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Abstract: Pathological mandibular fracture after dental extraction usually occurs in dogs with
moderate to severe periodontitis. A nanohydroxyapatite-based hydrogel (HAP hydrogel) was
developed to diminish the limitations of hydroxyapatite for post-extraction socket preservation (PSP).
However, the effect of the HAP hydrogel in dogs has still not been widely investigated. Moreover,
there are few studies on PSP in dogs suffering from clinical periodontitis. The purpose of this study
was to evaluate the effectiveness of the HAP hydrogel for PSP in dogs with periodontitis. In five dogs
with periodontitis, the first molar (309 and 409) of each hemimandible was extracted. Consequently,
all the ten sockets were filled with HAP-hydrogel. Intraoral radiography was performed on the day
of operation and 2, 4, 8 and 12 weeks post operation. The Kruskal–Wallis test and paired t-test were
adopted for alveolar bone regeneration analysis. The results demonstrated that the radiographic
grading, bone height measurement, and bone regeneration analysis were positively significant at all
follow-up times compared to the day of operation. Moreover, the scanning electron microscopy with
energy-dispersive X-ray spectroscopy imaging after immersion showed a homogeneous distribution
of apatite formation on the hydrogel surface. Our investigation suggested that the HAP hydrogel
effectively enhances socket regeneration in dogs with periodontitis and can be applied as a bone
substitute for PSP in veterinary dentistry.

Keywords: veterinary dentistry; veterinary periodontology; nanohydroxyapatite; hydrogel; alveolar
bone regeneration; periodontitis; dogs

1. Introduction

Today, owners’ knowledge of animal care can promote the longevity of dogs. As a
result, periodontal disease (PD) is one of the health problems suffered by senile dogs [1].
This problem can occur in dogs over three years of age, with the disease having a reported
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prevalence of more than 80% and usually arising in small-breed dogs [2,3]. PD is the
result of the inflammatory response of the periodontal apparatus to dental plaque on the
tooth surface [4]. The American Veterinary Dental College classifies periodontitis into
four stages according to the degree of alveolar bone destruction. It is suggested that in
moderate (stage 3) and advanced periodontitis (stage 4) cases, where there is alveolar bone
loss of more than 50%, dental extraction should be performed. The strength of the post-
extraction socket is diminished due to severe vertical and horizontal alveolar bone loss [5].
This is the reason why pathological fractures after dental extraction are reported in dogs
with moderate and advanced periodontitis [6,7]. Previous studies have reported that the
incidence of pathological fracture in the mandible in dogs is related to the first mandibular
molar teeth [7–9]. This location usually shows moderate and advanced periodontitis more
than other sites [10]. To prevent pathological fracture after extraction, tooth extraction
with an atraumatic technique or additional treatments such as bone grafting at the post-
extraction socket may reduce the risk of pathological fracture after dental extraction.

Post-extraction socket preservation (PSP) is a widespread technique in human den-
tistry. This technique is commonly applied in the case of planning for future dental implant
placement. As alveolar bone resorption can happen spontaneously after dental extrac-
tion [11,12], this technique can minimize alveolar bone resorption and enhance alveolar
bone regeneration by applying bone graft material to the post-extraction socket. To date,
many studies in humans have reported the success of PSP in different materials, such as
demineralized freeze-dried bone allograft [13], bovine bone mineral [14], hydroxyapatite
and beta-tricalcium [15]. On the contrary, there are only a few studies on bone graft material
for PSP in dogs. Moreover, previous studies have often reported the achievement of PSP in
experimental animals. Thus, investigating post-extraction socket preservation in dogs with
periodontal disease is still crucial to fulfilling clinical practice in veterinary dentistry.

Hydroxyapatite (Ca5(PO4)3(OH)2) is an alloplastic material commonly used in ortho-
pedic and dental surgery. This material consists of a calcium and phosphate-based (Ca-P)
substrate with a Ca/P ratio of 1.67; its particle size is approximately 10–500 nm, and it
has better biocompatibility than other groups [16]. HA has osteoconduction properties
which provide a scaffold to enhance angiogenesis and osteogenesis at grafting areas. Con-
sequently, this material is known to promote bone regeneration through its application as
a bone graft material or in combination with medical implants such as a coating on the
bone implant [17], prosthetic implant [18], synthetic mesh [19], or post-extraction socket
preservation [15,20]. Previous studies have reported that nanohydroxyapatite, which has
a small particle size of approximately 20–50 nm, showed excellent biocompatibility, with
better osteoconduction properties reported than traditional hydroxyapatite [21]. Moreover,
its nanoparticle size characteristics can provide a larger surface area to promote osteocon-
ductive properties [22]. Thus, nanohydroxyapatite has become an interesting material for
PSP, and was investigated in this study. However, the characteristics of hydroxyapatite
material include hardness, fragility, and perhaps difficulty in organizing an appropriate
shape. In addition, the characteristics of hydroxyapatite distribution within the socket may
affect socket healing processes. Therefore, a hydroxyapatite combination with a hydrogel
can serve as a scaffold of graft material that may erase the limitation of formulating the
material in the post-extraction socket.

A hydrogel is a hydrophilic polymer that can absorb and retain water or biological
fluid without losing its structure [23]. This material is usually applied in biomedical engi-
neering and for drug delivery [24], dental implants [25,26] and tissue engineering [27,28].
Many studies have demonstrated that hydrogels have osteoconductive properties, because
they have a three-dimensional structure and provide a scaffold structure for osteoblast
infiltration and neovascularization from the host’s tissue [29,30]. Moreover, hydrogels have
good biocompatibility and degradability. These characteristics are critical for the bone
regeneration process, because the nonabsorbable or inappropriate degradation time of the
material can interfere with the alveolar bone healing process [31]. However, while many
studies on hydroxyapatite composited with hydrogels for alveolar bone augmentation
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have been reported in human dentistry, the development of a hydroxyapatite-composited
hydrogel for post-extraction socket preservation in veterinary dentistry is still lacking. A
nanohydroxyapatite-based hydrogel (HAP hydrogel), which is made up of nanohydrox-
yapatite with a polyacrylamide hydrogel, was prepared in our research. This material
promises to diminish the limitations of hydroxyapatite. In addition, the distribution of
graft material in the hydrogel scaffold may facilitate cell infiltration, and tends to ensure
more biocompatibility for alveolar bone augmentation.

To evaluate the effectiveness of the nanohydroxyapatite-based hydrogel in promoting
alveolar bone regeneration in the post-extraction sockets of dogs with naturally occurring
periodontitis, this investigation assessed the potential of HAP hydrogel biocompatibility
by scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS)
mapping analysis, together with material immersion in a simulated body fluid (SBF).
Moreover, post-extraction socket preservation with the nanohydroxyapatite-based hydrogel
was evaluated in dogs with periodontitis by assessing the characteristics of intraoral
radiographic finding and grading, changing the alveolar socket height, and altering the
socket radiodensity 2 weeks, 4 weeks, 8 weeks and 12 weeks postoperatively. Further, it was
proven that the nanohydroxyapatite-based hydrogel is a promising candidate for enhancing
alveolar bone regeneration, and that it also might decelerate tooth resorption of the post-
extraction sockets of dogs with periodontitis. In addition, this investigation featured
biomedical engineering development, provides effective material and easy accessibility,
and serves as a practical choice for the management of periodontal disease in dogs.

2. Materials and Methods
2.1. Animal and Sample Selection

A total of five small-breed dogs (ten sockets) with age >3 years regardless of sex and
body weight that were brought in as outpatients to the dental clinic, Small Animal Teaching
Hospital, the Faculty of Veterinary Medicine, Chiang Mai University (FVM-CMU) with oral
problems and suspected periodontal disease were recruited for this study. The appropriate
number of tested sockets was calculated from the difference of means within the group.
The mean and standard deviation of new alveolar bone formation before and after grafted
material placement were 45.95 ± 4.41 and 50.10 ± 5.01, respectively. These values were
adopted from Ho’s study [32]. The α error probability and power (1-β probability of
error) were 0.05 and 0.8, respectively. The sample size was calculated using G*Power
3.1.9.7. (G*Power Software, Dusseldorf, Germany). Finally, the total number of sockets for
assessing the effectiveness of the HAP hydrogel was ten sockets. Physical examination
and pre-anesthetic assessment, which consisted of a complete blood count profile, blood
chemistry profile, and thoracic radiography, were performed before the surgical operation
to assess American Society of Anesthesiologists Physical Status Classification (ASA Status).
Dogs with an ASA Status level higher than ASA III (Table S1), an uncontrollable systemic
disease, or that were taking medication that alters calcium or phosphate absorption or
metabolism were excluded. The protocol for the use of animals was approved by the
Animal Care and Use Committee, Faculty of Veterinary Medicine, Chiang Mai University,
Thailand (FVM-CMU-ICUC Ref. No. S2/2563).

For all of the dogs that fulfilled the inclusion criteria, an anesthetic consent form was
required from their owners before they received general anesthesia. Then, the dogs received
general anesthesia using the general anesthesia protocol in the surgery unit, small animal
teaching hospital, FVM-CMU (Table S2), and the processes of general anesthesia were
performed by an experienced veterinary anesthesiologist. Periodontal disease assessment,
including attachment loss evaluation and periodontal depth probing, was performed for
all dogs by one experienced veterinary dentist. The stage of periodontal disease (Table S3)
was classified for the recruited dogs using their mandibular first molar teeth to confirm
that they were categorized into periodontal disease grades 3 or grade 4.
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2.2. Preparation of Nanohydroxyapatite-Based Hydrogel (HAP Hydrogel)

The HAP hydrogel, a combination of a polyacrylamide-based hydrogel and nanohy-
droxyapatite, was prepared by the Department of Chemistry, Faculty of Science, Chiang
Mai University. Then, the HAP hydrogel was contained in a 0.5 mL Eppendorf tube and
sterilized via a low-temperature plasma sterilizer with a temperature below 50 ◦C before it
was used for post-extraction socket preservation. The cytotoxic test of synthetic nanohy-
droxyapatite was performed following the study of Lamkhao et al., 2019 [33], and it was
found that this material has no cytotoxic effect on cell viability from lactate dehydrogenase
measurement.

2.3. The Characteristics of HAP hydrogel and Immersion Results in Simulated Body Fluid (SBF)

The biocompatibility of the HAP hydrogel was assessed by immersing the material in
a simulated body fluid (SBF), which is also referred to as human blood plasma with ionic
concentration, and observing the new apatite formation on the material’s surface. The SBF
in this study was processed by following Kokubo’s protocol [34]. In addition, scanning
electron microscopy (SEM) with energy-dispersive X-ray spectroscopy (EDS) analysis was
performed using a JEOL JSM-6335 F electron microscope (Jeol JSM-6335 F, JEOL Ltd.,
Tokyo, Japan) to evaluate the distribution of hydroxyapatite and apatite formation on the
hydrogel’s surface before and after immersion with the SBF for 14 days. Moreover, SEM
mapping and SEM image corresponding elemental mapping were also carried out to assess
the presence of interesting elements in the HAP hydrogel.

2.4. Post-Extraction Socket Preservation with HAP Hydrogel

Before the initial operation, mouth washing with 0.12% chlorhexidine gluconate (C-
20®, Osoth Inter Lab, Bangkok, Thailand) and professional dental scaling and polishing
were performed. Unilateral mandibular first molar teeth of dogs with stage 3 or 4 pe-
riodontitis were selected for post-extraction socket preservation. Further, 2% lidocaine
hydrochloride (Locana®) was applied for local anesthesia at the inferior alveolar nerve
block before extraction. An open dental extraction technique was used, and the closing
of the post-extraction socket with the mucoperiosteal flap was carried out. Only one
board-certified veterinary surgeon performed the surgical procedure in this study.

Ten post extraction sockets (n = 10) from five dogs were selected to be filled with the
HAP hydrogel locally (Figure 1). The post-extraction sockets were closed with the mucope-
riosteal flap using poliglecaprone 23 (Monocryl®) 4/0 with a simple interrupted suture
pattern. Postoperative care was carried out by administering carprofen (Rimadyl®) once
daily in 4.4 mg/kg doses for anti-inflammation, and analgesia for 4 days and amoxicillin-
clavulanic acid (Cavumox®) in 15 mg/kg doses was given twice daily for a postoperative
antibiotic.
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Figure 1. Steps for nanohydroxyapatite-based hydrogel (HAP hydrogel) placement in alveolar socket.
(A) An open dental extraction technique was performed on the unilateral mandibular first molar tooth
(309 or 409). (B) Post-extraction sockets of the mesial root and distal root were noted as tested sockets
for post-extraction preservation. (C) Each post-extraction socket was filled with HAP hydrogel.
(D) Mucoperiosteal flaps were used for the purpose of closing sockets after HAP hydrogel placement.
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2.5. Intra-Oral Dental Radiography

A Genoray PORT X II (Genoray®, Seongnam City, Korea) portable dental radiographic
system was used for intraoral radiography with the parallel technique on the first mandibu-
lar molar tooth. The film focal distance was approximately 3 to 5 cm, and the suggested
exposure settings include 60–70 kV and 20–25 mA for small dog breeds [35]. Each dog
was admitted for intraoral radiography on the day of the operation (Ex-0). Then, alveolar
bone regeneration follow-up at the post-extraction socket sites was also performed 2 weeks
(Ex-2), 4 weeks (Ex-4), 8 weeks (Ex-8), and 12 weeks after extraction (Ex-12). All of the
radiographs were collected with the Vet Exam plus 9.6.0. program. To evaluate in the weeks
after extraction the effectiveness of the nanohydroxyapatite-based hydrogel in promoting
post-extraction socket preservation, alveolar bone regeneration analysis, which includes
radiographic evaluation and grading, bone height analysis, and bone density analysis from
these radiographs were performed.

2.6. Radiographic Evaluation and Grading

All radiographs were interpreted by three well-trained examiners using criteria of
alveolar socket regeneration developed for the study. The radiographic findings of post-
extraction socket preservation in the weeks of the follow-up were described. Moreover,
these criteria, which were adapted from previous studies [36–38], and which included
characteristics of the surgical site margin, as seen in Figure 2 (Criteria A), and characteristics
of alveolar new bone formation, as seen in Figure 3 (Criteria B), were applied for post-
extraction socket grading. Two of the three examiners had to agree before each socket grade
was accepted in order to prevent bias from radiographic evaluation.
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2.7. New Alveolar Bone Height Measurement

New alveolar bone height measurement in this study was adapted from the study
of Sun [20], and all of the reference lines are shown in Figure 4. First of all, the S line
was drawn from the mesial and distal crest of the grafted socket to the dorsal part of the
compact bone. These lines were noted as the S1 and S2 lines. The midpoint of the S1 line
and the S2 line at the coronal part and apical were defined as the C(s)1 and C(s)2 points,
respectively. In addition, the thickness of the compact bone at the S1 and S2 lines, like that
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at the C1 and C2 lines, was drawn to be the reference thickness when making comparisons
across different follow-up weeks.
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Figure 4. Intra-oral radiograph schematic with reference lines for bone height measurement in
post-extraction socket using Vet Exam program.

When new alveolar bone height measurement was performed, the white dash line,
which was drawn to start at the C(s)1 point and continue to the S point, was noted as the
reference line for measurement. The distance of the overlapping reference line from C(s)2
to the highest part of the radiopaque area was incorporated into the new alveolar bone
height. This variable was analyzed to assess alterations in new alveolar bone height (Av.Bh)
within the socket in different follow-up weeks.

2.8. Alveolar Bone Density Analysis

The bone density of the post-extraction sockets, which indicates the amount of alveolar
bone regeneration, was assessed using the Image J program (NIH, Bethesda, MD, USA).
All radiographs, which used the red-green-blue format (RGB), were converted to grayscale
(black/white) images before pixel value evaluation. After this, the total pixel values of the
sockets were calculated. Then, conversion of the pixel values to the intensity, which refers
to the density of alveolar bone regeneration in the sockets, was performed. The range of
intensity was between 0 to 255, with 255 indicating the most radiopacity and 0 indicating
the most radiolucent area in each socket. The mean of the alveolar socket intensity (Av.Bi)
was reported to refer to as the alveolar bone density in each follow-up week.

2.9. Statistical Analysis

Statistical analysis was performed with RStudio Software 1.4.1717 (RStudio, Inc.,
Boston, MA, USA). A value of p < 0.05 was determined to be statistically significant. The
signalments of the recruited dogs, including age, sex, breed, body weight, periodontal
stages, and concurrent disease, are presented as descriptive statistics. The data from alveolar
bone regeneration analysis, including the radiograph grading, new alveolar bone height,
and alveolar bone intensity, were subjected to D’Agostino and Pearson’s normality test prior
to performing statistical analysis. To evaluate the effectiveness of the nanohydroxyapatite-
based hydrogel in promoting alveolar bone regeneration in the post-extraction sockets
of the recruited dogs, a paired t-test was used to compare differences between the mean
alveolar bone height and mean alveolar bone intensity of the sockets for Ex-0 and Ex-2,
Ex-4, Ex-8, and Ex-12. Moreover, the Kruskal–Wallis test (nonparametric test) was used
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to describe the differences in radiograph grading in different weeks of follow-up. Data
from the statistical analysis are represented as graphs generated by GraphPad Prism 9
(GraphPad Software, San Diego, CA, USA) and RStudio Software.

3. Results
3.1. Animals

The signalments of the recruited dogs are summarized in Table 1. Unilateral first
mandibular molar extraction was carried out in each dog, and two roots of the first mandibu-
lar molar teeth were noted as two post-extraction sockets. Therefore, the study performed
HAP hydrogel placement on ten post-extraction sockets (n = 10) from five dogs with pe-
riodontitis grades 3 and 4. Unfortunately, three sockets (n = 3) were excluded from the
study two weeks post-operation because one pathological mandibular fracture and two
mucoperiosteal flap dehiscences were found. However, the rest of the post-extraction
sockets (n = 7) were followed-up completely to twelve weeks post-operation.

Table 1. Signalments including age, sex, breed, body weight, periodontal stages and concurrent
diseases of five dogs.

Age (Years) 11 (8–15)

Sex
4 Male, 1 Female

(2 intact male, 2 neuter male, 1 neuter female)

Breeds

Poodle (2/5)
Shih Tzu (1/5)

Pomeranian (1/5)
Chihuahua (1/5)

Body weight 4.2 (3.55–9.8)

Periodontal stages

Grade 1 (0/5)
Grade 2 (0/5)
Grade 3 (2/5)
Grade 4 (3/5)

Concurrent Diseases
Hepatobiliary problem (1/5)

Myxomatous mitral valve degeneration (1/5)
Unremarkable (3/5)

Data are presented as median (range) or total number values.

3.2. Scanning Electron Microscopy (SEM) and EDS Mapping Analysis of
Nanohydroxyapatite-Based Hydrogel and Immersion Results in Simulated Body Fluid (SBF) for
14 Days

The characteristics of the HAP hydrogel were observed using SEM, with the hydrox-
yapatite being clearly observed on the surface of hydrogel, and the distribution of HA
into hydrogel shown to be quite constant and homogeneous (Figure 5A). In addition, SEM
with EDS mapping analysis of the HAP hydrogel also showed that the presence of the ion
density of the HA material was unidirectional with the SEM images (Figure 6A). These
findings point to the biocompatibility of this material, because the distributed HA being
constantly on the hydrogel surface may help the body fluid contact the graft material easily
and enhance the effectiveness of bone augmentation.

After the HAP hydrogel was immersed in the SBF for 14 days, the SEM images
showed new apatite formation on the hydrogel surface, and the amount of apatite was
more noticeable compared with before immersion (Figure 5B). Furthermore, according to
SEM with EDS mapping analysis, an increase in the ion density of the HA material was
also exhibited on day 14 after immersion (Figure 6B).
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Figure 6. The scanning electron microscopy images (SEM) with energy-dispersive X-ray spectroscopy
(EDS) mapping analysis, which were used to evaluate the distribution of hydroxyapatite-based
hydrogel before (A) and after immersion (B) with simulated body fluid (SBF) for 14 days.

3.3. Radiographic Findings and Grading of Post-Extraction Socket Preservation with
HAP Hydrogel

Intraoral radiographs of a socket with HAP hydrogel placement are shown in Figure 7.
When comparing intraoral radiographs of the socket before and immediately after HAP
hydrogel placement, there was no distinctive difference in the socket radiodensity. Lamina
dura, which is a radiopaque lined at the socket border, occurred on the day after extraction.
In addition, the socket radiodensity was found to be more radiolucent when compared
with the surrounding alveolar bone (Figure 7A).
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Figure 7. Intraoral radiographs of first mandibular molar socket after nanohydroxyapatite-based
hydrogel placement in different weeks of postoperative follow-up including the day of operation (A),
2nd week (B), 4th week (C), 8th week (D), 12th week (E) after operation.

In the 2nd week after extraction (Figure 7B), the gradual disappearance of lamina dura
was observed, but it was still present at the coronal part of the socket. All post-extraction
sockets in the 2nd week were classified as grade 2 sockets (slightly changed). Moreover,
five out of seven of the sockets were considered grade 2 (ground glass appearance). The
rest were considered grade 1 (changed). Further, radiographic findings showed an increase
in the sockets’ radiodensity in this week.

Radiographic findings in the 4th week after extraction (Figure 7C) showed that the
lamina dura had disappeared. It was difficult to distinguish the border of the socket wall
from the surrounding alveolar bone. Five out of the seven sockets were classified as grade
3 (partly reduced) and two out of seven as grade 4 sockets (entirely absent). In addition,
the radiopacity of most sockets was increased when compared with the previous follow-up
times, especially in the apical area of the sockets. Three, three, and one of the seven post
extraction sockets in this week were classified as grade 2, grade 3 (spicular appearance),
and grade 4 (trabecular appearance), respectively.

The lamina dura of four of the seven sockets were entirely absent, and the rest were
still partly reduced in week 8 (Figure 7D). In addition, the majority of the sockets were
more radiopaque than at the previous follow-up time.

In the 12th week post-operation (Figure 7E), the lamina dura had disappeared entirely
in all of the sockets, and the radiodensity of the sockets was comparable to that of the
adjacent alveolar bone (7/7).

The number of sockets following the radiographic criteria in each week of follow-up
are shown in Figure 8. In Criteria A and Criteria B, there were statistical differences (Table 2)
in the radiographic gradings between the day of operation (Wk 0) and the 2nd, 4th, 8th and
12th weeks after operation.
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Table 2. Comparison of radiographs following changes in lamina dura around socket (Criteria A)
and characteristic of new alveolar bone formation following changes in radiodensity within socket
(Criteria B) between the day of operation and 2nd, 4th, 8th and 12th postoperative weeks.

Follow-Up Weeks
p-Value

Criteria A Criteria B

Week 2 0.010 0.036
Week 4 0.017 0.020
Week 8 0.019 0.017
Week 12 0.010 0.010

3.4. Bone Height Analysis of Post Extraction Socket Preservation with HAP Hydrogel

The height of alveolar bone regeneration was measured to assess the effectiveness
of the HAP hydrogel in the 2nd, 4th, 8th, and 12th weeks after post-extraction socket
preservation. A paired t-test was used to analyze the differences between the day of the
operation and the weeks of follow-up. The mean new alveolar bone height (Av.Bh) for
each week is shown in Table 3. The differences in bone height were higher in the 2nd week
(p = 0.045), 4th week (p = 0.045), 8th week (p = 0.019), and 12th week (p = 0.013) compared
to the day of the operation (Figure 9a).
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and 12th weeks (WK12) after operation. An asterisk and two asterisks on top of a bar indicate a
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3.5. Bone Regeneration Analysis of Post-Extraction Socket Preservation with HAP Hydrogel

Bone intensity, measured using the image J program, was indicated as the radiodensity
of alveolar bone within the socket using quantitative values. The mean bone intensity of
the socket (Av.BI) is described in Table 3. The characteristics of bone intensity progression
are related to increases in postoperative time. These values were analyzed using a paired
t-test to assess bone regeneration between the days of the operation and different follow-up
weeks. For bone regeneration analysis, the bone intensity of the post extraction sockets in
the 2nd week (p = 0.039), 4th week (p = 0.009), 8th week (p = 0.01), and 12th week (p = 0.004)
were higher than on the day of the operation (Figure 9b).
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Table 3. The mean and standard deviation of new alveolar bone height (Av.Bh) and alveolar bone
intensity (Av.Bi) of post-extraction socket preservation in 2nd, 4th, 8th and 12th weeks.

Parameter 2nd Weeks 4th Weeks 8th Weeks 12th Weeks

Av.Bh (mm) 3.61 ± 1.47 4.14 ± 1.06 4.90 ± 1.51 5.92 ± 2.30
Av.BI 81.68 ± 12.70 85.91 ± 10.83 91.74 ± 5.63 94.77 ± 6.41

AvBh. Units of mm, data are presented as mean ± SD.

4. Discussion

This study is the first to demonstrate the effectiveness of a nanohydroxyapatite-based
hydrogel (HAP hydrogel) in promoting alveolar bone regeneration in the post-extraction
sockets of dogs with naturally occurring periodontitis. Moreover, this study described the
post-extraction socket preservation technique in clinical dogs with periodontal disease.
Through alveolar bone regeneration analysis, the post-extraction sockets of the recruited
dogs showed socket alterations 2, 4, 8 and 12 weeks post-operation. Moreover, the homoge-
neous appearance of apatite formation on the material surface after simulated body fluid
immersion for 14 days implies the potential of biocompatibility and bioactivity for post-
extraction socket preservation. Consequently, these findings can shed light on a technique
for reducing the risk of pathological mandibular fracture after dental extraction in dogs
with moderate and severe grades of periodontitis. However, further investigation of the
efficacy of the HAP hydrogel for post-extraction socket preservation in clinically normal
dogs and dogs with periodontitis should be performed. In addition, the appropriate dosage
of nanohydroxyapatite within the hydrogel should be varied.

In general, hydroxyapatite (HA) is the inorganic component of the natural bone com-
position. These characteristics lead hydroxyapatite to exhibit more biocompatibility than
other calcium phosphate substitutes [16]. Although hydroxyapatite has osteoconductive
properties and can improve bone formation by providing a scaffold for bone tissue de-
fects, cell adhesion, and angiogenesis during the bone healing process, combining HA
with a polymeric scaffold can provide greater efficacy in bone regeneration augmenta-
tion [1,39]. Moreover, the limitations of hydroxyapatite, such as its hardness, fragility,
being difficult to organize in post-extraction sockets, and too high density for cell in-
filtration can be diminished by combination with another material [40]. In the current
study, a polyacrylamide-based hydrogel (PAM), which is known as a synthetic hydrogel,
was combined with hydroxyapatite for post-extraction preservation and for its potential
osteoconductive benefits. Because the PAM exhibits hydrophilic properties with a three-
dimensional scaffold, these properties support a suitable environment for bone tissue
regeneration, including osteoblast infiltration, cell adhesion, and body fluid retention.
Moreover, the advantages of the PAM include the strength of its network, and its toughness,
degradability, and lower cytotoxicity, which are interesting options for application in the
body [41,42].

The alveolar process is referred to as the alveolar socket, which is a part of the alveolar
bone, and the main role of this structure is to support the tooth root. There are four parts
of the alveolar socket structure, including the periosteum and dense compact bone, and
cancellous bone as a general bone structure. However, the additional layer of alveolar
bone is called the cribriform plate (referred to as lamina dura), which lines the alveolar
sockets. Radiographically, lamina dura is the radiopacity structure that lines the border of
the socket, and the appearance of lamina dura can imply information about teeth health.
Moreover, alterations to this structure have been used to indicate the bone healing process
and pathological changes in radiographic findings [43]. In the present study, although
tooth extraction was performed, this structure still appeared on the day of the operation.
However, Highlight’s study [36] suggested that the fading of lamina dura is related to
the time after the operation and can be used to evaluate the rate of the socket healing
process. The radiographic findings in this study demonstrated that post-extraction sockets
treated with the hydroxyapatite-based hydrogel showed significant differences in lamina
dura alteration when comparisons between the operation day and the different weeks of
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follow-up were made, which accords with Gupta’s study [44]. This study reported that
the sockets were treated with chitosan for socket healing augmentation, and they showed
better radiographic and complete disappearance of lamina dura than the control side at the
3 month follow-up.

Normally, the process of alveolar socket healing has been initiated once the dental
extraction was performed [45,46], and the phase of bone healing in this area has been
the same as the other bone healing processes, including the hematoma inflammation
phase, repair phase, and remodeling phase. The evaluation of alveolar socket radiodensity
under radiography is one of the common techniques used to practically assess alveolar
bone healing in the clinical field [37,47]. A study in human dentistry reported that the
radiodensity of new bone formation in the socket began to increase at 38 days, and increased
until the radiodensity was equal to the bone surrounding the socket at the 105th day or
3 months after extraction [48]. On the other hand, the timing of alveolar socket healing
under radiography in dogs has not been completely reported. In a previous study on
socket healing in dogs, the socket radiodensity without material placement under extraoral
radiography showed no differences between the day of operation and the 3 week follow-
up [38]. Together with Discepoli’s study [49], this previous study described that the alveolar
sockets in dogs after extraction at 3 months had not completely healed. These findings may
imply that the phase of spontaneous socket healing using radiography at 3 weeks after
the operation may not be detectable, and socket healing at 3 months after the operation
is in progress. In this study, intraoral radiography was applied to assess radiodensity
changes in the sockets treated with the HAP hydrogel each week after the operation.
The characteristic of alveolar bone formation is one of the radiographic criteria which
was adopted by Kattimani et al., 2014. [50] to assess the effectiveness of this material for
post-extraction preservation.

The current study reported that radiographic and mean alveolar bone intensity values
showed significant changes when comparisons were made between the day of operation
and 2, 4, 8 and 12 weeks after the operation. Moreover, this study found that the sock-
ets treated with the HAP hydrogel showed significant radiodensity changes at 2 weeks
after the operation, and all of the sockets showed the same radiodensity for surrounding
alveolar bone at the 12 week follow-up. These findings agree with previous studies on
hydroxyapatite-composited material [20,32,40,51–53]. Therefore, these findings suggest
that the HAP hydrogel has a positive osteogenic effect and reduces the duration of socket
healing compared with the duration of socket healing without material placement [38,49].
Interestingly, Araujo’s study [54] reported that an alveolar socket with material placement
showed newly formed bone only at the apical part of the socket, where the material did
not persist. This phenomenon may happen because the area without material permits the
normal bone healing process, i.e., blood clot accumulation and granulation tissue were
replaced by a provisional matrix [31] and were not interfered with by foreign material.
In contrast to the current study, alveolar socket healing was observed in the whole part
of the socket on the last day of follow-up. Our study applied hydrogel as a scaffold for
hydroxyapatite deposition, which can retain biological fluid, swell until it fulfills the socket,
and degrade, which are the reasons why hydrogel is more biocompatible and does not
interfere with the alveolar socket healing process.

In general, the empty alveolar socket can cause spontaneous alveolar bone resorp-
tion [11,12] Moreover, this phenomenon proceeds slowly throughout a lifetime. The cause
of alveolar bone resorption is still unknown. However, decreased blood supply, atrophy
disuse, and localized inflammation may be the factors that affect the rate of alveolar bone
resorption. Although natural healing of the alveolar socket can happen after dental extrac-
tion, dogs with moderate and severe periodontitis usually show a few thicknesses between
the apical area of the socket and the mandibular compact bone. Moreover, Kim’s study [55]
suggested that the healing of extraction sites in dogs with periodontal and endodontic
pathology may show more delayed healing than healthy extraction sites. These are the
reasons why pathological mandibular fracture can occur in dogs with this disease. In the
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current study, bone height assessment was performed by measuring the distance from the
highest part of the radiopaque area to the apical part of the socket under the extraoral ra-
diograph in each week of follow-up. Interestingly, the bone height assessment in this study
showed significant differences between the day of operation and the 2, 4, 8 and 12 weeks
of follow-up. The progression of new alveolar bone regeneration increased following the
post-operation follow-up. Moreover, this assessment was unidirectional with the statistical
analysis of radiographic and mean alveolar bone intensity values. Consequently, this
finding could be interpreted as suggesting that the HAP hydrogel can, in post-extraction
sockets, enhance the alveolar socket’s apical to coronal alveolar healing.

Because hydroxyapatite can promote bone healing via osteoconductive properties,
which act as scaffolds for cell infiltration and neovascularization [56,57], the evaluation
of graft material distribution in a polymeric scaffold before use in clinical studies should
be performed to assess the biocompatibility of the HAP hydrogel material. Scanning
electron microscopy and energy-dispersive X-ray spectroscopy (EDS) are widely used to
illuminate the characteristics of surface materials [58]. In the current study, SEM and EDS
mapping analysis was used, and this showed that the spread of HA into the hydrogel
showed a quite homogeneous distribution. Moreover, these findings lend support to the
radiographic finding for alveolar socket regeneration that the entire socket after HAP
hydrogel placement showed radiopacity on the last day of follow-up. In addition, the
bioactivity of the HAP hydrogel material was estimated by immersing the material in a
simulated body fluid (SBF) for 14 days and analyzing the new apatite formation under
SEM and EDS. The formation of apatite on the material surface can indicate the ability of
the implanted material to form interfacial bonds with tissue at the grafted area when in
contact with the physiological fluid. Moreover, this technique can provide details about
the bioactivity of the HAP hydrogel for bone healing augmentation before implantation
and reduce the number of animal experiment samples needed for a study [34,59]. Our
findings demonstrated that SEM images of the HAP hydrogel surface after immersion
showed more apatite formation compared with before immersion. In addition, the SEM
with EDS mapping analysis results also suggest that apatite was formed with constant
distribution on its surface. Consequently, the HAP hydrogel has the potential to be used a
biomaterial for post-extraction socket preservation in clinical use.

Intraoral radiography (IOR) is widely used to illustrate the structure of teeth, the
periodontal apparatus, and alveolar bone by focusing on the oral cavity. In this study,
this technique was adopted to assess alveolar bone regeneration with the HAP hydrogel
in post-extraction sockets, because IOR is an effective method that is economical, easy
to access, and fast to process, and can be performed during the surgical procedure [60].
Although cone beam computed tomography (CBT), an advanced imaging technique, may
provide more accurate results in detecting bone radiopacity and tooth structure, CBT is not
commonly available in animal hospitals and animal clinics, and the cost of this technique is
quite higher than IOR. Moreover, alterations in the radiodensity of post-extraction sockets
under IOR are adequate to indicate that the healing process is occurring. This study showed
that the intraoral radiographs of post-extraction sockets with HAP hydrogel placement had
increased radiopacity following weeks of follow-up. Therefore, it can be assumed that the
HAP hydrogel led to positively enhanced alveolar bone regeneration in the sockets of the
dogs with periodontitis.

Although the effectiveness of the HAP hydrogel for post-extraction socket preser-
vation was investigated in this study, some unexplored variables of the oral and socket
environment that may affect socket healing were not assessed. According to previous
studies, prosthetic implants, such as prosthetic joints [61] and dental implants [62], may
experience bacterial infection at implanted sites due to the adherence of bacterial biofilm
on the surface of the implants post-operation [63]. Moreover, Kim’s study [55] suggested
that the infected socket was characterized by vascular supply atrophy, which may affect
the bone remodeling process. Consequently, postoperative ancillary therapies or anti-
infective materials were suggested to reduce bacterial colonization in the oral cavity or
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implants [64,65]. To investigate the factors that can affect the HAP hydrogel’s potential for
enhancing alveolar bone regeneration, the relationship between ancillary therapies that
influence the oral environment and the efficacy of the HAP hydrogel for post-extraction
socket preservation should be considered in future clinical trials.

One limitation of this study was that, while it was concluded that the HAP hydrogel
can effectively enhance alveolar bone regeneration using radiographic findings, bone height
measurement, and bone regeneration analysis, another bone healing assessment method,
a bone tissue biopsy in the grafted area, is still essential to ensure the progression of
socket healing processes. However, this technique was not performed in the present study,
because dogs with naturally occurring periodontitis may not be good candidates for bone
biopsies. These dogs have extensive alveolar bone destruction due to moderate to severe
periodontitis. Moreover, bone biopsy techniques may be more traumatic and destructive
to the intact alveolar bone. Thus, for further investigation, assessing the alveolar healing
process after HAP hydrogel placement using bone tissue biopsies may be suggested to be
performed for dogs with clinical periodontitis (mild periodontitis) or normal clinical dogs.

5. Conclusions

Radiographic findings, bone height measurement, and bone regeneration analysis
all contributed to the conclusion that the HAP hydrogel was effective for post-extraction
socket preservation in dogs with periodontitis. Moreover, scanning electron microscopy
and energy-dispersive X-ray spectroscopy (EDS) confirmed that this material has the
potential to promote new bone regeneration, as new apatite formation on the material
surface in a simulated body fluid (SBF) after 14 days was observed, as well as the satisfying
distribution of hydroxyapatite into the hydrogel surface. Our findings suggest that the
HAP hydrogel has the ability to be an osteoconductive material that acts as a scaffold for
promoting cell infiltration and neovascularization in the alveolar bone regeneration process,
and can be applied for post-extraction socket preservation in dogs, especially in dogs with
moderate and severe periodontitis. Further studies will be necessary to investigate the
efficacy of this nanohydroxyapatite-based hydrogel in clinically normal dogs and dogs
with periodontitis. Moreover, the dosage of hydroxyapatite within the hydrogel, which
can provide an increased ability to promote alveolar bone healing, should be varied. In
addition, the influence of ancillary therapies that affect the oral environment on the efficacy
of the HAP hydrogel for post-extraction socket preservation should be investigated. To
obtain the most efficacious results, this hydroxyapatite-based hydrogel material can be
applied as a biomedical material in post-extraction socket preservation in dogs that suffer
from periodontal disease in the veterinary dentistry field.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/vetsci9010007/s1, Table S1: The American Society of Anesthesiologists Physical Status Classifi-
cation System, Table S2: Anesthesia protocol from surgery unit, Small Animal Teaching Hospital, the
Faculty of Veterinary Medicine, Chiang Mai University, Table S3: The stages of periodontal disease,
diagnostic indexes and treatment suggestions from the American Veterinary Dental College.

Author Contributions: Conceptualization, K.T. (Kittidaj Tanongpitchayes) and K.T. (Kriangkrai Thongkorn);
methodology, K.T. (Kittidaj Tanongpitchayes), K.N.L., C.B. and K.T. (Kriangkrai Thongkorn); val-
idation, K.T. (Kittidaj Tanongpitchayes), S.L., C.R., K.C. and K.T. (Kriangkrai Thongkorn); formal
analysis, K.T. (Kittidaj Tanongpitchayes), L.S. and K.T. (Kriangkrai Thongkorn); investigation, K.T.
(Kittidaj Tanongpitchayes), L.S. and K.T (Kriangkrai Thongkorn); writing—original draft preparation,
K.T. (Kittidaj Tanongpitchayes) writing—review and editing, K.T. (Kriangkrai Thongkorn), K.N.L.
and C.B.; data curation, K.T. (Kittidaj Tanongpitchayes) and K.N.L.; visualization, K.T. (Kittidaj
Tanongpitchayes), S.L. and K.N.L.; supervision, K.T. (Kriangkrai Thongkorn), C.R., K.C. and G.R.;
project administration, K.T. (Kriangkrai Thongkorn) and C.R.; funding acquisition, K.T. (Kriangkrai
Thongkorn), C.R. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Thailand Science Research and Innovation (TSRI) in
Fundamental Fund 2565.

https://www.mdpi.com/article/10.3390/vetsci9010007/s1
https://www.mdpi.com/article/10.3390/vetsci9010007/s1


Vet. Sci. 2022, 9, 7 15 of 17

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Animal Care and Use Committee, Faculty
of Veterinary Medicine, Chiang Mai University, Chiang Mai, Thailand (reference number S2/2563,
date of approval: 18 June 2020).

Informed Consent Statement: Informed consent was obtained from the owners.

Data Availability Statement: Not applicable.

Acknowledgments: This research project is supported by Thailand Science Research and Innovation
(TSRI). All facilities and staff are supported by the Small Animal Hospital, Chiang Mai University,
Faculty of Veterinary Medicine and Faculty of Science, Chiang Mai University, Chiang Mai, Thailand.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wahl, D.A.; Czernuszka, J.T. Collagen-hydroxyapatite composites for hard tissue repair. Eur. Cell Mater. 2006, 11, 43–56. [CrossRef]

[PubMed]
2. Fernandes, N.A.; Borges, A.P.B.; Reis, E.C.C.; Sepúlveda, R.V.; Pontes, K.C.D.S. Prevalence of periodontal disease in dogs and

owners’ level of awareness—A prospective clinical trial. Revista Ceres 2012, 59, 446–451. [CrossRef]
3. Stella, J.L.; Bauer, A.E.; Croney, C.C. A cross-sectional study to estimate prevalence of periodontal disease in a population of dogs

(Canis familiaris) in commercial breeding facilities in Indiana and Illinois. PLoS ONE 2018, 13, e0191395. [CrossRef] [PubMed]
4. Cekici, A.; Kantarci, A.; Hasturk, H.; Van Dyke, T.E. Inflammatory and immune pathways in the pathogenesis of periodontal

disease. Periodontol. 2000 2014, 64, 57–80. [CrossRef]
5. Jayakumar, A.; Rohini, S.; Naveen, A.; Haritha, A.; Reddy, K. Horizontal alveolar bone loss: A periodontal orphan. J. Indian Soc.

Periodontol. 2010, 14, 181–185. [CrossRef]
6. Lopes, F.M.; Gioso, M.A.; Ferro, D.G.; Leon-Roman, M.A.; Venturini, M.A.; Correa, H.L. Oral fractures in dogs of Brazil—A

retrospective study. J. Vet. Dent. 2005, 22, 86–90. [CrossRef]
7. Kitshoff, A.M.; de Rooster, H.; Ferreira, S.M.; Steenkamp, G. A retrospective study of 109 dogs with mandibular fractures. Vet.

Comp. Orthop. Traumatol. 2013, 26, 1–5. [CrossRef]
8. Niemiec, B.A. Periodontal disease. Top. Companion Anim. Med. 2008, 23, 72–80. [CrossRef]
9. Scherer, E.; Hetzel, S.; Snyder, C.J. Assessment of the Role of the Mandibular First Molar Tooth in Mandibular Fracture Patterns of

29 Dogs. J. Vet. Dent. 2019, 36, 32–39. [CrossRef]
10. Kyllar, M.; Witter, K. Prevalence of dental disorders in pet dogs. Vet. Med. 2012, 50, 496–505. [CrossRef]
11. Schropp, L.; Wenzel, A.; Kostopoulos, L.; Karring, T. Bone Healing and Soft Tissue Contour Changes Following Single-Tooth

Extraction: A Clinical and Radiographic 12-Month Prospective Study. Int. J. Periodontics Restor. Dent. 2003, 23, 313–323.
12. Hansson, S.; Halldin, A. Alveolar ridge resorption after tooth extraction: A consequence of a fundamental principle of bone

physiology. J. Dent. Biomech. 2012, 3, 1–8. [CrossRef] [PubMed]
13. Thakkar, D.J.; Deshpande, N.C.; Dave, D.H.; Narayankar, S.D. A comparative evaluation of extraction socket preservation with

demineralized freeze-dried bone allograft alone and along with platelet-rich fibrin: A clinical and radiographic study. Contemp.
Clin. Dent. 2016, 7, 371–376. [CrossRef] [PubMed]

14. Cardaropoli, D.; Tamagnone, L.; Roffredo, A.; Gaveglio, L.; Cardaropoli, G. Socket preservation using bovine bone mineral and
collagen membrane: A randomized controlled clinical trial with histologic analysis. Int. J. Periodontics Restor. Dent. 2012, 32,
421–430.

15. ELkarargy, A. Alveolar Sockets Preservation Using Hydroxyapatite/Beta tricalcium Phosphate with Hyaluronic Acid (Histomor-
phometric study). J. Am. Sci. 2013, 9, 556–563.

16. Roveri, N.; Iafisco, M. Evolving application of biomimetic nanostructured hydroxyapatite. Nanotechnol. Sci. Appl. 2010, 3, 107–125.
[CrossRef]

17. Qiao, B.; Li, J.; Zhu, Q.; Guo, S.; Qi, X.; Li, W.; Wu, J.; Liu, Y.; Jiang, D. Bone plate composed of a ternary nano-
hydroxyapatite/polyamide 66/glass fiber composite: Biomechanical properties and biocompatibility. Int. J. Nanomed.
2014, 9, 1423–1432. [CrossRef]

18. Dumbleton, J.; Manley, M.T. Hydroxyapatite-Coated Prostheses in Total Hip and Knee Arthroplasty. J. Bone Joint Surg. Am. 2004,
86, 2536–2539. [CrossRef]

19. Byun, S.H.; Lim, H.K.; Kim, S.M.; Lee, S.M.; Kim, H.E.; Lee, J.H. The Bioresorption and Guided Bone Regeneration of Absorbable
Hydroxyapatite-Coated Magnesium Mesh. J. Craniofac. Surg. 2017, 28, 518–523. [CrossRef]

20. Sun, Y.; Wang, C.; Chen, Q.; Liu, H.; Deng, C.; Ling, P.; Cui, F.Z. Effects of the bilayer nano-hydroxyapatite/mineralized
collagen-guided bone regeneration membrane on site preservation in dogs. J. Biomater. Appl. 2017, 32, 242–256. [CrossRef]

21. Yousefi, A.-M.; Oudadesse, H.; Akbarzadeh, R.; Wers, E.; Lucas-Girot, A. Physical and biological characteristics of nanohydroxya-
patite and bioactive glasses used for bone tissue engineering. Nanotechnol. Rev. 2014, 3, 527–552. [CrossRef]

22. Sadat-Shojai, M.; Khorasani, M.T.; Dinpanah-Khoshdargi, E.; Jamshidi, A. Synthesis methods for nanosized hydroxyapatite with
diverse structures. Acta Biomater. 2013, 9, 7591–7621. [CrossRef] [PubMed]

http://doi.org/10.22203/eCM.v011a06
http://www.ncbi.nlm.nih.gov/pubmed/16568401
http://doi.org/10.1590/S0034-737X2012000400003
http://doi.org/10.1371/journal.pone.0191395
http://www.ncbi.nlm.nih.gov/pubmed/29346448
http://doi.org/10.1111/prd.12002
http://doi.org/10.4103/0972-124X.75914
http://doi.org/10.1177/089875640502200202
http://doi.org/10.3415/VCOT-12-01-0003
http://doi.org/10.1053/j.tcam.2008.02.003
http://doi.org/10.1177/0898756419846183
http://doi.org/10.17221/5654-VETMED
http://doi.org/10.1177/1758736012456543
http://www.ncbi.nlm.nih.gov/pubmed/22924065
http://doi.org/10.4103/0976-237X.188567
http://www.ncbi.nlm.nih.gov/pubmed/27630503
http://doi.org/10.2147/NSA.S9038
http://doi.org/10.2147/IJN.S57353
http://doi.org/10.2106/00004623-200411000-00028
http://doi.org/10.1097/SCS.0000000000003383
http://doi.org/10.1177/0885328217715150
http://doi.org/10.1515/ntrev-2014-0013
http://doi.org/10.1016/j.actbio.2013.04.012
http://www.ncbi.nlm.nih.gov/pubmed/23583646


Vet. Sci. 2022, 9, 7 16 of 17

23. Ahmed, E.M. Hydrogel: Preparation, characterization, and applications: A review. J. Adv. Res. 2015, 6, 105–121. [CrossRef]
[PubMed]

24. Hoare, T.R.; Kohane, D.S. Hydrogels in drug delivery: Progress and challenges. Polymer 2008, 49, 1993–2007. [CrossRef]
25. Ferraz, M.; Monteiro, F.; Manuel, C. Hydroxyapatite nanoparticles: A review of preparation methodologies. J. Appl. Biomater.

Biomech. 2004, 2, 74–80.
26. Seo, B.-M.; Miura, M.; Gronthos, S.; Mark Bartold, P.; Batouli, S.; Brahim, J.; Young, M.; Gehron Robey, P.; Wang, C.Y.; Shi, S.

Investigation of multipotent postnatal stem cells from human periodontal ligament. Lancet 2004, 364, 149–155. [CrossRef]
27. Lee, K.Y.; Mooney, D.J. Hydrogels for Tissue Engineering. Chem. Rev. 2001, 101, 1869–1880. [CrossRef] [PubMed]
28. Drury, J.L.; Mooney, D.J. Hydrogels for tissue engineering: Scaffold design variables and applications. Biomaterials 2003, 24,

4337–4351. [CrossRef]
29. Gibbs, D.M.; Black, C.R.; Dawson, J.I.; Oreffo, R.O. A review of hydrogel use in fracture healing and bone regeneration. J. Tissue

Eng. Regen. Med. 2016, 10, 187–198. [CrossRef]
30. Bai, X.; Gao, M.; Syed, S.; Zhuang, J.; Xu, X.; Zhang, X.Q. Bioactive hydrogels for bone regeneration. Bioact. Mater. 2018, 3, 401–417.

[CrossRef]
31. Cardaropoli, G.; Araujo, M.; Hayacibara, R.; Sukekava, F.; Lindhe, J. Healing of extraction sockets and surgically produced-

augmented and non-augmented—Defects in the alveolar ridge. An experimental study in the dog. J. Clin. Periodontol. 2005, 32,
435–440. [CrossRef]

32. Ho, K.N.; Salamanca, E.; Chang, K.C.; Shih, T.C.; Chang, Y.C.; Huang, H.M.; Teng, N.C.; Lin, C.T.; Feng, S.W.; Chang, W.J. A
Novel HA/beta-TCP-Collagen Composite Enhanced New Bone Formation for Dental Extraction Socket Preservation in Beagle
Dogs. Materials 2016, 9, 191. [CrossRef]

33. Lamkhao, S.; Phaya, M.; Jansakun, C.; Chandet, N.; Thongkorn, K.; Rujijanagul, G.; Bangrak, P.; Randorn, C. Synthesis of
Hydroxyapatite with Antibacterial Properties Using a Microwave-Assisted Combustion Method. Sci. Rep. 2019, 9, 4015.
[CrossRef] [PubMed]

34. Kokubo, T.; Takadama, H. How useful is SBF in predicting in vivo bone bioactivity? Biomaterials 2006, 27, 2907–2915. [CrossRef]
[PubMed]

35. Gorrel, C.; Andersson, S.; Verhaert, L. Dental radiography. In Veterinary Dentistry for the General Practitioner, 2nd ed.; Elsevier
Saunders: Edinburgh, Scotland, 2013; pp. 67–80.

36. Haghighat, A.; Hekmatian, E.; Abdinian, M.; Sadeghkhani, E. Radiographic Evaluation of Bone Formation and Density Changes
after Mandibular Third Molar Extraction: A 6 Month Follow up. Dent. Res. J. 2010, 8, 1–5.

37. Silva, A.M.; Astolphi, R.D.; Perri, S.H.; Koivisto, M.B. Filling of extraction sockets of feline maxillary canine teeth with autogenous
bone or bioactive glass. Acta Cir. Bras. 2013, 28, 856–862. [CrossRef]

38. Tambella, A.M.; Bartocetti, F.; Rossi, G.; Galosi, L.; Catone, G.; Falcone, A.; Vullo, C. Effects of Autologous Platelet-Rich Fibrin in
Post-Extraction Alveolar Sockets: A Randomized, Controlled Split-Mouth Trial in Dogs with Spontaneous Periodontal Disease.
Animals 2020, 10, 1343. [CrossRef]

39. Liu, X.; Chen, Y.; Huang, Q.; He, W.; Feng, Q.; Yu, B. A novel thermo-sensitive hydrogel based on thiolated chitosan/
hydroxyapatite/beta-glycerophosphate. Carbohydr. Polym. 2014, 110, 62–69. [CrossRef]

40. Pan, Y.; Zhao, Y.; Kuang, R.; Liu, H.; Sun, D.; Mao, T.; Jiang, K.; Yang, X.; Watanabe, N.; Mayo, K.H.; et al. Injectable hydrogel-
loaded nano-hydroxyapatite that improves bone regeneration and alveolar ridge promotion. Mater. Sci. Eng. C Mater. Biol. Appl.
2020, 116, 111158. [CrossRef]

41. Kandow, C.E.; Georges, P.C.; Janmey, P.A.; Beningo, K.A. Polyacrylamide Hydrogels for Cell Mechanics: Steps Toward Optimiza-
tion and Alternative Uses. Cell Mech. 2007, 83, 29–46. [CrossRef]

42. Fang, J.; Li, P.; Lu, X.; Fang, L.; Lu, X.; Ren, F. A strong, tough, and osteoconductive hydroxyapatite mineralized polyacry-
lamide/dextran hydrogel for bone tissue regeneration. Acta Biomater. 2019, 88, 503–513. [CrossRef]

43. Prakash, N.; Karjodkar, F.R.; Sansare, K.; Sonawane, H.V.; Bansal, N.; Arwade, R. Visibility of lamina dura and periodontal
space on periapical radiographs and its comparison with cone beam computed tomography. Contemp. Clin. Dent. 2015, 6, 21–25.
[CrossRef]

44. Gupta, A.; Rattan, V.; Rai, S. Efficacy of Chitosan in promoting wound healing in extraction socket: A prospective study. J. Oral
Biol. Craniofacial Res. 2019, 9, 91–95. [CrossRef]

45. Pagni, G.; Pellegrini, G.; Giannobile, W.V.; Rasperini, G. Postextraction alveolar ridge preservation: Biological basis and treatments.
Int. J. Dent. 2012, 2012, 151030. [CrossRef] [PubMed]

46. Abdelhamid, A. Alveolar Bone Preservation. Biological Basis and Techniques. Int. J. Dent. Sci. Res. 2017, 5, 56–58. [CrossRef]
47. Lee, J.S.; Cha, J.K.; Kim, C.S. Alveolar ridge regeneration of damaged extraction sockets using deproteinized porcine versus

bovine bone minerals: A randomized clinical trial. Clin. Implant Dent. Relat. Res. 2018, 20, 729–737. [CrossRef] [PubMed]
48. Mangos, J.F. The healing of extraction wounds. An experimental study based on microscopic and radiographic investigations.

NZ Dent. J. 1941, 37, 4–24.
49. Discepoli, N.; Vignoletti, F.; Laino, L.; de Sanctis, M.; Munoz, F.; Sanz, M. Early healing of the alveolar process after tooth

extraction: An experimental study in the beagle dog. J. Clin. Periodontol. 2013, 40, 638–644. [CrossRef]

http://doi.org/10.1016/j.jare.2013.07.006
http://www.ncbi.nlm.nih.gov/pubmed/25750745
http://doi.org/10.1016/j.polymer.2008.01.027
http://doi.org/10.1016/S0140-6736(04)16627-0
http://doi.org/10.1021/cr000108x
http://www.ncbi.nlm.nih.gov/pubmed/11710233
http://doi.org/10.1016/S0142-9612(03)00340-5
http://doi.org/10.1002/term.1968
http://doi.org/10.1016/j.bioactmat.2018.05.006
http://doi.org/10.1111/j.1600-051X.2005.00692.x
http://doi.org/10.3390/ma9030191
http://doi.org/10.1038/s41598-019-40488-8
http://www.ncbi.nlm.nih.gov/pubmed/30850662
http://doi.org/10.1016/j.biomaterials.2006.01.017
http://www.ncbi.nlm.nih.gov/pubmed/16448693
http://doi.org/10.1590/S0102-86502013001200008
http://doi.org/10.3390/ani10081343
http://doi.org/10.1016/j.carbpol.2014.03.065
http://doi.org/10.1016/j.msec.2020.111158
http://doi.org/10.1016/S0091-679X(07)83002-0
http://doi.org/10.1016/j.actbio.2019.02.019
http://doi.org/10.4103/0976-237X.149286
http://doi.org/10.1016/j.jobcr.2018.11.001
http://doi.org/10.1155/2012/151030
http://www.ncbi.nlm.nih.gov/pubmed/22737169
http://doi.org/10.12691/ijdsr-5-3-3
http://doi.org/10.1111/cid.12628
http://www.ncbi.nlm.nih.gov/pubmed/30051954
http://doi.org/10.1111/jcpe.12074


Vet. Sci. 2022, 9, 7 17 of 17

50. Kattimani, V.S.; Chakravarthi, P.S.; Kanumuru, N.R.; Subbarao, V.V.; Sidharthan, A.; Kumar, T.S.; Prasad, L.K. Eggshell Derived
Hydroxyapatite as Bone Graft Substitute in the Healing of Maxillary Cystic Bone Defects: A Preliminary Report. J. Int. Oral Health
2014, 6, 15–19.

51. Lee, J.S.; Park, W.Y.; Cha, J.K.; Jung, U.W.; Kim, C.S.; Lee, Y.K.; Choi, S.H. Periodontal tissue reaction to customized nano-
hydroxyapatite block scaffold in one-wall intrabony defect: A histologic study in dogs. J. Periodontal Implant Sci. 2012, 42, 50–58.
[CrossRef]

52. Wang, Y.F.; Wang, C.Y.; Wan, P.; Wang, S.G.; Wang, X.M. Comparison of bone regeneration in alveolar bone of dogs on mineralized
collagen grafts with two composition ratios of nano-hydroxyapatite and collagen. Regen. Biomater. 2016, 3, 33–40. [CrossRef]

53. Jang, S.J.; Kim, S.E.; Han, T.S.; Son, J.S.; Kang, S.S.; Choi, S.H. Bone Regeneration of Hydroxyapatite with Granular Form or
Porous Scaffold in Canine Alveolar Sockets. Vivo 2017, 31, 335–341. [CrossRef]

54. Araujo, M.G.; Lindhe, J. Ridge preservation with the use of Bio-Oss collagen: A 6-month study in the dog. Clin. Oral Implants Res.
2009, 20, 433–440. [CrossRef]

55. Kim, J.H.; Koo, K.T.; Capetillo, J.; Kim, J.J.; Yoo, J.M.; Ben Amara, H.; Park, J.C.; Schwarz, F.; Wikesjo, U.M.E. Periodontal and
endodontic pathology delays extraction socket healing in a canine model. J. Periodontal Implant Sci. 2017, 47, 143–153. [CrossRef]

56. Bauer, T.; Muschler, G. Bone graft materials. An overview of the basic science. Clin. Orthop. Relat. Res. 2000, 371, 10–27. [CrossRef]
57. Kattimani, V.S.; Kondaka, S.; Lingamaneni, K.P. Hydroxyapatite—Past, Present, and Future in Bone Regeneration. Bone Tissue

Regen. Insights 2016, 7, BTRI-S36138. [CrossRef]
58. Merrett, K.; Cornelius, R.M.; McClung, W.G.; Unsworth, L.D.; Sheardown, H. Surface analysis methods for characterizing

polymeric biomaterials. J. Biomater. Sci. Polym. Ed. 2002, 13, 593–621. [CrossRef] [PubMed]
59. Kokubo, T.; Takadama, H. Simulated Body Fluid (SBF) as a Standard Tool to Test the Bioactivity of Implants. In Handbook of

Biomineralization: Biological Aspects and Structure Formation; Bauerlein, E., Ed.; Wiley-VCH Verlag GmbH: Weinheim, Germany,
2008; pp. 97–109.

60. Roza, M.R.; Silva, L.A.; Barriviera, M.; Januario, A.L.; Bezerra, A.C.; Fioravanti, M.C. Cone beam computed tomography and
intraoral radiography for diagnosis of dental abnormalities in dogs and cats. J. Vet. Sci. 2011, 12, 387–392. [CrossRef] [PubMed]

61. Del Pozo, J.L.; Patel, R. Clinical practice. Infection associated with prosthetic joints. N. Engl. J. Med. 2009, 361, 787–794. [CrossRef]
62. Camps-Font, O.; Figueiredo, R.; Valmaseda-Castellon, E.; Gay-Escoda, C. Postoperative Infections After Dental Implant Placement:

Prevalence, Clinical Features, and Treatment. Implant Dent. 2015, 24, 713–719. [CrossRef]
63. Arciola, C.R.; Campoccia, D.; Montanaro, L. Implant infections: Adhesion, biofilm formation and immune evasion. Nat. Rev.

Microbiol. 2018, 16, 397–409. [CrossRef] [PubMed]
64. Costa-Pinto, A.R.; Lemos, A.L.; Tavaria, F.K.; Pintado, M. Chitosan and Hydroxyapatite Based Biomaterials to Circumvent

Periprosthetic Joint Infections. Materials 2021, 14, 804. [CrossRef] [PubMed]
65. Butera, A.; Gallo, S.; Maiorani, C.; Preda, C.; Chiesa, A.; Esposito, F.; Pascadopoli, M.; Scribante, A. Management of Gingival

Bleeding in Periodontal Patients with Domiciliary Use of Toothpastes Containing Hyaluronic Acid, Lactoferrin, or Paraprobiotics:
A Randomized Controlled Clinical Trial. Appl. Sci. 2021, 11, 8586. [CrossRef]

http://doi.org/10.5051/jpis.2012.42.2.50
http://doi.org/10.1093/rb/rbv025
http://doi.org/10.21873/invivo.11064
http://doi.org/10.1111/j.1600-0501.2009.01705.x
http://doi.org/10.5051/jpis.2017.47.3.143
http://doi.org/10.1097/00003086-200002000-00003
http://doi.org/10.4137/BTRI.S36138
http://doi.org/10.1163/156856202320269111
http://www.ncbi.nlm.nih.gov/pubmed/12182547
http://doi.org/10.4142/jvs.2011.12.4.387
http://www.ncbi.nlm.nih.gov/pubmed/22122905
http://doi.org/10.1056/NEJMcp0905029
http://doi.org/10.1097/ID.0000000000000325
http://doi.org/10.1038/s41579-018-0019-y
http://www.ncbi.nlm.nih.gov/pubmed/29720707
http://doi.org/10.3390/ma14040804
http://www.ncbi.nlm.nih.gov/pubmed/33567675
http://doi.org/10.3390/app11188586

	Introduction 
	Materials and Methods 
	Animal and Sample Selection 
	Preparation of Nanohydroxyapatite-Based Hydrogel (HAP Hydrogel) 
	The Characteristics of HAP hydrogel and Immersion Results in Simulated Body Fluid (SBF) 
	Post-Extraction Socket Preservation with HAP Hydrogel 
	Intra-Oral Dental Radiography 
	Radiographic Evaluation and Grading 
	New Alveolar Bone Height Measurement 
	Alveolar Bone Density Analysis 
	Statistical Analysis 

	Results 
	Animals 
	Scanning Electron Microscopy (SEM) and EDS Mapping Analysis of Nanohydroxyapatite-Based Hydrogel and Immersion Results in Simulated Body Fluid (SBF) for 14 Days 
	Radiographic Findings and Grading of Post-Extraction Socket Preservation with HAP Hydrogel 
	Bone Height Analysis of Post Extraction Socket Preservation with HAP Hydrogel 
	Bone Regeneration Analysis of Post-Extraction Socket Preservation with HAP Hydrogel 

	Discussion 
	Conclusions 
	References

