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Abstract

Alveolar bone regeneration is a significant challenge in dental implantation. Novel biomaterials and tissue-engineered
constructs are under extensive development and awaiting in vivo animal tests to find clinical endpoint. Here, we establish
a novel in vivo model, modifying gingivoperiosteoplasty in rat for the alveolar bone regeneration. Rat premaxillary bone
defects were filled with silk scaffold or remained empty during the implantation period (up to 6 weeks), and harvested
samples were analyzed by micro-computed tomography and histopathology. Empty defects showed increased but limited
new bone formation with increasing implantation period. In defects implanted with silk sponge, the bone formation was
significantly greater than that of empty defect, indicating an effective role of silk scaffold in the defect model. The modified
premaxillary defect model in rat is simple to perform, while mimicking the clinical conditions, finding usefulness for the
development of biomaterials and tissue-engineered constructs targeting alveolar bone regeneration in dental implantation.
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Introduction

Maxillary and mandibular bone surrounds and supports
tooth structure, but it can be destroyed by several factors
including acquired injury, congenital disorders, tumors,
infections, and tooth loss.! Repair of such bone loss is a
major challenge in oral and maxillofacial care, especially
for the aged population because of their decreased ability
for bone repair. This has brought about a number of inves-
tigations of the regeneration or repair of bone defects.?? A
variety of techniques are used in the clinic for alveolar
bone regeneration, such as osseous grafts using scaffolds
or guided bone regeneration using membranes.>*>
However, it is difficult to repair large defects, mainly due
to donor-site morbidity, graft resorption, host disease
transmission, immune responses, and a limited ability for
new bone formation.

Bone tissue engineering offers a promising alternative
treatment option for the regeneration of alveolar bone. A
variety of candidate biomaterials are proposed to populate
stem and progenitor cells to induce osteogenesis and to
consequently achieve tissue-equivalent constructs.!-6-8
Clearly, there is a growing demand for the development of

tissue-engineering components and techniques that are
clinically available to completely regenerate alveolar bone
defects.

Many animal models have also been developed for
alveolar bone grafting.>'* Animal study for testing
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Figure |. Fabrication method of 3D sponges from nonmulberry silk protein fibroin.

3D: three-dimensional; SDS: sodium dodecyl sulfate.

biomaterials and tissue-engineered constructs is essential
because it is difficult to extrapolate in vitro research data to
in vivo results without relevant and well-characterized
models.! Although many animal models have been devel-
oped to advance techniques and screen candidate grating
materials, in vivo models using small animals have been
limited. One major reason for this is the difficulty in
manipulation and surgical operation of defects of a reduced
anatomical size.!>~17 Obviously large animal models are
favored from a clinical perspective, but these animals are
more expensive to purchase and maintain and are gener-
ally considered only for preclinical studies.®!® Critical-
sized defect models of the rodent skull have been widely
used as the first stage of in vivo study for bone regenera-
tion, but the alveolar bone defect model better represents
clinical situations where alveolar bone regeneration is
required (such as sinus lifting and dental implantation).
The use of rats in an alveolar defect model is relatively
limited in use, mainly due to the difficulty of the surgical
approach in the intraoral regions. An alveolar defect model
in rats could save costs in the research and development of
tissue-engineered constructs.

This study developed a rat alveolar bone defect model
using a modified surgical technique, which is known as a
gingivoperiosteoplasty (GPP) technique. This model pro-
vides an in vivo platform for researchers to develop bio-
materials and tissue-engineered constructs that target
alveolar bone regeneration for dental implantation and

sinus lifting. The development of this small animal model
could be capable of economically and rapidly representing
clinical conditions and enabling the performance assess-
ment of biomaterials and tissue-engineered constructs.

Materials and methods

Animal

The maxillary alveolar bone healing effect of three-dimen-
sional (3D) silk sponge scaffold was determined in vivo
using the rat maxillary defect model. The housing, care,
and experimental protocol were approved by the
Institutional Animal Care and Use Committee, Dankook
University Korea. A total of eight, 11-weeks-old, 350-400
g healthy male Sprague-Dawley rats were included in this
study.

Fabrication of 3D sponges from nonmulberry
silk protein fibroin

The silk scaffolds were fabricated according to the
method depicted in the Figure 1. In brief, crude silk pro-
tein fibroin was first isolated from the silkglands of non-
mulberry (Antheraea mylitta) mature fifth instar larva,
grown in the farm of Indian Institute of Technology,
Kharagpur, according to the protocol described else-
where.!” The isolated protein was dissolved in 1%
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sodium dodecyl sulfate (SDS) containing 10 mM Tris
(pH 8.0) and 5 mM ethylenediaminetetraacetic acid
(EDTA). The solution was then taken in a 12-kDa cellu-
lose dialysis membrane and dialyzed against deionized
water for 8 h with frequent water change.

For scaffold fabrication, 2% regenerated silk fibroin
solution was cast on tissue culture well plates (96 wells)
and immediately placed in —20°C for 24 h. Plates were
then placed inside a vacuum freeze drier for another 24 h
to dry the frozen protein solution, which produced highly
porous 3D scaffolds. Scanning electron microscopy study
showed that the pore size was usually uniform throughout
the scaffold (110 + 25 pm) as measured through ImagelJ
software,?02! and the porosity of the scaffolds was calcu-
lated to be approximately 97%.22 The prepared silk scaf-
folds were treated with 70% ethanol for 15-20 min under
ultraviolet light and were washed thoroughly with steri-
lized phosphate-buffered saline (PBS) inside the laminar
hood.

Surgical procedures and experimental design

During the surgical operation, the animals were anesthetized
with intramuscular injections of 80 mg/kg Zoletil and 10 mg/
kg xylazine in the right quadriceps muscle. Epinephrine with
0.5% lidocaine was locally injected into gingival tissues of
the premaxilla to decrease pain and bleeding during opera-
tion. Animals were placed in dorsal recumbency, and the
operation field was prepared in the standard manner for asep-
tic surgery, using 10% povidone iodine and 70% ethyl alco-
hol. All instruments were sterilized prior to procedures, and
all the surgical procedures on animals were carried out under
general anesthesia using sterile techniques.

Following an incision through the palatal gingival epi-
thelium using a 10 blade with a bard-parker scalpel, the
underlying maxillary alveolar bone of the premaxilla was
exposed (Figure 2(a) and (b)). A surgical trephine bur was
used to create a standardized, semicircular defect 4 mm in
diameter at the center region of the upper incisor socket,
between the anterior and posterior inner margins of the
incisor teeth on the lateral surface of each premaxilla bone.
While using the bur, copious irrigation was done with
cooled sterile isotonic saline. The defect was either left
empty or filled with the trialed 3D silk sponge (Figure 2(c)
and (d)). Two defects were created in each animal (Figure
2(e)), and the animals were assigned to four groups—
Group A: empty defect with 2 weeks healing; Group B:
empty defect with 4 weeks healing; Group C: empty defect
with 6 weeks healing; and Group D: silk scaffold with 6
weeks healing (Figure 2(f)).

After the delivery of samples, the mucosal flaps were
closed with a simple interrupted suture pattern using 4-0
absorbable suture (Figure 3(a)). After surgery, the rats
were housed individually in cages at 20°C-24°C and
30%-70% relative humidity and were kept on a 12 h
light/12 h dark cycle. Animals were maintained on a

ground pellet food with standardized diet and water
ad libitum. Animals were monitored for signs of infection,
inflammation, and adverse effects by visual observation
during study periods. The animals were sacrificed prior to
harvesting the samples and surrounding tissues at 2, 4, and
6 weeks after surgery (Figure 3(b)).

Micro-computed tomographic analysis

The specimens were harvested from each animal at 2, 4,
and 6 weeks postoperatively and were fixed in 10% neu-
tral buffered formaldehyde solution for at least 2448 h
(Figure 3(c) and (d)). The samples were imaged using an
in vivo high-resolution micro-computed tomography
(u-CT) system (Skyscan 1176; Skyscan, Aartselaar,
Belgium) to evaluate tissue recovery and bone regenera-
tion. The harvested samples were scanned by a camera
with a pixel size of 12.56 um, and a frame was achieved
using a 1-mm aluminum filter, with a rotation step of
0.5°and a rotation angle of 180°. The X-ray was operated
at a voltage of 65 kV, a current of 385 pA, and an expo-
sure time of 279 ms. Approximately 400 scan slices per
sample with an image pixel size of 17.93 um were taken,
and serial coronal-oriented tomograms were recon-
structed from the raw images in the NRecon p-CT
Skyscan reconstruction software. A semicircular region
of interest (ROI) was precisely positioned over each
defect for quantitative analyses, encompassing all new
bones within the defect site. Coronally oriented p-CT
images were then reformatted in an axial orientation.
Reconstructed images over the ROI using CTAn Skyscan
software were used to analyze bone formation and 3D
images were created. Four samples for each group were
measured and percentages of new bone volume (%), bone
surface (mm?), and bone surface density (1/mm) of newly
formed bone within each ROI were measured by assign-
ing a threshold for total bone content (including trabecu-
lar and cortical bone).

Histopathological analysis

After p-CT scanning, specimens were decalcified in
RapidCal sol (BBC, USA) and dehydrated in a graded
series of increasing ethanol concentrations (from 70% to
100%). Then, they were bisected into anterior and poste-
rior sections at the center of the defect and embedded in
paraffin. Tissue cross-sections in the coronal plane,
S-um-thick, were prepared perpendicularly to the cranial
bone. The sections were placed on a slide glass and were
stained with hematoxylin and eosin (H&E) stain using
standard techniques for histopathological examination to
check the biocompatibility and bone formation. Digital
images were obtained under a light microscopy (IX71;
Olympus, Tokyo, Japan) using Meta-Morph. Results of
new bone formation within the defect were taken under
40x and 400x magnifications.
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Figure 2. Photographs of rat premaxillary operation field. Note the dimensions of the defect used to produce standardized 4-mm-
diameter semicircular defects. (a) Following an x-shape incision through the palatal gingival epithelium, (b) the underlying maxillary
alveolar bone was exposed. (c and d) A 4-mm-diameter semicircular defect was created at the center region of the upper incisor
socket, between the anterior and posterior inner margins of incisor teeth, on the lateral surface of each premaxilla bone. (e) Two
defects were created on one animal and (f) were filled with silk scaffolds.

Statistical analysis

All data are presented as mean =+ standard deviation.
Differences between defect groups were assessed by anal-
ysis of variance (ANOVA). The comparison of Groups C
and D used the Student’s #-test. P values < 0.05 were con-
sidered significant.

Results

Surgical procedures and animal observation

A total of eight animals were analyzed for bone regenera-
tion using the rat maxillary alveolar bone defect model.
The operative procedure was well tolerated by all animals
with no mortalities occurring during the animal’s healing

periods. The whole procedure, from palatal gingival epi-
thelium incision to closure, was approximately 20-30 min
per animal. No specific care was required postoperatively,
and animals were able to eat without difficulty after 2
days. Throughout the study period, animals showed nor-
mal activity within 1 day of operation, a good healing
response without adverse tissue reactions, and gained
weight. Growth of the maxillary incisors was also not
interrupted by modified GPP in all animals throughout the
duration of the study. While harvesting the maxillary part
of the control group skull, it was obvious that fibrous tis-
sue had invaded the empty defect area (Figure 3(c)). The
implanted silk scaffolds remained stable within the defect
area throughout the study periods, and no visible fibrous
invasion was detected. There was no gap between the
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Figure 3. Photographs of rat premaxillary operation field, (a) after suture and (b) after sacrifice. Throughout the study period, animals
showed a good healing response without adverse tissue reactions. (c and d) Harvested specimens of rat maxilla, with and without

silk scaffold inserts, 6 weeks after surgery. (c) Defect without scaffold shows fibrous tissue invasion into the defect area, (d) but the
defect implanted with scaffold shows no invasion. There were no visible signs of internal inflammation on harvested tissues. (e) Three-
dimensional micro-computed tomographic images of a rat maxilla where silk scaffold was used to the defect (white dot line). The original
outline of the 4-mm defect is clear. (f) Representative histology image of H&E staining of premaxillary area with the defect at 2 weeks.

H&E: hematoxylin and eosin.

scaffold and the edge of the native bone, and there were no
visible signs of internal inflammation on the harvested tis-
sues (Figure 3(d)).

u-CT analysis

Samples, including scaffolds and surrounding tissues,
were imaged and analyzed using high-resolution p-CT,
and 2D and 3D images were constructed for four groups
(Figure 4). u-CT examination provided evidence that only
minimal bone healing occurred in the empty defect group
at 2 weeks post operation. However, bone formation
increased in the empty defect group over time. For the silk
scaffold group, substantial bone formation was evidenced,
which was noticeably higher than that of the empty defect
group at 6 weeks. Based on the images, a level of hard tis-
sue formation occurred from the defect margin to the cen-
tral region in the empty defect but the defect recovery was
substantially limited, which, however, considerably
improved when the scaffold was implanted.

Morphometric analyses of the u-CT images were used
to quantify the percent total bone volume, bone surface
area, and the surface density, as presented in Figure 5.
The empty defect showed a gradual increase in percent
total bone volume with time (3.82% + 0.2% at 2 weeks,
17.15% + 2.09% at 4 weeks, and 27.28% + 9.2% at 6
weeks) (Figure 5(a)). Moreover, Group IV showed sig-
nificantly increased bone volume (49% =+ 9.56%) com-
pared to Group III. While the bone surface area of the silk
scaffold also increased significantly (28.98 + 5.88 mm?
in Group III vs 64.89 + 7.46 mm? in Group IV) (Figure
5(b)), the surface density level was not significantly
increased (Figure 5(c)).

Histopathological analysis

New bone formation in the rat alveolar bone regeneration
model was evaluated histopathologically under a light
optical microscope using H&E staining. All three empty
groups showed cell and/or tissue in-growth within the
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Figure 4. (a—d) 2D and (e—h) 3D micro-computed tomographic images, displaying new bone and defect area on (a and €) 2 weeks,
(b and f) 4 weeks, and (c and g) 6 weeks of defect group and (d and h) 6 weeks of silk-implanted group. Note the increased bone
formation in defects over time, and the improved growth at 6 weeks for the silk-implanted group. (a—d—white dot line: defect
margin, white arrow: bone growing direction; e-h—red arrow: defect margin).

defect region, with increasing bone formation over time,
but the defect was not completely regenerated with newly
formed bone after 6 weeks (Figure 6(a)—(c)). The empty
defect group at 2 and 4 weeks showed the formation of
very thin and loose connective tissues with a limited
amount of new bone formation in the defect (Figure 6(a)
and (b)). At 6 weeks, better bone formation was apparent,
but the loose nature of the connective tissues could still be
observed (Figure 6(c)). Compared to the empty defect
group, the silk scaffold group showed considerably
improved new bone formation and good biocompatibility,
with no significant inflammatory reaction (Figure 6(d)).
New bone in-growth was well developed throughout the
pore channels of the scaffold, showing an effective scaf-
folding role in osteoconduction. At higher magnification
(Figure 6(e) and (f)), the newly formed bone in the silk
scaffold group was mature and compact with a lining of
osteoblasts, confirming the lamellar-structured woven
bone, which was in contrast to that of the empty defect
group, where the bone tissue was loosely organized as
nonwoven bone. The scaffold pore surface was in direct
contact with the newly formed bone without interposition
of connective tissues.??24

Discussion

For successful dental implantation, securing qualified
bone levels in alveolar regions is essential, so substantial
efforts have been made to augment and regenerate bone
tissues in those areas.?” Many surgical techniques have
tried to get effective results, and scaffolding materials and
tissue-engineered constructs have also been developed to

provide an effective means for clinical therapies. Prior to
clinical trials, such biomaterials and tissue-engineered
constructs must be applied to in vitro cell experiments and
in vivo animal models.

In fact, a variety of animal models for this alveolar bone
healing have been demonstrated. The most common model
is the calvarium defect model, which does not accurately
mimic alveolar bone defects, particularly those requiring
sinus lifting and dental implantation. Here, we focused on
alveolar bone defect models, particularly GPP, in order to
mimic a clinically available therapy. GPP is one of the
commonly used surgical options for closure of the alveolar
cleft, which requires closure of the nasoalveolar fistula and
obliteration of the cleft with viable bone.?10.16.23.26.27 While
GPP is widely used clinically, GPP animal models have
received relatively little attention, mostly related to using
large animals.

Thus, we developed a premaxillary bone defect animal
model by modifying GPP using rats. Compared to large
animals, small animals (particularly rodents like rats and
mice) have economical, ethical, and technical merits.!8:28:29
Rodents are hygienic (specific pathogen-free (SPF) animal)
and cheap and commonly used for bone regeneration mod-
els, such as long bone and calvarial models.?* However, the
operation and manipulation skills of small animals related
with anatomical size are specially needed to develop mod-
els in small animals. Because of the small opening of a rat
mouth, it is difficult to approach the oral region to create
bone defects of consistent volume in the maxillary area.

In this study, we applied a defect which represents a
alveolar bone defect in the rat to establish an appropriate
and ecasy preclinical operation platform for bone
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Figure 5. Image analyses of bone regeneration in premaxillary
defects after 6 weeks of healing. Micro-computed tomographic
images were analyzed for each defect at each time point.
Graphs display the (a) percent volume of new bone, (b)

bone surface area, and (c) bone surface density. *p < 0.05, by
Student’s t-test for n = 3.

regeneration in the dental implantation area. Previously,
most surgical procedures made one bone defect with one
incision and two bone defects with two incisions for pre-
maxillary bone defect model.'>1® However, because of the
bleeding from the soft tissue of the defect area, it is not easy
to make reproducible defects in the same location without
damaging the underlying upper incisor teeth and surround-
ing alveolar tissues. In this study, we made a large x-shape
incision to represent the two defects, which alleviated this
damage. Drilling procedures to produce bone defects were

also simplified by using a trephine bur. Previously, bone
defects on the premaxillary region were made using a round
bur, and the shape of defects were mostly square or rectan-
gular. In this case, generation of the same-sized defects in
the same place was not easy. The current method of creat-
ing large x-shape incisions while using the trephine bur
enabled the creation of a representative defect in the same
place with a reproducible size and quality. Operators must
be able to distinguish the alveolar socket from the sur-
rounding bone tissue because it has a grove, facilitating one
to accurately position the trephine bur before drilling.

Sixteen defects were made in eight rats and 2 defects
invaded the alveolar socket. One invasion affected the inci-
sor, but the other did not destroy normal structure and did
not interrupt the normal growth of upper incisor structures.
It only affected a small part of the periodontal ligament and
alveolar bone. One incisor showed a little grinding of the
dentin by the trephine bur, but in this case, reparative dentin
formation, periodontal ligament, and alveolar bone regen-
eration around the incisor were obvious. Except these two
incisors, all other samples had intact periodontal tissue and
incisors, suggesting that our premaxillary bone defect
model has good reproducibility. Because our premaxillary
bone defect model does not affect maxillary incisors or
related periodontal structures, operators do not need to
worry about unexpected damage that can prevent abnormal
growth of the incisors. Oronasal communication is gener-
ally considered as a congenital problem, but it is also pos-
sible after the repair of premaxillary deficiency. It is defined
as a failure of healing or a breakdown in the primary surgi-
cal repair of the palate.’! We artificially created a bone
defect on the premaxilla, which resulted in a communica-
tion between oral and nasal cavities. After the implantation
of a silk scaffold, the mucosal flaps were closed with a sim-
ple interrupted suture pattern to achieve a total closure of
the premaxilla. An ideal and successful premaxillary repair
depends on a palatal gingival closure without tension.??
After 6 weeks healing, there were no complications such as
fistulas or dehiscence in the area of the implanted site. Our
premaxillary bone defect model modifying GPP with the
x-shape mucosal flap is thus considered to be a safe and
easy operation.

Above all, since the major reason we develop this ani-
mal model is to test new biomaterials or tissue-engineered
constructs for alveolar bone, it is of note to consider that
our model is suitable for scaffold placement in the defect
space and that a stable scaffold fixation with no migration
was observed in all tested samples.

The efficacy of the current model was demonstrated
over time (2, 4, and 6 weeks) using an empty defect group
as a control as well as a silk scaffold experimental group.
The silk scaffold, used herein as the experimental group,
has previously been demonstrated to improve osteoblast
proliferation and differentiation and to have good tissue
compatibility.33-3% In this study, it was considered to be a
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Figure 6. Representative histology images of hematoxylin and eosin (H&E) staining of new bone tissue formed within the defect

at (a) 2 weeks, (b) 4 weeks, and (c) 6 weeks of the defect group and (d) 6 weeks of the silk-implanted group. Tissue in-growth and
new bone formation increased with increasing test period. The silk scaffold implantation substantially improved the bone formation
and showed almost complete defect closure (magnification x40). Higher magnification (¥400) of the H&E stained histology images;
(e) control defect group at 6 weeks and (f) silk-implanted group at 6 weeks. New bone growing from the edge of the defect (arrow)
is observed for both groups. While the empty defect group showed loosely organized nonwoven bone, the silk scaffold-implanted
group showed lamellar-structured woven bone (arrows: defect margins, SS: silk scaffold, NB: new bone, and OB: old bone).

representative model of implantable biomaterials for bone
regeneration. There was a gradual increase in bone healing
over time; however, the healing was incomplete at 6 weeks
as confirmed by p-CT and histological analyses. Compared
to the empty defect group, the silk scaffold group showed
significantly enhanced bone formation. Specifically, the
bone volume and healing of the area within the defect were
significantly greater for the group which received a bio-
medical implant (silk scaffold) than for the control group.
The silk scaffold is thus considered to provide effective
scaffolding conditions for in vivo cellular in-growth and
osteoconduction. In other words, the alveolar bone regen-
eration animal model evidenced the capacity of the silk
scaffold to be potentially applicable for alveolar bone
regeneration.

Like any model, this small animal procedure does not
completely simulate the clinical alveolar bone defect
and its healing conditions. However, it is a better

representation than other bone defect models, such as
those of the calvarium. The inexpensive nature and the
technical simplicity extend the application of the new
model of premaxillary bone defect to preclinical tests of
developed biomaterials and tissue-engineered constructs.

Conclusion

A novel, reproducible, easily accessible, load-bearing,
4-mm semicircular, critical-sized premaxillary alveolar
bone defect model was established modifying a GPP model
in rats. Time-sequenced monitoring of the bone defect, with
and without implantation of a silk scaffold, was performed
using p-CT and histological analyses to establish the model.
This small animal model is suitable for extensive use as a
preclinical platform for the development of biomaterials
and tissue-engineered constructs for alveolar bone augmen-
tation and sinus lifting in dental implantation.
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