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Introduction

During the past decades, the area of research 

in guided bone regeneration (GBR) has been on 
high demand due to the worldwide prevalence of 
chronic periodontitis and its consequent periodontal 

J Korean Dent Sci. 2018;11(2):43-56
https://doi.org/10.5856/JKDS.2018.11.2.43

ISSN 2005-4742

ORIGINAL ARTICLE

Corresponding Author: Seong-Ho Choi,   https://orcid.org/0000-0001-6704-6124
Department of Periodontology, Research Institute of Periodontal Regeneration, Yonsei University College of Dentistry, 50 
Yonsei-ro, Seodaemun-gu, Seoul 03722, Korea
TEL : +82-2-2228-3189, FAX : +82-2-392-0398, E-mail : shchoi726@yuhs.ac

Received for publication November 30, 2018; Returned after revision December 26, 2018; Accepted for publication December 27, 2018

Copyright © 2018 by Korean Academy of Dental Science

cc  This is an open access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/4.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

Bone Regeneration Using Block-type 
Deproteinized Porcine Bone Mineral 

with Collagen Membrane Using 
3,4-Dihydroxyphenylalanine as Bone Adhesive

Joo Hyun Kang, Hyoung-Chul Pae, Jae-Kook Cha, Jung-Seok Lee,  
Jeong-Won Paik, Ui-Won Jung, Seong-Ho Choi

Department of Periodontology, Research Institute of Periodontal Regeneration,  

Yonsei University College of Dentistry, Seoul, Korea

Purpose: The purpose of this study was to assess the adhesiveness and cytotoxicity of 3, 4-dihydroxyphenylalanine 
(DOPA), and to evaluate the role of collagen membrane with DOPA in the guided bone regeneration. 
Materials and Methods: Peel resistance and cell cytotoxicity test were performed. Four defect types in nine rabbit 
calvaria were randomly allocated: i) control, ii) membrane, iii) deproteinized porcine bone mineral (DPBM) covered by 
membrane with DOPA, and iv) DPBM covered by membrane with cyanoacrylate. Animals were sacrificed at 2 (n=4) and 
8 weeks (n=5) for microcomputed tomography and histomorphometric analysis. DOPA showed low peel resistance but 
high cell viability. 
Result: Cyanoacrylate and DOPA groups showed significantly higher mineralized tissue volume (MTV) compared 
to control and membrane groups at 2 weeks (P<0.05). At 8 weeks, DOPA group showed the highest MTV. 
Significantly higher new bone area was found in DOPA group at 8 weeks (P<0.05). Bone formation increased from 2 
to 8 weeks in DOPA group (P<0.05).
Conclusion: DOPA showed high cell viability and in vivo study revealed predictable performance in bone regeneration.
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destruction1). The investigation and subsequent 
development of procedure have uncovered the 
efficiency and predictability of various protocols 
and materials2). The challenges caused by loss of 
periodontal tissues have gradually been overcome, 
and the possibilities for using implants for missing 
dentition have increased accordingly. 

Four types of graft materials for replacement of 
hard tissue are commonly used in GBR procedures; 
autogenous or autografts, allografts, xenografts 
and alloplasts. Among these, the autograft has 
been considered a gold standard as a source of 
one of the most osteogenic organic materials. It is 
however not limitless, such as donor site morbidity 
and dimensions of graft obtainable in the host3). 
To overcome these issues, other types of natural 
transplants and synthetic materials have been 
developed for mass production. Xenografts are non-
human source materials obtained from another 
species and are widely used in clinic. Following 
the use of bovine-derived bone mineral, porcine 
bone graft tissue was introduced by several re-
searchers based on the structural and physiological 
compatibility between human and swine bone 
tissue4,5). Deproteinized porcine bone mineral 
(DPBM) has shown comparable bone regeneration 
and volume stability when used in maxillary sinus 
graft and ridge preservation after tooth extraction6,7).

Since the discovery of a principle of tissue healing 
by Nyman et al.8) and Karring et al.9), the role of 
barrier membranes in GBR has been established; to 
exclude undesired cells from a given bony defect 
and also to form a stable space into which desired 
cells are allowed to migrate. In clinical situations, 
bone substitute particles are often not well-retained 
in the defect site, and their displacement may hinder 
osteoconductivity before adequate bone formation 
is achieved. There have been several attempts to 
overcome this. It has been shown that via fixating 
membrane, displacement of bone substitutes outside 
desired area could be prevented and thus the space 

occupied by material could be maintained. Various 
means of membrane fixation onto the defect area 
have been tested such as pin, screw, tag and bio-
adhesive10). Pins or screws are a conventional 
method to achieve rigid fixation of membrane or 
grafting materials. Despite their obvious advantages, 
some potential drawbacks include the need for 
removal after a healing period, risk of pin or screw 
fracture during removal, stress shielding and 
patient discomfort11). Alternatively, cyanoacrylate 
adhesives have been used extensively in many 
surgical fields, including oral surgery12). In a clinical 
report, cyanoacrylate was used during various 
types of oral surgery, such as molar extractions and 
mucogingival surgery13). Other studies have been 
performed to compare the healing of grafts fixed by 
means of screws or cyanoacrylates14,15). The property 
of instantaneous bonding makes cyanoacrylate an 
effective tissue adhesive and multiple brands and 
formats are available16). The results are contradictory, 
with some limitations in the methods such as 
applying the minimum amount of adhesive to en-
sure no interference with the healing process17).

Recently, the efficiency of adhesive materials in 
soft and hard tissue fixation has been studied18). 
In the midst of developing various bio-adhesives, 
mussel adhesive proteins (MAPs) have been a 
subject of active research in tissue and biomedical 
engineering19). Their biocompatibility and surface-
independent adhesiveness have presented 
opportunities for developing novel type of bio-
adhesive20,21). It is the current understanding that 
3,4-dihydroxyphenylalanine (DOPA), which is 
the hydroxylated form of tyrosine accountable for 
the adhesiveness of MAPs22). Several reports have 
focused on DOPA-based adhesives and shown its 
ability to form strong hydrogen bonds and affinity 
toward hydroxyapatite abundant in bone23-25).

By utilizing DOPA molecule onto a barrier mem-
brane to make the membrane adhere to bone 
materials, more stability may be obtained which in 
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turn would contribute to the new bone formation. 
The aim of our study was to evaluate the in vitro 
adhesiveness and cell cytotoxicity of DOPA, and in 
vivo potential of GBR with combined use of DPBM 
and DOPA as functional binder material in rabbit 
model. 

Materials and Methods

1. Materials
1) Xenograft bone substitute
A disc type graft (diameter 8.0 mm and height 

3.0 mm) comprised of DPBM and highly purified 
organic bovine-derived collagen (type I) was 
purchased (The Graft Collagen; Purgo Biologics, 
Seoul, Korea). The bone material was then prepared 
by mixing DPBM particles with collagen suspension 
by the ratio of 12:88 (weight percentage) using freeze 
drying methods. 

2) Barrier membrane 
A commercially available collagen membrane cross-

linked using 1-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide (EDC) was used (Rapigide; Dalim 
Tissen, Seoul, Korea). The membrane consists of 
two layers, of which one facing the connective tissue 
was a compact non-porous film layer, and the other 
facing the bone defect was a porous sponge layer. 

3) 3,4-Dihydroxy-DL-phenylalanine (DOPA)
3,4-Dihydroxy-DL-phenylalanine (DOPA) was 

purchased (Sigma-Aldrich Co., St. Louis, MO, USA) 
to be used as the adhesive for the fixation of collagen 
membrane. 

4) Cyanoacrylate
Cyanoacrylate (Histoacryl; B. Braun Surgical SA, 

Barcelona, Spain) was used as a positive control 
adhesive for the fixation of collagen membrane.

2. In Vitro Experiments
1) Peel resistance test 
In order to test the peel resistance of the membrane 

immersed in two solutions, i.e., cyanoacrylate and 
DOPA, a simplified version of Standard Test Method 
for Peel Resistance of Adhesives (T-Peel Test) by the 
American Section of the International Association 
for Testing Materials (ASTM D 1876) was derived. 
A disc type hydroxyapatite (diameter=10 mm) was 
manufactured and was clamped in the test grips of 
a universal tension testing machine (Instron 3366 
Single Column System; Instron, Norwood, MA, 
USA). One side of collagen membrane specimen was 
applied to either cyanoacrylate or DOPA solution 
and the wet surface of the membrane was attached 
to the upper surface of disc. A load of a constant 
head speed (254 mm/min) was applied and an 
autographic recording of the load versus the head 
movement was made. The test was repeated three 
times for each solution. 

2) Cell cytotoxicity test 
Direct contact test was performed using murine 

preosteoblast cells (MC3T3-E1; ATCC, USA). The 
cells were grown in α-modified minimum essen-
tial medium (Welgene, Gyeongsan, Korea) supple-
mented with 10% fetal bovine serum (Gibco, Grand 
Island, NY, USA) and 1% penicillin-streptomycin 
(Gibco) within a humidified 5% CO2 balanced air 
incubator at 37°C. Cells were removed from the 
flasks and seeded at 1×105 cells/ml/well in a 12-well 
plate in the presence of following specimens of same 
size (15 mm×10 mm).

•  Blank control group (BC): no specimen
•  Negative control group (NC): polyethylene film 
•  Positive control group (PC): latex glove 
•  Control group (C): collagen membrane only
•  Cyanoacrylate group (T1): collagen membrane 

immersed in cyanoacrylate
•  DOPA group (T2): collagen membrane immersed 

in DOPA
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Following the incubation for 24 hours, EZ-Cytox 
cell viability water-soluble tetrazolium salt assay kits 
(Daeil Laboratory Service, Seoul, Korea) were used to 
measure the cell proliferation. After another 3 hours, 
optical density was measured at an absorbance of 
450 nm on a microplate spectrophotometer (Epoch; 
BioTek, Winooski, VT, USA). 

3. In Vivo Experiments 
1) Animals
Nine male New Zealand White rabbits weighing 

2.8 to 3.2 kg and aged 16 to 20 weeks were used 
in this study. Animal selection and management, 
surgical protocol, and preparation followed routines 
approved by the Institutional Animal Care and Use 
Committee (Yonsei Medical Center, Seoul, Korea; 
approval no. 2017-0115). All protocols followed the 
ARRIVE (Animal Research: Reporting of In Vivo 
Experiments) guidelines for the study design26).

2) Study design
Four defects of 8 mm in diameter were created in 

calvarium of each animal. The depth of the defects 
comprised full thickness of the calvarial bone, with 
slight variation in thickness according to individual 
specimen and location within the calvarium. The 
defects were randomly assigned to the following 4 
groups (Fig. 1).

•  Control group: blood clot only

•  Membrane group: collagen membrane only
•  Cyanoacrylate group: bone graft plus collagen 

membrane and cyanoacrylate
•  DOPA group: bone graft plus collagen membrane 

and DOPA
The animals were euthanized at either 2 weeks 

(n=4) or 8 weeks (n=5) postoperatively and speci-
mens were harvested.

3) Surgical protocol
General anesthesia was induced in all animals 

using alfaxan (5 mg/kg, subcutaneous injection) and 
isoflurane (2%~2.5%, inhalation). The head of the 
rabbit was shaved and disinfected using povidone 
iodine prior to local anesthetic injections at the 
surgical site using 2.2 ml lidocaine hydrochloride 
2% with adrenaline 1:80,000. An incision was made 
along the midline of the cranium from the frontal 
bone to the occipital bone in order to expose the 
entire calvarium. A full-thickness flap was elevated. 
Under copious saline irrigation, four standardized 
round defects, each with 8 mm diameter, were 
created using a trephine bur. The resected bone 
windows were removed carefully to avoid injury 
to the underlying brain tissue. The four treatment 
groups described above were randomly applied to 
the defects created. For the groups containing bone 
graft, the amount of graft particles were standardized 
to completely fill each defect by application of gentle 

Fig. 1. Clinical photographs 
of the experimental sites. (A) 
Four circumferential de fects 
with 8 mm diameter in rabbit 
calvarium. (B) Ran dom assign
ment of de fects, from top left 
in clock wise; membrane group, 
cyano acrylate group, 3,4di
hydroxy phenylalanine (DOPA) 
group, and control group. 
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pressure using a surgical instrument. For the groups 
containing the collagen membrane, the membrane 
was cut to the size of 10×10 mm to cover the entire 
perimeter of each defect. The flaps were repositioned 
and sutured with absorbable suture material (Vicryl; 
Ethicon, Somerville, NJ, USA). The animals were 
sacrificed at either 2 weeks (n=4) or 8 weeks (n=5) 
postoperatively. The skin flaps were then reflected 
and the entire calvarium was harvested from each 
animal.

4. Evaluation Methods
1) Clinical observations
Animals were carefully observed for inflammation, 

allergic reactions, and other complications around 
the surgical site throughout the 2 and 8 weeks 
healing periods. The specimens were also inspected 
at sacrifice once the calvarial bones were harvested. 

2) Micro-CT analysis
The specimens were scanned with a micro-com-

puted tomography (CT) (Sky-Scan 1173; SkyScan, 
Kontich, Belgium) at a resolution of 13.85 μm (130 
kV, 60 μA). The scanned data sets were processed 
in DICOM (Digital Imaging and Communications 
in Medicine) format, and the region of interest 
(ROI) was reconstructed with 3-dimensional (3D) 
reconstruction software (Nrecon reconstruction 
program; SkyScan). The ROI for the total augmented 
volume was defined laterally by the outline of the 
round defect margin, superiorly by soft connective 
tissue border, and inferiorly by the dura mater. 
Radiopaque areas were distinguished from the total 
augmented area (TAA) with 8-bit threshold gray-
scale values. The gray-scale values were set from 
68 to 255 for newly formed bone in the defects. 
Areas with gray-scale values lower than 68 were 
considered as fibrovascular connective tissue. Within 
the ROI, mineralized tissue volume (MTV; mm3) was 
defined as volumetric measurement of the newly 
formed bone within the defects.

3) Histological and histomorphometric analysis 
The fixed specimens were decalcified in 5% formic 

acid for 14 days and then embedded in paraffin. 
Serial 5 μm thick sections were cut through the 
central portion of each experimental site. Only 
sections located at the middle of the defects were 
selected, and stained with hematoxylin-eosin and 
Masson trichrome for histologic observation and 
histomorphometric analysis. The specimens were 
examined under a microscope (DM LB; Leica 
Microsystems, Wetzlar, Germany) equipped with 
a camera (DC300F; Leica Microsystems) by one 
blinded examiner. Images of the slides were acquired 
and saved as digital files. Subsequently computer-
assisted histometric measurements in the calvarial 
defect were performed using an automated image 
analysis system (CaseViewer 2.1; 3DHISTECH Ltd., 
Budapest, Hungary). The following parameters were 
measured from each histologic section of the defect 
areas. 

•  Total augmented area (mm2): total area contained 
within the membrane or periosteum superiorly, 
lateral boundaries of the defect and the dura 
matter inferiorly. This consists of the sum of the 
area of new bone, residual particles, connective 
tissue, adipose tissue and blood vessels within the 
defect. 

•  New bone area (mm2): area of newly formed 
bone within the defect.

•  Residual material area (mm2): area of the remaining 
bone graft material within the defect.

4) Statistical analysis
The statistical analysis was performed using a 

commercially available software program (IBM 
SPSS Statistics ver. 23.0; IBM Co., Armonk, NY, 
USA). Micro-CT values and histomorphometric 
records from the calvarial defect samples were used 
to calculate the mean and standard deviation values 
of the four groups. Kruskal-Wallis test and Mann-
Whitney U test (nonparametric analysis of variance) 
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were used to analyze the difference between the 
groups at each time periods, and also to compare the 
same experimental group between the two healing 
periods. Statistical significance was considered when 
P<0.05.

Result

1. In Vitro Study
1) Peel resistance test 
The collagen membrane applied with cyanoacrylate 

showed maximum load of 2.64±0.41 N whereas the 
one with DOPA showed minimal load of 0.06±0.04 

N (Fig. 2). 

2) Cell cytotoxicity test 
The viabilities of the cells are expressed as relative 

percentages to BC group (Fig. 3). The MC3T3-E1 
cell cultures growing in the presence of DOPA 
showed the highest viability of 99.69%±6.82%, 
fol lowed by C group (97.55%±4.29%) and NC 
group (94.05%±3.10%). The cultures containing 
cyano acrylate showed the lowest viability of 
10.20%±0.09%, next to PC group with 13.73%±4.81% 
of viability.

2. In Vivo Study
1) Clinical observations
None of the animal presented any severe post-

operative complication such as excessive bleeding or 
swelling. Wound healing was uneventful without 
any infection or flap exposure. There was no specific 
inflammatory process observed at surgical sites 
throughout the healing period. 

2) Micro-CT analysis
Table 1 presents the summary of micro-CT 

analysis. At 2 weeks, cyanoacrylate group showed 
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Fig. 2. Peel resistance test. Cyanoacrylate, when applied to 
collagen membrane, shows higher resistance to peeling load 
compared to 3,4dihydroxyphenylalanine (DOPA).
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Fig. 3. Cell cytotoxicity test. Cyanoacrylate (T1) shows the lowest 
cell viability whereas 3,4dihydroxyphenylalanine (DOPA) (T2) 
shows the highest value. BC: blank control group, NC: negative 
control group, PC: positive control group, C: control group, T1: 
cyanoacrylate group, T2: DOPA group.

Table 1. Values of MTV measured by microcomputed tomo
graphy grey value

Time group MTV (mm3)
2 weeks  

(n=4)
Control 5.73±4.01
Membrane 9.54±8.61
Cyanoacrylate 38.00±3.50a,b

DOPA 35.41±2.62a,b

8 weeks  
(n=5)

Control 14.36±3.25c

Membrane 12.15±5.54
Cyanoacrylate 27.63±8.52a,b

DOPA 28.91±5.12a,b

MTV: mineralized tissue volume, DOPA: 3,4dihydroxyphenylalanine. 
Values are presented as mean±standard deviation.
aStatistically significant difference compared to the control 
group. bStatistically significant difference compared to the 
mem brane group. cStatistically significant difference compared 
to the corresponding groups at 2 weeks.
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the highest MTV (38.00±3.50 mm3) followed by 
DOPA group (35.41±2.62 mm3) (Fig. 4). Both groups 
showed significant differences from control and 
membrane groups (5.73±4.01 mm3 and 9.54±8.61 
mm3, respectively, P<0.05). At 8 weeks, the highest 
MTV was shown in DOPA group (28.91±5.12 
mm3) with significant differences between control 
group (14.36±3.25 mm3, P<0.01) and membrane 
group (12.15±5.54 mm3, P<0.01), but no significant 
difference from cyanoacrylate group (27.63±8.52 
mm3) was shown (Fig. 5). 

3) Histologic observations
(1) Control group

At 2 weeks, the defect spaces appeared to be 
mostly empty with small amount of new bone being 
formed only on the margins (Fig. 6A). The spaces 

were mostly occupied with loose connective tissue. 
At 8 weeks, however, remarkably increased new 
bone was observed towards the center of the defect 
(Fig. 7A). On certain histological specimen, almost 
full closure of defect by bony bridge was observed. 
However, the height and volume of newly formed 
bone was far less than that of native adjacent bone. 
The remaining spaces were filled with soft tissues. 

(2) Membrane group
At 2 weeks, structurally intact collagen membrane 

was seen with good marginal adaptation to the 
native bone at the perimeter of the defects (Fig. 
6B). There was a limited amount of newly formed 
bone on the defect margins. Remaining areas were 
occupied by non-mineralized connective tissue 
underneath. At 8 weeks, some specimens showed 

A B

C D

Fig. 4. Threedimensionally 
reconstructed microcom
puted tomography images of 
defects at 2 weeks. (A) Control 
group. (B) Membrane group. 
(C) Cyanoacrylate group. (D) 
3,4Dihydroxyphenylalanine 
(DOPA) group. 
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partial resorption of the membrane, whereas others 
remained intact (Fig. 7B). The new bone formation 
appeared to be inconsistent among specimens, some 
showing a complete closure of the defect margin 
by bony bridges, while others revealed only small 

amount of bone formed on the border of defects.

(3) Cyanoacrylate group
At 2 weeks, the spaces were well-maintained by 

bone graft materials with overlying intact collagen 

A B

C D

Fig. 5. Threedimensionally 
reconstructed microcom
puted tomography images of 
defects at 8 weeks. (A) Control 
group. (B) Membrane group. 
(C) Cyanoacrylate group. (D) 
3,4Dihydroxyphenylalanine 
(DOPA) group.

Fig. 6. Histologic view after 2 weeks of healing showing (A) control group, defect space is mostly empty; (B) membrane group, 
collagen membrane is intact with good adaptation; (C) cyanoacrylate group, space is wellmaintained by bone graft materials with 
overlying intact collagen membrane; (D) 3,4dihydroxyphenylalanine (DOPA) group, collagen membrane is overlaid on defect with 
supporting bone graft particles. Masson trichrome staining. Scale bars=1 mm. 
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membrane (Fig. 6C). The bone graft particles 
appeared to occupy more space than that of the 
original bone, leading to greater augmented areas. 
This was presumably due to the pressurized bone 
graft materials onto the underlying dura mater 
during the surgical procedure. New bone was ob-
served from the margin of the defect towards the 
center, with loose fibrous tissue in-between bone 
graft particles. At 8 weeks, newly formed bone 
matured and some parts of membrane showed 
degradation, with loose connective tissue still filling 
up the spaces (Fig. 7C). The remnants of collagen 
suspension of block-type DPBM were still present 
in the area occupied by the bone graft at 2 weeks, 
whereas at 8 weeks almost all the collagen fibers 

disappeared.

(4) DOPA group
At 2 weeks, the collagen membranes were well-

adapted to the defect with supporting bone graft 
particles underneath (Fig. 6D). Similar to the 
cyanoacrylate group, the augmented areas were 
often greater than the original bone area. New bone 
formation was mainly observed on the periphery 
of the defects. At 8 weeks, the new bone was well 
formed inside the bone graft scaffold (Fig. 7D). The 
appearance of collagen remnants from the DPBM 
block at 2 weeks corresponds to the findings in 
cyanoacrylate group at 2 weeks. 

Fig. 7. Histologic view after 8 weeks of healing showing (A) control group, almost full closure of defect by bony bridge is observed; 
(B) membrane group, only a small amount of bony islands is formed with partially resorbed collagen membrane; (C) cyanoacrylate 
group, newly formed bone from the margin of defect is present; (D) 3,4dihydroxyphenylalanine (DOPA) group, more mature bone is 
present inside the bone graft scaffold compared to 2 weeks. Masson trichrome staining. Scale bars=1 mm. 

Table 2. Histomorphometric analysis

Time group TAA (mm2) NBA (mm2) RMA (mm2)
2 weeks (n=4) Control 9.57±5.18 0.78±0.36

Membrane 9.04±2.26 1.23±1.66
Cyanoacrylate 14.55±3.35 1.21±0.87 4.18±1.42
DOPA 11.59±4.61 1.67±0.87 2.39±1.70

8 weeks (n=5) Control 11.85±4.60 2.38±1.40
Membrane 11.01±9.77 1.94±0.37
Cyanoacrylate 16.96±6.01 2.40±0.59 3.50±1.10
DOPA 17.68±5.42 4.29±1.64a,b,c 4.80±2.23

TAA: total augmented area, NBA: new bone area, RMA: residual material area, DOPA: 3,4dihydroxyphenylalanine. 
Values are presented as mean±standard deviation.
aStatistically significant difference compared to the membrane group. bStatistically significant difference compared to the cyano
acrylate group. cStatistically significant difference com pared to the corresponding groups at 2 weeks. 
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4) Histomorphometric analysis
Table 2 shows the summary of histomorphometric 

analysis. The area of total augmentation was highest 
in the cyanoacrylate group (14.55±3.35 mm2), 
followed by DOPA group (11.59±4.61 mm2), control 
group (9.57±5.18 mm2) and membrane only group 
(9.04±2.26 mm2) at 2 weeks. At 8 weeks, the highest 
was DOPA group (17.68±5.42 mm2), followed by 
cyanoacrylate group (16.96±6.01 mm2), control 
group (11.85±4.60 mm2) and membrane only group 
(11.01±9.77 mm2). At both time points, the treatment 
modalities showed no significant difference. Within 
the augmented area, there was no significant 
difference between each group at 2 weeks. However, 
a significantly higher bone formation was observed 
in the DOPA group (4.29±1.64 mm2) compared 
to the membrane group (1.94±0.37 mm2, P<0.01) 
and cyanoacrylate group (2.40±0.59 mm2, P<0.05) 
at 8 weeks. Moreover, bone formation increased 
significantly from 2 to 8 weeks in DOPA group only 
(P<0.05). 

Discussion

The aim of the present study was to perform in 
vitro investigation of DOPA for adhesiveness and 
cell cytotoxicity, and in vivo animal experiment using 
DPBM and collagen membrane for GBR in order to 
evaluate DOPA as functional binder material. The 
results of this study showed that DOPA had high 
cell viability, close to the control group, whereas it 
lacked the desired adhesiveness when compared to 
cyanoacrylate group. Histomorphometric analysis 
revealed the DOPA significantly increased new 
bone formation at 8 weeks compared to membrane 
and cyanoacrylate groups in the same period. When 
using DOPA, the increase in new bone from 2 weeks 
to 8 weeks was significantly greater as well. 

Ever since much attention has been given to 
excellent adhesive ability of mussels to various 
inorganic and/or organic surfaces, DOPA has 

been identified as the main component of protein 
composites secreted by mussels. The research on 
related adhesive has mainly focused on tissue-
specific medical application, such as wound treat-
ment for diabetes, sutures for corneal tissue, and 
surgical repair of nerves27-29). A method of multi-
functional polymer coatings using simple immersion 
of substrates in a solution of dopamine has also been 
explored, which has proven to be facile approach to 
surface modification23). From these recent inventions, 
the idea of coating collagen membrane with DOPA 
in order to attach the membrane onto bone graft 
material has previously been proposed in another 
study30). By using a composite of bone substitute and 
barrier membrane attached by DOPA, it was shown 
that not only the operation time was shortened, but 
also similar performance on new bone formation was 
achieved compared to applying bone material and 
membrane separately. This result is in accordance 
with other findings which suggest improved bone 
regeneration by increasing the retention of bone graft 
particles31,32). Although the adhesiveness of DOPA 
tested in this study has proven to be far less than 
that of cyanoacrylate, it should be considered that, 
being highly vulnerable to spontaneous oxidation, 
controlling the DOPA redox remains a crucial 
challenge when using it in adhesion applications19). 
Fur ther engineering of DOPA in order to enhance its 
ad hesiveness is needed.

We used cyanoacrylate to compare the perform-
ance of DOPA in both in vivo and in vitro settings. 
Cyanoacrylate adhesives are extensively used 
for many medical purposes, such as repair of 
peripheral nerves, skin lacerations, incisions of skin 
and mucosa33-35). However, the results have been 
contradictory such as increased inflammation and 
fibrosis caused by cyanoacrylate36). In an experiment 
using rabbits, N-2-butyl cyanoacrylate was used 
to fixate bone block grafts on rabbit mandibles. 
The level of graft necrosis was significantly higher 
when using cyanoacrylate than using screw12). It is 
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noteworthy that in the present study, a significantly 
lower new bone formation with cyanoacrylate group 
was shown compared to DOPA group at 8 weeks. 
Due to a low biodegradability of cyanoacrylate, 
the presence of unresorbed adhesive between bone 
graft and membrane could prevent new bone 
infiltration between graft materials. This could also 
point a possibility of adhesive interfering the healing 
processes and consequently with the integration of 
the graft to the new bone forming from the parent 
bone. This may explain our findings of greater 
new bone formation in the membrane only group 
compared to cyanoacrylate group at 2 weeks, and 
also similar bone formation in both control and 
cyanoacrylate groups at 8 weeks. On the other hand, 
the presence of DOPA did not seem to affect the 
generation of new bone. Previous researches have 
shown the osteoinductiveness of DOPA molecule in 
vitro and in vivo37,38). An animal study has confirmed 
both the binding of DOPA-containing MAP to DBBM 
particles and its effects on new bone formation 
in rat calvaria39). They suggested that MAP has 
osteoinductive activity based on recruitment of cells 
and active molecules through its unique adhesion 
ability. Accordingly, DOPA may have accelerated 
in vivo bone regeneration, which stimulated the 
subsequent bone remodeling. It can be concluded 
that DOPA could be successfully utilized as a func-
tional biomaterial for bone tissue engineering via the 
application to barrier membrane.

The defect size used in this study was 8 mm, 
smaller than the critical size defect of 15 mm in 
previous studies40,41). Others, however, have selected 
a smaller size of defect for investigating the early 
events of regeneration or comparing various im-
plant materials42,43). According to a study where 
defects of different diameters were compared for 
spontaneous healing capacity, it was concluded that 
four 8 mm defects in rabbit calvaria could be used 
to investigate the early phase healing response and 
to simultaneously compare several materials whilst 

avoiding individual variation44). Although the block-
type DPBM used in this study was specifically 
fabricated with a diameter of 8 mm, for technical 
reasons, it was difficult to achieve a consistent fitting 
of the material onto the defect area with no gap 
between block bone margin and the periphery of 
defect on each animal. Nonetheless, no soft tissue 
ingrowth was observed between the material and 
the recipient bone, and the innate healing capacity 
which originates from the defect margin appeared to 
be constant in every defect. 

The major setback of this study is in its group 
design. In order to evaluate the role of bone adhesive, 
a group of membrane with bone graft material 
should have been included instead of the membrane 
only group. Our intention was to partly verify the role 
of this cross-linked, double-layer collagen membrane 
in the new bone formation, which in retrospect, 
could have been more appropriately assessed with 
bone graft material. This calls for an improvement 
in group design, in order to evaluate the genuine 
effects of DOPA. 

The present study investigated the in vitro qualities 
DOPA and in vivo performances of block-type 
DPBM with collagen membrane applied with 
DOPA. Within the limitations of this study, the 
obtained results suggest that DOPA, with its low 
cell cytotoxicity and potential osteoinductiveness, 
may provide its role in GBR procedure when 
applied to collagen membrane. Furthermore, future 
improvement on its adhesiveness may enhance its 
role as a bio-adhesive.

Conclusion

The present study investigated the in vitro qualities 
DOPA and in vivo performances of block-type 
DPBM with collagen membrane applied with 
DOPA. Within the limitations of this study, the 
obtained results suggest that DOPA, with its low 
cell cytotoxicity and potential osteoinductiveness, 
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may provide its role in GBR procedure when 
applied to collagen membrane. Furthermore, future 
improvement on its adhesiveness may enhance its 
role as a bio-adhesive.
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