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Abstract: The use of biomaterials in medical and dental areas has become increasingly important due to the need to 
restore areas with bone loss or defects. This study analyzed the use of a new elastin polymer matrix combined with 
Bone Morphogenetic Protein for the repair of cranial defects in rats. Thirty rats were divided into five groups: control 
(C) defect without graft, E24 (defect filled with elastin matrix submitted to alkaline hydrolysis at 50°C for 24 h), 
E24/BMP (defect filled with elastin matrix treated at 50°C for 24 h plus BMP), E96 (defect filled with elastin matrix 
treated at 37°C for 96 h) and E96/BMP (defect filled with elastin matrix treated at 37°C for 96 h plus BMP). The ani-
mals were killed after 6 weeks. In the histological and microtomographic analysis, all groups showed bone growth 
from the defect margins remaining in this region without a marked inflammatory process, but in the E96/BMP group 
the lamellae were thicker and the collagen fibers more organized. Histometrically, the same group presented higher 
percentage of new formation (43.25 ± 3.72) in relation to the other groups. It was concluded that the support and 
delivery system formed by the elastin matrix associated with BMPs had a positive effect on the bone repair process.
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Introduction

After injury or fracture, bone tissue is able to 
regenerate under adequate biological and bio-
mechanical conditions. However, this natural 
process might be compromised in cases of 
major cranial traumas or oral diseases accom-
panied by bone loss, which require biological 
and structural support for anatomical and func-
tional recovery [1-4]. In these situations, the 
use of bone grafts or substitutes, which can be 
autologous (gold standard), homologous/allog-
enous or synthetic, is necessary [3, 5]. 

The main limitations of autologous grafts are 
their limited availability, need for a second pro-

cedure, and risk of complications at the donor 
site. Homologous and heterologous grafts are 
widely available but may trigger an immunogen-
ic response and can transmit diseases such as 
hepatitis and human immunodeficiency virus 
(HIV) [6, 7]. Thus, tissue engineering has devel-
oped scaffolds for bone tissue regenerative 
therapies.

Currently, the use of biomaterials has become 
increasingly important in the medical and den-
tal areas for the restoration of areas with bone 
loss or defects to prevent the consequent 
impairment of function and morphology and 
permit the repair of biological tissues [8]. Within 
this context, synthetic bone substitutes have 
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emerged as suitable alternatives because of 
advantages such as wide availability, absence 
of immunogenicity, adhesion to other substanc-
es and biodegradation, characteristics obser- 
ved for polymer matrices composed of collagen 
and elastin [2]. In addition, the activity of these 
materials can be regulated by the combination 
with bone morphogenetic proteins (BMPs), 
which have osteoinductive and osteoconduc-
tive capacity [2].

Bone morphogenetic proteins are non-collagen 
glycoproteins found in the extracellular bone 
matrix, which participate with other signaling 
molecules (cytokines, metalloproteinases, pla- 
telet- and fibroblast-derived growth factors, 
insulin-like growth factor) in the process of 
bone healing. However, BMPs are present in 
limited amounts and are therefore obtained by 
genetic recombination [9]. Suitable recombi-
nant BMPs are rhBMP-2 and rhBMP-7. Both 
proteins present osteogenic properties and are 
considered the most potent inducers of bone 
repair. 

Elastin is found in the extracellular matrix and 
is the most abundant protein in tissues such as 
blood vessels, skin, lung, and elastic ligaments 
[10-13]. Elastin matrices are indicated for guid-
ed bone regeneration therapy because of their 
excellent cytocompatibility [14]. Considering 
these properties, polymeric biomaterials are an 
alternative in craniomaxillofacial reconstruc-
tion surgeries, considering the different chal-
lenges faced by specialists regarding the best 
treatment for severe injuries resulting from 
congenital and acquired anomalies, extensive 
bone tumor resection, sequelae of bone infec-
tions, and comminuted fractures accompanied 
by bone mass loss [15]. 

Therefore, due to the lack of biological evalua-
tion of this new biopolymer, it was decided to 
carry out this study with the aim of analyzing 
the use of a new elastin polymer matrix com-
bined with BMP for the repair of cranial defects 
in rats.

Materials and methods

Biomaterials-elastin matrix

All elastin matrix samples were obtained from 
São Carlos Institute of Chemistry, University of 
São Paulo (IQSC/USP), and were sterilized with 
ethylene oxide (EO) by Acecil (Sterilization 
Central Com. Ind. Ltda, SP, Brazil).

Biomaterials-rhBMP-2

The recombinant human Bone Morphogenetic 
Protein-2 (rhBMP-2, known as dibotermin alfa) 
was obtained commercially from R & D System, 
Inc. brand, (Minneapolis, MN, USA).

Preparation of the elastin matrix

Bovine auricular cartilage was washed in 0.9% 
saline (NaCl) and distilled water. This cartilage 
was treated with an alkaline solution containing 
salts (sulfate and chloride) and hydroxides of 
alkaline metals and alkaline earth metals. The 
treatment duration was 96 h at a temperature 
of 37°C and 24 h at a temperature of 50°C. In 
both cases, the cartilage was equilibrated  
after treatment in another solution containing 
Na+, K+ and Ca2+ sulfates and chlorides. Excess 
salts were removed by washes in 3% boric acid 
and deionized water, followed by washes in 
0.3% EDTA and deionized water. The resulting 
material was an elastin matrix that was bal-
anced in phosphate-buffered saline, pH 7.4, for 
24 h. The matrix was then exhaustively washed 
with deionized water, frozen, and lyophilized. 
Samples measuring 5 mm in diameter were cut 
from the elastin matrix and some specimens 
were analyzed by scanning electron microscopy 
(SEM) to determine the pore size and elastin 
fiber arrangement on the matrix surface (Figure 
1C).

Scanning electron microscopy

Photomicrographs were obtained from the 
matrix surface sputter-coated with gold in a 
Bal-Tec MED 020 Coating System (Bal-Tec, 
Liechtenstein). The specimens were analyzed 
under a Zeiss Leo 440 microscope (Cambri- 
dge, England) equipped with an Oxford detector 
(model 7060), operating with an electron beam 
of 20 kV. The pore size of the matrices was 
determined on the ImageJ software (50 mea-
surements per matrix at 500× magnification) 
using Martin’s diameter approximation [16].

Experimental design

Thirty male Wistar rats (Rattus norvegicus) with 
12 weeks of age and mean body weight of 330 
g were used (Figure 1A, 1B). The animals were 
kept in the Animal Laboratory of the Medical 
College of Jundiaí at a controlled temperature 
(23 ± 1°C) under a 12/12-h light/dark cycle 
and received balanced food (Purina, Brazil) and 
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water ad libitum. The study was approved by 
the Institutional Review Board on Animal Use of 
the Medical College of Jundiai (Protocol No. 
56/2015). The animals were submitted to 
experimental surgery for creation of a cranial 
defect and divided into five groups of six ani-
mals each: control, C-without graft; E24-graft 
with elastin matrix submitted to alkaline hydro-
lysis for 24 h at 50°C; E24/BMP-elastin matrix 
treated for 24 h at 50°C plus BMP; E96-elastin 
matrix submitted to alkaline hydrolysis for 96 h 
at 37°C; E96/BMP-elastin matrix treated for 96 
h at 37°C plus BMP (Figure 1D).

Surgical technique for creation of cranial de-
fect

The animals were anesthetized by gluteal intra-
muscular injection of a solution of ketamine  
50 mg/kg i.m. (Dopalen™, Ceva, Paulínia, SP, 
Brazil) and Xylazine 10 mg/kg i.m. (Anasedan™, 
Ceva, Paulínia, SP, Brazil) in the proportion of 

1:1 at a dose of 0.10 mg/100 g body weight. 
The animals were placed in ventral decubitus 
and the skullcap and surrounding areas were 
shaved. After confirmation of anesthesia, local 
antisepsis was performed with alcohol. A mid-
line incision was made in the skull and the skin 
was separated for visualization of bone. The 
periosteum was carefully detached to expose 
the left parietal bone of the animal. A defect 
measuring 5-mm diameter was then created 
with a trephine bur coupled to a low-speed 
handpiece (ELTEC LB-100, Eltec Elektronik AG, 
Mainz, Germany) under abundant irrigation 
with saline. After local washing with saline to 
remove debris, the defect was filled with the 
biomaterials according to the respective graft-
ed groups. The periosteum and soft tissues 
were repositioned and closed with 5.0 Nylon 
suture (Ethicon, Johnson & Johnson, Brazil) and 
rifamycin spray was applied as antibiotic. 
During the postoperative period, the ani- 
mals received subcutaneous enrofloxacin and 

Figure 1. Schematic figures illustrating the study experimental design (A). Random allocation and inclusion criteria: 
Thirty male Wistar rats (Rattus norvegicus) with 12 weeks of age and mean body weight of 330 g were used (B). 
Preparation of the elastin matrix (C). The treatment duration was 96 h at a temperature of 37°C and 24 h at a tem-
perature of 50°C (1 and 2 respectively). Surgical Procedure (D): The animals were submitted to an experimental 
surgery for creation of a cranial defect and divided into five groups of six animals each: (D) control, C-without graft; 
(D1) E24-graft with elastin matrix submitted to alkaline hydrolysis for 24 h at 50°C; (D2) E24/BMP-elastin matrix 
treated for 24 h at 50°C plus BMP; (D3) E96-elastin matrix submitted to alkaline hydrolysis for 96 h at 37°C; (D4) 
E96/BMP-elastin matrix treated for 96 h at 37°C plus BMP.
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paracetamol diluted in water. Six weeks after 
surgery, the animals were killed painlessly by 
perforation of the diaphragm for induction of 
pneumothorax after intraperitoneal anesthesia 
with 0.3 mL/100 g of a ketamine-xylazine 
solution.

Collection of specimens

The cranial vaults with the lining skin were  
collected and fixed in 10% phosphate-buffered 
formalin for 48 h, and later, for radiological, 
macroscopic and microtomographic examina- 
tion.

Macroscopic and radiological analysis

After confirmation of the animal’s death, the 
skullcap was cut with a Taimim oscillating saw 
(YDJZ-IID) and photographed with a Nikon digi-
tal camera to record the macroscopic clinical 
conditions of the bone defect, such as the pres-
ence of purulent secretion, redness, fibrotic 
and cystic formations or other signs that could 
indicate the presence of inflammation and 
infection. The specimens were then radio-
graphed using an Odel 300 mA machine at a 
focus of 100 mA, exposure time of 0.06 s, and 
radiation of 40 kV. The images were digitized 
with the Afga system and the integrity of bone 
defect and adjacent areas was evaluated. 

Histotechnical processing

The specimens obtained from the defect areas 
were immersed in buffered formalin and decal-
cified in hydrogen chloride (Allkimia, Campinas, 
Brazil) for a period of approximately 60 days. 
The specimens were then subjected to stan-
dard histological processing and included in 
Histosec™ (Merck KGaA, Darmstadt, Germany). 
Semi-serial coronal cuts of 5-µm thickness 
were performed, prioritizing the center of the 
circular defect and stained with hematoxylin-
eosin for the identification of original bone, new 
bone formation, and extracellular matrix in the 
defect area.

Histological and histomorphometric evaluation 

The histological sections were analyzed by  
light microscopy (Olympus model BX50) at 
approximate magnifications of ×10 and ×40 in 
the Histology Laboratory of the Medical College 
of Jundiai. 

For histomorphometry, the bone volume was 
measured at three different sites of the bone 
defect (anterior, middle and posterior) in all 
groups, to quantify new bone formation across 
the defect area. The volume of newly formed 
bone was quantified in each histologic image 
using the Motic Images Plus 2.0 software 
installed in the Motic BA310 photomicroscope. 
The results were transformed into percentage 
in relation to the total bone volume of the 
defect. 

Statistical analysis

The percentages of newly formed bone area 
were calculated according to the following for-
mula: PNFB = ANFB×100/TA (PNFB-newly formed 
bone percentage; ANFB-newly formed bone  
area; TA-total area) and values were submitted 
to statistical analysis using analysis of variance 
(ANOVA) followed by post hoc Tukey’s test when 
the ANOVA suggested a significant difference 
between groups (P<0.05).

Analysis by computed microtomography

The specimens were scanned in a SkyScan 
Micro-CT 1174 (SkyScan, Aartselaar, Belgium). 
Each specimen was scanned at a resolution of 
1304×1024 pixels, rotational step of 0.5 
degree, source voltage of 50 kV, source current 
of 800 µA, and exposure time of 5.6 s. The 
images were reconstructed using the NRecon 
software and three-dimensional images were 
obtained with the CT-Vox software. Morphologic 
parameters of trabecular bone microarchitec-
ture were assessed using the CTAn software. A 
cylindrical region-of-interest (ROI) with an axis 
length of 3 mm (100 slices) and diameter of 1 
mm was determined by segmenting the bone 
from the anterior to the posterior region of the 
rat calvaria. 

Results

Characterization of materials

The rough appearance of elastin matrices was 
similar for the two treatments and no macro-
scopic differences were observed. However, 
the photomicrographs showed that both matri-
ces are rough and contain pores (Figure 2). The 
pore diameter of matrices was measured using 
Martin’s diameter approximation [16]. The 
pores had irregular sizes and were distributed 
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in an unorganized manner. The pores of matrix 
E24 were smaller. This matrix was treated for a 
shorter period but at a higher temperature than 
matrix E96 (Table 1). 

Macroscopic and radiologic analysis

Adequate skin healing was observed in all ani-
mals as demonstrated by the absence of suture 
dehiscence, ulcerations, and signs of wound 
infection. The integrity of the skullcap was 
maintained, with no signs of granulomas, ero-
sions, swelling or other alterations indicating an 
immune reaction caused by the materials in 
the grafted groups (E24, E24/BMP, E96, and 
E96/BMP), which persisted at the graft site and 
were not completely resorbed. There were no 
radiographic signs suggesting pathologic alter-
ations in the defect area, such as rarefaction or 
loss of bone integrity. The experimental bone 

defects showed good definition of their radi-
opaque margins and radiolucent center, dem-
onstrating the sharpness of the bone defect. 
No immature bone formation could be identi-
fied because of its low atomic mass that does 
not provide sufficient radiopacity to be detect-
ed by radiographic examination (Figure 3). 

Microtomographic analysis

The bone defect persisted in all study groups 
and no complete healing was observed. In the 
control group (C), the center of the defect exhib-
ited no sign of bone formation with a sufficient 
atomic mass for visualization. In the grafted 
groups, images of remaining biomaterial inside 
the defect and formation of mineralized tissue 
in its center were detected, indicating osteo-
genesis (Figure 4A, 4B).

Histological evaluation

The formation of subperiosteal bone from the 
original bone toward the defect center was a 
common finding in all groups. The newly formed 
bone exhibited characteristics of immature 
bone, including the presence of various disor-
ganized osteocyte lacunae. However, foci of 
maturation of young bone showing characteris-

Figure 2. Macroscopic image and scanning electron microscopy of elastin matrices at different magnifications. 
(A) Elastin matrix treated for 24 h at 50°C; (A1) Elastin matrix treated for 24 h at 50°C (×500 magnification); (A2) 
Elastin matrix treated for 24 h at 50°C (×1000 magnification); (B) Elastin matrix treated for 96 h at 37°C; (B1) 
Elastin matrix treated for 96 h at 37°C (×500 magnification); (B2) Elastin matrix treated for 96 h at 37°C (×1000 
magnification).

Table 1. Pore size of elastin matrices

MATRIX
PORE SIZE (µM)

Mean ± SD Minimum Maximum
E24 26.4 ± 9.5 12.3 68.5
E96 36.5 ± 11.2 17.3 76.0
SD: standard deviation.
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tics of mature tissue were also observed. In 
groups E24 and E96, new bone formed in the 
defect center, surrounding and invaginating 
inside the implanted matrices. In group E96, 
bone formation was greater, forming a bridge 
and bordering the superficial and deep portions 
of the matrix. In group E96/BMP, the volume of 
young bone was more marked. This young bone 
occupied almost the entire defect area and 
connected the ends of the original bone to the 
defect margins, providing osseointegration. In 
addition, little connective tissue remained in 
the defect area in group E96/BMP. There were 
no signs of rejection in the grafted groups since 
no cells characteristic of an inflammatory pro-
cess such as multinucleated giant cells, neutro-
phils or lymphocytes were observed (Figure 
5A).

Histomorphometric evaluation

The percent volume of newly formed bone in 
the defect area was 7.87 ± 2.53, 24.01 ± 0.55, 
31.31 ± 6.37, 19.77 ± 2.62 and 43.25 ± 3.72 
in the control, E24, E24/BMP, E96 and E96/
BMP groups, respectively (Figure 5B). Statistical 
analysis revealed a higher amount of newly 
formed bone in the grafted groups compared to 
control. Comparison of the grafted groups 
showed superior osteogenesis in the E96/BMP 
group, demonstrating the efficacy of BMP and 

alkaline treatment of the elastin matrices for 
96 h. 

Discussion

Advances in studies with bone substitutes have 
made tissue regenerative therapy a promising 
tool in several areas of medicine and dentistry, 
due to the high prevalence of craniomaxillofa-
cial defects associated with bone loss as well 
as the limitations of autologous grafts [1, 2, 4, 
17]. However, there is still no ideal bone substi-
tute considering the limitations and disadvan-
tages related to the mechanical resistance, 
high production cost and difficulty in maintain-
ing the surgical area without invasion of fibro-
blasts coming from surrounding connective tis-
sue [18-20]. 

In this context, the use of materials derived 
from elastin as a bone substitute has aroused 
interest in tissue engineering due to the remark-
able characteristics of this structural protein 
such as tropoelastin coacervation ability, high 
elasticity, mechanical stability in the surgical 
bed and biological activity of signaling and 
molecular induction of peptides derived from 
elastin degradation [21].

The process of obtaining these biopolymers 
directly affects the three-dimensional arrange-

Figure 3. Radiologic and macroscopic images of the defect area in the study groups (A1-E1) and (A2-E2) respec-
tively. (A1, A2) defect without filling, control group; (B1, B2) graft with elastin matrix submitted to alkaline hydrolysis 
for 24 h at 50°C (E24); (C1, C2) graft with elastin matrix treated for 24 h at 50°C plus BMP (E24/BMP); (D1, D2) 
graft with the elastin matrix submitted to alkaline hydrolysis for 96 h at 37°C (E96); (E1, E2) graft with elastin matrix 
treated for 96 h at 37°C plus BMP (E96/BMP); (A1-E1) Radiolucency at the center and radiopacity at the border 
of defects (low atomic mass) are observed in all experimental groups (red dashed lines); (B2-E2) Presence of the 
biomaterial Elastin matrix (asterisk) in the surgical bed. In all groups, there is no inflammation and infection.
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ment of elastin fibers and thus 
the cellular support function 
in the medium where it is 
inserted. Thus, two types of 
collagen enzymatic thermal 
hydrolysis methods were pro-
posed for the production of 
elastin matrices with hydro-
philic and hydrophobic sites 
responsible for crosslinking, 
elasticity and cell signaling.

Therefore, the objective of this 
study was to analyze the use 
of elastin-based biomaterial 
derived from bovine auricular 
cartilage associated with bo- 
ne morphogenetic protein in 
the repair of bone defects in 
calvaria of rats.

To investigate the effect of 
elastin matrix associated with 
BMP on the bone repair pro-
cess, we used macrosco- 
pic, radiological, microtomog-
raphy, histology and histomor-
phometry analyses.

In the macroscopic analysis of 
specimens, no inflammatory 
or infectious signs such as 
purulent secretion, abscess-
es, swelling and local redness 
were observed in any experi-
mental group (E24, E24/BMP, 
E96 and E96/BMP). These 
results are in agreement with 
preliminary studies that affirm 
that the heterologous elastin 
matrix presents satisfactory 
biocompatibility, being a pro-
tein present in the extracellu-
lar organic matrix with the 
same sequence of tropoelas-
tin genes between species 
[22, 23].

The results observed in histo-
logical analysis corroborate 
these findings, since all de- 
fects filled with the biopoly-
mer did not present polymor-
phonuclear cells participating 

Figure 4. Micro-computed tomography (micro-CT) images of the calvaria af-
ter 6 weeks of implantation of indicated materials. 2D views of transaxial (A), 
coronal (B) sections. Newly regenerated bone in the C group (defect without 
filling), E24 group (graft with the elastin matrix submitted to alkaline hydro-
lysis for 24 h at 50°C), E24/BMP group (graft with the elastin matrix treated 
for 24 h at 50°C plus BMP), E96 group (graft with elastin matrix submitted 
to alkaline hydrolysis for 96 h at 37°C) and E96/BMP (graft with elastin 
matrix treated for 96 h at 37°C plus BMP). Bone growth is observed from 
the defect margins, with bone islets in groups E24, E24/BMP and E96/BMP. 
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in the immune system. Thus, it 
is suggested that the two pro-
cesses of extraction by ther-
mal hydrolysis of elastin, alka-
line hydrolysis at 50°C for 24 
h and 37°C for 96 h, did  
not present residual produc- 
ts, due to its degradation, 
which causes pH alteration of 
the surrounding environment, 
thus inducing exaggerated 
inflammatory responses [19, 
24-28]. 

Another relevant point that 
contributed to these results 
was the choice of elastin elicit-
ing method. Alkaline treat-
ment and sterilization by ethyl-
ene oxide promoted acellular-
ization of the bovine material 
and removal of its impurities, 
which makes this biopolymer 
non-toxic and a promising 
alternative in therapies for 
bone reconstruction [19, 29].

In the histological, radiological 
and microtomographic imag-
es, it is possible to observe 
that no specimen presented 
complete closure of the defect 
by mature bone tissue. Bone 
growth occurred centripetally, 
from the edges of the surgical 

Figure 5. Histological views (A) 
and graphs of volume of newly 
formed bone (%) (B) in calvaria 
defects created in the animals. 
Note the subperiosteal new bone 
formation (black arrows) from the 
border and center of the bone de-
fect (A). Graph of volume of newly 
formed bone showed higher per-
centage in the group filled with 
elastin matrix treated for 96 h 
at 37°C plus BMP (E96/BMP) in 
relation to the other experimental 
groups (B). N = 6/group different 
letters indicate statistically signifi-
cant difference between groups 
(a≠b≠c≠d≠, P<0.05). (HE; origi-
nal magnification ×10; bar = 500 
µm and Insets, magnified images 
×40; bar = 100 µm).
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wound remaining in this region, and in defects 
filled with biopolymer there was still presence 
of elastin at experiment completion. These 
characteristics are in agreement with studies 
dealing with critical-size defects that do not 
spontaneously regenerate [30, 31]. However, 
the E96/BMP group presented trabecular con-
formation in some central regions, thick lamel-
lae adjacent to the defect margin and predomi-
nance of more organized collagen fibers.

Histomorphometrically, the E96/BMP group 
had higher percentage of new bone formation 
(43.25 ± 3.72) in relation to the other experi-
mental groups, C, E24, E24/BMP, E96 and 
E96/BMP (7.87 ± 2.53, 24.01 ± 0.55, 31.3 ± 
6.37, 19.77 ± 2.62) respectively. This finding 
can be attributed to the alkaline treatment time 
of the biopolymer, 96 h, thus increasing the 
porosity, three-dimensional arrangement of the 
elastin fiber and hydrophobic and hydrophilic 
capacity. Thus, it facilitated cell proliferation 
and differentiation, and angiogenesis as sug-
gested by the studies of Billstrõm [32] and Yeo 
[33]. In addition, the association with Bone 
Morphogenetic Proteins (BMPs) potentiated 
the osteogenic effect of the three-dimensional 
structure [18, 34].

Concomitantly to the higher percentage of new 
bone formation observed in the E96/BMP 
group, the resorption rate was also higher in 
relation to the other groups at experiment com-
pletion. The studies of Cunha [2] had the same 
results in osteotomies of femurs of rats with 60 
days of treatment with polyanionic acellular 
matrices of collagen, showing that the biomate-
rial resorption occurred properly, exerting its 
support function during the regeneration pro-
cess [35].

However, there is still controversy in the scien-
tific literature regarding the optimal time for 
alkaline treatment of these biomaterials. Thus, 
other studies on the three-dimensional struc-
ture of elastin polymer matrices are necessary, 
as well as investigation of pore interconnectivi-
ty and characterization of surface hydrophilici-
ty/hydrophobicity. As a perspective for future 
studies, the use of complementary therapies 
can be analyzed to accelerate and increase the 
process of new bone formation, such as the 
use of low-intensity ultrasound [36] and photo-
biomodulation therapy with the use of low-level 
laser [5, 37].

Conclusion

Elastin polymer matrices derived from bovine 
auricular cartilage exhibit bone regenerative 
capacity and can accelerate local osteogenesis 
when combined with BMP, suggesting their 
possible use in craniomaxillofacial regenera-
tive therapies. 
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