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Abstract: Purpose: The aim of this study was to evaluate the effects of porcine hydroxyapatite (PHA) and fluorinated 
porcine hydroxyapatite (FPHA) applied concomitantly with collagen membranes (CMs) on bone regeneration in man-
dibular lateral ridge defects. Materials and methods: Mandibular third premolar to second molar were extracted 
bilaterally in six male beagle dogs. After 8 weeks of healing, six standardized box-shaped defects were bilaterally 
created at the buccal aspect of the mandibles and randomly allocated in a split-mouth design to the (i) PHA, (ii) 
FPHA or (iii) blank group and covered with CMs. After 12 weeks, biopsies of the defects were obtained for micro-
computed tomography (micro-CT) evaluation and histological analysis. Results: Both FPHA and PHA promoted new 
bone formation and showed a better ridge width maintenance capacity than the blank control treatment. The micro-
CT evaluation showed that the bone volume fraction (BV/TV) in the FPHA group was significantly higher than that 
in the PHA group. The trabecular number (Tb.N) in the FPHA group was significantly higher than that in the blank 
group. Histomorphometric analysis revealed a significantly larger area and higher ratio of newly formed bone in the 
FPHA group than those in the PHA group. The ratio of non-mineralized tissue in the FPHA group was significantly 
lower than that in the PHA group. No significant difference in the amount of residual materials was found between 
the FPHA and PHA groups. Conclusions: FPHA achieved better ridge width maintenance and bone regeneration 
outcomes than PHA as a bone substitute in lateral ridge augmentation.

Keywords: Animal experiments, bone substitutes, porcine hydroxyapatite, fluoride ion, lateral ridge augmentation, 
guided bone regeneration

Introduction

Dental trauma, periodontitis, and periapical 
infection are common causes of tooth loss and 
are often accompanied by destruction and 
resorption of the alveolar bone, which limits the 
placement of dental implants [1, 2]. During the 
past few decades, guided bone regeneration 
(GBR), an effective approach, has been used to 
reconstruct bone defects either before or dur-
ing the placement of dental implants. The prin-
ciple of GBR is to use a barrier membrane to 
isolate the bone augmentation region from epi-
thelial and connective tissues and thus prevent 
the rapid proliferation of epithelial cells by pre-
emptively occupying the augmented area while 
allowing the proliferation and osteoblastic dif-

ferentiation of bone-forming cells to promote 
bone formation and maturation [3, 4]. The sta-
bility of the bone regeneration space is one of 
the critical factors influencing the outcome of 
GBR. To ensure the stability of the space, bone 
graft materials are commonly used in conjunc-
tion with barrier membranes in GBR procedures 
[5]. Bone graft materials with certain mechani-
cal strength can also help to resist external 
pressure and improve the stability of the bone 
regeneration space [6, 7]. Furthermore, the 
materials are osteoconductive and can be used 
as a scaffold for the growth of bone-forming 
cells and to promote bone formation [8]. 
Calcium phosphate-based bone graft materials 
are commonly used bone substitutes in GBR in 
the dental field, and hydroxyapatite (HA) and tri-
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calcium phosphate (TCP) have been the most 
widely studied materials [9, 10].

HA, the main inorganic component in human 
bones, has been demonstrated to show supe-
rior osteoconductivity when used as a bone 
substitute [10, 11]. HA can be divided into  
biological HA and chemical synthetic HA. 
Biological HA is mainly derived from animal 
bones and is highly similar to human bone in 
both structure and chemical composition. 
Accordingly, biological HA has been the most 
widely used bone substitute in clinical practice 
[12]. Biological HA originates from a variety of 
sources, including bovines, deer, and coral 
[13]. Deproteinized bovine bone mineral is one 
of the most commonly used biological HAs in 
dentistry [5]. However, compared with materi-
als of bovine origin, porcine bone, which bears 
the closest resemblance to human bone in 
terms of microstructure and chemical composi-
tion, is a better alternative source for preparing 
biological HA [13]. In addition, porcine bone-
derived hydroxyapatite (PHA) has shown out-
standing biocompatibility and superior osteo-
conductivity as a bone substitute for bone 
regeneration, and most PHA has demonstrated 
favorable bone healing performance during 
augmentation of the alveolar bone and maxil-
lary sinus [14-16]. However, because biological 
HA has no osteoinductivity, further modifica-
tions of this material are needed to improve its 
biological performance.

Trace element ions can significantly improve 
the physicochemical and biological properties 
of HA. Therefore, trace element substitution 
into HA has been considered an effective meth-
od for HA modification. For example, zinc and 
strontium substitution can stimulate osteoblast 
activity while inhibiting osteoclast function [17, 
18]. In addition, magnesium and silicate can 
promote early angiogenesis, which plays an 
important role in bone remodeling [19, 20]. 
Similarly, fluorine is an essential trace element 
in bone tissue, and an appropriate concentra-
tion of fluorine ions can promote the prolifera-
tion and differentiation of osteoblasts [21, 22]. 
Furthermore, fluorine can stimulate bone for-
mation and increase bone mass without prior 
bone resorption [23]. In our previous study, flu-
orine was incorporated into PHA through a 
novel thermal chemical treatment to prepare 
fluorinated porcine bone-derived hydroxyapa-

tite (FPHA) [13]. Compared with PHA, the appro-
priate level of fluoridation of FPHA stimulated 
osteogenic differentiation of bone-forming cells 
in vitro and promoted bone regeneration in rat 
and rabbit calvaria defects in vivo [14-16], indi-
cating that FPHA may be a promising bone sub-
stitute material for bone defect regeneration. 
Before clinical application of the novel FPHA 
bone graft material, the effects of fluoridation 
of PHA on the repair of bone defects require 
further verification.

The aim of the present study was to evaluate 
the effects of PHA and FPHA materials on lat-
eral ridge augmentation at acute-type defects 
in canine mandibles using the documented 
GBR procedure. The hypothesis was that fluori-
dation of PHA can promote bone regeneration 
in canine mandible defects.

Materials and methods

Preparation of PHA and FPHA

Preparation of FPHA consists of two steps as 
established in our previous study: preparation 
of PHA and substitution of fluorine. Briefly,  
macroscopic impurities were removed from 
porcine bones after boiling in distilled water at 
100°C for 4 hours. Subsequently, the bones 
were soaked in 30% hydrogen peroxide for 24 
hours and then anhydrous ethanol for 48 hours 
to remove the partial fat and protein. Next, the 
bones were cut into regular blocks with a diam-
eter of 8 mm and a thickness of 3 mm. The 
bone blocks were calcinated at 800°C for 2 
hours to eliminate organic components, and 
PHA blocks were obtained. Next, the PHA blo- 
cks were immersed in a 0.25 M NaF aqueous 
solution for 24 hours and then calcinated again 
at 700°C for 3 hours to obtain FPHA blocks. 
Finally, both the PHA and FPHA bone blocks 
were ground into granules with a diameter 
ranging from 0.25-1 mm and sterilized for use.

Animals

Six beagle dogs (aged 17-20 months and weigh-
ing 12-15 kg) were used in the study. All ani-
mals exhibited fully erupted permanent denti-
tion. The animals were kept in separate cages, 
received food (a soft-food diet during the exper-
imental period) twice daily, and had ad libitum 
access to water. The animal selection, manage-
ment, and surgery protocols were carried out in 
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strict accordance with the Institutional Animal 
Care and Use Committee (IACUC) of Sun Yat-
sen University and were approved by the Animal 
Ethical and Welfare Committee of Sun Yat-sen 
University (IACUC-DD-17-1206). The experi-
ments started after an adaptation period of 2 
weeks.

Study design and randomization

The animal surgery in the study was divided 
into two phases. In the first surgical phase, the 
mandibular 3rd and 4th premolars, as well as 
the 1st and 2nd molars (P3-M2), were extract-
ed bilaterally in each dog. After 8 weeks of heal-
ing, in the second surgical phase, three stan-
dardized box-shaped defects were surgically 
created at the buccal aspect of the alveolar 
ridge bilaterally in the mandible. The box-
shaped defects were randomly allocated in a 
split-mouth design to the (i) PHA, (ii) FPHA or (iii) 
blank control group. Randomization was per-
formed according to a computer-generated pro-
tocol (Excels, Microsoft, USA) and accounted 
for a potential difference between anterior and 
posterior defect characteristics. The animals 
were sacrificed after a healing period of 12 
weeks after surgical phase 2.

Surgical phase 1

General anesthesia was induced by an intrave-
nous injection of ketamine (10 mg/kg) and 
diazepam (0.3 mg/kg) followed by placement 
of an endotracheal tube. General anesthesia 
was maintained with isoflurane (approximately 
0.5%-4%) in oxygen. A fentanyl patch (50 μg/
hour) was applied to the skin to provide analge-
sia for up to 72 hours. Additionally, prophylactic 
penicillin G (300,000 U, Pen-B®, Pfizer Inc., 
Lee’s Summit, USA) was administered during 
and after each surgical phase every 48 hours 
for 10 days. During the surgery, P3-M2 were 
carefully extracted bilaterally from the mandi-
ble after reflection of the mucoperiosteal flaps 
and tooth separation (Figure 1A, 1B). After 
wound closure by tension-free suture, the tooth 
extraction sites were allowed to heal for 8 
weeks.

Surgical phase 2

Bilateral alveolar crest incisions were made, 
and the mucoperiosteal flaps were reflected to 
expose the buccal plate of the alveolar bone. 

Then, three standardized box-type defects (9 
mm in height from the crestal bone, 5 mm in 
depth from the surface of the buccal bone, and 
10 mm in width mesiodistally) were prepared in 
the buccal bone with a straight fissure carbide 
bur. The distance between each pair of defects 
was greater than 5 mm to ensure the integrity 
of the bone walls. The lingual bone plate in 
each defect was left intact. The defect size was 
accurately measured using a periodontal probe 
(Hu-Friedy, USA). A total of six defects were pre-
pared in each dog’s mandible. All osteotomy 
surgeries were performed under copious irriga-
tion with sterile 0.9% physiological saline. Aft- 
er blood infiltration in the bone grafting bed 
was confirmed, the defect sites for lateral ridge 
augmentation in both mandibles were random-
ly augmented with (i) PHA, (ii) FPHA or (iii) Blank. 
The defect sites in all groups were covered by a 
native type I/III collagen membrane (CM, Bio-
Gide®, Geistlich, Switzerland). The CM was 
trimmed and adapted over the entire defect 
area to cover 2 mm of the surrounding alveolar 
bone. No screws or pins were used to stabilize 
the membranes. Following periosteal-releasing 
incisions, the mucoperiosteal flaps were repo-
sitioned coronally and fixed with tension-free 
suture (Figure 1C-G).

Retrieval of specimens

The animals were sacrificed after a healing 
period of 12 weeks. Euthanasia was performed 
with an overdose of 4% pentobarbital sodium 
(120 mg/kg/i.v.). Subsequently, oral tissues 
were fixed by perfusion with 10% neutral-buff-
ered formalin administered through the carotid 
arteries. The mandibles were extracted, and 
the muscles around the mandibles were 
removed. All specimens were fixed in 10% neu-
tral-buffered formalin solution for 10 days.

Micro-computed tomography (micro-CT) scan

The specimens were dissected into small 
blocks, and each block contained one defect 
site. Micro-CT scanning was performed on all 
specimens. Each mandible sample was posi-
tioned in a suitable scanning tube. The micro-
CT scanner (SCANCO μCT50, Switzerland) was 
operated with a resolution of 20 μm, a source 
voltage of 70 kV, and a current of 200 μA. 
Three-dimensional images were obtained and 
reconstructed using the supporting software 
from the scanner. The volume of interest (VOI) 
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was located in the central region of each de- 
fect with a width of 5 mm mesiodistally, which 
was delimited using the line of demarcation 
between the parent bone and the newly formed 
bone (NB) for the internal and inferior borders 
of the bone defect area. The buccal border of 
the VOI was defined by the boundary of hard 
and soft tissues (Figure 2A-F). The bone vol-
ume fraction (BV/TV), bone trabecular thick-
ness (Tb.Th), bone trabecular number (Tb.N), 
and bone trabecular separation degree (Tb.Sp) 
of the VOI in each group were measured using 
the scanner software.

Histological preparation

All specimens were dehydrated using a gradi-
ent ethanol series, cleared in xylene, and infil-
trated and embedded in a methylmethacrylate 
(MMA, Technovit 9100 NEU, Heraeus Kulzer, 
Germany) and dibutylphthalate mixture for  
nondecalcified sectioning. After the specimens 
were completely polymerized, serial sections 
(Exakts®, Apparatebau, Germany) were pre-
pared from the central region of each defect 
site in the labiolingual direction. Ten sections 
with a thickness of approximately 500 μm were 

Figure 1. Schematic description of the animal experimental model. A. Extraction sockets of the third and fourth 
premolars and first and second molars (P3-M2). B. P3, P4, M1 and M2 after tooth separation and extraction. C. 
Eight weeks after tooth extraction, three standardized box-type defects (9 mm in height from the crestal bone, 5 
mm in depth from the surface of the buccal bone, and 10 mm in width mesiodistally) were bilaterally created at the 
buccal aspect of each hemimandible (n=6 defects per animal). D. Clinical measurement of the defect size with a 
periodontal probe before regenerative surgery. E. Augmentation treatment for each defect from left to right: PHA; 
blank; and FPHA. Graft materials were applied to homogeneously fill the complete defect area. F. All sites were pro-
tected by a native collagen membrane covering 2 mm of the surrounding alveolar bone. G. The mucoperisteal flaps 
were advanced to ensure a tension-free submerged healing procedure. H. The augmented sites were allowed to 
heal for 12 weeks; healing in the mandible was uneventful.
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obtained from each specimen. Next, all sec-
tions were glued to opaque plexiglass using 
acrylic cement and sanded to an ultimate thick-
ness of approximately 50 μm. After final polish-
ing, sections representing the central regions 
of the defect areas were ready for histomorpho-
metric analysis (McNeal’s tetrachrome staining 
solution, basic fuchsine and toluidine blue O).

Histological analysis

Histomorphological images were obtained by  
a stereomicroscope (KL 1500, Leica Microsy- 
stems GmbH, Germany) and an Axioskop 40 
microscope (Zeiss, Germany). The digital imag-
es were analyzed using Image-Pro Plus 6.0 
software (Media Cybernetic, USA) at 10× mag-
nification. All measurements were performed 
by two experienced examiners.

The following standard lines were marked on 
the images by one experienced investigator 
blinded to the experimental treatment of each 
stained section: the bottom of the defect (BD) 
and the highest point of the alveolar ridge of 

the defect (HD). The defect height (DH, mm) 
was measured from the HD to the BD, and the 
width of the ridge (WR, mm) after bone aug-
mentation was measured at 0%, 25%, 50%, 
75%, and 100% of the DH (Figure 3A). 

The region of interest (ROI, mm2) representing 
the bone augmented area was evaluated from 
the HD to the BD of the defect area. Within the 
ROI, the area and area ratio of the NB and non-
mineralized tissue (NMT) and the amount of 
residual material (RM) were automatically cal-
culated (mm2, %, Figure 3B, 3C).

Before the histomorphometric evaluation was 
formally started, the selected examiners and 
the analysis software were calibrated with a 
standard: the similarity level of repeated mea-
surements was > 95% for each section.

Statistical analysis

Statistical analysis was performed using a 
commercially available software program 
(SPSS 22.0, SPSS Inc., USA). Continuous vari-

Figure 2. Micro-CT results of 3D and corresponding 2D representative images of the defect sites in the three groups 
at 12 weeks. (A-C) 3D reconstruction. (D-F) 2D section. The original contour of the ridge at the defect sites was 
successfully maintained by PHA (A, D) and FPHA (B, E). The contour of the ridge at the defect sites was obviously 
collapsed in the blank group (C, F). The residual PHA (D) and FPHA (E) particles showed the highest grey values due 
to their high density and could be distinguished from newly formed bone in the CT sections. Both PHA (D) and FPHA 
(E) particles were surrounded by newly formed bone.
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ables were described as the mean and stan-
dard deviation (SD) or the median and inter-
quartile range (IQR) according to their distri- 
butions. The data was examined with the 
Kolmogorov-Smirnov test for normal distribu-
tion, and variance homogeneity was tested by 
Levene’s test. 

In the micro-CT evaluation, the normality as- 
sumption was rejected for all the outcomes  
(the BV/TV, Tb.Th, Tb.N and Tb.Sp, P < 0.10). 
The values for the parameters are presented  
as the median and IQR. The Kruskal-Wallis ra- 
nk test was used for all inter-group compari-
sons, and pairwise post hoc comparisons were 
performed using the Wilcoxon-Mann-Whitney 
test with Bonferroni-corrected P values. In the 
histomorphometric and alveolar ridge width 
evaluations, the assumption of normality was 
proven by P values > 0.10. Therefore, the val-
ues for the parameters are presented as the 
mean ± SD. In addition, the results of Levene’s 
test demonstrated variance homogeneity (P > 
0.10). Thus, one-way analysis of variance (one-
way ANOVA) was used for all inter-group com-
parisons, and post hoc comparisons were per-
formed using Bonferroni-adjusted Student’s 
t-tests. Since no material was used in the blank 
group, the independent-samples t-test was 
used to compare the size and proportion of 
RMs between the PHA and FPHA groups. 
Statistically significant differences were con-
sidered for P values < 0.05.

Results

Postoperative healing was uneventful in all 
dogs. No complications, such as allergic reac-
tions, infections or abscesses, were observed 
throughout the entire study period. Accordingly, 
a total of n=12 (PHA), n=12 (FPHA) and n=12 
(blank) sites were included for the micro-CT and 
histological analyses.

Micro-CT evaluation

Regenerative new bone had formed at the 
defect sites in all groups by 12 weeks after sur-
gical phase 2. Bone substitutes and new bone 
could be identified in the CT sections (Figure 
2D-F). The granular bone substitutes were sur-
rounded by NB, and the contours of the defect 
sites were supported by the PHA and FPHA 
materials. Compared with the PHA and FPHA 
groups, substantially more contour collapse 
was noted in the blank group. A 3D-CT image 
was reconstructed to observe the contour 
shape of each defect site (Figure 2A-C). A 
greater BV/TV, Tb.Th, and Tb.N corresponded to 
a more mature and steadier bone structure. In 
contrast, if the Tb.Sp was large, then the close 
and ordered arrangement of the 3D network 
and the bone structure were poor. The results 
of the Kruskal-Wallis rank test indicated that 
the differences in the BV/TV, Tb.N and Tb.Sp 
were significant (P < 0.05); thus, further post 
hoc comparisons were conducted (median, 

Figure 3. Methods of histomorphometric analysis. A. The following landmarks were identified in the stained sec-
tions: the bottom of the defect (BD) and the highest point of the alveolar ridge of the defect (HD). The defect height 
(DH, mm) was measured from the HD to the BD, and the width of the newly formed ridge (WR, mm) was measured at 
0%, 25%, 50%, 75%, and 100% of the DH. B and C. The colored area, measured from the BD to the HD, represents 
the region of interest (ROI) of the augmentation procedure. Within the ROI, the different colors represent different 
structures: Orange = new bone; blue = non-mineralized structures; and yellow = residual material. The area (mm2) 
and proportion (%) of the different structures were calculated (McNeal stained, original magnification 10×).
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like cells were attached on the demineralized 
white seams on the bone substitutes (Figure 
5G). Inside the ROI, many new blood vessels 
could be observed in the bone marrow. The 
growth of new bone and blood vessels could 
also be identified in the macropores of the 
materials (Figure 5H), indicating outstanding 
osteoconductivity of FPHA. Some grafted parti-
cles and NB with resorption lacunae and multi-
nucleated osteoclast-like cells could be ob- 
served at the border of the augmented area 
adjacent to the fibrous connective tissue, whi- 
ch was blocked outside the augmented area 
(Figure 5I). Inflammatory cells were scarcely 
observed in the PHA and FPHA augmented 
area.

Histomorphometric evaluation

The one-way ANOVA results indicated that the 
differences in the ROIs, new bone and non-min-
eralized tissue were significant (P < 0.05); thus, 
further post hoc comparisons were conducted. 
The results of post hoc comparisons of the his-
tological measurements are presented in Table 
2. After 12 weeks, the mean ROI sizes in both 
the PHA and FPHA groups were significantly 
larger than that in the blank group. The area of 
new bone in the FPHA group (16.90±2.53 mm2) 
was the highest among the three groups. The 
FPHA group also showed a higher proportion of 
new bone (40.92±4.79% versus 35.25±4.79%) 
and a lower proportion of non-mineralized tis-
sue (31.72±4.00% versus 38.18±5.45%) than 
the PHA group, and these differences were sta-
tistically significant. The areas and proportions 
of RMs between the FPHA and PHA groups 

IQR). The FPHA group showed more new bone 
formation (BV/TV, 41.97, 8.63%) in the VOI than 
the PHA group (36.72, 9.39%). The Tb.N in the 
VOI in the FPHA group (3.53, 0.49) was signifi-
cantly higher than that in the blank group (2.67, 
1.93). No significant difference in Tb.Th was 
found among the three groups. The Tb.Sp in the 
VOI in the blank group (0.67, 0.51) was signifi-
cantly higher than those in both the PHA (0.33, 
0.14) and FPHA (0.27, 0.14) groups (Table 1).

Descriptive histology

At 12 weeks, histological observation revealed 
that the CMs ensured homogeneous stabiliza-
tion of bone substitute materials in both the 
PHA and FPHA groups. Most sites grafted with 
bone substitutes showed a dome-shaped con-
tour of the augmented alveolar crest, whereas 
most sites in the blank group revealed a col-
lapsed contour at the buccal aspect (Figure 
4A-C). Through McNeal staining, newly regener-
ated bone was stained with a deep pink color, 
while the parent bone was stained with a light 
pink color, which helped to clearly identify the 
border between the NB and the parent bone 
(Figure 4A-C). 

In both the PHA and FPHA groups, granular 
bone substitutes integrated with native bone 
were clearly visible in the augmented areas 
(Figure 5A, 5B). In the FPHA group, the mineral-
ization of NB adjacent to the parent bone 
appeared to be more mature than that of bone 
far from the parent bone in the augmented 
area (Figure 5C, 5D), indicating that the bone 
growth direction was from the parent bone to 

Table 1. Micro-CT analysis results of the BV/TV, Tb.Th, Tb.N 
and Tb.Sp of the VOI for the different treatment groups: 
PHA, FPHA and blank (median, interquartile ranges)

Analyzed structures
Treatment groups

PHA FPHA Blank
BV/TV (%) 36.72, 9.39 41.97, 8.63* 65.06, 13.38*,#

Tb.N 3.20, 1.29 3.53, 0.49 2.67, 1.93#

Tb.Th 0.46, 0.18 0.40, 0.37 0.47, 0.12
Tb.Sp 0.33, 0.14 0.27, 0.14 0.67,0.51*,#

PHA: porcine hydroxyapatite, FPHA: fluorinated porcine hydroxyapatite, 
VOI: volume of interest, BV/TV: bone volume fraction, Tb.N: bone trabecu-
lar number, Tb.Th: bone trabecular thickness, Tb.Sp: bone trabecular 
separation degree. *: Compared with the PHA group, P < 0.05 using the 
Wilcoxon-Mann-Whitney test with Bonferroni correction. #: Compared 
with the FPHA group, P < 0.05 using the Wilcoxon-Mann-Whitney test with 
Bonferroni correction.

the center of the defect. Interestingly, 
the natural micropores on the materi-
al particles could also be observed 
(Figure 5E). The material particles, 
which were surrounded by newly 
formed lamellar bone, acted as a core 
of bone regeneration (Figure 5A, 5B). 
The region above the BD was filled 
with NB surrounding integrated bone 
substitute particles and bone mar-
row. Most of the NB was mature and 
compact, and lamellar bone could be 
easily observed in the FPHA-grafted 
area (Figure 5F). A small amount of 
cell-rich and incompletely mineraliz- 
ed woven bone could be identified 
around the mature bone (Figure 5D), 
and a few multinucleated osteoclast-
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Figure 4. Representative histological low-magnification views of wound healing in the three groups at 12 weeks 
(McNeal stained, original magnification 10×). McNeal staining indicated a similar pattern of bone regeneration in 
both the PHA (A) and FPHA (B) groups. (A) PHA group: PHA particles were surrounded by newly formed bone, and 
the contour of the defect site was maintained. (B) FPHA group: FPHA particles were surrounded by newly formed 
bone, and ridge width maintenance was superior to that in the PHA site. (C) Blank group: At the blank site, a certain 
amount of newly formed bone and obvious collapse of the contour could be observed. In all sites in the three groups, 
the lateral boundary of the bone augmentation area was covered with fibrous connective tissue. The different stain 
colors represent different structures: Deep pink=newly formed bone; light pink = parent bone; and blue = fibrous 
connective tissue.

Figure 5. Representative histological high-magnification views of wound healing in the three groups at 12 weeks 
(McNeal stained). (A) FPHA and (B) PHA particles were integrated into newly formed bone (NB) with non-mineralized 
tissue (NMT) and blood vessel formation (red arrow) (original magnification 100×). (C) McNeal staining showing dif-
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were comparable. No significant difference in 
the area of non-mineralized tissue was identi-
fied between the FPHA and PHA groups.

Alveolar ridge width evaluation

The DH and ridge width measurements at 
100%, 75%, 50%, 25%, and 0% of the DH in the 
three groups are presented in Table 3. After 12 
weeks of healing, both the PHA and FPHA 
groups showed significantly higher DHs and 
ridge width measurements at 100%, 75%, 50%, 
and 25% of the DH than the blank control 
group. Both the PHA and FPHA groups had com-
parable mean DH values and WR values at 
100%, 25% and 0% of the DH. However, the 
mean WR values at 75% (5.36±0.50 mm ver-
sus 4.30±0.40 mm) and 50% (6.29±0.92 mm 
versus 5.28±0.74 mm) of the DH were signifi-
cantly higher in the FPHA group than in the PHA 
group.

Discussion

PHA is a favorable biomaterial for bone tissue 
engineering due to its biocompatibility and os- 
teoconductivity. In particular, this material is 

similar to natural bone in composition and 
microstructure and provides an excellent scaf-
fold for the formation of new bone [24, 25]. The 
results of our previous study demonstrated 
that PHA had excellent osteoconductivity and 
biodegradability and could promote bone repair 
in rat calvarial defects [16, 26]. In the present 
study, the superior osteoconductivity of PHA 
was also confirmed in lateral ridge augmenta-
tion in canine mandibles. In the PHA-grafted 
area, NB and blood vessels grew into and 
around the material particles with natural mac-
ropores and micropores. FPHA retained the 
porous structure and osteoconductivity of PHA. 
In addition, fluorine ions can be constantly 
released from FPHA [14, 16]. Fluorine is an 
essential trace element involved in bone 
remodeling, and an appropriate concentration 
of fluorine ions plays an important role in the 
promotion of osteogenesis [27]. However, an 
excessive concentration of fluorine ions is cyto-
toxic and induces apoptosis [21, 22]. Our previ-
ous studies demonstrated that FPHA with a 
fluorine atomic percentage ranging from 1.50 
to 3.12 can promote the osteoblastic differen-
tiation of MG63 cells better than FPHA with a 

ferent stages of bone remodeling. Immature woven bone was observed in newly formed bone adjacent to the fibrous 
connective tissue (FCT). Mature lamellar bone was observed in the NB adjacent to the parent bone (PB) (original 
magnification 50×). (D) NB adjacent to FCT showing woven bone (black star) around grafted particles. (original 
magnification 50×). (E) FPHA particles with natural micropores (black arrow). Grafted particles encapsulated by FCT 
were observed with multinucleated osteoclast-like cells outside the NB area (original magnification 200×). (F) NB 
adjacent to PB showing lamellar bone with osteons (white star) and osteocytes within the lacunae of bone (green 
arrow) (original magnification 200×). (G) In the center of the augmented area, osteoblasts (yellow arrow) in the bone 
marrow were observed lining onto the NB. Resorption lacunae and multinucleated osteoclast-like cells (blue arrow) 
were observed at the demineralized surface of grafted particles (original magnification 200×). (H) NB (yellow star) 
and blood vessels growing into and around FPHA particles were observed in augmented areas (original magnifica-
tion 100×). (I) Bone remodeling at the border of the augmented area adjacent to FCT. Grafted particles and NB 
surrounded by FCT were observed with resorption lacunae and multinucleated osteoclast-like cells (blue arrow) 
(original magnification 200×).

Table 2. Histomorphometric measurements of the size (mm2) of the ROI and the proportion (%) area 
occupied by the new bone, RMs and NMT components for the different treatment groups: PHA, FPHA 
and blank (mean ± standard deviation)

Analyzed structures
Treatment groups

PHA FPHA Blank
mm2 % mm2 % mm2 %

ROI 38.31±4.12 100 41.34±4.28 100 17.63±1.03*,# 100
New bone 13.52±2.50 35.25±4.79 16.90±2.53* 40.92±4.79* 11.18±1.39# 63.30±5.36*,#

Residual materials 10.12±1.46 26.57±3.94 11.30±2.27 27.36±4.76 / /
Non-mineral. tissue 14.66±2.75 38.18±5.45 13.15±2.41 31.72±4.00* 6.45±0.88*,# 36.70±5.36
PHA: porcine hydroxyapatite, FPHA: fluorinated porcine hydroxyapatite, ROI: region of interest. *: Compared with the PHA group, 
P < 0.05 using Bonferroni-adjusted Student’s t-tests. #: Compared with the FPHA group, P < 0.05 using Bonferroni-adjusted 
Student’s t-tests. The independent-sample t-test was used for the size and proportion of the residual materials.
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higher fluorine dose [14]. Another study show- 
ed that an FPHA extract with a fluorine ion con-
centration of 0.89±0.11 mg/L promoted the 
osteoblastic differentiation ability of rBMSCs 
better than a PHA extract [16, 22]. In our previ-
ous study, we demonstrated that FPHA can 
enable sustained release of not only fluorine 
ions but also some endogenous ions (e.g., mag-
nesium and calcium) in the peripheral microen-
vironment, which led to a superior osteogenic 
response of rBMSCs in vitro and enhanced new 
bone formation in rat calvarial defects in vivo. 
On one hand, fluorine ions released from FPHA 
have been proven to significantly increase the 
osteogenic-related gene expression of ALP, 
Runx2, and OCN in vitro. On the other hand, a 
microenvironment with other released endoge-
nous ions driven by fluoride incorporation may 
contribute to activation of Wnt/β-catenin sig-
naling, which may directly enhance bone forma-
tion [16, 26]. These conclusions from the above 
studies might explain the underlying mecha-
nism of FPHA enhancing bone regeneration in 
canine mandibles in the present study.

Numerous studies have suggested that the 
microstructural characteristics of NB can be 

demonstrated by micro-CT through 3D recon-
struction and bone trabecular analysis, which 
provide a quick, accurate, nondestructive, and 
efficient evaluation method for basic and clini-
cal research on bone regeneration [28, 29]. 
The bone microstructure plays an important 
role in the quality of NB after the GBR proce-
dure. Therefore, micro-CT was adopted in the 
present study. BV/TV, Tb.Th, Tb.N and Tb.Sp are 
the most decisive parameters for evaluating 
trabecular bone microstructure and evaluating 
the microarchitecture of new bone [28, 30]. 
These parameters play a significant role in alve-
olar bone mechanical properties, which are 
crucial for the long-term success of bone aug-
mentation. Similar parameters from micro-CT 
scans were reported in this study on trabecular 
bone for all three groups. The results of the 
micro-CT evaluation, which objectively reflect 
the actual biomechanical properties of new 
bone [31], indicated that the trabecular bone in 
the NB of the FPHA group was more regularly 
and closely arranged than that in the PHA 
group. As we mentioned above, micro-CT scans 
can evaluate the bone regeneration outcome of 
an entire defect site macroscopically, especial-
ly with the use of 3D measurements, which rep-

Table 3. Histomorphometric measurements of the height (mm) and the mean WR (mm) measured at 
0%, 25%, 50%, 75%, and 100% of the DH (mm) of the ROI for the different treatment groups: PHA, 
FPHA and blank (mean ± standard deviation)

Linear measurements, mm Analyzed structures
Treatment groups

PHA FPHA Blank
Height 7.03±0.62 6.97±0.60 5.87±0.55*,#

    100% level New mineralized tissue with material 2.13±1.03 2.61±1.18 1.04±0.55#

Non-mineralized tissue with material 0.42±0.25 0.35±0.28 0
Total ROI 2.55±1.10 2.96±1.16 1.04±0.55*,#

    75% level New mineralized tissue with material 3.71±0.81 4.91±0.57* 1.97±0.33*,#

Non mineralized tissue with material 0.59±0.62 0.45±0.34 0
Total ROI 4.30±0.40 5.36±0.50* 1.97±0.33*,#

    50% level New mineralized tissue with material 4.85±0.84 5.63±0.67 2.54±0.51*#

Non mineralized tissue with material 0.43±0.51 0.67±0.45 0
Total ROI 5.28±0.74 6.29±0.92* 2.54±0.51*,#

    25% level New mineralized tissue with material 5.52±0.54 5.81±0.76 3.80±0.71*,#

Non mineralized tissue with material 0.31±0.27 0.49±0.21 0
Total ROI 5.83±0.63 6.29±0.71 3.80±0.71*,#

    0% level New mineralized tissue with material 5.39±0.39 5.67±0.83 5.26±0.39
Non mineralized tissue with material 0.29±0.33 0.28±0.23 0
Total ROI 5.68±0.46 5.95±0.71 5.26±0.39#

PHA: porcine hydroxyapatite, FPHA: fluorinated porcine hydroxyapatite, ROI: region of interest, WR: width of the ridge, DH: de-
fect height. *: Compared with the PHA group, P < 0.05 using Bonferroni-adjusted Student’s t-tests. #: Compared with the FPHA 
group, P < 0.05 using Bonferroni-adjusted Student’s t-tests.
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resent the most significant advantage of this 
method compared with histomorphometric an- 
alysis. However, accurately distinguishing bet- 
ween bone graft materials and regenerated 
new bone based on micro-CT evaluation is dif-
ficult. In contrast, histomorphometric analysis 
can accurately measure the areas and propor-
tions of different structures. Therefore, in this 
study, these two methods were combined to 
comprehensively evaluate the bone regenera-
tion capacity of the PHA and FPHA materials.

The osteoconductivity of FPHA promoted the 
maturation of NB, and the appearance of 
osteogenic-associated cells in the ROIs con-
firmed the effective bone regeneration ability of 
FPHA. According to the histological analysis 
results, the blank group also showed extensive 
new bone formation, which was due to the 
characteristics of the acute buccal bone defect 
model. At the early stage of healing, a certain 
amount of new bone formation always occurs 
in fresh bone defects regardless of whether 
bone substitutes are grafted [32, 33]. However, 
the ridge contour in the blank group was signifi-
cantly collapsed compared with that in the 
bone substitute groups due to the insufficient 
supporting capacity of the CMs alone. Oste- 
ogenesis is a slow and gradual process, and 
the main differences between grafted and non-
grafted bone substitute sites are the space 
maintenance capacity and long-term efficacy. 
Generally, new bone forms gradually from the 
parent bone region to the center of the defect 
area, similar to the biological process of the 
GBR procedure [34], because the pre-osteo-
blastic cells, osteogenic factors, and blood sup-
ply for bone regeneration are all provided by the 
parent bone. In the present study, the NB adja-
cent to the border of the parent bone was obvi-
ously more mature than the new bone far from 
the parent bone, confirming that the direction 
of new bone formation was from the parent 
bone to the central region of the defect area. 
Furthermore, more lamellar bone was adjacent 
to the parent bone, whereas more woven bone 
was found in the central regions of the defects. 
These findings are consistent with the basic 
concept of bone healing and remodeling [35, 
36]. In the ROIs of both the PHA and FPHA 
groups, a small amount of woven bone was 
observed around the mature bone, and a few 
multinucleated osteoclast-like cells were atta- 
ched onto the demineralized surfaces of the 
material particles, indicating that bone remod-

eling was still active at 12 weeks after bone 
augmentation. Bone substitutes, together with 
NB, blood vessels and osteogenic-associated 
cells, form a microenvironment contributing to 
bone regeneration. Woven bone and blood ves-
sels could also be identified inside the macro-
pores of the PHA and FPHA particles, suggest-
ing the prominent osteoconductivity of the 
material. Material particles were found to be 
more concentrated adjacent to the BD, which 
may be explained by gravity and the dogs’ daily 
feeding.

Macroscopically, the DH and ridge width mea-
surements at different height levels of the ROI 
demonstrated that PHA and FPHA bone graft 
materials can substantially support the contour 
of the alveolar ridge and maintain the vertical 
height to a certain extent. Moreover, the ridge 
width maintenance capacity of FPHA was sig-
nificantly superior to that of PHA at the middle 
third of the DH. This more reliable contour-pre-
serving capacity might be due to the enhanced 
compressive strength of PHA after fluorine sub-
stitution. Compressive strength is considered 
one of the most critical physical properties of 
bone substitutes and influences the outcome 
of bone augmentation, especially in load-bear-
ing areas [6, 7]. The mechanical behavior of 
porcine bone was reported to be more similar 
to that of human bone rather than bone tissue 
derived from other origins [37]. However, during 
the preparation of PHA, calcination greatly 
reduced its mechanical strength, which may 
increase the risk of its use for bone augmenta-
tion in load-bearing areas. Fluoride incorpora-
tion has been reported to potentially alter the 
crystal structure and increase the densifica- 
tion behavior of HA, improving its mechanical 
strength [38]. In our previous study, we demon-
strated that a certain amount of fluorination 
can increase the compressive strength of PHA 
to 4- to 6-times the original strength [15]. In  
the present study, both FPHA and PHA were 
applied to repair buccal bone defects in canine 
mandibles. Pressure at the bone augmentation 
sites was inevitable, although a soft-food diet 
was adopted for the canines. Therefore, the 
increase in compressive strength described 
above may further contribute to the enhanced 
mechanical performance of FPHA, which may 
explain why the FPHA-grafted sites showed a 
superior ridge width maintenance capacity 
compared with the PHA-grafted sites. 
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After 12 weeks of healing, the PHA and FPHA 
groups showed comparable proportions of 
residual bone graft materials. Relatively intact 
bone graft material particles were observed in 
all PHA and FPHA samples, with no significant 
signs of particle breakage or absorption. In the 
histological sections, biodegradation of graft 
materials mediated by osteoclasts or multinu-
cleated giant cells could only be identified 
occasionally. The in vivo degradation of most 
biological HAs, including PHA, is very slow [39, 
40]. Previous studies demonstrated that HA in 
the bone graft area could only be engulfed as a 
foreign body by macrophages; however, biologi-
cal HA, such as PHA and FPHA, is biocompati-
ble and shows only weak immunogenicity [15, 
16]. Without further inflammation after implan-
tation in the bone graft sites, PHA and FPHA 
showed very slow biodegradation in the pres-
ent study. Therefore, both the PHA and FPHA 
bone graft materials can offer a predictable 
augmented space maintenance capacity and 
ensure the long-term stability of the bone aug-
mentation area.

A large number of experimental animal studies 
have evaluated the bone augmentation effi-
ciency of bone substitutes using the GBR tech-
nique, but the study parameters, such as the 
test animals (rats, rabbits, minipigs, dogs, mon-
keys), the types and sizes of bone defects 
(acute, chronic, transosseous, contained) and 
the defect locations (ramus, alveolar ridge), are 
variable [37, 41]. The present study applied a 
canine model to establish acute, non-contained 
osseous defects in the mandible to evaluate a 
new bone substitute material. This experimen-
tal model was selected according to the surgi-
cal procedure reported in previous studies 
employing the same model [42, 43]. In all these 
studies, the bone defects were surgically cre-
ated in edentulous mandibles using the same 
surgical procedure with lateral bone augmenta-
tion, where the lack of buccal bone walls pre-
sented a challenge for re-establishing the origi-
nal morphology and dimension of the ridge. An 
acute-type buccal bone defect is designed to 
simulate immediate grafting of a bone substi-
tute to a fresh bone defect after tooth extrac-
tion or dental trauma in clinical practice, where-
as a chronic-type buccal bone defect model 
simulates chronic atrophy of the alveolar ridge 
after tooth extraction, which is a more com- 
mon clinical condition [41, 44, 45]. However, 

shaping the graft material would be difficult 
because the border of the defect area is indis-
tinct, and the grafted particles are hardly con-
tained in the chronic bone defect. Therefore, 
acute bone defects are beneficial for standard-
izing the sizes of defect areas and are easy to 
establish.

The results of the present study showed the 
superiority of the space maintenance capacity 
and osteoconductivity of a novel FPHA as a 
bone graft material in canine mandible defects. 
However, certain limitations should be noted. 
Normalizing the size of a bone defect is easy 
with a standard acute bone defect model, but 
such model fails to simulate the clinical condi-
tion of buccal atrophy of the alveolar ridge, 
which gradually forms after tooth extraction. 
Therefore, more types of animal models should 
be introduced in future studies. FPHA is expect-
ed to be applied as a bone substitute in dental 
implant-related bone augmentation surgery; 
thus, the interaction between FPHA and the 
implant surface must also be explored in future 
studies. In this study, only one end point was 
designed to evaluate the bone regeneration 
capacity of the materials. To comprehensively 
understand the bone remodeling process of 
the bone graft materials, more time periods, 
including the early, middle and late stages, are 
necessary for further investigations.

Conclusions

FPHA can be prepared from porcine bone by 
incorporating fluoride ions via simple chemical 
and thermal treatments. Within the limits of 
this animal study, FPHA particles covered with 
CMs were found to be superior to PHA particles 
grafted using the same procedure in terms of 
ridge width maintenance and new bone forma-
tion. Therefore, fluorine incorporation is an 
effective method to enhance the bone regen-
eration capacity of PHA.
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