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Abstract: The subject of this work is the evaluation of the use of titanium mesh domes coated with
latex extracted from Hevea brasiliensis to promote vertical guided bone augmentation (GBA), above the
normal limits of the skeleton. Twenty-four New Zealand rabbits were used, in which a circular
groove of eight millimeters in diameter and nine holes in the internal region reaching the medulla
were made with a trephine drill, in the calvaria. The dome, four millimeters in height, was fixed
above this defect. The animals were divided into four groups (N = 6). The first (control) received
a titanium dome not covered by the periosteum, and the second received a titanium dome that
was covered by the periosteum. For the third, a dome with a latex coating was used and was not
covered by the periosteum, and for the fourth, a titanium dome with a latex coating was used and was
covered by the periosteum. After 90 days, the animals were euthanized. Computerized tomography
imaging demonstrated that vertical bone augmentation was achieved in the groups with titanium
domes coated with latex. Microscopic evaluation showed that there were no differences between the
control group and Group 2, or between Groups 3 and 4. The other comparisons showed statistically
significant differences (p < 0.05, ANOVA-Tukey).

Keywords: bone augmentation; titanium; latex

1. Introduction

Bones develop through a process of ossification or osteogenesis and are constantly remodeling.
Some bone structures are dependent on the tissues attached to them, such as the jaws, where the
alveolar bone is dependent on the periodontal ligament. Throughout life, several situations can lead
to important changes in bone anatomy and to subsequent dysfunction that impacts the quality of
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life and, sometimes, the individual’s longevity. Several bone defects located in the jaws, considered
challenging in terms of rehabilitation, are often the result of dental agenesis, periodontal diseases,
long-standing bone remodeling due to the early loss of dental elements, traumatic dental extractions,
facial trauma, the removal of intraosseous cystic lesions and surgeries for tumor extraction, among other
reasons [1]. When a trauma occurs with the loss of bone structure, the defect is usually filled, for the
most part, with fibrous connective tissue due to the proliferative capacity of this tissue, which prevents
the maintenance of the anatomy, promoting the formation of bone defects. In dentistry, several
reconstructive procedures have been created and improved, using bioengineering methods adopted
from the concepts of regenerative medicine, in order to minimize the sequelae resulting from tooth and
bone loss. Surgical techniques for alveolar bone augmentation have obtained good results associating
soft and hard tissues during bone reconstructions of the jaws, being associated with the use of dental
implants, assisting the restoration of oral and maxillofacial functions [2]. Guided bone regeneration
(GBR) is used—especially in oral and maxillofacial surgery, periodontology and implant dentistry—to
reconstruct the bone defect, restoring its original anatomical and functional structures [3]. The increase
in thickness or the horizontal dimension is more predictable when compared to the augmentation in
height or the vertical dimension. Roccuzzo et al. [4] report that increasing bone vertically is still a
major challenge, due to the fact that it is not surrounded by bony walls, resulting in the insufficient
recruitment of osteogenic cells. Another difficulty is the covering of the enlarged site, due to the
insufficient amount of soft tissue around it, sometimes causing an exposure of the surgical bed, leading
to serious complications such as infection after exposure of the membrane. Thus, some treatments
involve antimicrobials associated with biomaterials. Zhang et al. [5] investigated the biomaterial
Bio-Oss associated with doxycycline for guided bone augmentation (GBA). They report an inhibitory
effect on inflammation, osteoclastogenesis and a stimulation of bone formation. Recombinant human
bone morphogenetic protein 2 (rhBMP-2) is an osteoinductor often used for bone regeneration in oral
and maxillofacial surgery. Mish et al. [6] showed that thBMP-2 and a particulate mineralized bone
allograft protected by a titanium mesh produces a vertical bone increase, allowing the placement of
dental implants. Similarly, Polo et al. associated rhBMP-2 with bone substitutes and were successful in
GBA. The biomaterials BCP (biphasic calcium phosphate) and 3-TCP (tricalcium phosphate) exhibited
a synergistic effect with thBMP-2, acting as suitable and viable carriers for vertical bone augmentation.
Other authors have used stem cells to stimulate bone formation. Carrera-Arrabal et al. [7] used
xenograft blocks fixed with titanium screws in the calvaria, after the decortication of the parietal bone,
combining them with two types of mesenchymal stem cells derived from bone marrow and adipose
tissue. They report that stem cells derived from bone marrow appear to have more potential for bone
formation than stem cells derived from adipose tissue when used in combination with xenogenous
blocks in vertical bone construction. Therefore, to achieve the desired results in GBA, it is possible to
use scaffolds, biomaterials from different origins, cell therapies and cell growth factors. A combination
of them is widely used in dentistry, due to the fact that they obtain better results in combination than
when used alone, according to the principles of osteoconduction, osteoinduction and osteogenesis [2].

Different types of membranes have been studied to promote guided bone regeneration. The most
recognized membrane used for GBR is made of polytetrafluoroethylene (PTFE) [8]. Resorbable materials—
such as collagen, polylactide acid (PLA), polylactic acid (PLA)/poly (glycolide-co-lactide) copolymer)
(PLA/PLGA) [9] and silk fibers [10]—are an attractive alternative because they do not require a second
surgery for their removal. However, a comparative study showed that the non-resorbable membranes are
more effective, preventing the soft tissue from migrating into the area of the bone defect [8].

A biomaterial that has been studied due to its biological properties is the natural latex extracted
from the Hevea brasiliensis tree. Mendonga et al. [11] demonstrated the capacity of latex to induce
angiogenesis. Kerche-Silva et al. [12] demonstrated the antioxidative capacity of latex C-serum in
addition to the absence of cytotoxicity. These characteristics are important in several situations involving
tissue repair processes. Our previous study showed the use of latex film as an occlusive membrane
in GBR procedures for healing critical bone defects, with positive results [13,14]. Studies have also
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shown the possibility of adding substances that could be useful in bone healing—such as proteins [15],
antibiotics [16-20] and silver nanoparticles (AgNP) [21]—to the latex film, forming a system with
an occlusive barrier and drug delivery function, simultaneously. Herculano et al. [15] studied the
natural rubber latex (NRL) membranes as a protein delivery system using bovine serum albumin as
a model. The BSA was incorporated in the latex solution, which was subsequently polymerized at
different temperatures. As a result, it was observed that the polymerization temperature affects the
protein release rate; a temperature of 27 °C produces the release of 66% of its BSA content for up
to 18 days. This result could be interesting when a treatment with long-term release of the drug is
desired. Similarly, metronidazole, a drug used for periodontal disease, can be released gradually by
the latex matrix. Drug release was observed for up to approximately 100 h in in vitro experiments [16].
More recently, Marques et al. [21] studied the performance of the natural latex matrix impregnated
with AgNP in guided bone regeneration. The antimicrobial action of the biomaterial was verified,
in addition to its biocompatibility. In in vivo tests on bone defects of critical size in the skull caps of
rats, the new biomaterial showed satisfactory performance, accelerating the bone repair process.

Several studies have demonstrated the possibility of bone augmentation beyond the outer limits
of the skeleton by GBR [22-24], contributing to solving a great problem in Implantology, that is,
the insufficient bone volume at the implant site. The gold standard procedure adopted in this situation
is the use of autografts. However, this procedure requires a donor site, in some cases obtained by a
surgical procedure using prolonged general anesthesia, leading to a long period of hospitalization
and morbidity [25,26].

Thus, the subject of this work is the use of GBR to promote bone augmentation beyond the
structure using natural latex in a dome shape. For this purpose, a domed-shaped structure made of
titanium mesh and coated with natural latex was developed, and its ability to occlude defects and
contribute to increasing bone volume was tested in an animal model. Additionally, the influence of
periosteum was studied by covering, or not covering, the domes in the surgical procedure. Ninety
days after surgery, the animals were euthanized, and the structures grown within the domes were
assessed microscopically and by computerized tomography.

2. Materials and Methods

2.1. Latex-Titanium Domes

The titanium meshes (DePuy Synthes, Raynham, MA, USA) were domed-shaped (10 mm in
diameter, 4 mm in height and 0.3 mm thick) and made using a metal cast. Some of them (twelve) were
coated with centrifuged latex colloidal suspension (BDF Comércio de Produtos Agricolas, Sao Paulo,
Brazil). They were immersed in latex suspension for later natural polymerization, at room temperature.
This procedure was repeated 3 times, in order to ensure that the entire mesh surface was covered by
the polymer (Figure 1). After polymerization, the latex completely covered the mesh.

Figure 1. Titanium mesh dome shaped with a 10 mm diameter, coated with polymerized natural
rubber latex.
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The domes were gamma sterilized—with a dose of 25 kGy in a Gammacell Cobalt 60 Irradiator
(Atomic Energy of Canada Limited, Ontario, Canada) in air at room temperature, with a dose rate of
0.634 kGy/h—for use in the experiments. This procedure was used in several previous studies, and it
did not affect the mechanical barrier capacity of the latex [13,14,21].

2.2. Surgical Procedure

The present study was approved by the Ethical Committee from the Universidade do Sagrado
Coracao-USC (Bauru, Sao Paulo State, Brazil, protocol code 159/09) and was conducted according to
recommendations set forth by the National Institute of Health (NIH, Bethesda, MD, USA) [27].

A total of 24 male New Zealand adult rabbits, aged approximately 180 days, weighing an average
of 3.0 kg were used. The animals were kept in a standard cage in an experimental animal room and
were fed ad libitum with a standard laboratory diet and water. Preoperatively, deep sedation was
induced in the animals with xylazine chlorhydrate (5 mg/kg, Bayer, Sao Paulo, Brazil) and ketamine
(35 mg/kg, Vetbrands, Goiania, Brazil). This procedure produces a sedative effect lasting 20-70 min,
long enough for the surgical procedure to be performed. The dorsal part of the cranium was shaved and
aseptically prepared for surgery. The local anesthetic mepivacaine (2%) with epinephrine (1:100,000)
was administered (Figure 2A); subsequently, a linear incision, 5 cm long, was made on the skin at the
median sagittal line (Figure 2B). The musculature and the periosteum were reflected, exposing the
parietal bone (Figure 2C). A trephine bur (Neodent®, Curitiba, Brazil) with an 8 mm diameter was
used to create the defect (Figure 2D).

Figure 2. (A) Local anesthetic; (B) Linear incision, 5 cm long; (C) Parietal bone exposed; (D) Trephine
bur with 8 mm diameter used to create the defect.

A bone defect in the first cortical layer, reaching the marrow, with an 8 mm diameter and 9 holes
within it was surgically created in the skull, lateral to the midline suture (Figure 3A). The defect
was created by means of a trephine (Neodent®, Curitiba, Brazil) bur operating at low rotation under
irrigation with sterile physiological solution (0.9% NaCl) and a diamond burr (KG Sorensen 1016,
Sao Paulo, Brazil).
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Figure 3. (A) Bone defect with 8 mm diameter and 9 perforations; (B) Titanium dome fixed above the
defect; (C) Titanium dome coated by latex fixed above the defect; (D) Periosteum membrane sutured
over the dome (Groups 2 and 4).

The domes (with and without latex coating) were fixed above the defect using Cyanoacrylate
adhesive (Figure 3B,C). The animals were divided in 4 groups: Group 1, the control group (N = 6),
received the defects treated with the titanium dome mesh, and this dome was not covered by periosteum;
Group 2 (N = 6) received the defects treated with the titanium dome mesh, and this dome was covered
by periosteum; Group 3 received the dome coated by latex, and this dome was not covered by
periosteum; and Group 4 (N = 6) received the dome coated by latex, and this dome was covered by
periosteum. (Figure 3D). Figure 3 shows the bone defect (Figure 3A) in the rabbit calvaria and the
fixation of the dome (Figure 3B,C) during the surgical procedure. Animals from Groups 2 and 4 had
the domes covered by the periosteum (Figure 3D).

The soft tissues and skin incisions were closed with 4-0 silk interrupted sutures. In the postoperative
period, 0.1 mL of dipyrone (500 mg/mL) was injected intramuscularly and maintained at 8/8 h for 3 days
for postoperative analgesia. After 90 days post-surgery, the animals were euthanized, and specimens
containing the bone defects were collected.

2.3. Computed Tomography Images

After 48 h of formalin fixation, the dome was removed from samples from Groups 3 and 4.
These specimens were subjected to tomographic imaging with the Philips Brilliance Big Bore equipment
(Philips, Eindhoven, The Netherlands). Axial images were acquired with a 0.3 mm thick, 133 mm
diameter reconstruction, a source—detector distance of 940 mm, a source-sample distance of 535 mm,
a 115 mm height, a clockwisedirection of rotation, an 800 s exposure time, a tube current of 75 mA,
an exposure of 60 mA, and a tension of 110 kV. The removal of the domes from Groups 1 (control) and
2 was not possible due to the high infiltration of soft tissue inside the domes, linking the internal and
external regions.
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2.4. Microscopic Analysis

The bone samples were kept in phosphate buffered formalin (10%, Merck, Sao Paulo, Brazil) for
48 h and decalcified using the ethylenediaminetetraacetic acid (EDTA) method.

The domes from Groups 3 and 4 were easily removed, after 48 h of fixation, differently from those
from Groups 1 and 2, in which the titanium mesh was strongly surrounded by soft tissue. In these
groups, the dome was removed after the decalcification step, with the careful clipping of the mesh at
several points, for its removal.

Afterwards, the samples were processed for routine microscopy. Serial 6 pm- thick sections were
cut in the central region of the dome and stained with hematoxylin/eosin and Masson Trichromic
stain. The specimens were analyzed with a Nikon H550L optical microscope (Nikon Instruments Inc.
Melville, NY, USA).

3. Results

3.1. Macroscopic Analysis

The domes of the specimens from all the groups were in the same place in which they were
implanted during surgery. Figure 4 shows photographs of samples collected. In the samples from
Groups 1 (control) and, 2 there were large amounts of soft tissue surrounding the domes and through
its perforations, occupying its inner area. A strong connection between the domes and the surrounding
tissue was observed (Figure 4A,C). In these groups, the domes were removed after cutting the titanium
mesh that was highly interspersed with tissues. Figure 4B,D show the photographs taken after
the domes were removed, showing the invasion of soft tissue in the internal region of the dome,
which prevented the formation of bone tissue.

Figure 4. Photographs of the samples removed after 90 days of surgery. Photos of the pieces with the
domes and after their removal, showing the difference obtained with the latex coating: Group 1 (A,B),
Group 2 (C,D), Group 3 (E,F) and Group 4 (G, H).

The specimens from Groups 3 and 4 presented soft tissue surrounding the domes but that did
not penetrate it due to the presence of latex as a barrier. Figure 4E,G show the samples of Group 3,
in which the domes were not covered by the periosteum, and Group 4, with periosteum coverage.
The latex membrane takes on a whitish and opaque appearance when wet. These domes were easily
removed after detachment from the implanted site. Figure 4FH show the photos of the tissues inside
the dome, very different from those in Groups 1 and 2, in which there was no latex coverage. The bone
tissue formation inside them was observed.

3.2. Computed Tomography Images

Figure 5 shows tomographic slices and the 3-D reconstructed image of samples from Groups 3
and 4. The vertical bone augmentation can be observed in the images.
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(A)

(©) (D)

Figure 5. Tomographic images of Groups 3 (A,C) and 4 (B,D), where bone tissue beyond the skullcap
can be observed.

3.3. Microscopic Analysis

Figure 6 shows the photomicrography of all the groups for comparison. In these images, the pre-
existing bone structure of the skullcap (SC) and the structure that was formed inside the dome can be
seen. In Groups 3 and 4 (Figure 6C,D), in which the titanium mesh was covered with the latex layer,
we verified bone tissue (BT) in the region of the dome, which grew above the skullcap. In Groups 1
and 2 (Figure 6A,B), we verified, predominantly, connective tissue (CT).

: (A) . (B)
o : CT
arBSSE &5 - e "0
’\‘ i\; »4\' :t\k}\ 'y vZ :—;'.' , > .
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Figure 6. Photomicrographs of bone samples in the surgical site: (A) Group 1, (B) Group 2, (C) Group 3
and (D) Group 4. Groups 3 and 4 present bone tissue (BT) inside the dome region, above the
skullcap (SC).

In the samples from Group 1 (control), islands of adipose tissue—surrounded and supported
by fibrous connective tissue (Figure 7A, black arrow), characterized by tissue bundles occupying the
dome space—were observed in the spaces delimited by the domes. The fibrous connective tissue has
capsular organization and is continuous in the superior region of the domes (Figure 7B, green arrow).
No inflammatory infiltrate was present; just a few diffuse leukocytes were so, randomly distributed in
the space (Figure 7B).
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Figure 7. Microscopic images from Group 1 (control): (A) Connective tissue around adipose islands
(black arrow). (B) Capsular connective tissue (green arrow).

In the samples from Group 2, the spaces surrounded by domes were also filled by adipose
and fibrous tissue, with organization similar to that in the control group. The region formed by the
connective tissue presented areas of fibrous tissue with collagen bundles with clusters of adipocytes.
There were no signs of inflammatory infiltrate. The tissue is organized as a fibrous capsule at the
periphery of formed tissue. (Figure 8A). In some samples (three of them), the presence of bone tissue
was observed (Figure 8B). The newly formed bone tissue presented well-formed bone trabeculae
and large marrow spaces filled with hematopoietically active bone marrow permeated by adipocytes.
This bone tissue remained with the underlying bone, without any demarcation.

Figure 8. Microscopic images from Group 3: (A) Connective tissue around adipose islands (black arrow).

(B) Bone tissue present in some samples.

The space surrounded by the dome specimens from group 3 was completely filled with mature
bone tissue with well-defined bone trabeculae and marrow spaces filled by active hematopoietic tissue
and adipocytes (Figure 9A). The newly formed bone tissue reached the limits of the dome, merging
into this periphery with capsular connective tissue (Figure 9B). There was no inflammatory infiltrate.
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Figure 9. Microscopic images from Group 3: (A) Mature bone tissue (*) with well-defined bone
trabeculae and marrow spaces (black arrow) filled by active hematopoietic tissue. (B) Newly formed

bone reaching the limits of the dome.

The same structures of Group 3 were observed in the samples from Group 4 (Figure 10A), but,
in this group, the space surrounded by the dome was filled by more delicate and more sparsely
distributed lamellar bone tissue (Figure 10B) than that in Group 3, in which the periosteum was not
placed over the domes.

Figure 10. Microscopic images from Group 4: (A) Newly formed bone reaching the limits of the dome
(black arrows). (B) Lamellar bone tissue dispersed within the dome.

Histomorphometric analyses were performed by measuring the area of the newly formed bone
inside the dome region. The results were converted into percentages (in relation to the total area) and
are presented in Figure 11 as means + SDs. The ANOVA (Origin version 8.5, OriginLab Corporation
One, Northampton, MA, USA) followed by Tukey’s test was used for comparison between the groups.
There were no statistically significant differences between Groups 1 and 2, or between Groups 3 and 4.
The other comparisons showed significant differences (p < 0.05). The results are shown in Figure 11.



Coatings 2020, 10, 595 10 of 13

100 +
90 +

80—- (b)

704

60

(b)

50

40 4

—_—

Newly Formed Bone (%)

30

(a)

l@

20—- J

10

—t—

Group

Figure 11. Percentage of newly formed bone (mineralized bone and marrow spaces) present inside the
dome region. Different letters represent statistically significant differences (p < 0.05, ANOVA-Tukey).

4. Discussion

Tooth loss or extraction leads, over time, to the reduction of alveolar bone, which makes
rehabilitation with implant placement difficult. Thus, guided bone regeneration (GBR) with a local
increase in bone volume has contributed to the solution of this problem. Usually, this procedure is
done with a combination of graft materials: bone grafting particles, a block bone graft, a cortical bone
block [28] and allogeneic bone blocks [29] are often used, in association with an occlusive membrane,
absorbable or not. Due to the wide variety of and heterogeneity among treatments, there is no
conclusive proposal regarding the best treatment [28].

In this study, guided bone augmentation was promoted by a new biomaterial developed using a
support structure of a titanium mesh molded into a dome shape and coated by natural latex from the
Hevea brasiliensis tree. The biocompatibility of latex is described in the literature [11,30,31]. The titanium
mesh is usually used for maxillofacial reconstruction procedures, when the stability of the bone
to be formed does not come from the remaining bone walls of the defect, with advantages such
as biocompatibility and rigidity but plasticity for molding. In some procedures, when associated
with autologous bone, it promotes bone volume augmentation, allowing the placement of dental
implants [32]. The coating with latex conferred occlusion capability to the mesh, since the pores of latex
are smaller than 50 nm [13], with the advantage of the biological properties of latex. These properties
can reduce the possibility of wound dehiscence, which is a relevant clinical point.

The domes used in this work had an internal volume average of 135 mm?, similar to the volumes
described in the literature [33,34], differing from those in the studies of [35], which had a volume of only
33 mm3. The bone formation was also induced by marrow penetration, as described by Min et al. [23].

The results of the macroscopic examination of both Groups 1 and 2, in which the titanium mesh
was not coated with latex, do not reveal bony formation. There was soft tissue surrounding the
domes, linked to its internal area, in agreement with Yamada et al. [33], who reported the inflow of
fibrous tissues through the holes in the hemispherical titanium capsule used in their study. However,
the macroscopic appearance at 90 days post-surgery in Groups 3 and 4, in which the latex coating was
used, showed soft tissue surrounding the domes but not penetrating into it, due to a physical barrier
provided by the latex membrane.
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Microscopically, the absence of any barrier between the soft tissues and skull probably explains
the filling with fibrous connective tissue and adipose tissue in Groups 1 and 2, since the connective
tissue cells proliferate faster than cells with osteogenic potential [3]. The comparison of the results
between these groups also showed that the periosteum did not influence the amount of bone tissue
formed, as there is no statistical difference.

On the other hand, the comparison with the results of Groups 3 and 4 shows a higher amount
of newly formed bone (Figure 11), demonstrating the performance of the barrier generated by the
coating by natural latex. Previous studies have shown the ability of the natural latex membrane to act
as an occlusive membrane in guided bone regeneration. Ereno et al. [13] demonstrated this capacity in
critical size defects in the skull cap of rabbits. Moura et al. [14] showed that the latex membrane has
advantages over the polytetrafluorethylene (PTFE) membrane, which is widely used, inducing bone
repair more effectively. More recently, Marques et al. [21] showed this same function when latex is
associated with silver nanoparticles. Areas of necrosis or inflammation were not noted in any of the
specimens. The inflammatory infiltrates, when present, are in focal areas, made up of mononuclear or
polymorphonuclear leukocytes, randomly dispersed, and probably from the remaining cells of the
acute phase of inflammation in the post-surgical period. In all the experimental groups, the absence
of multinucleated giant cells at the dome interface was noted, corroborating the results of Ereno et
al. [13], who obtained similar results for latex film implantation.

The statistical analysis of the quantitative results for newly formed bone reveals no significant
differences between Groups 3 and 4. However, the organization is different. In Group 3, the space
surrounded by the dome was completely filled with trabecular bone tissue with well-defined and
narrow spaces filled by active hematopoietic tissue and adipocytes (Figure 9A,B). In Group 4, the space
surrounded by the dome proved to be filled by lamellar bone tissue that was more delicate and more
sparsely distributed (Figure 10B). Unlike the results obtained in this work, Yamada et al. [33] observed,
inside titanium domes, and Miyamoto et al. [36], inside titanium and poly (l-lactic acid) PLLA domes,
bone tissue with thin trabeculae and large marrow tissue. Furthermore, no formation of cortical bone
near the wall of the titanium was reported.

Therefore, we can conclude that the titanium mesh coated with natural latex is a promising
biomaterial for guided bone augmentation procedures.

5. Patents

Produto e processo para recobrimento de malha de Titdnio com Latex. Patents Application No.
BR1020130205630 INPI-Brazil, 26 August 2014.
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