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ABSTRACT
Objective: To evaluate the efficacy of 3D-printed scaffolds that were osteoinductively functionalized with a bone morphogenetic 
protein 2 (BMP-2)-incorporated biomimetic calcium phosphate particles (BMP-2-inc. BpNcCaP)/hyaluronic acid (HA) composite 
gel in vertical bone augmentation in beagle dogs.
Materials and Methods: Four Beagle dogs were used in this study. Three months after the extraction of 1st, 2nd, 3rd, and 4th 
premolars at both sides of the lower jaws of Beagle dogs, one or two critical-size vertical bone defects (4 mm vertical bone defect 
without buccal and lingual bone) on each side were surgically created. The defects were randomly subjected to the following 
groups: (1) Control (without bone-defect-filling materials); (2) 3D scaffold; (3) BMP2-inc. BpNcCaP/HA-functionalized 3D scaf-
fold. Six weeks post-surgery, samples were harvested and subjected to micro-CT and histomorphometric analyses.
Results: The struts of the BMP2-inc. BpNcCaP/HA-func. 3D scaffold were covered by a thick layer of cemented irregular parti-
cles with an average pore size at 327 ± 27 μm. The BpNcCaP/HA-func. 3D scaffold group bore significantly higher bone volume, 
bone volume fraction, trabecular number, trabecular thickness, bone mineral density, connectivity density, and bone volumes 
in three directions (mesiodistal, buccolingual, and apicocoronal) when compared with the groups of Control and 3D scaffold. 
Moreover, the BMP2-inc. BpNcCaP/HA-func. 3D scaffold group bore significantly lower trabecular separation and exhibited 
significantly higher bone-to-scaffold contact percentage and newly formed bone area percentage within pores in comparison 
with 3D scaffold.
Conclusions: BMP2-inc. BpNcCaP/HA-func. 3D scaffold dramatically enhanced vertical alveolar bone augmentation, which 
suggests a promising application potential of BMP2-inc. BpNcCaP/HA-func. 3D scaffold in dental clinic.
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1   |   Introduction

Severe alveolar ridge bone resorption may occur after tooth ex-
traction particularly in the cases with thin bone wall, trauma, 
or periodontitis, which causes severe insufficiency of horizon-
tal and vertical bone volume in further implantation treatment 
[1–3]. Hitherto, various clinical techniques have been developed 
to facilitate horizontal ridge augmentation with predictable 
outcome [4–6]. In contrast, vertical bone augmentation still re-
mains highly challenging due to the difficulties in providing a 
mechanically stable scaffold and adequate regenerative elements 
to support sufficient new bone formation [7, 8]. Monocortical au-
tograft is an effective treatment for vertical bone augmentation 
because it contains osteoconductive scaffolds, osteoinductive 
growth factors, and osteogenic cells [9, 10]. However, its appli-
cation is also associated with a series of drawbacks, such as the 
need for a second surgery, donor-site pain and morbidity, limited 
availability, fast resorption rate and difficulty in intraoperative 
shaping [11]. Particulated allogeneic and xenogeneic bone grafts 
are less favorable alternatives as they need skill-sensitive inter-
ventions (e.g., titanium mesh and non-resorbable membrane) to 
obtain desirable three-dimensional (3D) geometry and mechan-
ical stability [12]. As a promising option, 3D printing technology 
enables the production of patient-personalized and anatomically 
matched 3D scaffolds and constructs with high tunability in po-
rosity and pore size. Various 3D printing techniques, such as 
material extrusion and powder bed fusion, have been developed 
to print calcium phosphate (CaP)-based bone scaffolds [13]. To 
facilitate rapid bone regeneration for vertical bone augmenta-
tion, 3D printed scaffolds still need to be conferred osteogenic 
elements.

One common method to confer osteogenic elements in clinic 
is to apply bone morphogenetic protein-2 (BMP-2). BMP-2 is 
a growth factor from the superfamily of transforming growth 
factor-β (TGF-β) and bears potent osteoinductivity [14]. Medical 
devices containing absorbable collagen sponge (Medtronic) or 
CaP cement (CPC Powder, Rebone, Shanghai) and BMP-2 are 
adopted for a series of orthopedic applications, such as spine fu-
sion, open fracture, anterior interbody fusion, and posterolateral 
lumbar fusion [15]. However, in all the clinically available med-
ical devices, BMP-2 is superficially adsorbed onto the carrier 
materials, which may yield burst release and thus a series of side 
effects, such as osteolysis due to over-stimulated osteoclastic ac-
tivity and bone formation in unintended sites [16].

In our previous study [17], we successfully developed a novel type 
of CaP particles—biomimetically-precipitated nanocrystalline 
CaP (BMP2-inc. BpNcCaP), which can internally incorporate 
and slowly release BMP-2. Furthermore, we also showed that 
hyaluronic acid gel (HA) may promote the osteogenic and angio-
genic activities induced by BMP2 [48]. In this study, we aimed to 
apply the BMP2-inc. BpNcCaP/HA to functionalize 3D printed 
scaffolds so as to promote vertical bone augmentation. For this 
purpose, we adjusted the formulations of BMP2-inc. BpNcCaP/
HA by manipulating the size of BMP2-inc. BpNcCaP particles 
and the concentration of HA so that BMP2-inc. BpNcCaP/HA 
could penetrate into the pores of 3D printed scaffolds and form a 
homogenous and thick layer of coating on the struts of the scaf-
folds. Using a vertical jaw bone defect model in beagle dogs, we 
evaluated the efficacy of 3D printed CaP scaffolds functionalized 

with BMP2-inc. BpNcCaP/HA (BMP2-inc. BpNcCaP/HA-func. 
3D scaffold) in vertical bone augmentation.

2   |   Materials and Methods

2.1   |   Study Design

The animal study was approved by the Ethical Committee of 
Zhejiang Chinese Medical University (No. IACUC-202401-03). 
We evaluated the efficacy of BMP2-inc. BpNcCaP/HA-func. 3D 
scaffolds in vertical bone augmentation. For this purpose, we 
surgically created two-wall critical-size bone defects on alveo-
lar bones in beagle dogs. Critical-size defects (CSD) originally 
referred to the smallest defects that would not heal by natural 
process during the life-time of the animal [18–21]. Because the 
animal lifetime in most of clinical research is bounded by the 
completion of the studies, the CSD concept was revisited re-
cently to refer to the smallest size of a defect that does not heal 
spontaneously when left untreated for a certain period [19]. A 
recent review concluded that there was a lack of homogeneity 
in reporting data on CSDs in the dog mandible [22]. In our an-
imal study, the bone defect in the Control group did not heal 
within the monitoring span. Therefore, according to the above-
mentioned definition of CSD, the defects in our study might be 
considered as a CSD of Beagle dogs.

Three groups and four samples per groups were set up. In pre-
vious studies on vertical alveolar bone augmentation in beagle 
dogs [23–25], the set of sample size at 4–6 animals per group was 
adopted. Therefore, in this study, we first set the sample size at 
four and thereafter we used the achieved data to conduct a power 
analysis in order to check the adequacy of the sample size. The 
power analysis result using the achieved data from this study 
confirmed adequacy of the sample size in our study. Four male 
beagle dogs (12-month-old, 15–17 kg in weight) were used in this 
randomized study and treated following the ARRIVE guide-
lines for preclinical animal studies (Table S1). Before the exper-
iment, there was one-week period to standardize feeding and 
environment factors on all dogs. The dogs were housed individ-
ually in kennels with free access to water and feed according to 
the general feeding program at the Experimental Animal Center 
of State Key Laboratory of Biotherapy. The whole extraction and 
vertical bone augmentation surgery were performed by the same 
surgeon with a 5-year clinical experience.

2.2   |   Preparation of the 3D Scaffolds

3D scaffolds (Figure  1C) that were fabricated via digital light 
processing with three-dimensional sizes of 5 mm × 8 mm × 5 mm 
(W × L × H) were purchased from TEN DIMENSIONS, China. 
The scaffolds consisted of 80 wt% TCP and 20 wt% HAp and 
bore rectangular parallelepiped structure (Figure  1A). The 
strut diameter was about 400 μm (d1) and the distance between 
adjacent struts was about 800 μm (d2) (Figure 1B). During the 
printing of the scaffolds, a channel was reserved in the center 
of each scaffold for fixation with titanium screw. The size of the 
upper part of the channel was 1.8 mm (H1) in length and 2.7 mm 
(φ1) in diameter, and the size of the lower part was 3.2 mm (H2) 
in length channel is 1.6 mm (φ2) in diameter (Figure 1B).
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2.3   |   Preparation of the BMP2-Inc. 
BpNcCaP/HA-Func. 3D Scaffolds

BMP2-inc. BpNcCaP granules (50 μg BMP-2/0.08 g BpNcCaP) 
were made according to our previously published protocol [17]. 
The granules were further ground into powders and sieved with 
150 μm-diameter filters to achieve the powers with their diam-
eters less than 150 μm. Mix the 1000 μg BMP2-inc. BpNcCaP 
powders in the 1.5 mL HA gel (1600 KDa, 5 mg/mL) at room 
temperature and vortex to form a stable suspension of BMP2-inc. 
BpNcCaP/HA. Thereafter, drop 410 μL of BMP2-inc. BpNcCaP/
HA suspension onto a scaffold and let the suspension flow along 
the struts into the scaffold. Turn the scaffolds carefully so as 
to form a homogenous distribution of the suspension on and 
within the 3D scaffolds. The final loadings of BMP-2, BpNcCaP 
and HA per scaffold were 64 μg, 102 μg and 1.2 mg, respectively. 
The BMP2-inc. BpNcCaP/HA-func. 3D scaffolds were then 
dried in safety cabinet overnight for subsequent experiments 
(Figure 1D). The entire procedure was conducted under sterile 
conditions.

2.4   |   Microstructure and Pore Size Analysis

The microstructures of 3D scaffolds and BMP2-inc. BpNcCaP/
HA-func. 3D scaffolds were examined by scanning electron 

microscopy (SEM, S3400N, Hitachi, Japan). Before observation, 
the specimens were dried at room temperature and sputter-
coated with Au plasma. Four samples of 3D scaffolds and BMP2-
inc. BpNcCaP/HA-func. 3D scaffolds were measured under 
SEM to assess their average pore diameters.

2.5   |   In Vivo Experiments

Pre-molar area in mandible was selected to create the vertical 
bone augmentation model. In comparison with the anterior 
teeth area and posterior molar area, the pre-molar area has 
been more commonly adopted in previous studies to create 
critical size bone defects for vertical bone augmentations in 
jaw bone [25–27]. This selection is mainly attributed to suffi-
cient mouth opening, mesial-distal distance and RBH (the al-
veolar crest to the mandibular canal) as well as minimal bone 
inclination and teeth extraction difficulty. Minimally inva-
sive extraction techniques were applied to extract the 1st–4th 
premolars at both lower jaws of Beagle dogs. The extraction 
surgery was performed under general and local anesthesia. 
The general anesthesia was induced by intravenous Propofol 
Injection (5.5 mg/kg) accompanied by penicillin (5 × 104 U/
kg) and atropine (0.05 mg/kg). During general anesthesia, tra-
cheal intubation was performed to maintain an open airway. 
Multi-Parameter Monitor (SurgiVet V9204, USA) was used to 

FIGURE 1    |    (A, B) Schematic diagram of Digital light processing (DLP)-based 3D printing for the preparation of porous CaP ceramics with three 
dimensional sizes of 5 mm × 8 mm × 5 mm (W × L × H). Figure showing that the strut diameter was about 400 μm (d1), the distance between adjacent 
struts was about 800 μm (d2), the size of the upper part of the channel was 1.8 mm (H1) in length and 2.7 mm (φ1) in diameter, and the size of the 
lower part was 3.2 mm (H2) in length channel is 1.6 mm (φ2) in diameter. (C) 3D-printed calcium phosphate scaffold (3D scaffold) were fabricated 
via digital light processing. (D) 3D scaffold functionalized with a bone morphogenetic protein-2-biomimetic calcium phosphate particles/hyaluronic 
acid composite gel (BMP2-inc. BpNcCaP/HA) to form BMP2-inc. BpNcCaP/HA-func. 3D scaffold.
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monitor the electrocardiogram, heart rate, respiratory rate, 
oxygen saturation, temperature, blood pressure. Local anes-
thesia was performed with the local injection of 1% lidocaine 
containing adrenaline at a concentration of 1:100000. Skin 
disinfection with 0.5% iodophor solution was done at the sur-
gery site. The wound was then disinfected with 10% povidone-
iodine. After surgery, the dogs received anti-inflammatory 
and analgesic drugs for 7 days.

Three months after tooth extraction, anesthesia and poster-
surgery care were performed as above described to facilitate 
the vertical bone augmentation experiments. There were four 
potential implantation sites in one animal (e.g., mesial site on 
left mandible, distal site on left mandible, mesial site on right 
mandible and distal site on right mandible) and there were 16 
potential implantation sites in four animals. We set up three 
groups: (1) no bone-defect-filling materials (Control group); (2) 
filled with unfunctionalized 3D scaffold as negative control (3D 
scaffold group); (3) filled with BMP2-inc. BpNcCaP/HA-func. 
3D scaffold as experimental group (BMP2-inc. BpNcCaP/HA-
func. 3D scaffold group). To balance the potential influence of 
different implantation sites (mesial/distal and left/right) on the 
efficacy of vertical bone augmentation, four distribution pat-
terns (Figure S1) were designed to guarantee that four samples 
in one group were distributed in the four sites respectively. The 
four distribution patterns were randomly assigned to the four 
dogs. Finally, three implantation sites were created in each dog.

After an incision between the mandibular canines and the 
1st molars, buccal and lingual mucoperiosteal flaps were 
lifted to expose the underlying bone tissue. One or two CSD 

[18–20, 28] with 4 mm vertical bone loss, 10 mm in mesiodis-
tal length, and without buccal and lingual bone (W × L × H: 
5 mm × 10 mm × 4 mm) on each side of jaw bone were surgi-
cally created using a high-speed turbine (Figure  2A–C). 3D 
scaffolds were fixed onto the alveolar ridge by titanium screws 
(Figure 2D). The interval between two defects was set at 1 cm 
so as to prevent the translocation of BMP-2. Finally, the buccal 
and lingual mucoperiosteal flaps were sutured without any ten-
sion (Figure  2E). Particularly, the distal margin of the mesial 
site and the mesial margin of the distal site were respectively 
tightly sutured, thereby preventing potential diffusion of BMP-2. 
The wounds were then disinfected with 10 povidone-iodine. 
Thereafter, the implantation sites were evaluated using 16-slice 
head Multi-Slice Computed Tomography (MSCT) and periapical 
films. After surgery, the dogs received anti-inflammatory and 
analgesic drugs for 7 days.

Six weeks after the surgery, all dogs were sacrificed using an 
overdose of anesthesia thiopental (Sumianxin II). This obser-
vation time point was selected in order to observe the promot-
ing and accelerating effect of BMP2-inc. BpNcCaP/HA-func. 
3D scaffold on the vertical augmentation of alveolar bone. The 
bone-defect-filling materials were retrieved together with the 
surrounding tissues from the mandibles and immediately fixed 
in 4% paraformaldehyde solution for 2 days.

2.6   |   Micro-Computed Tomography (Micro-CT)

In total, 12 bone sample blocks were scanned with a 
high-resolution micro-CT (μCT 100, Scanco Medical AG, 

FIGURE 2    |    (A, B) Buccolingual view of the design of vertical bone augmentation model in beagle dogs. The critical-size vertical bone defects with 
4 mm vertical bone loss, 10 mm in mesiodistal length, and without buccal and lingual bone (W × L × H: 5 mm × 10 mm × 4 mm) on each side of jaw 
bone. (C) One or two critical-size vertical bone defects on each side of Beagle dog mandible jaw bone were surgically created. (D) The 3D scaffolds and 
BMP2-inc. BpNcCaP/HA-func. 3D scaffolds were fixed onto the alveolar ridge by titanium screws. (E) Tension-free suturing of mucoperiosteal flaps.
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Switzerland). The x-ray source was operated at a voltage 
of 100 kVP and current of 200 μA with an exposure time 
of 300 ms, at a resolution of 30 μm (70 kVP, 200 μA, 30 μm, 
300 ms) and then subjected to offline reconstruction. The re-
constructed images were 906 × 906 pixels with the pixel size 
of 30 μm. Beam hardening artifact was corrected during re-
construction by the reconstruction software. The CT analyzer 
software (Bruker Micro-CT NV, Kontich, Belgium) was used 
to define a region of interests (ROIs) on the two-dimensional 
images to obtain a volume of interests (VOIs) dataset. The se-
lected VOI was a cuboid with 5 mm in buccolingual width, 
10 mm in mesiodistal length, 5 mm in apicocoronal height 
(W × L × H: 5 mm × 10 mm × 5 mm) (Figure  5A). Three-
dimensional reconstruction was performed using CT analyzer 
and viewed by Materialise's interactive medical image control 
system (MIMICS, Materialise).

Since the quantity of newly formed bone could vary along the 
distance from original bone to the bone graft material. The VOI 
was also analyzed in three directions: mesiodistal, buccolin-
gual and apicocoronal, respectively (Figure 6A). The VOI was 
divided into trisection in mesiodistal direction (Figure 6A1), the 
mesial volume (VOI-mesial), the middle volume (VOI-middle), 
and the distal volume (VOI-distal). The VOI was divided into 
trisection in buccolingual direction (Figure  6A2), the buccal 
volume (VOI-buccal), the middle volume (VOI-middle), and the 
lingual volume (VOI-lingual). The VOI was divided into trisec-
tion in apicocoronal direction (Figure 6A3), the coronal volume 
(VOI-coronal), the middle volume (VOI-middle), and the apical 
volume (VOI-apical). All the images were binarized using the 
same grayscale thresholds (newly formed bone: 220–500; 3D 
scaffold: 600; titanium screw: 600).

We evaluated the micro-architectures of bone using the follow-
ing parameters: (1) bone volume (BV); (2) bone volume/tissue 
volume (BV/TV); (3) trabecular separation (Tb.sp., mm); (4) tra-
becular number (Tb.N, 1/mm); (5) trabecular thickness (Tb.Th, 
mm); (6) bone mineral density (BMD; mg HA/cm3); and (7) 
connectivity density (Conn.D, 1/mm3). For the measurement of 
above observation indicators, the number of bone pixels in the 
VOI divided by the total number of pixels in the VOI was used to.

2.7   |   Histology Procedures

After micro-CT analysis, the samples were rinsed with running 
water for 24 h. Then, they were dehydrated in ascending de-
grees of ethanol and embedded in methylmethacrylate (MMA, 
Technovit 7200; Heraeus Kulzer). Samples were cut using a 
Leica diamond saw fitted in a Leica SP1600 slicing machine 
(Leica Microsystems, Wetzlar, Germany). One sample was cut 
into 10–12 slices, 600 μm in thickness and 1 mm apart. The 
slices were mounted on plexiglas holders, polished, and surface-
stained with McNeal's tetrachrome, basic fuchsine and toluidine 
blue [29]. Using this protocol, newly-formed bone stains deep 
red, cell nuclei blue, collagen fibers pink and the scaffold pale 
red. The slices were then examined in a Nikon-Eclipse E-1000 
light microscope and photographed in color at a different mag-
nification of 20, 40, 100, and 200. Approximately nine photo-
micrographs were collected per sample. These prints were used 
for the histomorphometric analysis of the various stereological 

estimators. The same VOI-mesial, VOI-middle, and VOI-distal 
from the micro-CT analysis were used for the measurements of 
each parameter.

The bone-to-scaffold contact percentage on the bottom struts 
and within pores were measured using the Image-Pro Plus (IPP, 
MEDIA CYBERNETICS). The bone percentage within pores 
were measured by the point-counting technique [30].

For each histological slice, the length of new bone contact on the 
bottom struts of scaffolds (Lnbs, μm) and the whole length of the 
bottom struts of scaffolds (Ls, μm) within area of interest (AOI) 
were measured using the Image-Pro Plus. The bone-to-scaffold 
contact percentage on the bottom struts (% BSCs) was calculated 
using the following formula:

For each histological slice, the length of new bone contact within 
pores of scaffolds (Lnbp, μm) and the whole length of the pores 
surface of 3D scaffolds (Lw, μm) within area of interest (AOI) 
were measured using the Image-Pro Plus. The bone-to-scaffold 
contact percentage within pores (% BSCp) was calculated using 
the following formula:

For each histological slice, the surface area of newly formed 
bone within pores (Snb) and the whole area of the pores within 
VOI-mesial, VOI-middle, and VOI-distal (Sv) were measured 
using the point-counting technique [30]. The interval between 
two slices was 1 mm. The tissue volume within the selected re-
gion can be estimated as the sum of the cross-sectional areas 
multiplied by the 1-mm interval from all the selected slices. The 
newly formed bone percentage (%NB) within pores was calcu-
lated using the following formula:

2.8   |   Statistical Analysis

The person who conducted all the measurements was blinded to 
the group set up. All data were presented as mean ± standard de-
viation (mean ± SD). Data were compared using one-way analy-
sis of variance (ANOVA), and Bonferroni's correction was used 
for post hoc comparison. Statistical analysis was performed in 
SPSS 25.0 (IBM Information Management). A value of p < 0.05 
was considered to be statistically significant.

3   |   Results

All animals recovered well and all the implantation sites healed 
uneventfully during the experimental period. Immediate post-
operative MSCT imaging showed that all the bone graft mate-
rials were stably implanted and have normal three-dimensional 
spatial position (Figure  3A). During the observation period of 
6 weeks after operation, soft tissue surrounding all the bone 
graft materials was free of any signs of inflammation, such as 
redness or swelling (Figure 3B). Periapical films showed that all 
the scaffolds were still located in the desired location and were 

%BSCs = (Lnbs,�m)∕(Ls,�m) × 100%

%BSCp = (Lnbp,�m)∕(Lw,�m) × 100%

%NB = [(Σ Snb) × 1 mm]∕[(Σ Sv) × 1 mm] × 100%
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complete without significant defect or cracks until euthanasia 
(Figure 3C).

3.1   |   In Vitro Investigation

SEM micrographs showed the geometry and topography of the 
3D scaffold (Figure 4A). The 3D scaffolds bore square-shaped 
and interconnected square macro-pores with an average size at 
797 ± 12 μm. The struts showed a layered structure with smooth 
topography on each layer. The average thickness of the struts 
was about 400 μm. All the 3D scaffolds had no obvious de-
fects and cracks (Figure 4A1). After the functionalization with 
BMP-2/BpNcCaP/HA, the struts of the 3D scaffolds were cov-
ered by a thick layer of cemented irregular particles (Figure 4B). 
The average pore size became 327 ± 27 μm (Figure 4B1).

3.2   |   Micro-CT Analysis

Six weeks after implantation, the scaffolds and the sur-
rounding tissues were retrieved and subjected to fixation. 
Thereafter, we adopted micro-CT analysis to quantitatively 
assess the newly formed bone tissues within and the sur-
rounding the scaffolds (Figure  5A). In the group of Control 
(no scaffold), there was nearly no significant vertical bone 
augmentation (Figure  5A1). The 3D scaffolds were only 
partially penetrated and covered with new bone tissues 
(Figure  5A2). In contrast, BMP2-inc. BpNcCaP/HA-func. 
3D scaffolds were largely covered and penetrated with 
newly formed bone tissues (Figure  5A3). The total BV in 
the group of BMP2-inc. BpNcCaP/HA-func. 3D scaffold was 
88.21 ± 6.23 mm3, which was significantly higher than those 
in the 3D scaffolds group 11.92 ± 1.17 mm3 and the Control 
group 2.63 ± 0.93 mm3. The BV/TV of the newly formed bone 
in the group of BMP2-inc. BpNcCaP/HA-func. 3D scaffold 
was 0.35 ± 0.02, which was about 9 and 35 times those in the 
groups of 3D scaffold (0.04 ± 0.00) and Control (0.01 ± 0.00), 
respectively (Figure  5B1). Similarly, BMP2-inc. BpNcCaP/
HA-func. 3D scaffold group showed the highest mean values 
in Tb.N (1.82 ± 0.09) 1/mm, Tb.Th (0.39 ± 0.06 mm), BMD 
(904.43 ± 23.76 mg HA/cm3), and Conn.D (6.55 ± 0.49) 1/mm3 
(p < 0.05), which were significantly higher than those in the 
other two groups (Figure  5B3–B6). BMP2-inc. BpNcCaP/
HA-func. 3D scaffold group showed the lowest mean values 
in trabecular separation (Tb.sp) (0.188 ± 0.059 mm) among 
the three groups (3D scaffold group (0.308 ± 0.003 mm) and 
Control group (0.391 ± 0.025 mm)) (Figure  5B2). Except for 

Tb.Th and Tb.sp., all the parameters in the group of 3D scaf-
fold group were significantly higher than those in the Control 
group (Figure 5B).

In this animal model, there were original bone tissue in the me-
sial, distal and apical sites of the scaffolds, while there were no 
bone tissue in the buccal and lingual sites. This uneven distribu-
tion pattern of original bone tissue might cause uneven regener-
ation of newly formed bone (Figure 6A). To further characterize 
the distribution pattern of the newly formed bone, we analyzed 
the BV in three directions: mesiodistal (Figure 6A1), buccolin-
gual (Figure 6A2) and apicocoronal (Figure 6A3). Quantitative 
analyses showed that in all the three directions, the BVs in the 
BMP2-inc. BpNcCaP/HA-func. 3D scaffold group were signifi-
cantly higher than those in the other two groups and the BVs 
in the 3D scaffold group were also significantly higher than 
those in the Control group. In all the three groups, the BVs in 
the mesial and distal 1/3 were similar to each other, which were 
significantly higher than those in the middle 1/3. The BV in 
the middle 1/3 of BMP2-inc. BpNcCaP/HA-func. 3D scaffolds 
was (21.16 ± 3.06 mm3), which was about 12 and 23 times those 
in the groups of 3D scaffolds (1.60 ± 0.48 mm3) and Control 
(0.89 ± 0.11 mm3) (Figure 6B1). The similar distribution pattern 
of newly formed bone was also found in the groups of Control 
and 3D scaffold in the direction of buccolingual. In contrast, 
for the group of BMP2-inc. BpNcCaP/HA-func. 3D scaffold, al-
though the BV in the middle 1/3 (17.97 ± 1.38 mm3) remained 
the lowest, the BV in the buccal 1/3 (44.79 ± 3.51 mm3) was sig-
nificantly higher than that in the lingual 1/3 (29.40 ± 2.82 mm3) 
(Figure 6B2). For the Control group, in the direction of apico-
coronal, the BV in the apical 1/3 was significantly higher than 
that in the middle 1/3 and there was no detectable new bone 
formation in the coronal 1/3. For the group of the 3D scaf-
fold, the BV in the apical 1/3 (9.96 ± 0.65 mm3) was about 4 
times and 10 times those in the middle 1/3 (2.61 ± 0.28 mm3) 
and coronal 1/3 (1.10 ± 0.12 mm3), respectively. In the group of 
BMP2-inc. BpNcCaP/HA-func. 3D scaffold, BV in the apical 1/3 
(43.71 ± 1.32 mm3) remained the highest. And there was no sig-
nificant difference between the latter two 1/3. Furthermore, the 
difference in BVs between the apical 1/3 and middle/coronal 1/3 
was only about 1.7 and 1.6 times, which was much less than that 
in the groups of 3D scaffold and Control. Furthermore, the vol-
ume of newly formed bone in the coronal 1/3 (27.19 ± 1.30 mm3) 
was comparable with that in the middle 1/3 (24.30 ± 5.64 mm3) 
(Figure 6B3).

Furthermore, we also compared the main parameters of the 
samples in the group of Control or 3D scaffold without adjacent 

FIGURE 3    |    (A) Multi-Slice Computed Tomography (MSCT) image after the vertical bone augmentation in the mandible jaw of Beagle dogs. (B) 
Gingival healing in the vertical bone augmentation area 6 weeks after the surgery. (C) The periapical films of the vertical bone augmentation area 
6 weeks after the surgery.
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BMP-2-containing samples with the ones with adjacent BMP-2-
containing samples. We found no obvious differences between 
them, which showed that no significant influence was derived 
from the adjacent BMP-2-containing samples.

3.3   |   Histomorphometric Analysis

Six weeks post-surgery, histological image showed only a thin 
layer of newly formed bone on the surface of the original bone 
tissue (Figure 7A1). In the group of 3D scaffold, new bone oc-
curred to the interface between original bone tissue and the 
scaffolds. Newly formed bone was hardly found within the pores 
of the 3D scaffolds (Figure  7A2). In contrast, in the group of 
BMP2-inc. BpNcCaP/HA-func. 3D scaffold, newly formed bone 
grew into pores and filled the most coronal pores of the scaf-
folds. Newly formed bone was integrated with the struts of the 
scaffolds and there are no detectable BMP2-inc. BpNcCaP par-
ticles or HA (Figure 7A3). In the 3D scaffold-treated group, the 
structure of the 3D scaffold was complete, and was surrounded 
by a little newly formed bone. Most of the newly formed bone 
was at the bottom and the edge region of the 3D scaffolds, and 
with less new bone at the coronal part and distributed sporadi-
cally in the intra-3D scaffold porosity. On the contrary, it can be 
seen that the pores of the scaffolds in the BMP-2/BpNcCaP/HA-
func. 3D scaffold group were filled with more new bone (NB), 
and the adhesion area between the new bone and the scaffold 
was much larger. There were more osteocytes (green arrow) in 
the new bone and osteoblast on the edge of the scaffold (blue 
arrow), (Figure 8).

Quantitative analyses showed that the bone-to-scaffold 
contact percentage on the bottom struts (% BSCs) of BMP2-
inc. BpNcCaP/HA-func. 3D scaffolds in the mesial 1/3 was 
31.23 ± 1.65%, which was about 6.5 times those of 3D scaf-
folds (4.85 ± 0.41%). The % BSCs in the middle 1/3 of BMP2-
inc. BpNcCaP/HA-func. 3D scaffolds was 27.80 ± 3.83%, 
which was about 6.2 times those in the group of 3D scaffolds 
(4.43 ± 1.30%). The % BSCs in the distal 1/3 of BMP2-inc. 
BpNcCaP/HA-func. 3D scaffolds was 25.56 ± 2.59%, which 
was about 5.8 times those of 3D scaffolds (4.37 ± 1.29%) 
(Figure  7B1). There were nearly no new bone within pores 
of the 3D scaffolds. On the contrary, the newly formed bone 
percentages within pores (%BV) in the mesial 1/3, in the 
middle 1/3 and in the distal 1/3 of the BMP2-inc. BpNcCaP/
HA-func. 3D scaffolds was 59.63 ± 6.70%, 34.93 ± 4.17%, 
and 58.82 ± 3.99%, respectively, which were significantly 
higher than the corresponding values in the 3D scaffolds 
(Figure 7B2). Similarly, bone-to-scaffold contact percentages 
within pores (% BSCp) in the mesial 1/3, in the middle 1/3 
and in the distal 1/3 of the BMP2-inc. BpNcCaP/HA-func. 3D 
scaffolds were 43.39 ± 5.21%, 28.26 ± 2.19% and 41.59 ± 5.10%, 
respectively, which were significantly higher than the corre-
sponding values in the 3D scaffolds (Figure 7B3).

4   |   Discussion

Vertical bone augmentation is still highly challenging in the field 
of dental implantology [1–3]. An ideal bone graft material for 
vertical bone augmentation should provide precisely matched 

FIGURE 4    |    (A) Representative Scanning Electron Microscope (SEM) micrographs showed the geometry and topography of 3D scaffold in a lower 
magnification (×30). (A1) Higher-magnification (×80) SEM micrographs showing the pore size of 3D scaffold. (B) Representative SEM micrographs 
of BMP2-inc. BpNcCaP/HA-func. 3D scaffold in a lower magnification (×30), SEM micrographs showing that the struts of the 3D scaffolds were 
covered by a thick layer of cemented irregular particles. (B1) Higher-magnification (×250) SEM micrographs showing the pore size of BMP2-inc. 
BpNcCaP/HA-func. 3D scaffold. Scale bar in A and B = 1.00 mm. Scale bar in A1 = 500 μm. Scale bar in B1 = 200 μm.
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geometry, mechanically stable microenvironment and highly ef-
ficient osteoinductivity [31, 32]. Autologous bone block is still a 
preferable choice for vertical bone augmentation because it not 
only bears osteoconductive scaffold, osteoinductive growth factors 
and osteogenic cells but also provides a stable form [33]. However, 
its wide use is, to some extent, hindered by its limited availability, 
donor-site pain and morbidity as well as unpredictable resorption 
rate [34]. As an alternative, a guided bone regeneration (GBR) 
technique—sausage technique—has been developed and widely 
adopted in clinic. This technique involves the use of particulate 
xenograft that bears almost unlimited availability and osteocon-
ductive scaffolds. The production procedure of xenograft always 
needs sintering at 300-600° so as to remove organic phase and 
thus maximize biocompatibility, which render it impossible to 
contain any intrinsic osteoinductive growth factors or osteogenic 

cells. Therefore, particulate xenograft still needs to be mixed with 
particulate autologous bone graft to achieve sufficient new bone 
regeneration, in which the limitation of autologous bone grafts 
pursues. To achieve bone defect-matching form and stable bone-
forming microenvironment, particulate xenograft must be rightly 
encapsulated by non-resorbable (PTFE) polymeric membrane 
and titanium pin. Tremendous clinical evidences have shown the 
success of the sausage technique [35, 36]. However, this technique 
is also highly clinical skill-sensitive and time-consuming. As an 
alternative, 3D printed titanium mesh can be adopted to fix xe-
nograft granules [37]. By enabling a pre-design to individually 
match bone defects, 3D printed titanium mesh is relatively less 
technique-sensitive. Furthermore, titanium mesh is also more 
rigid than polymeric membrane to facilitate a stable bone-forming 
microenvironment [38]. However, the use of titanium mesh is also 

FIGURE 5    |    (A) Three-dimensional reconstructed micro-CT images of vertical bone defect sites 6 weeks after the vertical bone augmentation. 
(White portion: 3D scaffold; Red portion: New bone tissue). (A1) Newly formed bone in VOI of vertical bone defect without bone graft material. 
(A2) Newly formed bone and grafted biomaterials in VOI of vertical bone defect with 3D scaffold. (A3) Newly formed bone and grafted biomaterials 
in VOI of vertical bone defect with BMP2-inc. BpNcCaP/HA-func. 3D scaffold. (B) Micro-CT analyses of newly formed bone tissues in VOI of 
vertical bone defects in the groups of Control, 3D scaffold and BMP2-inc. BpNcCaP/HA-func. 3D scaffolds. (B1) Bone volume/tissue volume (BV/
TV). (B2) Trabecular separation (Tb.sp). (B3) Trabecular number (Tb.N), (B4) Trabecular thickness (Tb.Th). (B5) Bone mineral density (BMD). (B6) 
Connectivity density (Conn.D) (data were presented as mean ± SD, significant effect of the treatment, *p < 0.05; **p < 0.01; ***p < 0.001, n = 4/group). 
Scale bar in A1–A3 = 5 mm.
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challenged by potential risk of post-surgery exposure and infection 
[39]. Therefore, continuous efforts are undertaken to develop next-
generation bone graft materials for vertical bone augmentation.

With the rapid development, 3D printing technique may 
provide a promising solution for vertical augmentation. 3D 
printing enables the production of patient-personalized and 

FIGURE 6    |    (A) Micro-CT images depicting newly formed bone and grafted biomaterials in three directions 6 weeks after implantation. (A1) 
The micro-CT images of the three groups were observed in mesiodistal direction. (A2) The micro-CT images of the three groups were observed 
in buccolingual direction. (A3) The micro-CT images of the three groups were observed in apicocoronal direction. (B) Micro-CT analysis of the 
bone volume (BV) of the three groups. (B1) Micro-CT analysis of the BV in mesiodistal-VOI of three groups. (B2) Micro-CT analysis of the BV 
in buccolingual-VOI of three groups. (B3) Micro-CT analysis of the BV in apicocoronal-VOI of three groups (data were presented as mean ± SD, 
significant effect of the treatment: *p < 0.05, **p < 0.01, ***p < 0.001, n = 4/group). Scale bar in A = 5 mm.
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anatomically matched scaffolds [40]. Not only can the outer 
shape of a scaffold (macroarchitecture) be personalized, but 
also the microarchitecture, defined as the distribution of the 
material within the scaffold, can be designed and optimized 
for bone ingrowth—osteoconduction [41]. However, most of 

CaP-based 3D printed scaffolds often need a post printing 
sintering to obtain sufficient mechanical strength and/or re-
move the organic phase, which makes it nearly impossible to 
bear intrinsic osteogenic elements [42–44]. As an approach to 
this problem, BMP-2 may be adsorbed on the 3D scaffolds to 

FIGURE 7    |    (A) Light micrographs of newly formed bone and grafted biomaterials vertical bone defects 6 weeks after vertical bone augmentation. 
Light micrographs of three groups in a lower magnification (× 20 left column; × 40 middle column; × 100 right column). Bar = 5.0 mm (left column); 
Bar = 400 μm (middle column); 200 μm (right column). (A1) Light micrographs of the group without bone graft material. (A2) Light micrographs of 
the group of 3D scaffold. (A3) Light micrographs of the group of BMP2-inc. BpNcCaP/HA-func. 3D scaffold. (B) Light micrographs analysis of three 
groups. (B1) Light micrographs analysis of the bone-to-scaffold contact percentage on the bottom struts (% BSCs). (B2) Light micrographs analysis 
of newly formed bone percentage within pores (%NB). (B3) Light micrographs analysis of bone-to-scaffold contact percentage within pores (% BSCp) 
(data were presented as mean ± SD, significant effect of the treatment: **p < 0.01, ***p < 0.001, n = 4/group).
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confer osteoinductivity. However, after implantation, the su-
perficially adsorbed BMP-2 is usually released in a burst man-
ner, leading to a local, transient and unphysiologically high 
concentration, which potentially causes a series of side effects, 
such as swelling and osteolytic bone resorption. Furthermore, 
the BMP-2 that penetrates into circulation system may also 
cause ectopic bone induction in unintended area and enhance 
incidence rate of cancer [45, 46]. Therefore, a slow-release 
system is highly needed to functionalize 3D printed CaP 
scaffolds.

In this study, we wished to adopted BMP-2/BpNcCaP particles to 
osteoinductively functionalize 3D printed CaP scaffolds with a 
pore size of 800 μm for vertical bone augmentation. For this pur-
pose, we adopted the particles with diameters less than 150 μm 
so that they may penetrate through and distribute within the 
pores of the 3D printed CaP scaffolds. In order to facilitate the 
stickiness of BMP2-inc. BpNcCaP particles on to the struts, we 
adopted HA gels. The primary reasonability for the adoption of 
HA gels was that HA is proved to be medical device and thus 
bears more application potential in clinic than many other mate-
rials [47]. Furthermore, after dissolving in PBS, HA may simply 
form gel with certain viscoelasticity to carry BMP-2/BpNcCaP 
particles. And more interestingly, we have shown that HA may 
significantly increase osteogenic and angiogenic activities in-
duced by BMP-2 [48].

The optimal HA molecular weight and concentration was se-
lected to obtain homogenous distribution of BMP-2/BpNcCaP 
particles within the pores of the 3D printed scaffolds. We found 
that HA (molecular weight 1600 kDa) with a concentration of 
5 mg/mL mixed with BMP-2/BpNcCaP particles could form a 
stable suspension and also showed sufficient fluidity to flow 
through the pores of 3D-printed scaffolds. Interconnected po-
rous structure allows nutrient and essential body fluid supply 
to regenerated cells within the scaffolds for bone tissue en-
gineering. Among the major parameters in designing porous 
structures, pore size determines the size of the surface support 
and the density of ligands that can be used for cell adhesion 
[49–51]. Pore size should be in an appropriate range because 
too small or too large pore size will either limit nutrient sup-
ply, waste removal and cell migration or compromise cell 

adhesion and scaffold stability [52, 53]. The optimal pore size 
for bone tissue engineering was initially set between 0.3 and 
0.5 mm [54, 55], due to enhanced new bone formation and the 
formation of capillaries, which is mainly based on the studies 
on the scaffolds with randomly distributed pores and incorpo-
rated BMP-2 in ectopic bone induction models [56]. Another 
study shows that, for 3D printed scaffolds that bear defined 
micro-architectures, the pore sizes for optimal osteoconduc-
tion (horizontal bone ingrowth) are 0.7–1.2 mm in diameter 
[57], while pore sizes of 0.5 or 1.5/1.7 mm perform signifi-
cantly worse (about 33.66% or 31.46% reduction, respectively). 
Another study evaluates the effects of pore size (0.5, 1.2 and 
1.7 mm) of 3D printed scaffolds on osteoconduction (horizon-
tal bone ingrowth) or vertical augmentation (vertical bone 
ingrowth). It shows that pore size at 1.7 mm is advantageous 
(about 19.2% enhancement) over pore size at 0.5 mm in ver-
tical augmentation, while no difference was found between 
pore sizes at 1.2 and 0.5 mm [41]. In clinical practice, most of 
bone defects may contain more than one condition, such as os-
teoconduction, vertical augmentation or osteoinduction [58]. 
In our present study, the vertical bone augmentation model 
in jaw bone of beagle dogs contains both osteoconduction 
(horizontal bone ingrowth from distal and mesial direction) 
and vertical augmentation (bone growth from apical to cor-
onal direction) as well as osteoinduction (due to the presence 
of BMP-2). Therefore, in order to balance the osteoconduction 
and vertical augmentation, we selected the 3D printed scaffold 
with the pore size at 800 μm according the abovementioned 
studies. And after osteoinductive functionalization, the aver-
age pore size was 327 ± 27 μm, which falls in the optimal pore 
size range (300–500 μm) of the scaffolds with osteoinductive 
growth factors [55, 59]. Such a design is aiming to maximally 
facilitate maximal osteoconductive bone ingrowth and regen-
eration bone induction within the 3D printed scaffolds.

In this study, we adopted a freshly-made bone defect model, 
which might exhibit a better regenerative potential and less ap-
proximation to real clinical situation than pre-existing bone de-
fects. In previous studies [60–62], pre-existing bone defects are 
more often adopted in relatively smaller defects, such as peri-
odontal bone defects. On the other hand, most of large vertical 
alveolar bone augmentation models are freshly made, which 
may be because it is much easier to achieve tension-fresh sutur-
ing and uniform defect geometry and thus good comparability 
among groups. Furthermore, pre-existing bone defects also 
need a debridement, which, whereas, creates a fresh traumatic 
bone surface. Six-weeks post-implantation, only very mild new 
bone formation was detected in the Control group, which indi-
cated that the intrinsic regenerative potential in this model was 
mild. Furthermore, there was a lack of periosteum-associated 
new bone formation in all the three groups. Periosteum is shown 
to an important contributor to new bone regeneration [63]. It 
provides blood vessels and multipotent stem cells for vascular-
ization and tissue regeneration [64]. In many models, such as 
calvarial bone defects and periodontal defects, the presence of 
periosteum significantly promote bone regeneration [24]. On 
the other hand, previous studies have shown that several micro-
environmental conditions, such as mechanical stability, bone-
forming space and adjacent bone wall are prerequisite for such 
an effect of periosteum. Therefore, the absence of periosteum-
associated new bone formation might be largely attributed to 

FIGURE 8    |    Light micrographs in high magnification (×200) of 
BMP2-inc. BpNcCaP/HA-func. 3D scaffold that was implanted in 
mandibular jaw bone defect in beagle dogs for 6 weeks. NB: New bone; 
Black triangle: Grafted biomaterials; Blue arrow: Osteoblasts; Green 
arrow: Osteocyte. Scale bar = 100 μm.
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mechanical instability and minimal availability of adjacent bone 
in the large defects in this study.

The parameters of Micro-CT analysis showed that the newly 
formed bone in the BMP2-inc. BpNcCaP/HA-func. 3D scaffolds 
bore better quality and more mature microstructures than that 
in the group of 3D scaffold. In the group of BMP2-inc. BpNcCaP/
HA-func. 3D scaffolds, the BVs in all the three 1/3 were signifi-
cantly enhanced, which indicated that osteoinductivity over-
rided the osteoconduction and conferred a more homogenous 
bone distribution within the scaffolds. A similar bone distribu-
tion pattern was also found in the buccolingual direction in all 
the groups. The BVs in the coronal and middle 1/3 s were similar 
to each other, which indicated that the BMP2-inc. BpNcCaP/HA 
gel facilitated a significant vertical augmentation. Furthermore, 
histomorphometric analysis indicated the good osteointegration 
of the BMP2-inc. BpNcCaP/HA-func. 3D scaffolds with newly 
formed bone tissue.

One limitation in the present study was that only one type of scaf-
folds were adopted. Further studies may focus on the optimiza-
tion of mechanical strength of and osteogenic properties within 
the scaffolds by modulating the pore size and struts thickness. 
Another limitation can be the short monitoring span, which ex-
cluded the possibility of collecting more data on scaffold degra-
dation, bone remodeling and later implantation. Furthermore, 
more large animal studies should also be performed before ex-
trapolating the present data to clinical application.

5   |   Conclusion

In this study, we synthesized novel functionalized scaffolds with 
BMP-2/BpNcCaP/ HA-func. 3D scaffolds with an aim to de-
velop properly mechanically-stable and highly osteoinductively-
functionalized scaffolds to repair large vertical bone defects. 
The In vitro and In vivo data suggested a promising application 
potential of the functionalized scaffolds in repairing large verti-
cal bone defects in dental clinic.
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