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Mandible reconstruction and dental rehabilitation after trauma or tumor resection represent a serious challenge
for maxillofacial surgeons. This study aimed to investigate the bone formation potential of nanocomposite
fibrous scaffold (silica-nanohydroxyapatite-gelatin reinforced with poly L-lactic acid yarns - CSF) for delayed
Titanium (Ti) implantation, which was compared to autograft (AG) taken from the iliac crest. The grafts were
placed in critical-sized mandibular defects in an adult pig model for 6 months followed by dental implant
placement for another 3 months. There was complete union and vascularised lamellar bone formation within 6
months. Moreover, the biological processes associated with angiogenesis, bone maturation and remodelling were
seen in CSF, which was comparable to AG. Later, when Ti dental implant was placed on newly formed bone, CSF
group demonstrated better osseointegration. In short, nanocomposite fibrous scaffold promoted quality bone
formation in mandible defect that leads to successful osseointegration, suggesting as a potential candidate for

implant-based rehabilitation in clinics in future.

1. Introduction

The reconstruction of mandible is a complex procedure and con-
tinues to be a challenge in craniomaxillofacial plastic surgery. The sit-
uation that leads to compromised alveolar bone includes trauma and
resection of benign and malignant lesions [1]. These defects leave the
patient with a functional and aesthetic deficit, especially in the
impairment of mastication, deglutition, and speech. According to the
global cancer statistics, the annual incidence of head and neck cancers
worldwide is more than 800,000 and the most affected part is the jaw
bone [2,3]. In these patients, the affected bone is resected and recon-
structed with an autograft followed by Ti dental implant placement for
functional tooth restoration. Dental implants serve as an artificial
analogue of the missing teeth that preserves bone height, increases
chewing efficiency and enhances the quality of patient's life [4,5].

The use of free vascularised fibula is the gold standard treatment for
mandibular reconstruction, as it possesses osteogenic, osteoconductive
and osteoinductive properties [5,6]. However, the use of autograft is
associated with many limitations, which include donor site morbidity,
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surgical infection, restricted availability etc. [1]. On the other hand, the
efficacy of biomaterials like hydroxyapatite (HA), tricalcium phosphate
(B-TCP), Silica-HA was validated in pre-clinical studies as its chemical
composition matches to native bone. The implantation of nanoHA block
with silica gel at minipig mandible resulted in 7-15% new bone for-
mation after 5 weeks, which depends on the weight percentage of silica
in the block [7]. In another study, local tissue reaction around (-TCP
block was compared to B-TCP block grafting and periosteal expansion
osteogenesis, wherein new bone formation occurred along with bone
graft resorption within 8 weeks in both groups [8]. To increase the
alveolar ridge height in non-segmental mandibulectomy followed by
radiotherapy, a composite (macroporous biphasic calcium phosphate
and collagen membrane) together with autologous graft was utilised.
Better osseous colonization with ridge augmentation was observed after
16 weeks when compared to the control group without bone marrow
[9]. However, none of these studies investigated the ability of newly
formed bone to support implants for dental rehabilitation. Recently,
Naujokat et al., developed tissue engineered bone after implanting
scaffolds (HA, biphasic calcium phosphate, Ti) alongside bone
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morphogenetic protein-2 (BMP-2) and bone marrow in the greater
omentum (ectopic site) and evaluated its efficacy to integrate with Ti
implants after 8 weeks, but its role in mandible site needs to be validated
[5].

An ideal biomaterial for mandibular reconstruction should promote
continuous and superior bone formation as successful implant integra-
tion depends on the quality and quantity of newly regenerated bone.
Previous studies in our lab have shown the efficacy of a biomimetic,
biodegradable and mechanically stable nanocomposite fibrous scaffold
[silica coated nanoHA-gelatin reinforced with poly(L-lactic acid) (PLLA)
yarns] for bone tissue engineering applications. The fibrous yarns were
developed by electrospinning technique and embedded within silica-
nanoHA-gelatin matrix [10,11]. The nanocomposite was characterized
by high compressive and flexural strength, while retaining its inter-
connected porosity. It enhanced vascularisation and new bone forma-
tion in rat femoral defects [10,11]. The material could also promote
bone regeneration in critical sized rabbit mandible defect within 3
months, wherein newly formed bone integrates with Ti dental implant
[12,13]. However, the bone architecture of rabbit model does not
closely resemble human jaw bone, so an equivalent healing cannot be
attained. In order to progress towards clinical translation, it is important
to validate the performance of nanocomposite in anatomically and
physiologically relevant animal models. Studies have shown that the
mandible of adult pig mimics human, having similar bone mineral
composition, bone regeneration rate and remodelling capacity [14].

The objective of the study was to assess the suitability of nancom-
posite fibrous scaffold in supporting new bone formation in critical sized
mandibular defect in pig. Further, the osseointegration of Ti implants
with newly regenerated bone was evaluated. The bone grafts taken from
iliac crest was taken as the control. As per our knowledge, this is the first
study that focuses on both bone regeneration and osseointegration (9
months study) in clinically relevant animal model in vivo.

2. Materials and methods
2.1. Nanocomposite fibrous scaffold fabrication

Scalable nanocomposite scaffold (4 cm length x 4 cm breadth x 2 cm
height) was fabricated as reported earlier [10,11], with some modifi-
cations. Continuous fibrous yarns were developed using a novel elec-
trospinning technique, with an open-ended collector [15]. Poly-L-lactic
acid (21% w/v) (Mw = 100 kDa; Corbion, Netherlands) solution was
loaded into a syringe maintained at +10 kV and injected at a flow rate of
3 mL/h. The fluffy deposit formed at the centre of the collector was
drawn to form continuous yarns. In parallel, nanoHA was synthesized by
wet chemical synthesis route and coated with silica using tetraethyl
orthosilicate as precursor [10,11]. Silica coated nanoHA was dispersed
in gelatinous matrix (65:35 ratio) and aligned with 5-7 wt% PLLA yarns.
The scaffolds were freeze dried at —20 °C to generate porous structure;
cross linked using 0.5% glutaraldehyde solution; washed with distilled
water and dried again. The morphology, pore size, distribution of yarns
and its internal architecture were analyzed by scanning electron mi-
croscope (SEM) (JEOL, JSM-6490LA, Tokyo, Japan).

2.2. Experimental animals

The methods and procedures adopted for the management, surgery
and care of the animals were approved by the CPCSEA (Committee for
the Purpose of Control and Supervision of Experiments on Animals) and
Institutional Animal Ethics Committee of Amrita Institute of Medical
Sciences and Research Centre, Kochi, India (IAEC/2015/1/1). The
experiment was designed using skeletally mature pigs [Large White
Yorkshire; female; 6-12 months old; and 80-100 kg]. Prior to experi-
ments, animals were quarantined for 10-14 days for acclimatization
under standard laboratory environment. All animals were held under a
constant 12/12 h light/darkness regimen, where the temperature (20 +
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5 °C) and relative humidity (50 + 10%) were kept constant. Post-
operatively, the pigs were housed individually and monitored. The pigs
were fed twice a day and maintained water ad libitum.

The entire study plan was divided into two parts and outlined in
Fig. 1. In the first part, bilateral critical size defect created in pig
mandible was replaced with materials [(A) Autograft taken from the
iliac crest (AG) on left mandible (B) Nanocomposite fibrous scaffold
(CSF) on right mandible] and evaluated for bone tissue regeneration
after 6 months (n = 5). In the second part, Ti dental implants were
placed on the newly formed bone (Two implants on each side of
mandible, n = 10) and assessed for osseointegration after 3 months.

2.3. Mandible defect creation and scaffold implantation (part 1)

The surgical procedure was done in pigs after 12 h of fasting (Fig. 2).
The animals were pre-anesthetized intramuscularly with xylazine (2
mg/kg), ketamine (10 mg/kg) and midazolam (0.25 mg/kg). To enable
endotracheal intubation, thiopentone sodium (10 mg/kg) and melox-
icam (0.2 mg/kg) were administered via peripheral venous catheter in
the lateral ear vein. General anaesthesia was maintained with isoflurane
(2%) in a circular breathing system. After oral prophylaxis, tooth
extraction was performed on premolars in bilateral mandible by
reflecting the mucoperiosteal flaps, which gave sufficient access to the
mandibular bone. At the level of superior border in the mandible bone, a
critical sized defect of 6 cm® volume (3 cm length x 1 cm breadth x 2 cm
height) was outlined using a sterile marker [6]. Using a surgical bur
under copious sterile saline irrigation, the mandible bone and the peri-
osteum covering the defect site was removed bilaterally. Simulta-
neously, scaffold (sterilized using ethylene oxide) was cut to the size of
intended pig mandibular defect under sterile condition and AG
(cancellous bone of predetermined dimension) was harvested from the
iliac crest of each animal. The right and left side of the mandibular defect
were reconstructed with CSF and AG respectively and sutured with
clinical grade sutures (3-0 polyglactin 910 sutures for subcutaneous
layer and 2-0 nylon sutures for skin). For postoperative care, the pigs
received antibiotic (ceftriaxone 20 mg/kg body weight) and analgesic
(meloxicam 0.2 mg/kg and tramadol) intramuscularly and fed with food
mixed with water for 3 consecutive days. The animals were observed for
6 months.

2.4. Evaluation of bone tissue regeneration

2.4.1. Gross imaging and X-ray imaging

The mandible bones were dissected and fixed in 10% neutral buff-
ered formalin for 1 month. The defect site with surplus of at least 0.5 cm
(in all directions) was resected out using a diamond blade and the defect
site was photographed with a digital camera (Nikon D7200, Japan).
Further, X-ray imaging was done in Carestream dental X-ray machine
(CS 9300, United States).

2.4.2. Micro-CT analysis

The mandible specimens fixed in 10% neutral buffered formalin were
subjected to an ultra-high resolution micro-CT scanner (MI Labs,
Netherlands) at a tube voltage of 55 kV, current of 0.19 mA and expo-
sure time of 66 ms. Primarily, the mandible specimen was positioned in
a scanning bed and the defect site was scanned with an ultra-focus
magnification throughout 360° for obtaining high-resolution data. The
micro-CT scanned data of each mandible specimen was reconstructed
three-dimensionally with a spatial resolution of 60 pm (voxels) using the
software provided by the manufacturer (MI Labs Reconstruction 9.0).
The reconstructed files were further analyzed using multiple software.
Image processing software, Dragonfly Pro, Version 3.6 was used to
generate volume-rendered three-dimensional images of mandible
specimens.



P.S. Unnikrishnan et al.

Part 1: Bone Regeneration in Mandible

Autograft
fromiiliac crest

8 ——,~
TR

N ___ | 7 2)
\\ _—1hre )
* SR

3 cm length x1cm
breadth x 2 cm height

Silica-
nanoHA

Type A
Gelatin

Nanocomposite

Fibrous scaffold Right mandible

PLLA
Yarns

Bone regeneration -
6 months

Materials Science & Engineering C xxx (xxxx) Xxx

Part 2: Dental Rehabilitation

juejdwi jejuap -11
syjuow ¢
— uonelbajuIossso

Fig. 1. Schematic diagram of the experimental study. Part 1: Bone regeneration study in pig mandible using CSF and AG (representative images shown in right and
left mandible are same); Part 2: Ti dental implant placement and osteointegration studies.
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Fig. 2. Digital photographs of Surgical implantation and Dental implant integration in Pig mandible (A) Critical sized defect creation (3 cm length x 1 cm breadth x
2 cm height) (B) Materials implantation - AG & CSF (C) Subcutaneous layer suturing (D) Ti dental placement after 6 months of bone regeneration in AG (E)

CSF group.

2.4.3. Histological and histomorphometry analysis

Following micro-CT scanning, the samples fixed in 10% neutral
buffered formalin were cut into two equal halves using a diamond blade.
Each half was processed for paraffin and PMMA embedding separately.

2.4.3.1. Paraffin embedding. The tissues were decalcified in 12.5%
ethylenediaminetetraacetic acid, dehydrated through graded alcohol
series (50%, 70%, 80%, 90% and 100%), cleared in xylene, and
embedded in paraffin wax. Thin axial sections (5 pm thickness) were

taken from the middle region of the tissue using a microtome. The sec-
tions were stained with Haematoxylin and Eosin (H&E) as well as
Masson's Trichrome to visualize the cellular infiltration and new bone
formation. The stained sections were imaged (4x and 10x) with a
camera (Nikon DS-Ril, USA) attached to trinocular light microscope
(Nikon Eclipse Ni-E, USA) and further stitched with the help of software.

For quantitative analysis, the defect and host bone area in histology
sections were demarcated. The defect area was highlighted by
measuring the defect length (2 cm) from top (Mucoperiosteal region) to
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bottom of the section and the remaining region was considered as the
host bone area. Further, the percentage of new bone area was measured
using Fiji-Image J software. The percentage area of new bone formed at
the defect site was quantified by marking total bone area of the image as
100%. The percentage of new bone area was calculated as follows.

__Area of bone present at the defect site

New bone area (%) Total bone area

The newly formed bone was also evaluated for (a) cortical thickness
(b) trabecular thickness and (c) trabecular length. The cortical and
trabecular bone was differentiated based on the explanation from pre-
vious study [16]. Briefly, the cortical bone refers to the dense bone
present at the outer surface of the mandible, whereas the tissue in the
individual trabecular structure (mainly inner region) was considered as
trabecular bone.

2.4.3.2. PMMA embedding. The fixed tissues were dehydrated in
increasing concentrations of ethanol (70%, 80%, 90% and 100%) and
embedded in polymethylmethacrylate (PMMA). The axial sections
(70-100 pm) were taken using linear precision microtome (ACCU-
TOME100, Struers, Denmark) and polished using a grinder polisher
(ECOMET 3000, Buehler, Germany). The sections were stained with
Stevenel's blue and Van Gieson's Picro-Fuchsin (Stevenel's blue and van
Gieson stains cell nucleus and collagen respectively) and imaged with a
trinocular light microscope (Nikon Eclipse Ni-E, USA) under 4x and
10x magnification. Low magnification images (4 x) were stitched into a
single montage as mentioned in the previous section.

2.4.4. Immunohistochemical (IHC) analysis

Decalcified samples were subjected to IHC according to standard
protocol. Particular primary antibodies were used to demonstrate
vasculature [CD31 - 1:100 (Abcam-ab28364, UK)] and extra cellular
matrix deposition [Alkaline phosphatase (ALP) - 1:100 (Abcam-
ab224335, UK); Pro-bone morphogenetic protein-2 (BMP2) - 1:100
(Abcam-ab230498, UK) & Osteocalcin (OC) - 1:100 (Abcam-ab13420,
UK)] in the newly formed bone. The tissue sections were incubated with
primary antibodies overnight at 4 °C and further detected with two step
PolyExcel HRP/DAB detection system (PathnSitu, Pleasanton, USA)
according to the manufacturer's protocol. The final slides were imaged
using a light microscope (Olympus BX51, Japan) at 10 and 20 x
magnification.

2.5. Ti dental implant placement (part 2)

A critical sized mandible defect was created and reconstructed with
CSF and AG using the same surgical procedure mentioned in part 1. After
6 months, the animals were anesthetized, the implant sites (newly
formed bone) were drilled sequentially and inserted with four Ti dental
implants - 10 mm length x 4.3 mm diameter (Nobel Biocare,
Switzerland) in each animal (two at right and two at left mandible)
(Fig. S1D-E) (n = 10 implants each for both CSF and AG). A distance of 5
mm was maintained between the implants and X-ray was taken to
confirm the implant position. Further, flaps were sutured and antibi-
otics/analgesics were administrated as described above. After 3 months
of Ti dental implantation, the animals were euthanized; the mandible
containing Ti dental implants was dissected and fixed in 10% neutral
buffered formalin.

2.6. Evaluation of osseointegration

2.6.1. Micro-CT

The formalin-fixed mandible specimens were subjected to an ultra-
high resolution micro-CT scanner (MILabs, Netherlands). The images
were reconstructed three-dimensionally with a spatial resolution of 20
pm (voxels) using the software provided by the manufacturer (MILabs
Reconstruction 9.0) followed by analysis with image processing
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software (Dragonfly Pro, Version 3.6). Further, the threshold level of Ti
dental implants and bone was determined and the percentage of total
bone volume (TBV) surrounding the Ti dental implant was calculated
with the formula: TBV (%) = Bone volume / Total volume x 100.

2.6.2. Histology

The specimens were evaluated for histology by dehydrating with
increasing concentrations of ethanol and embedded in PMMA. The
sections were stained with Stevenel's blue and van Gieson's picrofuchsin
and imaged using trinocular light microscope (Nikon Eclipse Ni-E, USA).
The images were first acquired with a 4x magnification, showing the
entire implant surface. Large 10x magnification images were also taken
for histological evaluation.

2.6.3. Histomorphometric analysis

Histomorphometric analysis was performed (n = 6) using Fiji-ImageJ
software based on previous reports [5], which includes (a) Bone to
implant contact (BIC): Measured the bone in contact with implant
perimeter starting from the shoulder of the implant (b) Peri-implant
bone area (PIBA): Measured the bone area in relation to the total area
surrounding the implants up to a lateral distance of 1 mm (c) Inter
thread bone area (ITBA): Measured the the area of bone inside the
threads in five most central threads on both sides.

2.7. Statistical analysis

Results were expressed as mean + standard deviation and the
experimental data was analyzed by Graph-Pad Prism 8. All radiological
and histomorphometric data were analyzed using nonparametric Mann-
Whitney test. Differences were considered statistically significant if p
values were <0.05.

3. Results
3.1. Scaffold characterization

Scalable scaffolds with volume of 32 cm® were developed for pig
implantation study (Fig. 3). Scanning electron micrographs showed that
CSF had an open porous structure with average pore size of 150-300 pm.
The compressive strength of the biomaterial was about 11.62 + 4.04
MPa.

3.2. Bone regeneration study

3.2.1. Clinical observation

Clinical assessment did not reveal any inflammation or infection at
the intervention sites. The mucosal membrane and oral cavities were
normal. Also, the animals did not exhibit wound dehiscence or scaffold
exposure throughout the experiment.

3.2.2. Gross and micro-CT imaging

Gross images demonstrated bone and soft tissue healing. Mucoper-
iosteal flap covering the mandible was intact. The alveolar ridge struc-
ture and contour was restored to original form. X-ray and Micro-CT
images illustrated bone union and mineralised new bone formation
throughout the defect in all the 5 animals in AG and CSF groups. In 3D
reconstructive micro-CT images, the progression of structural integra-
tion between the new bone and host bone was seen. In both CSF and AG
groups, cortical bone was observed at the peripheral region, while
trabecular bone in the central region, similar to native mandible. The
mean bone volume measured was 8429 + 2131 mm? for AG groups and
9083 + 1294 mm? for CSF groups. The bone volume / total volume was
calculated, which was found to be 19.64 + 5.5% and 20.89 =+ 2.94% in
AG and CSF respectively and there were no significant intergroup dif-
ferences (Fig. 4).
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Fig. 3. Scaffold characterization (A) Photograph of scalable CSF scaffold (B & C) SEM image of CSF at low (100x) and high (250x) magnification. * indicate yarns.
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Fig. 4. Evaluation of new bone formation (A) Gross, X-ray and Micro-CT images (B) Bone volume and (C) Percentage of Bone volume/Total volume (BV/TV).

3.2.3. Histological and Histomorphometry analysis

Histological analysis revealed no signs of degeneration, necrosis,
inflammation (macrophages, foreign body giant cells or neutrophils) or
fibrous tissue deposition at the defect site. The newly formed bone was
covered with mucoperiosteal flap. The connective tissue at flap-bone
interface was visible, wherein complete epithelialisation occurred.

H&E staining demonstrated proper integration of new bone into host
bone (Fig. 5). As seen in micro-CT, the cortical bone was more promi-
nent at the outer region, while cancellous bone at the inner side (both at
the buccal and lingual side) and the spaces between the trabeculae were
filled with bone marrow. Higher magnification images demonstrated

lamellar bone architecture in both AG and CSF groups. The cortical
plates were composed of osteons with Haversian canals and lacunae.
Besides, vascular infiltration was seen, both in cortical and cancellous
region of AG and CSF groups. Masson's Trichrome Staining confirms the
normal bony architecture with collagen fibres (blue dye), osteocytes and
blood vessels (Fig. S1). Further, histomorphometric analysis was done,
wherein the percentage of new bone around CSF and AG was 88.6 +
3.04 and 83.35 + 1.2 respectively. The cortical bone thickness in AG was
1168 + 120.9 pm, while it was significantly increased in CSF 1597 +
214.81 pm. However there was no difference in trabecular bone length
between AG and CSF groups (Fig. 5A-C).
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A portion of bone was also processed for Stevenal's blue and van
Gieson's picrofuchsin staining to evaluate the level of material biodeg-
radation. The result showed that there were no material remnants after
6 months. Moreover, a thick cortical bone was clearly evident in those
images (Fig. 6).

3.2.4. Immunohistochemical analysis

The distributions of bone specific proteins (ALP, BMP-2 and osteo-
calcin) within the ECM were evaluated in the sections taken from the
middle region of newly formed bone (Fig. 7). A mild-moderate immune-
positive reaction was observed for ALP and BMP2. Interestingly, the
expression of osteocalcin was high (moderate — strong expression),
indicating the presence of matured mineralised bone. The endothelial
lining of the new blood vessels was confirmed by CD31 staining.
Vasculature was detected throughout the newly formed bone in both AG
and CSF implanted groups.

3.3. Ti dental implantation studies

Titanium dental implants were placed on newly formed bone and its
integration was assessed after 3 months (Fig. 8A). Upon exposure of the
surgical sites, none of the animals showed loosening of the implant.
There was healing in all the animals, without any clinical signs of
infection. Mucoperiosteal flap was completely covered and the implant
threads were not exposed in any of the CSF implanted groups, but it was
slightly visible in two AG implanted groups (2 out of 10 implants). X-ray
images confirmed appropriate positioning of the implant in bone. The
mineralised bone volume around the implant was analyzed by micro-CT.
There was proper implant integration in both CSF and AG groups, but
the bone volume was higher in former groups (Fig. 8B).

Further, histology sections were taken and stained with Stevenal's
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blue and van Gieson's Picrofuchsin (Fig. 9A). At low magnification, the
entire implant surface was visible. Most of the implant threads were
filled with newly formed bone and bone marrow in CSF and AG groups.
When comparing, mineralised bone matrix was seen over the entire
implant surface in CSF, while the implants threads in upper region was
exposed in AG groups. The percentage of bone-implant contact was
statistically higher in CSF (72.85 + 12.6) than AG (52.53 + 14.7)
(Fig. 9B). Nevertheless, peri-implant bone area and inter thread bone
area was similar in both groups (Fig. 9C-D).

4. Discussion

The reconstruction of mandible defects due to multiple teeth loss,
trauma, or tumor resection is challenging [1]. The treatment includes
alveolar bone grafting followed by dental implant placement for
aesthetic and functional teeth restoration. Although few biomaterials
have shown promising results to support bone regeneration, dental
implant integration was not evaluated in those pre-clinical studies.
Herein, we have focused on the evaluation of both bone regeneration
and dental rehabilitation in pig mandible defect using a biomimetic
nanocomposite fibrous scaffold.

Adult pigs were selected as its bone anatomy, healing and remod-
elling closely mimics humans. The regeneration rate of pigs is similar to
humans (pig: 1.2-1.5 mm/day; human: 1.0-1.5 mm/day) [17]. Besides,
pig mandible is suitable for mandible reconstruction and dental implant
integration studies [18]. However, a pre-requisite for such a model is to
understand the critical size defect (defect that will not heal spontane-
ously) and biomaterial mediated healing time in order to mimic clinical
scenario. It is shown that a defect volume larger than 6 cm® is a critical
size defect in pig mandible in the absence of periosteum [6]. Moreover,
the reconstruction of large mandible defects in pig model requires six
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indicate the area, which is positive for CD31, ALP and BMP-2. Osteocalcin expression was seen throughout the section. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

months healing time to re-establish its original anatomy [1,19]. Based
on those reports, herein, a critical size defect was created (3 cm length x
1 cm breadth x 2 cm height) after removing the periosteum and allowed
for 6 months healing.

The successful bone grafting of mandibular defect includes graft
transplantation into healthy tissues, recipient area with adequate blood
supply, wide contact between adjacent bone and graft and positive fix-
ation [20]. The nanocomposite grafting followed all criteria, except that
of mechanical stabilisation, which was avoided to assess its role in
providing structural support against masticatory forces and jaw move-
ment. Mastication through crushing and grinding food items invoke a
vertical and horizontal force through the tooth root and surrounding
alveolar bone [21]. In particular, different stresses including

compressive, tensile, shear, and torsional is transferred from the teeth to
jaw bones. Herein CSF implanted at mandible region (premolar) was
able to withstand the physiological load applied to the jaw bone during
mastication. The reinforcement of bioceramic-gelatin matrix with
fibrous yarns might have allowed the scaffold to withstand various
forces passing through it.

In the first phase, the bone tissue regeneration potential of nano-
composite scaffold was compared to autograft taken from iliac crest. The
iliac crest bone was chosen as it is easily accessible and can be contoured
to fit segmental mandibular defects [22]. There was bone bridging and
union throughout the defect in both CSF and AG groups and the her-
iarchial organisation (cortical bone at the outer region and cancellous
bone with bone marrow in the middle region) was close to native bone.
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Fig. 8. Evaluation of Ti implant integration with new bone (A) Gross image, X-ray and micro-CT (3D-view) (B) Total bone volume (TBV) around the implant. The
bone volume in CSF group was significantly higher than AG groups (*p value = 0.007).
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Fig. 9. Histology of Ti dental implant integration (A) Histological observation (van Gieson's picrofuchsin staining) at low (4x) and high (10x) magnification
showing regenerated bone (golden yellow colour) around Ti dental implant (black) and void spaces (white) (B) BIC (C) PIBA (D) ITBA (p value =0.04). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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This suggests the osteoconductive and osseointegrative nature of
nanocomposite fibrous scaffold [19].

The new bone formation is characterized by sequential events
involving cell migration, proliferation, osteogenic differentiation fol-
lowed by mineral deposition and a variety of osteoblast specific markers,
including ALP, BMP2, osteopontin, osteocalcin etc., are involved in
these processes. Alkaline phosphatase is an early marker and its pres-
ence is an indicative of osteoblast activity and osseous deposition, while
osteocalcin (the most abundant non-collagenous protein) is expressed
during late stages of osteogenesis and mineralization [1,23]. Bone
morphogenetic protein-2 regulates osteoblast proliferation and differ-
entiation and is expressed throughout osteogenesis and bone remodel-
ling [24]. In our study, the level of BMP-2 and ALP was mild to
moderate, whereas the expression of osteocalcin was strong in both CSF
and AG groups. This shows that the process of osteogenesis driven by
osteoblast cells was completed and lead to the formation of matured
mineralised bone within 6 months [23].

Blood vessel growth and osteoprogenitor infiltration are coupled in
bone fractures. Many studies have shown that CD31 positive capillaries
represent metabolically active environment in bone tissue with access to
oxygen and nutrients. Particularly, a subtype of blood vessels in
trabecular and cortical bone (Type H vessels) display high CD31
expression and support osteogenesis [25]. Herein, CD31 expression was
analyzed in both CSF and AG groups, which showed a moderate
expression. This confirms the neovascularisation in newly formed bone
in both the groups. Our previous studies in chicken chorioallantoic
membrane and rat femoral models demonstrated that silica containing
scaffolds can stimulate vascularisation [10,11]. Silicon ions promote
hypoxia inducible factor expression by blocking prolyl hydroxylase
domain enzyme and further upregulate angiogenic factors such as
vascular endothelial growth factor, basic fibroblast growth factor for
angiogenesis [26].

In the second part of the study, the dental implant integration with
newly formed bone was studied after 3 months (Commercially available
Ti implants were used). The success of an implant depends on its sta-
bility, which is determined by the design of implant material, quality of
bone surrounding the implant, cortical bone thickness, site of implant
placement and loading conditions. In this study, great focus was to
evaluate the quality of newly formed bone on dental implant integra-
tion. In bones with good regenerative potential (Type III), interfacial
milieu is stiffened and, in those areas, when the implants are subjected
to loading (whether nominal load or masticatory load), the strain is
lowered and support bone formation through Wnt signalling. Never-
theless, in low quality bone, the collagen deposition and mineralization
is minimal, resulting in fibrous tissue deposition [27]. Herein, both CSF
and AG demonstrated direct apposition of bone with implant without
fibrous tissue formation and its BIC was above 60%. This indicates
implant stability as clinically successful implants demonstrate 50-80%
BIC [28]. Herein silicon ions released from CSF might have enhanced
Wnt signalling and Type III bone formation [29]. Moreover, porous
gelatin-nanoHA provides an osteoconductive matrix for the infiltration
of osteoblast and endothelial cells, resulting in vascularized and func-
tional bone. While there have not been previous studies in engineered
scaffolds showing bone healing and osseointegration in critical sized
large animal model, direct comparison study cannot be made in this
study.

In this study, cortical bone thickness and BIC was better in CSF than
autograft. However, it does not demonstrate the superiority of CSF over
clinical control AG as the success of an implant is determined not only by
biological factors, but also by biomechanical factors. Moreover, the
sample number used in the study is less to derive such conclusion. In
future, biomechanical properties of newly formed bone shall be studied
with a large number of animals in order to understand the translational
potential of CSF for mandible reconstruction.
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5. Conclusion

The present study showed the potential of nanocomposite fibrous
scaffold in regenerating new bone in critical sized mandible defects in
large animal model. More importantly, the newly formed bone could
efficiently integrate with Ti dental implants. In short, the study suggest
the usage of nanocomposite scaffold for mandible reconstruction and
dental rehabilitation in clinics in future.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.msec.2021.112631.
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