 
images using the histological images as a visual reference. The 
alignment of μ-CT sections in the coronal, sagittal, and axial 
planes was carried out using the CTAn software (CTAnalyser; 
SkyScan) for further investigation.

2.5   |   Histological Analyses

The collected specimens were fixated in 10% neutral for-
malin solution, dehydrated, and decalcified for histological 
evaluations. Then, they were embedded in paraffin and cut 
into three μm slices. The standard procedure of hematoxy-
lin–eosin (H&E), Masson's trichrome (MT), and Alizarin Red 
S staining [22, 27] were applied. The IHC staining was also 
accomplished according to the manufacturer's protocol using 
primary antibodies of osteopontin (OPN) (1:100, NB110-89062 
Novus, USA), osteocalcin (OSC) (1:100, NBP2-89037 Novus, 
USA) and osteonectin (OSN) (1:100, ab245733 Abcam, UK) 

FIGURE 1    |    The representative schematic of QSM/nHAp scaffold production and the summary of the applied protocol for the evaluation of scaf-
folds in mandibular regeneration in rabbits (created in BioRe​nder.​com).
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[22]. The mineralization stages and osteogenic development of 
the specimens were imaged through digital light microscopy 
(Zeiss, Primostar integrated with Axiocam 105 color camera, 
Germany), and the histological evaluation of healing was 
scored [33].

2.6   |   Quantitative Real-Time PCR Analysis

The expression of osteogenic markers Runx transcription fac-
tor 2 (RunX2), alkaline phosphatase (ALP), OPN, and osteo-
protegerin (OPG) was evaluated to reveal the osteogenic and 
dental regeneration process in the mandibular region. For the 
analyses, specimens were minced into powder via liquid ni-
trogen, and the total RNA was isolated from tissue specimens 
via the pureZOL RNA isolation kit (Bio-Rad, USA) according 
to the manufacturer's manual. After the total RNA isolation, 
the samples were measured at 260 nm by NanoDrop spectro-
photometer to obtain μg/mL value and, from the 1 μg of RNA 
sample, the cDNA was synthesized by the cDNA kit (iScript, 
Bio-Rad, USA). Subsequently, the qRT-PCR was performed 
in triplicate using the master mix and gene-specific primers 
(Table  S1). The related genes were evaluated and expressed 
as threshold number (Ct), normalized against GAPDH as a 
housekeeping gene. The fold change of each gene was quanti-
fied using the 2− ΔΔCt method.

2.7   |   SEM Imaging

The surface morphology of the specimens was analyzed through 
SEM (JEOL JSM-7100F, Japan). The collected specimens were 
fixed with 2.5% glutaraldehyde solution (in PBS), coated with 
Au/Pt (80:20) for 90 s, and imaged under a 10 kV probe current 
with various magnifications.

2.8   |   Statistical Analyses

Statistical analyses for histological examinations were conducted 
with IBM SPSS for Windows, version 25.0 (SPSS Inc. Chicago, 
IL, USA). Descriptive statistical values are given as median 
(max–min). The normality was tested with the Shapiro–Wilk 
test (p < 0.05). Group comparisons were carried out with the 
Wilcoxon test, intergroup comparisons were analyzed using the 
Kruskal-Wallis test, and the paired comparisons were performed 
using the Dunn-Bonferroni test. qRT-PCR statistical analyses 
were conducted with a minimum of three repetitions, and the 
results were reported as the standard mean deviation (±). For 
the experimental data, one-way analysis of variance (ANOVA) 
analyses followed by Tukey's posthoc tests were performed using 
Origin Pro software (Origin Lab Corporation, USA). In all tests, 
the statistical significance was *: p < 0.05, **: p < 0.01.

3   |   Results

3.1   |   Macroscopic Evaluations

During the operations, QSM/nHAp scaffolds were inserted in 
the cavity at the left side of the mandibula and wetted with host 
blood. Macroscopically, it was observed that QSM/nHAp scaffolds 
swelled with host blood and filled the defect cavity even after the 
first implantation and maintained their structural integrity ten 
days after the operation (Figure 2). On the other hand, a fibrotic 
tissue accumulation was detected in all control groups on day 10. 
At 21st, 45th, and 90th days, the defect surface was covered with 
thin bone tissue in the control groups. Moreover, during the sam-
ple extraction process using a trephine bur, it was observed that 
the defect area was macroscopically filled with fibrotic and adi-
pose tissue under the superficial thin layer of newly formed bone 

FIGURE 2    |    The macroscopic images of the operated areas with mini-plate fixation at QSM/nHAp implanted and the control side at day 0, and the 
excised tissue samples with their Masson's trichrome stained specimens at days 10, 21, 45, and 90 control time points (Scale bar = 1 cm).
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tissue at time points in the healing process. In the QSM/nHAp 
group, the defect surface was more irregular on day 21st but had a 
similar macroscopic appearance on days 45th and 90th.

3.2   |   Histological Observations

To evaluate tissue response over QSM/nHAp scaffolds and ana-
lyze the bone-scaffold interface with tissue regeneration within 
the critically defected area, histochemical (HC) and IHC staining 
were conducted. HC staining was performed on collected speci-
mens (n = 6) from rabbit mandibles at days 10, 21, 45, and 90 using 
H&E, MT, and AR staining (Figure S1). The regeneration of the 
defective area was followed by IHC staining, where OPN, OSC, 
and OSN antibodies were applied (Figure S1). On day 10, although 
there was a moderate inflammatory response in the defect area, no 
severe immune reaction or biomaterial resorption was observed in 
the experimental group. While the scaffold-host tissue boundary 
was visible on day 10, the scaffold was invaded by host cells. The 
defect area was filled with fibrotic connective tissue in the control 
group. On day 21, the biomaterial prevented fibrotic tissue migra-
tion and gradually resorbed at the base of the defect in the exper-
imental group. However, new bone tissue began to form instead. 
Meanwhile, fibrotic tissue accumulation was observed in the con-
trol group, as seen from HC images. The boundary between the de-
fected area and healthy tissue appeared blurry in the QSM/nHAp 
group on day 21; this can be attributed to the resorption of the 
scaffold structure within the host tissue. On day 45, QSM/nHAp 
was almost totally resorbed in the grafted group, and denser new 
bone was observed beneath the trabecular bone, accompanied by a 
small amount of adipose tissue deposition. On the other hand, the 
control group revealed a lower amount of new bone formation, and 
the presence of more adipose tissue was greater than that of the 
QSM/nHAp group. At day 90, both groups revealed a fully recov-
ered morphology over the defected area, which mainly consisted 
of bone and adipose tissue; however, the ECM expression in terms 
of calcium deposition and connective tissue accumulation was ob-
served to be greater in QSM/nHAp groups in general (Figure S1).

The scoring table followed a statistical examination of defect 
healing in Table 1. According to the analyses, all samples have a 
significant difference (p < 0.01) within groups at all time points. 
There was no significant difference within the QSM/nHAp 
and control groups (p = 1.00) on days 10 and 90. On the other 
hand, for days 21 and 45, the bone regeneration pattern was sig-
nificantly better in the QSM/nHAp groups than in the control 
groups (p < 0.05).

According to the IHC staining results, OPN, an ECM protein 
that regulates bone remodeling and osteoclast adhesion [34], was 

weakly expressed on days 10 and 21 over the defective zone in 
both groups. In contrast, the surrounding tissue for both groups 
exhibited strong OPN expression during the first ten days after 
the operation. The expression of OPN gradually decreased from 
day 10 to day 21 and remained at almost the same level after day 
45 for both groups. OSC, a non-collagenous protein of bone ma-
trix secreted by mature osteoblast cells [35], revealed a gradual 
increase from the boundary to the inner side of the defect area 
from day 10 to day 90. Besides, the expression levels were slightly 
greater in general QSM/nHAp grafted groups (Figure S1). OSN 
has a similar expression pattern with OSC till day 45, which in-
dicates the regulation of bone matrix organization and calcium 
binding in mineralized bone tissue [36]. In general, OPN expres-
sion within the defect area was more significant in the control 
group compared with the QSM/nHAp at day 10. However, for 
the QSM/nHAp group, the OPN expression was mainly detected 
over the border of scaffold material (Figure S1). On days 21 and 
45, the OPN expression gradually weakened for both groups. On 
the other hand, at day 90, the OPN expression increased again 
around newly formed dentine and pulp tissues. OSC expression 
rate over the operated area significantly improved from day 10 to 
day 90, and it was observed around the pulp and dentine tissue. 
OSN expression patterns were also in line with the OPN for both 
groups. However, the expression rates were more significant in 
the QSM/nHAp group at all time points (Figure S1).

Interestingly, dental germination was observed in QSM/nHAp 
samples beginning from day 21 and continued from day 45 to 
day 90 (Figure 3). QSM/nHAp scaffolds underwent significant 
change in 21 days post-grafting. Osteodentin formation was ob-
served in the defect area of the QSM/nHAp group. On the con-
trary, the control group revealed constant fibrous tissue until day 
21. On day 45, significant dental tissue formation was observed 
in QSM/nHAp samples; even the pulp, dentine, and enamel tis-
sues could be observed within the defect zone beneath the com-
pact bone (Figure 3A). On the other hand, control groups mainly 
revealed adipose deposition followed by fibrotic tissue. On day 
90, the connective tissue in the defect differentiated into bone 
and adipose tissue in the experimental and control groups. In 
the experimental groups, new dental germs in the defect area 
were observed in all subjects on days 21, 45, and 90, while new 
dental germs were observed in only two subjects in the control 
group on day 90 (Figure 3B).

3.3   |   μ-CT Examinations

To distinguish between the QSM/nHAp scaffold and newly formed 
bone tissue in μ-CT images, the QSM/nHAp was initially imaged 
alone, and the radiographic density related to the scaffold material 

TABLE 1    |    Scoring results of control and QSM/nHAp samples at days 10, 21, 45, and 90.

Experimental 
groups

Day 10 median 
(min–max)

Day 21 median 
(min–max)

Day 45 median 
(min–max)

Day 90 median 
(min–max)

Control 2 (1-2)A 2 (2-3)AB 3 (3-4)bc 5 (4-5)C p < 0.001

QSM/nHAp 2 (1-2)A 3 (2-4)A 4 (4)AB 5 (4-5)B p < 0.001

p = 1.00 p = 0.046 p = 0.025 p = 1.00

Note: Different superscript letters (A, B, C) indicate statistically significant differences in rows. p < 0.05 indicates the bold values present in the table.
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was noted. The 153 coronal, axial, and sagittal sections of μ-CT 
images (0.02654 mm voxel size, 10 mm diameter defect area) were 
independently evaluated. Interestingly, when QSM/nHAp scaffold 
material was scanned under the same utilized parameters (kVp, 
mA, and voxel size) as for the samples, the QSM/nHAp scaffold 
did not produce any radiographic image in μ-CT scans and could 
not be distinguished radiologically from the surrounding aqueous 
environment, which is reasonable due to the high water-holding 
capacity of the scaffold material [22, 23, 25, 27].

The operated area appeared as a gap in the μ-CT images for the 
QSM/nHAp and control groups on day 10 (Figure  4). On the 
other hand, on day 21, new bone formation was evident in both 
groups, and the cavity was nearly filled with new bone density. 
Strikingly, tooth germs were detected predominantly closer to 
the base of the defect area in all QSM/nHAp samples, in addi-
tion to new bone formation. In contrast, no tooth germ was ob-
served in the control group. On day 45, the experimental group 
exhibited a clear trabecular structure and distinct tooth germ 
forms, while the control group revealed a distinct trabecular 
bone structure. The control and experimental groups displayed 
regular and substantial bone formation on day 90. Notably, tooth 
germs were observed closer to the center of the defect in the 
QSM/nHAp group, while tooth formation was only noted in two 
samples in the control group on day 90 (Figure 4).

3.4   |   Gene Expressions

The results of the gene expression study conducted with tissues 
explanted on control time points, following implantations, are 
presented in Figure 5. Considering the cavity on the left side of 

the rabbit's mandible was implanted with QSM/nHAp, while 
the right side was left empty and used as the control group, and 
this methodology was repeated for samples at each checkpoint 
date, the gene expression levels were compared separately at 
given dates with the control groups. When the expression of 
RunX2, a marker for early osteogenic differentiation, was ex-
amined, there was an approximately 2-fold increase in gene 

FIGURE 3    |    HC (A) and IHC (B) staining from QSM/nHAp and control samples that show dental regeneration at control points from days 10, 21, 
45, and 90. (Histology photomicrographs of Hematoxylin Eosin (H&E), Masson's trichrome staining (MT), Alizarin Red (AR), Osteopontin (OPN), 
Osteocalcin (OSC), Osteonectin (OSN) 4X; Small rectangle 10X; scale bar = 200 μm.) Abbreviations: S, Scaffold; V, Vessels; A, Adipose tissue; F, 
Collagen fibers; T, Tooth bud; E, Enamel; D, Dentine; od, osteodentin; P, Pulp; TB-Trabecular Bone; O, Osteoblast; CB, Compact Bone; NB, New bone; 
MC, Mandibular canal; black triangle, the morphogenesis initiation of the tooth.

FIGURE 4    |    μ-CT images of QSM/nHAp and control samples at days 
10, 21, 45, and 90 (scale bar = 5 mm) (blue: high-density mineralized tis-
sue, red: adipose or fibrotic tissue in the defect area or trabecular bone).
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expression in the QSM/nHAp group on day 21 compared with 
day 10. This increase in RunX2 expression remained stable in 
the following time points, which is rational considering the 
involvement of this gene in early osteogenic differentiation. 
However, there was no significant difference between the con-
trol and experimental groups at any time point. The expres-
sion of ALP remained stable in the QSM/nHAp group until 
day 45. However, there was an approximately 3-fold increase 
on day 90 compared with day 10, and there was also a statisti-
cally significant difference (p < 0.05) between the control and 
experimental groups on day 90. The OPN expression also re-
vealed a gradual increment throughout the post-implantation 
period. This increase was approximately 3-fold higher in the 
QSM/nHAp group on day 90 compared with day 10 with a sig-
nificant difference (p < 0.05). Finally, when the expression of 
OPG, another marker for mature bone tissue, was examined, 
gene expression was observed during the post-implantation 
period. This increase was approximately 10-fold higher in the 
QSM/nHAp group at day 90 than on day 10 (p < 0.01).

3.5   |   SEM Imaging

Figure  6 shows the SEM images of QSM/nHAp and control 
group samples. As seen from the images, on day 10, both groups 

revealed a rough morphology with cell infiltration from sur-
rounding tissue. The critically sized cavity is filled with fibrous 
ECM and cellular structures at the following time points. While 
the accumulation of fibers is quite visible in the control group, 
QSM/nHAp displayed a relatively more compact structure on 
days 21 and 45. On the other hand, the QSM/nHAp group had 
a more fibrous structure than the control group by day 90. Both 
groups filled the critically sized hole with newly formed bone 
tissue.

In line with μ-CT and histological analyses, dental regeneration 
was observed in QSM/nHAp samples, concurrent with bone 
regeneration (Figure  7). Accumulation of cylindrical dentinal 
tubes and the formation of dentin structure were quite visible 
at day 90, as seen from the SEM images. The ordered position of 
open tubules over the dentine structure revealed a healthy den-
tal recovery within the QSM/nHAp scaffolds.

4   |   Discussion

Herein, QSM was enhanced with nHAp to create a QSM/
nHAp hybrid scaffold for mandibular bone regeneration. This 
novel combination, used in  vivo for the first time, aimed to 
improve the osteogenic properties of the scaffold, allowing 

FIGURE 5    |    The qRT-PCR results of cells within QSM/nHAp and control groups at time points day 10, 21, 45, and 90 for Runx transcription factor 
2 (RunX2), alkaline phosphatase (ALP), osteopontin and osteoprotegerin markers (ns: non-significant change, *: p < 0.05, **: p < 0.01).
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it to address critically sized mandibular defects in rabbits ef-
fectively. In this way, the regenerative potential of the QSM/
nHAp scaffold was translated into the regeneration of criti-
cally sized defects to induce proper healing. According to the 
results, the QSM/nHAp scaffolds successfully supported the 
bone regeneration together with the co-development of den-
tal germination in vivo. These surprising findings urged the 
researchers to compare QSM/nHAp performance to existing 
composite materials.

In the literature, various applied composite scaffold method-
ologies are valid for in vivo mandibular regeneration in rabbits 
as a model organism for the evaluation of scaffold bioactiv-
ity [2, 6, 11, 37–41]. The combination of hydroxyapatite and poly-
amide [6, 11], vascular endothelial cells (ECs), and MSCs either 
on a culture plate or a polylactide glycolic acid (PLGA) scaffold 
[42], polycaprolactone (PCL) with tricalcium phosphate (TCP) 
[39], or polycaprolactone/hydroxyapatite/beta calcium phosphate 
[41] are bioengineered scaffolds for bone defect regeneration. 

FIGURE 6    |    SEM images of QSM/nHAp and control specimens under different magnifications (750, 1500, and 5000X) at time points day 10, 21, 
45, and 90 (scale bar = 10 μm for 750 and 1500X, and Scale bar = 1 μm for 5000X magnifications).

FIGURE 7    |    Structural illustration for rabbit dental tissue (created in BioRe​nder.​com) and SEM images taken from day 90 on QSM/nHAp samples 
that reveal dentine formation (scale bar = 10 and 1 μm for 5000X magnification).
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Among them, Guo et al. developed a hybrid scaffold composed 
of polyamide and nHAp particles to support bone regeneration 
and evaluated its efficacy in a rabbit mandibular bone model. 
They compared the regenerative capacity of the scaffold with 
three groups: a control (no scaffold), a bare scaffold, and a scaf-
fold with added MSCs. After 28 days, the nHAp-containing scaf-
folds demonstrated improved bone regeneration compared with 
the control group. However, no significant differences were ob-
served between the scaffolds with stem cells and those without. 
Additionally, polyamide residues persisted even after 84 days [6]. 
Similarly, another group developed a hybrid scaffold using PCL 
and TCP, testing its bioactivity in mandibular bone defects by 
comparing control, PCL/TCP, PCL/TCP with cells, and autolo-
gous bone grafts. After 4 weeks, the hybrid scaffolds exhibited 
less bone formation compared with autologous grafts, with no 
significant differences between cell-containing and bare scaf-
folds. However, after 8 weeks of implantation, the scaffolds re-
portedly supported bone regeneration comparable to autologous 
grafts [38]. In addition to the studies in the literature, research on 
gelatin and xenogeneic bone powder products such as Gelfoam 
and Bio-Oss, which are commercially developed and frequently 
used in bone regeneration, reveals that these products support 
mandibular bone regeneration and exhibit high biocompatibility 
[43, 44]. However, since they are of animal origin, they carry a risk 
of pathogen contamination in clinical applications. Furthermore, 
it has been observed that Gelfoam, which resorbs very quickly 
after implantation, is effective only for hemostatic applications 
and does not fully provide the mechanical support needed for 
bone regeneration. Similarly, Bio-Oss, available in powder and 
rigid form, is known not to elastically fill bone cavities and can 
be hard to implant in complex bone regions anatomically [44].

According to the literature, synthetic polymers, minerals, and 
their hybrids typically exhibit greater stiffness and mechanical 
durability than the plant-based QSM/nHAp scaffold presented 
in this study. However, when considering cellular integrity, 
biocompatibility, and easy handling in clinical practice, it is hy-
pothesized that plant-based scaffolds provide a better balance of 
bioactivity and functionality in  vivo integration. Besides, even 
successful results for bone regeneration have been reported in 
the aforementioned studies; to the best of our knowledge, none 
of them have demonstrated the co-development of dental and 
bone regeneration [2]. Therefore, the study conducted with QSM/
nHAp is considered valuable and novel with its outstanding abil-
ity to serve as a proper niche for bone and dental regeneration 
simultaneously by being plant-based, economical, and biosafe.

By the end of this study, a positive effect on long-term bone tissue 
formation at the defect area was observed. Interestingly, com-
pared with that at 45 days, the amount of bone repair at 90 days 
was slightly lower in the control group. This might be due to the 
osteoclastic activity of cells within the cavity. The newly formed 
bone tissue at 45 days in the non-grafted defect cavity may have 
been resorbed after 90 days. Similar results were also valid in the 
Campillo et al. study [45]. Strikingly, tooth germination was ob-
served on day 21 within QSM/nHAp scaffolds, while no dental 
germ was observed in control groups until day 90. The presence 
of tooth germ was significantly higher in defects implanted with 
QSM/nHAp than in empty defects. In contrast, no germ forma-
tion was observed in control groups, or at the earliest, germ for-
mation began on day 90. These findings were in line with the 

HC and IHC staining as well. For example, the expression of 
OPN and OSC, the proteins mainly located in bone and dentine 
tissue, was quite evident in all QSM/nHAp groups. qRT-PCR 
results showed upregulation of RunX2, an early osteogenic dif-
ferentiation marker, in initial implantation stages, while mark-
ers for mature bone tissue, including ALP, OPN, and OPG, were 
upregulated in later stages with significant differences from the 
control group [46]. The SEM images confirmed the concurrent 
development of bone and dental tissue within QSM/nHAp scaf-
folds, aligning with the natural regeneration processes of these 
tissues [4, 46, 47].

It would be rather ambitious to claim that the developed bioma-
terial generates new tooth germs. However, it is a fact that the ap-
plication of QSM/nHAp to the defect site resulted in tooth germ 
development. This observation implies the QSM/nHAp bioma-
terial exhibited a proper micro niche by its nHAp-containing 
hydrophilic environment, which might be leading to the for-
mation of cellular aggregates and the adoption of a spherical 
morphology [22, 24, 26, 29]. For the osteogenic development, the 
nHAp content might stimulate bone development by releasing 
Ca2+ ions and triggering the intracellular signaling pathways 
related to osteogenesis by sustaining a biomimetic environment. 
On the other hand, the dental development phenomenon can be 
explained by the hydrophilic nature of the QSM/nHAp hybrid 
material, which allowed dental progenitor cells to agglomerate 
within the scaffold, forming spheroid-like structures and poten-
tially triggering dental root formation (Figure S2) along with the 
continuously growing nature of rabbit teeth [3, 48]. Rabbits have 
open roots, so the dental regeneration process in normal condi-
tions is relatively rapid, and it is assumed that many stem cells 
are in the apical parts of the roots. However, all rabbit teeth are 
hypsodont, which means the tooth has no true root but a long 
crown structure [48]. Therefore, in this study, the defects were 
created using a trephine bur, and all related roots were removed 
from the mandibula; so, no visible dental tissue remained within 
the cavity in practice after the operation.

In terms of cellular aggregation and differentiation at the dam-
aged side, a previous in vitro study by our group proved that the 
stem cells were prone to form spheroid structures within the 
QSM/nHAp scaffold and then differentiated into bone-related 
cells due to the existence of nHAp particles and the 3D envi-
ronment of QSM [22]. Similar behavior kinetics might be valid 
for this in vivo study. According to the performed analyses, it is 
believed that the natural fibrillation process with mild adipose 
tissue accumulation inside the QSM/nHAp scaffold might cre-
ate a proper environment for the aggregation of dental progen-
itor cells and trigger the tooth organogenesis. Additionally, the 
composite formulation of the QSM/nHAp biomaterial makes 
the scaffold flexible in practice. This feature distinguishes 
nHAp-containing grafts from others in the field by preventing 
fractures and loss of structural integrity that is commonly seen 
in bone grafts used clinically. The flexibility of QSH maintains 
the existing porosity of the scaffold, and it holds the shape while 
implanting in the defect area. The hydrophilic properties of the 
material swell within the cavity while keeping the cells inside. 
The anticipated bone and dental regeneration process stages 
within the QSM/nHAp scaffold are summarized in Figure S2. 
Remarkably, while examining the scaffold-based applications of 
this biopolymer in the existing literature, a consistent pattern 
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emerged in mammalian cells: they exhibited the formation of a 
structure resembling a spheroid, accompanied by enhanced via-
bility. These repetitive spheroid-forming results show that QSM/
nHAp can create an appropriate niche for spontaneous spheroid 
formation in vivo studies [22, 23, 25, 27, 29].

5   |   Conclusions

In this in  vivo study, a plant-based therapeutic polymer QSM 
was enriched with nHAp and utilized as a composite scaffold 
for mandibular regeneration in rabbits. The porous QSM/nHAp 
scaffolds absorbed host blood and supported cellular infiltration 
while revealing a gradual biodegradation profile that facilitated 
bone regeneration in critical-sized cavities by releasing nHAp 
particles. A surprising co-development of bone and dental regen-
eration was observed in QSM/nHAp groups. The hydrophilic, 
flexible, porous, and durable characteristics of QSM-nHAp 
scaffolds make a promising option for non–load-bearing ap-
plications, particularly in craniomaxillofacial remodeling. 
Translating this plant-based material from laboratory research 
to clinical practice is crucial; however, in-depth research is re-
quired to understand the intracellular mechanisms underlying 
dental and bone regenerations with further studies.
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