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Abstract

Background: Vertical and horizontal bone augmentation is one of the most challenging techniques in bone engi-
neering. The use of barrier membranes and scaffolds in guided bone regeneration (GBR) procedures is a common
approach for the treatment of lost bone around teeth and dental implants. The aim of this study was to estimate the
barrier effects of a synthetic poly (lactic acid/caprolactone) [P(LA/CL)] bilayer membrane for GBR, compared to
a porcine collagen bilayer membrane, in the vertical augmentation model on 10—12-months old rat skull without
periosteum. The hydroxyapatite (HAp) block (diameter: 4 mm, height: 3 mm, porosity:75%, average pore size:150
um) was placed on the rat skull without a periosteum. The P(LA/CL) membrane (solid layer: 25 pum, porous layer:
175 um) or the collagen membrane (solid layer, porous layer) was applied onto the HAp block. At 3, 6, and 12
weeks after the surgery, the incised tissues were fixed, de-calcified, and stained with hematoxylin and eosin for his-
tological evaluation. The P(LA/CL) membrane remained until 12 weeks and could achieve barrier effects to inhibit
cellular invasion from the repositioned soft tissues. Local bone formation occurred in the interconnected pores of
HAp at 6 weeks. On the other hand, the collagen membrane did not inhibit cellular invasion for its expansion until
3 weeks, and was absorbed until 6 weeks. Histomorphometrically, bone in the P(LA/CL)/HAp at 6 and 12 weeks
occupied 8.3 % and 10.0 %, respectively, while bone was not formed in the pores of the upper half area in the colla-
gen/HAp. The results in the biomimetic model indicated that the P(LA/CL) membrane might be effective in GBR
as an occlusive and absorbable membrane.

Key words: Guided bone regeneration (GBR), bone, augmentation, absorbable, membrane, collagen, hy-
droxyapatite, P(LA/CL), biomimetic.
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Introduction

Membranes are a key factor to the GBR procedure, be-
ing able to function as a barrier against fibroblasts for
osteogenic environments. The cell-barrier membranes
are divided into absorbable and non-absorbable (1-4).
The non-absorbable membranes require a second sur-
gical procedure for the removal. Therefore, absorbable
membranes are strongly needed in the field of local bone
regeneration for one-staged surgery and avoiding ad-
ditional morbidity such as a second surgery increasing
patient’s pain and costs. Among the absorbable mem-
branes, collagen-based materials have been used widely
(2-4). Although animal-derived collagen materials are
biocompatible medical devices, it is difficult to control
the elasticity and the absorption rate of the collagen-ba-
sed materials. The enzymatic activity such as matrix me-
talloproteinases (MMPs) causes the collagen membrane
to digest rapidly and decreases the cell-barrier function.
Therefore, a novel polymer membrane composed of
poly (lactic acid) (PLA) and poly (caprolactone) (PCL)
has been developed to act as a cell-barrier membrane
during bone formation for GBR in Japan (5), and the
bio-absorbable GBR membrane is a poly (lactic acid /
caprolactone) (P(LA/CL)) bilayer membrane without
animal products (5,6). The degradation rate of the P(LA/
CL) bilayer membrane was 40% and 55% in weight at
12 and 26 weeks, respectively (5). Already, the safety
and feasibility of the P(LA/CL) membrane with carbo-
nate apatite granules and autogenous bone was clinica-
lly assessed for GBR in bone defects surrounding dental
implants in human pilot studies (7,8). However, the fate
and behavior of the P(LA/CL) membrane in the applied
sites were not mentioned in the clinical papers.

GBR is the popular technique for horizontal and/or ver-
tical bone augmentation in implant dentistry (9). The
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vertical augmentation is especially one of the most cha-
llenging techniques in bone engineering. Although there
have been many animal studies related with GBR, al-
most all studies have used the GTR membranes in bone
defect (inlay) models with periosteum in young-adult
rats (10,11). Moreover, almost patients related with bone
loss by periodontal disease or implant rehabilitation are
in the adult-senior stage, not young. In the present study,
therefore, aged rats in the adult-senior stage were used,
and we focused on the barrier effects of the P(LA/CL)
membrane against non-osteogenic soft tissues without
periosteum as clinically biomimetic model.

The aim of this study was to estimate the barrier effects
of a novel P(LA/CL) bilayer membrane for GBR, com-
pared to a porcine collagen bilayer membrane, histolo-
gically in the vertical (onlay) model on skull without a
periosteum of 10-12 months old rats.

Material and Methods

1. Biomaterials

Absorbable bilayer membranes and non-absorbable
synthetic hydroxyapatite (HAp) block were used in this
study. The HAp block (diameter: 4 mm, height: 3 mm,
porosity: 75%, average pore size: 150 um) (NEOBO-
NE®, CoorsTek GK, Japan) was placed on the rat skull
without a periosteum. As an experimental group, a poly
(lactic acid /caprolactone: P(LA/CL)) bilayer membrane
(Cytrans®Elashield, GC Corp, Tokyo, Japan, Fig. 1 (a))
was applied onto the HAp block for GBR. The synthe-
tic P(LA/CL) membrane consists of a bilayer structure
(totally 200 um in thickness) with solid (25 pm) and po-
rous (175 um) layers (3,4). As a control group, a colla-
gen bilayer membrane (Bio-Guide®, Gaistrich Pharma,
Wolhusen, Switzerland, Fig. 1 (b)) was used onto the
HAp block. The non-cross-linked collagen membrane

Fig. 1: Images of scanning electron microscopy of absorbable bilayer membranes.
(a) P(LA/CL) bilayer membrane. Upper layer; solid structure (25 um). Lower layer;
multi-porous (175 pm). Note: Upper solid layer contact with repositioned soft tis-
sues. (b) Collagen bilayer membrane.
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derived from porcine dermis exhibited a dense structure
in the upper layer and a porous structure in the lower
layer (totally 440 pm in thickness) (12,13). Both mem-
branes were cut into a round shape (diameter: 8 mm) by
a sterilized biopsy punch (BP-80F, Kai medical, Japan)
before use.

2. Animal Experiment

Twenty-seven Wistar rats (10-12 months old, female,
weight range: 280-320 g) were used to evaluate in vivo
effects of each barrier membrane onto the HAp block.
The animal experiment was examined by the Institu-
tional Animal Care and Use Committee of the Health
Sciences University of Hokkaido (approval number: 21-
047).

3. Surgical Procedures

The rats were divided randomly into two groups, as fo-
llows: the control group, the collagen membrane onto
the HAp block on the exposed parietal bone without
periosteum (n=15); the experimental group, the p(LA/
CL) membrane onto the HAp block (n=12). Wistar rats
were subjected to intraperitoneal anesthesia with pen-
tobarbital sodium (4 mg/100 g body weight). Surgical
operations were performed under the general anesthesia,
the head hairs were shaved and an incision allowing re-
flection of a full-thickness flap was made in the scalp in
the sagittal plane (Fig.2 (a)). The head skin was eleva-
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Fig. 2: Photéraphy of surical procedures on ault—senior staged rat skull in GBR model. (a) Incision and expo-
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ted with galea, and the periosteum was removed from
the outer cortical plate of parietal bone (Fig. 2 (b)). The
HAp block was implanted on the exposed skull without
a periosteum (Fig. 2 (c)). Each membrane was placed
onto the HAp block (Fig. 2 (d,e)) without fixation of the
membrane by tack pins. The skull skin was sutured with
5/0 nylon sutures. Chloromycetin ointment was used af-
ter the sutures (Fig. 2 (f)). All surgical procedures were
performed by the same surgeon. All rats were fed with a
standard diet during the experimental period.

4. Histological Examination

At 3, 6, and 12 weeks after the surgery, the rats were
sacrificed (4 rats as the control group and 5 rats as the
experiment group at each time point) by cervical dislo-
cation under an anesthetic overdose (ketamine at a dose
2-3-fold higher than the anesthetic dosage). After the in-
cision of head skin, a surgical drill attached to an electri-
cal hand motor piece was used to harvest the skull bone
with both the implanted materials and the head skin.
The incised tissues were immersed in 20% neutral phos-
phate-buffered formalin solution, additional immersion
by microwave treatment, and then fixed in 20% neutral
phosphate-buffered formalin solution for 1 week. The
fixed tissues were decalcified in 10% formic acid for 4
weeks, and rinsed overnight with running water. All the
samples were dehydrated using ethanol (50%—100%)

sure of periosteum. (b) Removal of periosteum from parietal bone after elevation of scalp. (c) Cylindrical HAp
block (diameter: 4 mm, height: 3 mm) on exposed parietal bone without periosteum. (d) Barrier membrane inser-
tion (diameter: 8 mm). (¢) Membrane between HAp and soft tissues without periosteum. Note: solid (dense) layer
of membrane contacted with soft tissues, (f) Antibiotics paste on skin sutured with 5/0 nylon.
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and processed for paraffin embedding (Vacuum Rotary,
VRX-23, Mitsubishi, Tokyo, Japan). Later, histological
sections (5 pm thickness) were prepared by a microto-
me (Yamato Rom 380, Tokyo, Japan) and stained with
hematoxylin and eosin (HE) (Wako, Osaka, Japan). The
HE-stained sections were examined by using an optical
microscopy (Nikon Eclipse 80i, Nikon, Tokyo, Japan)
for histological evaluation.

5. Histomorphometric Measurement

The middle longitudinal sections were selected from 3
blocks for the measurement. The concerning area was
decided as the upper half area of total HAp. Explanted
tissues were divided into following 4 parts: HAp, new
bone, immature tissues (IT), and fibrous connective
tissues (CT). The area of each tissue was outlined by
the investigator using Image J software (Image J 1.46r,
the National Institute of Health, Bethesda, Maryland,
USA). A statistical analysis was conducted to compare
the areas of HAp, new bone, immature tissues, and con-
nective tissues at 3, 6, and 12 weeks. All measurements
were performed by 2 investigators.

All data were presented as the mean + standard deviation
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(SD). The statistical significance of the change in res-
ponse was assessed by a paired t-test. Differences were
considered significant at P<0.05. Statistical analysis was
performed using a Windows computer with SPSS sof-
tware (SPSS ver. 19, IBM, USA).

Results

1. Histological Findings in P(LA/CL) /HAp on Skull wi-
thout Periosteum

At 3 weeks after the surgery, loose fibrous connective
tissues were seen on the P(LA/CL) membrane, which
was recognized as a white bundle of clear space in HE.
Capillaries including red blood cells and body fluid were
observed in the upper and middle pores of HAp (Fig. 3;
3W). At 6 weeks, P(LA/CL) was clearly seen as a white
bundle of clear space. New bone formation was found
locally in the pores nearby the outer cortical bone, and
the bottom of HAp block was connected directly with
the skull (Fig. 3; 6W). The P(LA/CL)/HAp was totally
encapsulated by fibrous connective tissues (Fig. 3; 6W
(a,b)). In the middle area of HAp, apart from the surface
of skull, new bone and immature tissues with undiffe-

Fig. 3: Histological images of P(LA/CL) /
HAp on skull without periosteum. 3W; Fi-
brous connective tissues on P(LA/CL) mem-
brane at 3 weeks. Red blood cells and body
| fluid in pores of HAp. Note: P(LA/CL) and
HAp bulk showing clear spaces after com-
pletely demineralization in HE. 6W (a) Total
view at 6 weeks. Hair and fibrous connective
tissues on P(LA/CL). 6W (b) Higher magni-
fication of white frame in “6W (a)” figure.
Fibrous connective tissues on P(LA/CL). Un-

PlLA/CL)

differentiated mesenchymal cells, red blood
cells and body fluid in pores of HAp. Note:
P(LA/CL) and HAp bulk showing clear spac-
es after demineralization (HE). 6W (c) Higher
magnification of blue frame in “6W (a)” fig-
ure. New bone and immature tissues with
undifferentiated mesenchymal cells and red
blood cells in pores. B: bone. 12W (a) Total
view at 12 weeks. Fibrous connective tissues
around P(LA/CL) showing clear spaces after
demineralization (HE). Immature tissues in
middle area of HAp block. 12W (b) Bone in
m‘ interconnected pores.
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rentiated mesenchymal cells and red blood cells were
found in the pores (Fig. 3; 6W (c)). At 12 weeks, the
P(LA/CL)/HAp was encapsulated by fibrous connective
tissues (Fig. 3; 12W (a)). Bone formation occurred in
the interconnected pores (Fig. 3; 12W (b)). The wound
rupture did not occur during 12 weeks.

2. Histological Findings in Collagen /HAp on Skull wi-
thout Periosteum

At 3 weeks after the surgery, the collagen membrane was
remarkably expanded except the upper corners of the
HAp block (Fig. 4; 3W (a)). The fibers of the collagen
membrane were stained strongly by eosin, and the co-
llagen membrane on the corners of HAp was extremely
thin in thickness (Fig. 4; 3W (a)). Strongly eosin-stained
collagen fibers were distinguished from pinkish fibers
of the original connective tissues. Hematoxyline-stained
white blood cells infiltrated into the upper layer of the
expanded membrane (Fig. 4; 3W (b)). The wavy co-

12W(a) g a2 ¥
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llagen fibers of the membrane were seen inside the top
pores of HAp (Fig. 4; 3W (b,c)). Immature tissues inclu-
ding undifferentiated mesenchymal cells, red blood cells
and tissue fluid were found in the middle pores of HAp
(Fig. 4; 3W (a)). At 6 weeks, the collagen membrane
disappeared, and fibrous connective tissues were formed
in the upper pores (Fig. 4; 6W). Strongly eosin-stained
collagen fibers were not found. At 12 weeks, residues of
the collagen membrane were not seen (Fig. 4; 12W (a)).
The HAp block was encapsulated by fibrous connective
tissues (Fig. 4; 12W (a)). The wound rupture did not oc-
cur during 12 weeks.

3. Histomorphometric Measurement

The upper half area of HAp block was decided as a con-
cerning area for the measurement, because bone conduc-
tion occurred in the pores of the bottom area of HAp
block on the skull. The average percentage of bone in the
P(LA/CL)/HAp increased with time, while bone forma-

Fig. 4: Histological images of collagen / HAp on skull without periosteum. 3W (a) Expansion
of collagen membrane (*). Eosin-stained collagen fibers of membrane. Note: Thin thickness of
collagen membrane on corners of HAp block. 3W (b) Strongly eosin-stained collagen fibers (*),
compared to original connective tissues. Hematoxylin-stained white blood cells in upper layer of
membrane. 3W (c) Wavy collagen fibers of membrane in top pore of HAp. *: collagen membrane.
6W; Disappearance of collagen membrane. Fibrous connective tissue formation in upper pores.
12W (a) Disappearance of collagen membrane. HAp covered with fibrous connective tissues. 12W
(b) Dense connective tissues in pores of middle area of HAp block.
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tion was not found in the upper half area of the collagen/
HAp. Bone in the P(LA/CL)/HAp at 6 and 12 weeks
occupied 8.3 % and 10.0 %, respectively. The percenta-
ge of immature tissues in the P(LA/CL)/HAp revealed
significantly higher than that in the collagen/HAp at 3,
6, and 12 weeks. On the other hand, the percentage of
connective tissues in the collagen/HAp revealed signifi-
cantly higher than that in the P(LA/CL)/HAp at 3, 6, and
12 weeks (Table 1).

Discussion

The synthetic P(LA/CL) bilayer membrane, an absorba-
ble and polymeric material, had a better performance in
the barrier effects against soft tissues than the porcine
skin-derived collagen bilayer membrane. The P(LA/CL)
membrane remained until 12 weeks later, while the co-
llagen membrane was totally expanded at 3 weeks and
almost absorbed until 6 weeks in this onlay model. The
in vivo appearance of the P(LA/CL) membrane at 12
weeks was compatible to the in vitro results indicating
40% degradation rate of the membrane in the dissolution
test for 12 weeks in phosphate-buffered saline (5).

1. Animal model

Generally, adult-senior stage patients lose teeth and al-
veolar bone with periosteum, mainly due to periodon-
tal diseases, and require vertical and/or horizontal bone
augmentation for oral rehabilitation. Until now, almost
all in vivo studies were done in bone defect (inlay) mo-
dels with periosteum in young-adult rats (10, 11). Ver-
tical or horizontal augmentation model is not dynamic
more than bone defect (inlay) model consisting of 3-4
bony walls. The supply of mesenchymal stem cells and
blood was much better in bone defect models than in
augmentation models on cortical bone. In this study,
therefore, the application of the barrier membranes was
used as vertical bone augmentation (onlay) model wi-
thout periosteum of 10—12-months old rats (adult-senior
stage) for GBR. We believe that the present model is
biologically similar and biomimetic to the real adult-se-
nior staged patients requiring bone augmentation for
dental implant placements.

2. Barrier Membranes

Native collagen-based materials have been common-
ly applied as absorbable barrier membranes for GBR
(2-4,12-14). Collagen is a main component in human
body, and the collagen-based materials have an outstan-
ding biocompatibility (15-18). However, it is difficult to
control the absorbability and strength of animal-derived
collagen materials. It was reported that the non-cross-
linked collagen membrane (Bio-Guide®) consisting of
type I and III collagen was digested by collagenase, and
disappeared generally during 4-8 weeks (12,13). Interes-
tingly, as a dry collagen material has a characteristic of
high potential of water retention (wettability), the wet
expansion of the collagen membrane occurred sponta-
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neously in scalp tissues in the present study. The collagen
membrane presents a mesh-like structure, hydrophilic
and permeable in aqueous environments, allowing grea-
ter cell infiltration (5,6). The first biological interaction
that occurs in body is the adsorption of plasma proteins
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at the membrane—tissue interface. Proteins have more
affinity to accumulate at the interface of barrier membra-
ne, and surface wettability also affects platelet adhesion/
activation, blood coagulation, cell and bacterial adhe-
sion (14). On the other hand, the P(LA/CL) membrane
was developed as a prolonged barrier membrane against
connective tissues for GBR, composed of both the solid
layer inhibiting cellular and bacterial infiltration and the
multi-porous layer, and degraded by hydrolysis in about
20 weeks (5,6). Hydrolysis of PCL occurs by end-chain
scission because of its highly crystalline chain structure.
Hence, hydrolysis of PLA occurs at random points (5).
In addition to the slower degradation, another advantage
of blending PCL is that it produces a less acidic environ-
ment during its degradation (4). The slow degradation
prevents the accumulation of by-products in the tissue
microenvironment, thereby avoiding an overly acidic
pH (19). The P(LA/CL) membrane remained almost in-
tact as a barrier until 12 weeks later, while the collagen
membrane was expanded by body fluid such as blood
and tissue liquid until 3 weeks. Moreover, neutrophils
infiltrated into the upper layer of expanded collagen fi-
bers at 3 weeks. The residues of the collagen membrane
were not observed at 6 and 12 weeks. Until 6 weeks,
fibroblasts proliferated in the swelled collagen fibers and
should produce MMPs, especially collagenase, in the
deformed collagen membrane. The enzymatic activity
of fibroblasts, neutrophils and macrophages causes the
collagen membrane to rapidly digest, and the collage-
nous material was replaced by newly formed collagen.
The changes in the barrier morphology should correlate
strongly with the migration and invasion of fibroblasts,
necessary for fibrous tissue formation, from gum and
mucosa. In contrast, the P(LA/CL) membrane remained
clearly until 12 weeks in this augmentation model. It
was reported that the weight of the P(LA/CL) membrane
decreased in 45% after 26 weeks in the in vitro dissolu-
tion test, using phosphate-buffered saline at 37°C (4).
Moreover, to investigate the degradability of the P(LA/
CL) membrane in vivo, P(LA/CL) membranes were
implanted into rat subcutaneous tissues, and the results
showed P(LA/CL) remained clearly until 24 weeks, and
maintained an efficient barrier function (20). Our results
in the present study agree with the previous reports (5,
20). The lower degradation rate of the P(LA/CL) mem-
brane was a better performance in a barrier function than
the collagen membrane. In addition, conventional tensi-
le tests showed that the P(LA/CL) membrane had a sig-
nificantly smaller tensile strength compared with poly
(lactic-glycolic acid: PLGA) membrane (GC membrane,
GC Corp, Tokyo, Japan) (5). In contrast, the breaking
strain of the P(LA/CL) membrane was more than twenty
times greater than that of the PLGA membrane, indica-
ting that the P(LA/CL) membrane underwent a greater
deformation prior to the rupture. Unfortunately, very
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prolonged residual P(LA/CL) membrane might cause to
wound rupture and chronic inflammation. In near future,
the absorption of improved barrier membranes for GBR
will be harmonized with bone-forming process in bone
augmentation/regeneration.

3. Bone Managements for Bone Formation in Porous
Scaffolds

The GBR procedure needs both an adequate scaffold
that provides cell-anchorage and sufficient mechanical
support and a barrier membrane that inhibits cellular
invasion for vertical and/or horizontal augmentation in
bone volume loss. It is well known that highly porous
scaffolds promote bone formation better than the dense
type (21,22). A non-porous solid biomaterial acts like a
material’s wall that inhibits both cellular and capillary
invasion. In the P(LA/CL)/HAp, bone was locally for-
med in the middle and lower areas of the HAp block
at 6 weeks. The immature tissues were observed in the
upper pores of HAp at 12 weeks. Bone formation was
not found in the upper pores of HAp even at 12 weeks,
although the HAp block was 75% porosity. It was sus-
pected that the main cause was insufficient supplies of
mesenchymal stem cells and growth factors from highly
calcified cortical bone of aged rats. We believe, there-
fore, cortical perforations into bone marrows or ultra-
sonic-scratching technique into the outer cortical plate
of skull will contribute to an accelerated bone forma-
tion in GBR. The bone managements should contribute
to the supply of bone marrow cells and the release of
bone matrix- and blood-derived growth factors from the
original bone (23-25). The marrow-derived stem cells
will proliferate and differentiate into osteoblasts in the
interconnected pores of HAp block and in the porous la-
yer of the P(LA/CL) membrane by reacting with several
growth factors from bone and blood. Especially, bone
morphogenetic proteins (BMPs) in bone matrix are key
growth factors for accelerated bone formation in GBR
procedure. BMPs has a strong bone-inducing capability,
and vertical bone augmentation was achieved at 3 weeks
by onlay implant using the composite of recombinant
human BMP-2 (10 pg) and atelocollagen material (10
mg) on adult-senior staged rat skull model without pe-
riosteum (9).

Conclusions

The barrier effects of the P(LA/CL) membrane and the
collagen membrane were evaluated histomorphometri-
cally in the vertical augmentation model on 10—12-mon-
ths old rat skull without periosteum. The P(LA/CL)
membrane could achieve barrier effects under the repo-
sitioned soft tissues until 12 weeks and local bone for-
mation occurred in the interconnected pores of HAp at
6 weeks. On the other hand, the collagen membrane did
not inhibit cellular invasion for its expansion at 3 wee-
ks and was absorbed until 6 weeks. The results indica-
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ted that the P(LA/CL) membrane might be effective in
GBR procedure. Further investigation will be needed for
the improvement of absorption rate and structure of the
P(LA/CL) bilayer membrane.
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