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Abstract 

Background:  Hydroxyapatite (HAp) possesses osteoconductive properties, and its 
granular form can serve as an effective drug delivery vehicle for bone regeneration. 
Quercetin (Qct), a plant-derived bioflavonoid, is known to promote bone regenera‑
tion; however, its comparative and synergistic effects with the commonly used bone 
morphogenetic protein-2 (BMP-2) have not been investigated.

Methods:  We examined the characteristics of newly formed HAp microbeads using 
an electrostatic spraying method and analyzed the in vitro release pattern and osteo‑
genic potential of ceramic granules containing Qct, BMP-2, and both. In addition, HAp 
microbeads were transplanted into a rat critical-sized calvarial defect and the osteo‑
genic capacity was assessed in vivo.

Results:  The manufactured beads had a microscale size of less than 200 μm, a nar‑
row size distribution, and a rough surface. The alkaline phosphatase (ALP) activity of 
osteoblast-like cells cultured with the BMP-2-and-Qct-loaded HAp was significantly 
higher than that of either Qct- or BMP-2-loaded HAp groups. The mRNA levels of osteo‑
genic marker genes such as ALP and runt-related transcription factor 2 were found to 
be upregulated in the HAp/BMP-2/Qct group compared to the other groups. In micro-
computed tomographic analysis, the amount of newly formed bone and bone surface 
area within the defect was significantly higher in the HAp/BMP-2/Qct group, followed 
by the HAp/BMP-2 and HAp/Qct groups, which is consistent with the histomorpho‑
metrical results.

Conclusions:  These results imply that electrostatic spraying can be an efficient strat‑
egy to produce homogenous ceramic granules and that the BMP-2-and-Qct-loaded 
HAp microbeads can serve as effective implants for bone defect healing.
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Background
Large bone defects constitute a serious clinical concern and can occur as a result of 
trauma, cancer, or congenital diseases. To repair large bone defects in orthopedic and 
dental surgery, various types of bone grafts are used in clinical practice, such as auto-
grafts, allografts, and synthetic bone grafts. Among them, autografts have been consid-
ered as standard treatment; however, they are known to suffer from many complications, 
such as donor site infection and inflammation, limited yield, and persistent discomfort 
[1]. In addition, allografts are associated with minor immunogenic rejection and the 
possibility of disease transmission [2]. Therefore, synthetic bone grafts that can stimu-
late bone regeneration and replace current treatments have become necessary.

In this regard, various materials have been studied as synthetic bone grafts, including 
calcium phosphates, calcium sulfates, bioactive glass, polymers, and metals [3–7]. The 
optimal bone substitute should be able to provide an osteoconductive scaffold and oste-
oinductive growth factors, and should be structurally similar to natural bone [8]. Among 
these candidates, hydroxyapatite (HAp) is the most widely used synthetic form of cal-
cium phosphate, a major inorganic component of bone, owing to its biocompatibility, 
osteoconductivity, and adsorption properties [9]. In addition, HAp is known to cause no 
cytotoxicity, no inflammatory response, and promotes cell adhesion and growth when 
clinically applied [10]. Given its rapid absorption and large surface area, granular appli-
cation of HAp is the most advantageous for drug encapsulation among the various forms 
of HAp application [11].

HAp granules can be manufactured in various ways, including spray drying [12] and 
emulsion techniques [13]. However, the numerous settings and instability of heat-labile 
drugs during the drying process make it difficult for the conventional spray-drying 
method to maintain ideal conditions for granule production [14]. Furthermore, the 
emulsion technique typically requires a post-complex treatment to eliminate residual 
oil after production [15]. To address these disadvantages of existing approaches, in this 
study, we produced HAp microbeads via electrostatic spraying, which can be employed 
with simple parameters, such as nozzle size, frequency, electrode, and pressure. 
Although it is difficult to uniformly disperse the ceramic, two-step mixing pretreatment 
allowed for the production of homogenous and high-yielding HAp particles.

Bioactive growth factors must be incorporated into HAp microbeads, because syn-
thetic bone grafts do not induce considerable bone regeneration compared with auto-
grafts [16]. Bone morphogenetic protein 2 (BMP-2), a member of the TGF family, is 
a potent osteogenic inducer that promotes osteogenic differentiation of osteoblast 
progenitors or stem cells [17]. In humans, BMP-2 exists at very low concentrations of 
2 ng per 1 g of bone and a serum concentration of 90 pg/ml [18]. Unfortunately, when 
injected directly into a defect site, BMP-2 has a short half-life of 7–16 min, because it is 
rapidly degraded by proteases in vivo. Thus, a supraphysiological dose of these proteins 
is usually necessary to facilitate bone repair in clinical situations. However, overdosage 
of BMP-2 can cause undesirable side effects, such as inflammation, bone cyst formation, 
and osteoclast activation [19].

Owing to the aforementioned limitations, sustained release through a delivery car-
rier is essential for effective BMP-2 application. In addition, various growth factors and 
medications, such as vascular endothelial growth factor [20], bisphosphonates [21], and 
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anti-inflammatory drugs [22], have been examined for their synergistic effects in combi-
nation with BMP-2 to reduce side effects and enhance bone regeneration. Among these 
factors, quercetin, a flavonoid found in fruits and vegetables, is widely used for its anti-
inflammatory, anticancer, neuroprotective, and bone-regeneration properties [23–26]. 
Recent research has shown that quercetin enhances osteogenesis and angiogenesis while 
inhibiting osteoclastogenesis [27]. Since sufficient research has not been conducted on 
the synergistic bone-healing effect of quercetin on BMP-2, in vitro and in vivo applica-
tions of both BMP-2 and quercetin through sustained-release carriers are required.

In this study, we first developed HAp microbeads using electrostatic spraying and 
assessed the physicochemical characteristics of the fabricated microbeads. Second, we 
examined whether HAp beads containing BMP-2 and/or quercetin can function as a 
delivery vehicle for growth factors and can induce effective bone regeneration by evalu-
ating the in vitro release profiles and osteoblastic differentiation activity. Finally, BMP-2 
or quercetin-loaded beads were applied to the rat calvarial bone defect model to com-
pare in vivo osteogenesis and assess the synergistic effect of both drugs in combination.

Results
Physical properties and surface study of fabricated HAp beads

SEM images were used to investigate the shape, surface conditions, and size of the sin-
tered hydroxyapatite microbeads. The SEM images showed the spherical shape of the 
microsized hydroxyapatite beads (Fig.  1A). The surface of the microbeads was rough, 

Fig. 1  SEM images and size distribution graph of fabricated hydroxyapatite microbeads. A, B SEM images 
showing spherical microsized hydroxyapatite beads. A rough surface was produced on the microbeads. 
Scale bar = 500 μm (×100 image) and 100 μm (×500 image). C Size of microspheres was measured 
at 89.6 ± 16.1 μm, and the size distribution of the microbeads was relatively narrow. D XRD data showed 
hydroxyapatite was successfully sintered by heat treatment, which had high crystallinity
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which was formed by agglomeration after 1200 ℃ heat treatment (Fig. 1B). The size of 
the microspheres was 89.6 ± 16.1  μm, which was analyzed using the SEM images via 
ImageJ (n = 577). The size distribution of the microbeads was relatively narrow, with over 
78% of the beads having an average diameter of 20 μm (Fig. 1C). The XRD data showed 
that the crystallinity of the hydroxyapatite microbead was increased after 1200 ℃ heat 
treatment (Fig. 1D).

Loading efficiency and release profiles of quercetin‑and‑BMP‑2‑containing HAp beads

Loading efficiency and release behavior were investigated after loading quercetin and 
BMP-2 onto the microbeads (Fig.  2). To remove excess quercetin and BMP-2 without 
adsorption, centrifugation and PBS washing were carried out, and the loading efficiency 
was compared to the initial amount of loading. The loading efficiencies of quercetin and 
BMP-2 were 22.3 ± 2.1% and 38.6 ± 5.7%, respectively (Fig. 2A). Quercetin release behav-
ior was evaluated with and without consecutive BMP-2 loading. The loaded quercetin 
was steadily released from the microbeads over 28 days. The release amount of querce-
tin from the quercetin-and-BMP-2-loaded microbeads was slightly lower than that of 
quercetin from the only-quercetin-loaded microbeads, and it was cumulatively released 
20.7 ± 0.3% and 23.6 ± 0.1% over 28 days, respectively (Fig. 2B). BMP-2 release behavior 
was also verified for 28 days, wherein it was sustainably released over the entire period. 
Unlike the quercetin release behavior from the microbeads, BMP-2 release behavior was 
not significantly difference between the quercetin-and-BMP-2-loaded group and only-
BMP-2-loaded group was not significantly different, irrespective of quercetin loading. 
The cumulative release of BMP-2 from the quercetin-and-BMP-2-loaded group and 
only-BMP-2-loaded group was 97.9 ± 0.5% and 96.2 ± 0.2%, respectively (Fig. 2C).

Culture of MG‑63 cells with HAp beads

After 2  weeks of cultivation in osteogenic differentiation media, DNA and ALP were 
quantified (Fig. 3A). The DNA of BMP-2-loaded (1.0 ± 0.1 μg/ml) and the BMP-2-and-
quercetin-loaded group (1.0 ± 0.1 μg/ml) was higher than that in the non-loaded group 
(0.8 ± 0.1 μg/ml). The DNA of the quercetin-loaded group (0.9 ± 0.1 μg/ml) was slightly 
higher than that of the non-loaded group; however, the difference was not statistically 
significant. ALP of BMP-2-loaded (0.85 ± 0.04  mM) and the BMP-2-and quercetin-
loaded group (0.86 ± 0.02  mM) was significantly higher than that of the non-loaded 

Fig. 2  Loading efficiency and in vitro release pattern of quercetin and BMP-2 from hydroxyapatite 
microbeads. A Loading efficiency of quercetin and BMP-2 is represented. B Release quantity of quercetin 
from microbeads loaded with both quercetin and BMP-2 (gray line) and quercetin from microbeads loaded 
with only quercetin (blue line). C BMP-2 release behavior of the quercetin- and BMP-2-loaded group (orange 
line) and the only-BMP-2-loaded group (brown line) is shown
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(0.73 ± 0.02 mM) and quercetin-loaded groups (0.72 ± 0.01 mM). However, the results 
for the osteogenic marker gene expression were considerably different. ALP gene expres-
sion in the quercetin-loaded (3.4 ± 0.3 fold) and BMP-2-loaded groups (3.4 ± 0.2 fold) 
was higher than that in the non-loaded group (2.3 ± 0.2 fold). The expression of the 
BMP-2-and-quercetin-loaded group (5.1 ± 0.7 fold) was significantly higher than that 
of the other groups. RUNX2 gene expression of the quercetin-loaded group (2.6 ± 0.3 
fold) was higher than that of the non-loaded (1.4 ± 0.1 fold) and BMP-2-loaded groups 
(1.7 ± 0.0 fold). The expression in the BMP-2-loaded group was higher than that in the 
non-loaded group (p < 0.05). Similar to ALP gene expression, RUNX2 gene expression in 
the BMP-2-and-quercetin-loaded group (5.0 ± 0.6 fold) was significantly higher than that 
in the other groups (Fig. 3B). Alizarin red staining revealed calcium formation during 
osteogenic differentiation. As a result of previous quantitative analyses, the BMP-2-and-
quercetin-loaded group showed dramatically stronger positive signals by induction of 
osteogenic differentiation compared to the other groups (Fig. 3C).

Micro‑CT analysis of newly formed bone
As shown in the 3D reconstructed images, the control group showed little bone growth 
along the margin of the host bone, and no bone bridging was observed, indicating that 
the defect was critically sized (Fig. 4A). At 4 weeks following transplantation, the BMP-2 
group showed higher bone volume than in the other groups. In contrast, the BMP-2/
Qct group (5.40 ± 1.09 mm3) had significantly greater new bone formation than all 
other groups at 8 weeks, followed by the BMP-2 (3.58 ± 1.30 mm3) and quercetin groups 
(2.27 ± 0.76 mm3), respectively (Fig.  4B). Furthermore, the bone surface area, which 
indicates the percentage of bone growth area within the defect area, and bone volume 
fraction were the highest in the BMP-2/Qct group at both 4- and 8-week post-implanta-
tion (Fig. 4C, and D). Bone mineral density was considerably higher in the BMP-2 group 
at week 4 than in the other groups; at week 8, both the BMP-2/Qct (0.87 ± 0.02 gHA/
cm3) and the BMP-2 groups (0.87 ± 0.03 gHA/cm3) exhibited comparable tendencies, 

Fig. 3  Alkaline phosphatase (ALP) activity, qRT-PCR analysis of ALP and RUNX2, and alizarin red S stain. 
A Quantification of DNA and ALP following 2 weeks of cultivation in osteogenic differentiation media. B 
Relative mRNA expression of osteogenic genes in each group. C Alizarin red staining reveals the production 
of calcium during osteogenic differentiation. p < 0.05 compared to the HAp (*), Qct (†), and BMP-2 (‡) groups
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but only the simultaneously applied group demonstrated significance relative to the Qct-
only group (0.84 ± 0.01 gHA/cm3) (Fig. 4E).

Histological and histomorphometrical analyses
H&E and Masson’s trichrome staining were performed to evaluate the regenerated bone 
tissue within the defect. In general, the majority of new bones grew from the margin of 
the host bone. Osteoid and mineralized bone tissue grew around some of the beads in the 
bead-transplanted group. In contrast, in the negative control group at 4 and 8 weeks, bone 
formation was limited to the periphery and the central region was mostly filled with fibrous 
tissue (Fig. 5A). Histomorphometrical analysis revealed that the new bone formation area 

Fig. 4  Micro-CT analysis of bone formation in rat calvarial defects. A 3D-reconstructed images of each group 
at 4 and 8 weeks. Quantitative analysis of B bone volume (BV), C bone surface area, D bone volume fraction 
(BV/TV), and (E) bone mineral density (BMD) within defects. Scale bar = 1 mm. p < 0.05 compared to the blank 
(*), HAp (†), Qct (‡), and BMP-2 (§) groups
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of both BMP-2 (39.96 ± 21.07%) and BMP-2/Qct (51.51 ± 22.57%) groups was substantially 
higher at 4 weeks than in the other groups, but there was no significant difference between 
the two groups. At 8-week post-surgery, the Qct (56.66 ± 16.81%), BMP-2 (55.99 ± 21.78%), 
and BMP-2/Qct groups (55.34 ± 5.53%) had a greater new bone production area than the 
bead control group (28.65 ± 8.35%), displaying comparable values. The red-stained area 
ratio of Masson’s trichrome stain, which indicates mature bone, was highest in the BMP-2/
Qct group (17.19 ± 11.52%) at 4 weeks and in the Qct group (26.39 ± 15.92%) at 8 weeks, 
followed by the BMP-2/Qct group (18.61 ± 3.86%) (Fig. 5B and C). Immunohistochemical 
analysis of osteoblast biomarkers revealed that OCN-positive cells were usually present in 
the implanted beads surrounded by newly formed bone, and the OPN-positive area was 
detected both inside the beads and in the extracellular matrix of the osteoid tissue (Fig. 6A). 
The OCN-positive area in the BMP-2/Qct group was significantly larger than in other 
groups, and the OPN-positive area tended to be greater in the BMP-2/Qct and BMP-2 
groups (Fig. 6B and C).

Fig. 5  Histological sections and histomorphometrical analysis of calvarial bone defects. A Representative 
images of H&E and Masson’s trichrome stains at 4 and 8 weeks. B Percentage of new bone formed area in 
H&E stains (blue bar), and C red-stained area in Masson’s trichrome stains at 4 and 8 weeks. Scale bar = 1 mm 
(×20 images), 200 µm (×100 images), and 50 µm (×400 images in the dotted line box). Fb: fibrous tissues; 
NB: newly formed bone; HB: host bone; M: implanted beads; asterisk: blood vessel. p < 0.05 compared to the 
blank (*), HAp (†), Qct (‡), and BMP-2 (§) groups
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Discussion
To function as an ideal synthetic bone graft, it is important for the osteoconductive scaf-
fold to elicit host stem cell recruitment and osteogenesis via the release of growth fac-
tors [28]. In this study, an electrostatic spraying technique was employed to create HAp 
microbeads that satisfied the above criteria, and production parameters were established 
and optimized. Furthermore, when BMP-2 and quercetin were impregnated to assess 
their function as delivery carriers, bone regeneration was enhanced both in  vitro and 
in vivo.

The manufactured beads had a microscale size and rough surface. Most beads were 
less than 200 μm in size and had a relatively narrow size distribution. Therefore, they 
can be transferred easily into the body in a minimally invasive or non-invasive manner, 
such via vaccine syringe [29]. Owing to the relatively narrow size distribution compared 
to typical methods, such as spray drying and emulsion, the manufactured beads show 
high productivity. In addition, the surface roughness of implants can activate the healing 
phenotype of  macrophages as well as accelerate mineralization, osseointegration, and 
angiogenesis in vivo [30–32]. Based on the observation that foreign body giant cells were 
attached around the implanted beads, the rough surface characteristics of the ceramic 
beads used in this study facilitated macrophage adhesion and elongation. Following bio-
material implantation, the macrophages migrate to the tissue–implant interface, adhere 
to the surface, and then activate and secrete proinflammatory cytokines at the implant 
site, resulting in extracellular degradation of  the scaffold and bone formation in the 
surrounding environment [33]. Consequently, these findings suggest that electrostatic 
spraying can produce small-sized hydroxyapatite granules uniformly and efficiently, and 
that the surface characteristics of the beads induce a suitable immune response in the 
host for bone formation.

Moreover, the smaller size and surface features of the fabricated beads may be prom-
ising for high loading efficiency and long-term delivery of phytochemical drugs and 
growth factors to act as functional bone substitutes [34]. In this study, BMP-2 protein 

Fig. 6  Immunohistochemical staining of calvarial bone defects at 8 weeks. A Immunohistochemical staining 
against anti-osteocalcin (OCN) and anti-osteopontin (OPN) was performed to observe osteogenesis in 
calvarial defects. Brown color represents positive staining. Scale bar = 200 µm (×100 images), and 50 µm 
(×400 images in the dotted line box). B, C OCN and OPN-positive area were calculated by ImageJ software. 
p < 0.05 compared to HAp (*), Qct (†), and BMP-2 (‡) groups
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and quercetin were loaded into the beads via adsorption to introduce osteogenic dif-
ferentiation potential. The loading efficiency of quercetin was found to be approximately 
20%, which is relatively lower than the typical drug-loading efficiency. This is due to the 
limited solubility of quercetin in water and the washing process with ethanol to elimi-
nate unbound excess quercetin. However, it is possible that quercetin released at high 
doses can induce side effects, such as cell cytotoxicity, during cell culture in vitro and 
in  vivo [35, 36]. In addition, when loaded into the ceramic structure, quercetin drugs 
can be emitted over a long-term period of over 3 months [37]. Therefore, it may not be a 
critical weakness for a drug delivery carrier. In contrast, the loading efficiency of BMP-2 
was approximately 40%, which is a reasonable value for protein delivery [38]. Interest-
ingly, the loaded release behavior of BMP-2 was not significantly different irrespective 
of quercetin loading. Quercetin, a hydrophobic phytochemical drug, had no effect on 
BMP-2 loading efficiency or release behavior. However, the quercetin release of the 
quercetin-loaded group was slightly higher than that of both the quercetin- and BMP-2-
loaded groups. Because BMP-2 was loaded sequentially after quercetin loading, a part of 
loaded quercetin might have leaked away during the incubation and washing steps dur-
ing BMP-2 introduction. Although the initial quercetin release in the quercetin-loaded 
group was slightly lower, the release trend remained the same throughout the entire test 
period. Thus, it was confirmed that hydroxyapatite beads can serve as a delivery vehicle 
that enables the sustained release of osteogenic drugs. We observed that loaded BMP-2 
and quercetin had a synergistic effect on inducing osteogenesis of the cells in  vitro. 
However, the BMP-2 still showed initial burst release behavior from the microbead. In 
addition, quercetin showed relatively slow release behavior in aqueous media due to 
its low water solubility. Slow and sustained release behavior is an attractive property in 
drug delivery systems. However, it might be ineffective due to the lower level of release 
drug under a therapeutic window. We need to consider improving the stable protein and 
drug-releasing properties of the microbead.

Next, we investigated the safety and bioactivity of the quercetin and BMP-2 released 
from the beads. The administered quantity of BMP-2 was 1 μg per defect, which is a low 
dose. However, previous studies using a 5-mm calvarial defect [39–41] showed a consid-
erable increase in bone production with 1 μg BMP-2, and our data showed that the bone 
volume of the BMP-2 group was 2.5 times greater than that of the empty defect. With 
regard to the amount of quercetin, certain studies have reported the dose-dependent 
cytotoxicity of quercetin to cancer cell lines [35, 42]. However, the in vitro DNA content 
of osteoblast-like cells after co-culturing with a quercetin-loaded implant was compara-
ble to that of other groups that did not include quercetin. In addition, when each bead 
was transplanted into the subcutaneous tissue and calvarial bone defects, a tissue irrita-
tion response, such as redness or edema, was not observed in any animal, and foreign 
body giant cell count results (Additional file 1: Fig. S1) showed no significant difference 
between the drug-loaded and control groups at 4-week post-implantation. Therefore, 
the doses of quercetin and BMP-2 released from the implant  in this study are consid-
ered physiologically safe, based on the in vitro and in vivo results. Although it is known 
that HAp granules take many years to degrade under physiological conditions [43], 
the degradation of fabricated implants has a microscale size and is expected to occur 
through the cell-mediated resorption process [7, 44]. Histological sections at 8-week 
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post-surgery showed multinucleated giant cells around the implants, and macrophages 
intruded into the majority of the implanted beads, indicating that they are highly biode-
gradable. However, further studies on the long-term degradation are required. Our find-
ings indicate that the amounts of BMP-2 and quercetin released from the beads are safe 
and sufficient to be biologically active.

The osteogenic efficiency of quercetin and/or BMP-2-loaded beads was evaluated 
in vitro and in vivo. BMP-2 protein is a well-known osteogenic inducible growth factor 
[45]. In these quantification data in the BMP-2-loaded group, the quantitative results 
of DNA and ALP were higher than in the other groups, indicating that loaded BMP-2 
could significantly induce the proliferation and osteogenic differentiation of the cells. 
Unfortunately, these properties of quercetin-loaded groups were not meaningful com-
pared to those of the non-loaded group, and the values of the BMP-2/Qct group were 
also not remarkable compared to those of the BMP-2 and quercetin-loaded groups. 
However, gene expression trends of the cultured cells were quite different in comparison 
with quantitative analysis using the assay kit. Our results showed that ALP and RUNX2 
gene expressions in the Qct group were significantly higher than those in the non-loaded 
group, which is consistent with previous research showing that quercetin promotes 
BMSC proliferation and mRNA expression of  RUNX2, BMP-2, and OCN genes, and 
improving BMSC bone differentiation [46]. ALP is an early osteogenic marker that plays 
an important role in maturation. RUNX2 is an important transcription factor associ-
ated with osteogenic differentiation and is regulated by the Wnt signaling pathway for 
bone repair and regeneration [47, 48]. The expression of these genes was the highest in 
the BMP-2/Qct group, indicating that BMP-2 and quercetin could synergistically affect 
osteogenic cells in the induction of osteogenic differentiation. The Alizarin Red S stain-
ing images represent the results of the biological assay and gene expression analysis. The 
positive signals in the BMP-2/Qct-loaded group were appreciably stronger than those in 
the other groups, which was shown to have increased calcium formation. This indicates 
that the BMP-2-and-quercetin-loaded beads have a promising potential to induce osteo-
genic differentiation as functional bone substitutes in vitro.

To date, the comparative efficacy of BMP-2 and quercetin, as well as the synergistic 
effect of both medications on in vivo bone regeneration, has not been explored. Using 
micro-CT data to compare the bone regeneration efficacy of BMP-2 and quercetin, 
the BMP-2 group had greater bone volume at both 4 and 8-week post-operation than 
the Qct group. As 90%  of BMP-2 is released in the first week, it is assumed that the 
high level of osteogenesis at 4 weeks after implantation is a result of the promotion of 
early cell migration and proliferation. The new bone volume in the BMP-2 group did 
not change significantly between weeks 4 and 8. However, in the case of quercetin, a 
higher bone volume was measured than in the 4th week, which might be interpreted as 
evidence of the sustained release of quercetin. In addition, the BMP-2/Qct group in the 
8th week showed a substantial increase in bone volume compared to the BMP-2 group. 
Because the addition of quercetin did not change the emission pattern of BMP-2, this 
can be thought of as a synergistic effect owing to the initial bone-regeneration effect of 
BMP-2 and the long-term release of quercetin. In addition, the results of the histomor-
phological analysis of the Masson trichrome staining indicate that the red-stained area, 
which indicates mineralized bone, is significantly higher in the BMP-2/Qct group than 
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in the BMP-2 group, suggesting the osteoregulatory effect of quercetin, which inhibits 
osteoclastogenesis and stimulates osteogenesis. Therefore, our findings imply that com-
bining quercetin with BMP-2 has a synergistic effect on promoting bone mineralization 
in an in vivo bone defect model, in accordance with the in vitro results.

Conclusions
In this study, HAp microparticles were manufactured with a uniform size of 50–150 μm 
using electrostatic spraying without complicated conditions or procedural steps. It was 
also confirmed that the novel HAp microbeads could act as osteoconductive carriers 
of BMP-2 and quercetin through in  vitro and in  vivo experiments. In addition, it was 
proven that only quercetin-loaded beads increased bone formation when compared to 
the control group, and the simultaneous application of both BMP-2 and quercetin via 
HAp beads had a synergistic effect on bone regeneration in rat calvarial defect model. 
Therefore, it was demonstrated that electrostatic spraying can prove to be an efficient 
way to fabricate ceramic granules, and HAp microbeads containing both BMP-2 and 
quercetin can be applied as effective implants for bone defect treatment.

Materials and methods
Preparation and characterization of HAp beads

Sodium alginate (Pronova UP MVG; FMC Biopolymer AS, Sandvika, Norway) was dis-
solved in distilled water at a concentration of 1 wt% (w/v) and 6–8 wt% (w/v) HAp (par-
ticle size = 50 nm, max., CGBio Inc., Seongnam, Korea) was mixed with a homogenous 
dissolved alginate solution using a planetary centrifugal mixer and a three-dimensional 
ultrasonic mixer for 6  min and 15–30  min, respectively. Microsized spherical hybrid 
structures were fabricated with a mixture of alginate and HAp using an encapsulator 
(B-390; Buchi, Flawil, Switzerland) in the frequency range of 1500–4000 Hz, electrode 
range of 1000–2000 V, and pressure range of 150–400 mbar. The fabricated structures 
were crosslinked in 100 mM CaCl2 (Sigma, St. Louis, MO, USA) for 30 min under stir-
ring. Crosslinked structures were obtained from the CaCl2 solution and washed with 
ethanol. After drying overnight at room temperature, the samples were sintered at 
1200  °C. The phase composition of the sintered microbeads was determined via X-ray 
diffraction (XRD, DMAX-2500; Rigaku, Tokyo, Japan) at an operating voltage of 40 kV. 
Measurements were taken in the 2θ angle range of 5–55°. Images of the sintered beads 
were obtained using a tabletop SEM (SNE-4500 M Plus; SEC Co., Ltd., Suwon, Korea).

In vitro release profiles of BMP‑2 and quercetin from HAp beads

To load quercetin on the surface of the microbeads via adsorption, 8 wt% (w/w) querce-
tin hydrate (TCI, Tokyo, Japan) was dissolved in ethanol and placed into a glass vial 
containing sintered microbeads. After overnight incubation with rotation, both the 
non-loaded and quercetin-loaded microbeads were washed with ethanol to remove 
excess quercetin and dried at room temperature overnight. Each group was loaded with 
5.0 μg human recombinant BMP-2 (Peprotech, Rocky Hill, NJ, USA) and incubated for 
6 h at 37 °C in a cell culture incubator. The BMP-2-loaded microbeads were centrifuged 
at 15,800g for 5 min and the supernatant was aspirated. After centrifugation at 15,800g 
for 5 min, the supernatant was aspirated again and immersed in PBS. At each timepoint, 
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the microbeads were centrifuged at 15,800g for 5 min, and the obtained supernatant was 
used to measure the release behavior of quercetin and BMP-2, which were investigated 
using a spectrophotometer at 375 nm and an ELISA kit (Peprotech), respectively. Fresh 
PBS was added to each microbead group for continuous release into the buffer.

Osteogenic differentiation and cytotoxicity of MG‑63 co‑cultured with HAp beads

5 × 104 cells of the human osteosarcoma cell line MG-63 were seeded into each well of 
a 24-well cell culture plate and incubated in a cell culture incubator at 37  °C under a 
5% CO2 atmosphere. After 6 h of incubation, the medium was removed, and the cells 
were washed with PBS to remove unbound cells. The BMP-2-and/or quercetin-loaded 
HAp microbeads were immersed in osteogenic differentiation media containing 10% 
FBS, 1% penicillin/streptomycin, 50 μg/ml ascorbic acid (TCI), 100 nM dexamethasone 
(Sigma), and β-glycerophosphate (Sigma), and transferred into a cell-seeded well plate 
with a polyethylene terephthalate trans-membrane insert (SPLInsert™ Hanging;SPL Life 
Sciences, Pocheon, Korea). Fresh osteogenic differentiation medium was supplied every 
alternate day for 2 weeks. To quantify alkaline phosphatase (ALP) activity and DNA con-
tent, cells were washed twice with PBS and treated with cell lysis buffer (CelLytic™ M; 
Sigma). After incubation for 5  min, the retrieved solutions were transferred into each 
tube and centrifuged at 12,000 rpm for 5 min. ALP activity was measured using p-nitro-
phenyl phosphate (pNPP) as an alkaline phosphatase substrate, using a spectrophotom-
eter at a wavelength of 405 nm. The DNA content was measured using the Quant-iT™ 
dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA). To evaluate ALP and RUNX2 gene 
expression as osteogenic marker genes, cultured cells in osteogenic differentiation 
media were treated with RNA extraction reagent (RNAiso PLUS; Takara, Shiga, Japan). 
cDNA was synthesized using Maxime™ RT Premix (iNtRON Biotechnology, Seongnam, 
Korea), and quantitative gene expression was detected through real-time PCR equip-
ment (TP900; Takara) using real-time PCR master mix (GoTaq®; Promega, Madison, 
WI, USA). The following primer sequences were used (Integrated DNA Technologies, 
Coralville, IA, USA): ALP, 5′-ACG TGG CTA AGA ATG TCA TC-3′ and 5′-CTG GTA 
GGC GAT GTC CTT A-3′; RUNx2, 5′-CCA GAT GGG ACT GTG GTT ACT G-3′ and 
5′-CGG AGC TCA GCA GAA TAA TTT TC-3′; GAPDH, 5′-CCC TCC AAA ATC AAG 
TGG GG-3′ and 5′-CGC CAC AGT TTC CCG GAG GG-3′. To estimate calcium forma-
tion in the cells, cultured cells were washed once with PBS and fixed in a 4% formalde-
hyde solution for 1 h. After removing the solution, the cells were again washed with PBS 
and stained with 2% Alizarin Red S (pH 4.2) for 2 min. Stained cells were continuously 
washed with deionized water until no excess dye was present. Images of stained cells 
were obtained using an optical microscope (IX71; Olympus, Tokyo, Japan).

In vivo bone regeneration in a rat calvarial defect model

Thirty-two 16-week-old male Sprague–Dawley rats, weighing 400–500 g, were used to 
assess in vivo bone regeneration. Rats were allowed to acclimate to their diet, water, and 
housing for 1 week prior to surgery. Before the surgical procedure was carried out, rats 
were anesthetized with 4 MAC of isoflurane (Hana Pharm, Seoul, Korea) in the induc-
tion cage and maintained with 1.5 ~ 2 MAC via a face mask at an O2 flow rate of 1–2 L/
min. Tramadol (12.5 mg/kg; Hanall Biopharma, Seoul, Korea) and enrofloxacin (Baytril®, 
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5  mg/kg; Bayer, Leverkusen, Germany) were injected subcutaneously as preoperative 
analgesic and antibiotic, respectively. The surgical site was clipped, disinfected with 
chlorhexidine–alcohol solution, and draped with a sterile drape. The skin was incised 
on the midline of the skull, and the subcutaneous tissue and periosteum were incised 
and retracted to expose the calvarium. Bilateral calvarial defects, 5 mm in diameter, were 
generated using a trephine burr with a dental unit and flushed with normal saline to 
avoid overheating. Each bone defect was filled with 20 mg ceramic beads. Only ceramic 
beads were implanted in the bead control group, BMP-2 (1 µg/defect) or quercetin (8 
wt%)-loaded ceramic beads were implanted in the experimental groups, and the defects 
were left empty in the negative control group. Fibrin glue (Greenplast®; Green Cross, 
Seoul, Korea) was applied to the implanted beads to prevent their migration. The perios-
teum, muscle, and subcutaneous tissue were sutured using 4–0 absorbable suture mate-
rial (Ethicon, Edinburgh, UK), and the skin was closed using a 4–0 nylon monofilament 
suture (AILEE Co., Busan, Korea). All animal experimental procedures were approved 
by the Institutional Animal Care and Use Committee of the Seoul National University 
(SNU-200612-4).

Micro‑computed tomography (micro‑CT) analysis

The rats were euthanized via CO2 inhalation at 4- and 8-week post-implantation. The 
calvarium, which includes the parietal bones as well as parts of the frontal and occipi-
tal bones, was obtained. The harvested calvaria were immediately fixed in 10% neutral-
buffered formalin at room temperature. After 2 days, the samples were transferred to 
PBS and kept at 4 °C until micro-CT examination. All the specimens were scanned using 
a Skyscan 1272 micro-CT scanner (Bruker, Kontich, Belgium). Scanning was performed 
using the following parameters: 80 kV voltage, 125 μA current, and a 1.0-mm aluminum 
filter. After standardized reconstruction using the NRecon software, the acquired data 
were analyzed using CTAn (Bruker micro-CT) and ImageJ software. Bone growth was 
quantified by selecting a cylindrical volume of interest in the axial plane above the defect 
sites with a 5-mm diameter and 1-mm height. Outcome measures included bone volume 
(BV), bone volume fraction (BV/TV), and bone mineral density (BMD).

Histological and histomorphometrical analysis

Following sample harvest or micro-CT analysis, the fixed specimens were decalci-
fied in 10% ethylenediaminetetraacetic acid solution (pH 7.4) at room temperature 
and processed for paraffin embedding. Paraffin blocks were sectioned at a thickness 
of 5 µm using a microtome. The calvarial sections were stained with hematoxylin and 
eosin (H&E) and Masson’s trichrome to examine the newly formed tissues. ImageJ 
was utilized to measure and analyze the new bone formed area in H&E stains and 
the red-stained area in Masson’s trichrome stains of the calvarial tissue sections. For 
immunohistochemistry, the calvarial sections were stained with anti-OCN (Santa 
Cruz Biotechnology Inc., Santa Cruz, CA, USA) and anti-OPN antibodies (Abcam, 
Cambridge, UK). Primary antibodies against anti-OCN (Cat# sc-365797, 1:200) and 
anti-OPN (Cat# ab63856, 1:200) were incubated at 4  °C overnight. The HRP-conju-
gated secondary antibodies (Vector Laboratories, Inc., Burlingame, CA, USA) against 
the primary antibody were applied for 1 h at room temperature, and the sections were 
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incubated for 10 min with the diaminobenzidine substrate (ImmPACT® DAB; Vector 
Laboratories, Inc.) to detect signals. The OCN and OPN-positive area were evaluated 
by ImageJ (NIH) using the Colour Deconvolution 2 plugin.

Statistical analysis

All quantitative data were expressed as mean ± standard deviation (SD). Statistical 
analysis was performed using GraphPad Prism (GraphPad Software, version 8.0.1). 
Statistical significance between groups was determined using the Kruskal–Wallis and 
Mann–Whitney tests. Values with p values less than 0.05 (p < 0.05) were considered 
significant.
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