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Abstract: The polyanionic collagen–elastin matrices (PCEMs)
are osteoconductive scaffolds that present high biocompati-
bility and efficacy in the regeneration of bone defects. In
this study, the objective was to determine if these matrices
are directly mineralized during the osteogenesis process
and their influence in the organization of the new bone
extracellular matrix. Samples of three PCEMs, differing in
their charge density, were implanted into critical-sized cal-
varial bone defects created in rats and evaluated from
3 days up to 1 year after implantation. The implanted
PCEMs were directly biomineralized by osteoblasts as
shown by ultrastructural, histoenzymologic, and morpho-
logic analysis. The removal of the implants occurred dur-

ing the bone remodeling process. The organization of the
new bone matrix was evaluated by image texture analysis
determining the Shannon’s entropy and the fractal dimen-
sion of digital images. The bone matrix complexity de-
creased as the osteogenesis progressed approaching the
values obtained for the original bone structure. These
results show that the PCEMs allow faster formation of new
bone by direct biomineralization of its structure and skip-
ping the biomaterial resorption phase. � 2006 Wiley Peri-
odicals, Inc. J Biomed Mater Res 79A: 237–245, 2006
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INTRODUCTION

The basic design of biomaterials used for tissue
regeneration aims to provide a provisional substrate
for cell migration and differentiation, and new
extracellular matrix deposition.1 Of particular inter-
est for bone regeneration therapy is the ability of a
biomaterial to allow not only the deposition of new
extracellular matrix but also its subsequent minerali-
zation. Also, it is usually expected that such bioma-
terial should degrade in the body to provide new
space for osteogenesis progression.2,3 The presence
of a biomaterial in the bone healing site should be
also associated with the maintenance of the neces-

sary extracellular signaling to keep the cellular activ-
ity.4 Ideally, this characteristic should not be influ-
enced by the degradation of the structure. Another
important aspect of biomaterial degradation is the
evidence that the biomaterial degradation rate can
affect cellular survival and proliferation, and the
extracellular matrix distribution and properties.5,6

Polyanionic collagen–elastin matrices (PCEM) are
prepared by selective hydrolysis of asparagine and
glutanime residues present in type I collagen a
chains.7 This process provides collagen with extra
negative charges, with the possibility of controlling
the number of charges added to the collagen struc-
ture according to the reaction duration.7 The result-
ing material is characterized by enhanced dielectric
and piezoelectric properties,8,9 and increased num-
ber of cell adhesion motifs.10 The hydrolysis reaction
can be directly applied to a raw collagen source, like
bovine pericardium or tendon, resulting in a spongy
cell-free scaffold with preserved collagen and elastin
microfibril structure.7

Biologically, the PCEMs have shown to be highly
compatible with the bone healing process as demon-
strated by both small11 and critical-sized12 bone de-
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fects models, onlay grafting experimental model,13

and also as a membrane for periodontal furcation
lesion treatment.14 Moreover, complete recovery of
bone defects can be quickly achieved with minimal
inflammatory reaction.11,12 An in vitro study also
revealed that these matrices can also stimulate the al-
kaline phosphatase production by cultured osteo-
blasts (OSs).15

One aspect observed in all in vivo experiments
was the apparent incorporation of part of the poly-
anionic collagen in the extracellular matrix of bone.11–13

This could offer a unique possibility for bone regen-
erative therapy and tissue engineering as these scaf-
folds could be used as direct template for bone for-
mation and regeneration. This study was designed
to address the hypothesis that the polyanionic colla-
gen–elastin scaffolds can be directly biomineralized
in vivo and incorporated to the new-formed bone.
We also evaluated the impact that this phenomenon
could have on the remodeling process of the newly
formed bone.

MATERIALS AND METHODS

Polyanionic collagen–elastin matrix preparation

Fresh bovine pericardia, originally selected for heart
valve prosthesis preparation, were used as collagen source.
They were treated with an alkaline solution (3 mL/g of
tissue) containing 6% dimethyl sulfoxide, salts (chloride
3.0M and sulfate 0.9M) of alkaline (Kþ 1.2M and Naþ

2.0M), and alkaline earth metal (Caþþ 0.91M) at 208C for
24, 36, and 48 h. The resulting material was equilibrated
in a solution containing salts (chloride 0.13M and sulfate
0.17M) of alkaline (Kþ 0.13M and Naþ 0.7M) and alkaline
earth metals (Caþþ 0.7M), 6 mL/g of tissue for 12 h.
Excess salts were removed by rinses in 3% (w/w) boric
acid solution (3 � 2 h, 250 mL), deionized water (3 � 6 h,
250 mL), followed by 0.3% (w/w) EDTA solution, pH 11
(3 � 2 h, 150 mL), and finally in deionized water (6 � 2 h,
250 mL). The matrices, now on referred as BP24, BP36,
BP48, were lyophilized and kept in aseptic containers.
Prior to implantation, they were cut into 4-mm discs and
hydrated in sterile saline for 24 h.

Surgical procedure

Thirty-six male Wistar rats, weighting between 250 and
280 g, were obtained from our breeding colony. All proce-
dures followed the Institutional Committee Guidelines for
Laboratory Animal Use and Care.

Rats were anesthetized intramuscularly with 1 mL/kg
body weight of 10% ketamine (União Quı́mica Farmacêu-
tica SA, Embu-Guaçu, SP, Brazil) and 0.5 mL/kg body
weight of 2% xylazine (Coopers Brasil, São Paulo, SP,
Brazil), the skulls shaved, and the skin cleaned with an io-
dine solution. An incision was made over the sagittal

suture and dissection was carried down to the calvarium.
A full-thickness defect was created in the middle of both
parietal bones using a 4-mm trephine under copious saline
irrigation. The cranial sutures were not included in the
defects and care was taken to avoid damage to the dura
mater. After positioning one of the matrices disc within
the bone defect, the periosteum was passively repositioned
and the skin was sutured with 3-0 silk.

Histological processing

After 3, 7, 15, 30, 60, and 365 days, the parietal bones
were resected with the surrounding soft tissues (perios-
teum, dura mater, and muscles) to avoid displacement of
the implants. The samples were fixed with PLP16 (2% pa-
raformaldehyde, 0.075M lysine, and 0.01M sodium meta-
periodate) prepared in 0.1M phosphate buffer pH 7.4 for
24 h at room temperature. Decalcification was performed
with EDTA-G17 for �15 days. Following this, the samples
were routinely processed for paraffin embedding in low-
melting point paraffin (Paraplast X-Tra, Tyco Healthcare
Group, Mansfied, MA). Tissue sections 5-lm thin were

Figure 1. Morphological aspect of the osteogenesis pro-
cess within the BP36 matrix 15 days after implantation
showing areas of OSs nests (ON) and new formed bone
(NB). Rich vascular network (arrows). There are no macro-
phages surrounding the ON or the NB. The periosteum
(P) is populated mainly by fibroblasts. Plastic-embedded
and toluidine blue-stained sections. Bar ¼ 25 lm.
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stained with hematoxylin and eosin or Weigert’s resorcin/
fuchsin stain for elastic fibers (EFs).

Undecalcified samples were processed for resin embed-
ding. After dehydration in ethanol, they were infiltrated
and embedded in Historesin Plus (Leica Instruments AG,
Heidelberg, Germany). One and a half micrometer sections
were obtained using glass knife mounted microtome and
stained with toluidine blue. All histological sections were
analyzed and photographed with a Leica DMR microscope
(Leica Microsystems AG, Wetzlar, Germany).

Phosphatases histoenzymology

For alkaline phosphatase, we used a protocol for detec-
tion in decalcified bone18 with minor modifications. Tissue
sections were deparaffinized and incubated overnight in
1% magnesium chloride in 0.1M Tris-maleate buffer pH
8.5. Then they were incubated for 2 h at room temperature
in the enzyme substrate solution (naphtol AS-MX phos-
phate, 5 mg; n,n-dimethyl-formamide, 0.25 mL; fast blue
BB salt, 30 mg; distilled water, 25 mL; Tris-maleate buffer

pH 8.5, 25 mL; and two drops of 10% magnesium sulfate).
Later, the sections were washed for 15 min in running
water, counter-stained with safranin-O, and washed again.
The slides were allowed to dry at room temperature for
24 h and mounted with Kaiser’s glycerol jelly.

Tartarate-resistant acid phosphatase (TRAP) detection
followed the above protocol with the following modifica-
tions: Tris-maleate buffer had its pH adjusted to 5, fast red
ITR was used instead of fast blue BB, and the enzyme sub-
strate also contained 0.1M sodium tartarate.

Immunohistochemistry

Macrophages were detected using ED-1 antibody (Sero-
tec, Oxford, UK) by the immunoperoxidase technique. Endo-
genous peroxidase activity was quenched by incubating
the tissue sections with 3% H2O2 for 20 min. Tissue sec-
tions were blocked by 1% bovine serum albumin (BSA)
with 0.1M glycine for 30 min, then incubated with the pri-
mary antibody diluted 1:100 overnight at 48C. Following,
sections were incubated with biotinylated goat anti-mouse

Figure 2. Weigert’s resorcin/fuchsin stain for EFs of the parietals bones retrieved 3 (A), 15 (B), 30 (C), 60 (D), and 365
(E) days after implantation of the BP36 matrix. Elastic are stained in brown against a sand background. The presence of
the EFs can be seen up to 1 year after the BP36 matrix implantation (day 365). In (C) it is possible to see a EF emerging
from the bone extracellular matrix and continuing into the remnants of the implanted matrix. Bar ¼ 25 lm.
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IgG (Vector Laboratories, Burlingame, CA) for 2 h at room
temperature, and then incubated with peroxidase-conju-
gated avidin-biotin complex (ABC, Vector Laboratories,
Burlingame, CA). Antibody complexes were visualized by
addition of buffered diaminobenzidine (DAB). Sections
were counterstained with Mayer’s hematoxylin. The nega-
tive control slides were treated identically except that the
primary antibody was omitted.

Entropy and fractal dimension analysis

For this analysis hematoxylin and eosin stained sections
were used. Fifteen images from the healing site of three
different animals were captured using a digital camera
(Leica DC300F, Leica Microsystems AG, Heerburg, Ger-
many). The images were captured with transmitted light
with a 20� plan-fluotar objective lens, and all were cap-
tured with the same exposure time. They were saved as
bitmaps without compression and using RGB color space,
lately they were converted to 8-bit grayscale. Epifluores-
cence images were also captured as morphological refer-
ence.

The complexity of the images was measured using the
entropy of information theory by Shannon19 and the frac-
tal dimension20 after pseudo-3D transformation. The rela-

tionship between these data and the healing time was
evaluated using mathematical regressions, comparing lin-
ear, hyperbolic, exponential, and power law models. It
was chosen the method with the highest r2. The stability
of the selected model was tested using a bootstrap resam-
pling method with substitution.

From the specimens collected 365 days after implanta-
tion, we also captured images from the nearby original
bone structure. Entropy and fractal dimension of the origi-
nal bone was compared with the values from the healing
site using one-way analysis of variance (ANOVA) fol-
lowed by Duncan’s multiple comparison test.

Transmission electron microscopy

For TEM the specimens were fixed in 0.5% glutalde-
hyde/2% paraformaldehyde with 5% glucose in 0.1M cac-
odylate buffer pH 7.4 for 1 h. After dehydration in increas-
ing concentrations of alcohol, the specimens were embed-
ded in hard mixture Spurr resin (EMS, Hatfield, PA).
Ultrathin sections were contrasted with phosphotungstic
acid and analyzed in a Zeiss EM109 microscope (Carl
Zeiss, Oberkochen, Germany) operating at 80 kV. Control
samples were prepared from bone defects without im-
planted matrices.

Figure 3. Ultrastructural aspect of the (A) native collagen
secreted by rat OSs and (B) the polyanionic collagen of the
matrix BP36. Note the difference in the fibers thickness
and density and the presence of a EF in the matrix BP36.
Phosphotungstic acid. Bar ¼ 500 nm.

Figure 4. Ultrastructural aspect of the biomineralization
(A) of the BP36 matrix (*), nearby a OS and native colla-
gen (arrow heads) secreted by it can be seen close to the
implanted matrix. (B) A EF surrounded by mineral crys-
tals adjacent to an osteocyte extensions (arrows) is shown.
Bar in A ¼ 1 lm and bar in B ¼ 500 nm.
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RESULTS

We present here only the results for the BP36 ma-
trix because they were the most consistent among all
analysis methods. They are, however, representative
of the observations made for the BP24 and BP48
matrices.

Morphological and ultrastructural analysis

Undecalcified sections of parietal bones retrieved
15 days after surgery showed areas of new formed
bone in the inner portions of the BP36 matrix (Fig.
1). Clusters of OSs, mesenchymal cells, and blood
vessels could be seen in the areas where the bone
formation had not started yet. The structure of the
mineralized matrix was contiguous to the BP36,
without signs of resorption of the latter. The tissue
surrounding the bone nodules was highly vascular-
ized and rich in mesenchymal cells.

The presence of elastin was tracked at days 15, 30,
60, and 365 (Fig. 2). EFs could be found entrapped
within the bone extracellular matrix at all periods,
regardless the stage of maturation, from immature
bone at day 15 to mature lamellar bone at day 365.
However, the presence of elastin decreased as time
passed.

The ultrastructural analysis of the BP36 (Fig. 3)
matrix showed thicker structure than the rat bone
native collagen. Also, two other aspects had changed
the density of the D period that appeared lessened
and presence of fibrils within the collagen fibers.
The analysis of undecalcified sections retrieved 15
days after the surgery under the electron microscope
showed extensive electrondense areas over the
implanted matrix (Fig. 4). They were associated to
the presence of OS-like cells; native collagen fibers
could also be seen near the mineralizing areas. EFs
were found surrounded by mineral crystals.
Advanced periods had extensive periods of mineral
deposits that did not allow the observation of the
PCEM structure. Furthermore, the information con-
sidered relevant was that that showed the initial
mineral deposition over the implanted collagen.

Histoenzimology and immunohistochemistry

Phosphatase assays and ED-1 detection was done
in the samples collected 15 days after implantation
(Fig. 5). Alkaline phosphatase activity was found
directly over the BP36 matrix and was also related
with the presence of OS-like cells. ED-1 positive cells
were detected in small number and scattered within

the matrix. TRAP positive cells showed morphology
similar to osteoclasts and their presence was limited
to bone resorption pits. Later periods were consid-
ered irrelevant as it was difficult to distinguish the
bone structure from PCEM structure as previously
shown,12 nevertheless this information was not con-
sidered crucial for our analysis.

Figure 5. Photomicrographs of the alkaline phosphatase
activity (A) over the structure of the BP36 matrix 15 days
after implantation (blue color). After the same period only
a few macrophages (arrows) could be detected by ED-1
immunohistochemistry (B). Active TRAP was found only
at bone resorption pits (C), purple areas. Bar ¼ 25 lm.

BIOMINERALIZATION OF POLYANIONIC COLLAGEN–ELASTIN MATRICES 241

Journal of Biomedical Materials Research Part A DOI 10.1002/jbm.a



Bone remodeling

The observation of the hematoxylin- and eosin-
stained sections with epifluorescence microscopy re-
vealed that the organization of the BP36-implanted
bone defect evolved from a sponge-like structure at
days 3 and 7 after implantation to a mixture of wo-
ven bone and implanted polyanionic collagen fibers,
without a clear boundary between both of them
(Fig. 6). Thirty days after surgery the bone extracel-
lular matrix was poorly organized and a few areas
of BP36 matrix could still be seen. At day 60, areas
of lamellar bone were clearly visible and less organ-
ized regions as well. Finally, 1 year after implanta-
tion (day 365) the new bone extracellular matrix was
mixture of lamellar bone, poorly organized matrix,
and secondary osteons (Fig. 7). Image texture analy-
sis showed a quick decrease of both entropy and the

fractal dimension of the healing site in the presence
of the BP36 matrix. Both also showed a tendency to
approach the values measured for the remaining
original bone structure.

DISCUSSION

Osteoconductive biomaterials are usually expected
to be removed from the bone defect during the
osteogenesis process. Usually, this occurs either by
solution-driven or cell mediated events that will,
eventually, lead to a defect entirely filled with new
formed bone only.21 In this study, we describe the
use of an osteoconductive scaffold to achieve a fully
regenerated bone structure by direct in vivo mineral-
ization. This process offers a distinct advantage over

Figure 6. Organization of the extracellular matrix of the bone healing site in the presence of the BP36 matrix as revealed
by epifluorescence microscopy. Despite the progressive rearrangement of the polyanionic collagen it is still possible to rec-
ognize its wavy aspect within the new formed bone. From day 60 on it is visible features of mature bone, initially lamel-
lae and, later, osteons. Bar ¼ 20 lm.
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the current biomaterials because the removal of the
scaffolding biomaterial is no longer necessary to
open space for the formation of new bone.

From the clinical point of view, this unique bio-
logical response to the PCEMs is very attractive
compared to other biomaterials. Type I collagen has
been proposed as scaffold for bone defects ther-
apy.22,23 It is commonly described as a biocompati-
ble biomaterial that elicits low inflammatory reac-
tion.24–28 However, the fate of scaffolds based on
this protein is largely unknown being only described
as to be resorbed. Atelocollagen has been described
to be incorporated into the bone structure, but this
response depends on the presence of bone morpho-
genetic proteins associated with its structure.29 Other
biomaterials show degradation rates that is often dif-
ficult to be controlled predictively. Calcium phos-

phates usually degrade too slowly, often requiring
macrophages and giant cells to remove its struc-
ture.21,30 Even in fully regenerated defects it has
been shown to be possible to find implant remnants
entrapped within the bone structure.31 On the other
hand, some materials degrade, like polyesthers,
mainly by bulk hydrolysis.32 Despite of the design
advantage changing the chemical composition of the
material can control the degradation rate, debris of
these materials remaining in the defect still needs to
be removed by phagocytosis.

It has been previously shown that the polyanionic
collagen can be mineralized in vitro when incubated
with a saturated calcium solution.33 This was attrib-
uted to the presence of extra carboxylic groups at
the gap-overlap junction area of collagen structure
that could cause the breakage of the hydrophobic
barrier present in this area and that is considered to
be an inhibitor of collagen mineralization.34 In vivo,
this characteristic of the polyanionic collagen could
act as cofactor for the alkaline phosphatase secreted
by the OSs facilitating the mineralization of the BP36
matrix. Moreover, the presence of the alkaline phos-
phatase also excluded the possibility that mineraliza-
tion happened by dystrophic calcification.35 The
presence of extra negative charges in the collagen
structure can create a favorable interface for ions
deposition by electrostatic interaction, the same me-
chanism that is proposed to be responsible for the
apatite layer formation in electrically polarized hy-
droxyapatite.36 Also the BP36 matrix was prepared
from fresh bovine pericardia, avoiding dystrophic
calcification that might occur triggered by cross-
linked collagen.35,37

The presence of elastin in the structure of the
PCEM could be suspected to be nucleating the depo-
sition of calcium salts.38 However, because of the
presence of mineral crystals only surrounding the
elastin fibers, this possibility was considered un-
likely. On the other hand, their presence was a use-
ful marker of the presence of the PCEMs within the
new-formed bone extracellular matrix. It was possi-
ble to detect them up to a year after implantation,
revealing the long-term presence of the PCEMs,
even within mature lamellar bone.

The direct biomineralization of the BP36 matrix is
a positive way to accelerate the recovery of the bone
defect, yet, it is highly desirable that the presence of
any biomaterial within a bone defect to be transient.
The presence of TRAP positive cells only at bone
resorption pits strongly indicates that the BP36 re-
moval occurs as the new-formed bone remodel.
Osteoblasts could play a role in the polyanionic col-
lagen degradation by secreting metalloproteinases,
but this is a mechanism usually used for unmineral-
ized bone matrix degradation.39,40 The long term
presence of the BP36 matrix within the bone extra-

Figure 7. Hyperbolic nonlinear regression of the entropy
and power-law nonlinear regression of the fractal dimen-
sion of the extracellular matrix remodeling in the bone
defects that received the BP36 matrix showing the quick
remodeling of the matrix. The values approached those
obtained for the original bone structure 365 days after im-
plantation. The value of r2 for the entropy was 0.75 and
for the fractal dimension was 0.81. Statistical difference
was found for the fractal dimension (p < 0.05) but not for
the entropy (p ¼ 0.15) after 365 days.
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cellular matrix did not appear to have a negative
impact in the bone remodeling process as revealed
by the epifluorescence and image texture analysis.
The changes in the matrix reorganization from day 3
to 7 can not be attributed to any biological activity,
because at these periods the BP36 implant is still
poorly colonized by cells.12 Possibly, the changes
were due to fluid impregnation of the anionic colla-
gen that is higher than native collagen.10 From day
15 on, the whole process can be accredited to cellu-
lar activity by means of new extracellular matrix
deposition and old matrix removal. As the whole
process evolved features of mature bone, such as
lamellae and osteons, could be seen.

The effect of the presence of the PCEM in the or-
ganization of bone was assessed determining the
degree of organization of the bone matrix. The pres-
ence of lamellar bone and forming osteons gives an
account of the stage of progression of bone remodel-
ing, and could be evaluated using the entropy of in-
formation and the fractal dimension of the new-
formed bone. The extracellular matrix reorganized
quickly as the decrease of the entropy and fractal
measures revealed. The presence of hallmarks of
mature bone, like lamellae and osteons, at advanced
periods showed that the PCEMs had no negative
impact on the turnover of the bone healing process.
Moreover, the overall histological aspect of the bone
formation showed that the osteogenesis process in
the presence of the PCEM occurred uneventfully.

This study shows that the PCEMs might become a
useful asset to surgeons dealing with bone defects
and seeking for biomaterials optimized biological
response to achieve faster rehabilitation of their pa-
tients. We have been working with PCEMs with three
different electrical charge density and since our first
study,11 describing the biological response of them,
the BP36 matrix showed the most satisfactory results;
together with the observations made now, the BP36
seems to be the best PCEM for possible clinical use.
Furthermore, it also seems to be a promising scaffold
for ex-vivo bone tissue engineering.
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Abreu, Ms. Lı́gia Santoro, Ms. Maria Elena Riul, and
Ms. Maria Paula Montiani Scandar for their technical
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