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Abstract

The safety and efficacy of
magnesium membrane with
polymer—coating for guided bone
regeneration in a rabbit calvarium
model

Sung—Woon On, D.D.S., M.S.D.

Program in Oral and Maxillofacial Surgery, Department of Dental
Science, Graduate School, Seoul National University

(Directed by Professor Jin—Young Choi, D.D.S., M.D., Ph.D.)

Background and purpose: Guided bone regeneration (GBR) for
implant placement is a predictive procedure. For space maintenance
and stabilization of the graft material, non—resorbable barrier
membranes such as expanded polytetrafluorethylene (e—PTFE),
titanium—reinforced e—PTFE and titanium mesh are used. One of
major drawbacks of using non-—resorbable membranes including
titanium mesh is that a secondary operation for removal is required.
Therefore, a demand for a new barrier membrane has emerged.
Magnesium (Mg) not only has the mechanical strength of metal but
also 1s capable of biodegradation. During biodegradation, however,
Mg alloys undergo rapid corrosion resulting in excessive hydrogen
gas formation and premature loss of mechanical strength. There have
been attempts to apply resorbable polymers including poly—L—lactic

acid (PLLA) as surface treatment materials to prevent early



corrosion of Mg. However, most of them are in vitro—level studies
and only a handful of /7 vivo studies have been published. There is a
demand for more in vivo studies on the improved corrosion resistance
of PLLA—coated Mg alloy and its safety and effectiveness. The aims
of this study were to evaluate the safety and efficacy of PLLA—
coated Mg membrane in GBR through /n vitro and in vivo tests using

a rabbit calvarium model.

Materials and methods: Uncoated Mg membrane and PLLA—coated
Mg membranes were fabricated using a Mg—Dysprosium (Dy) alloy.
With a scanning electron microscope (SEM), the microstructure of
Mg membrane surface with or without PLLA —coating were examined
and thickness of PLLA coating was measured. The in vitro
degradation test was performed by immersing the Mg membranes
into Dulbecco's modified Eagle medium (DMEM) and measuring the
weight loss over immersion time. The in vitro cytotoxicity test was
conducted according to ISO 10993—5, and 3— (4,5—dimethylthiazol—
2—yl) —2,5—diphenyltetrazolium bromide (MTT) assay was
performed. /n vivo study was conducted using twenty—four healthy
New Zealand white male rabbits. Two symmetrical 8 mm—diameter
bone defects on each side of the rabbit calvaria were created using a
trephine bur. In a total of 48 defects, 12 defects were randomly
assigned per group according to the following four categories: (1)
Negative control (NC) group: unfilled and left uncovered, (2) Positive
control (PC) group: filled with graft material and left uncovered, (3)
Uncoated Mg group: filled with graft material and covered with
uncoated Mg membrane, (4) PLLA—coated Mg group: filled with graft
material and covered with PLLA—coated Mg membrane. Xenogenic

bone graft material (Bio—Oss®; Geistlich Pharma AG, Wolhusen,
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Switzerland) was used to fill the defect. Clinical observation was
conducted regularly, and eight rabbits (16 defects) were sacrificed
at 4, 8, and 12 weeks to analyze the healing patterns for each study
period. Radiological study wusing micro—computed tomography
(micro—CT) and histological, histomorphometric, and
immunohistochemical analyses were performed on each specimen.
Statistical analyses were carried out to compare the differences in
variables among the groups at each study period, and p values of less

than 0.05 were considered statistically significant.

Results: The PLLA—coated Mg membrane showed smoother surface
in general compared to the uncoated Mg membrane. The thickness of
the PLLA coating was measured to be 9.91 £ 2.75 gm under SEM.
The degree of degradation of uncoated Mg membrane and PLLA—
coated Mg membrane indicated a favorable protective effect of PLLA
coating. In cytotoxicity test, no deformed or degenerated cells based
on qualitative morphological grading of cytotoxicity of extracts in ISO
10993—5 were observed in the samples from both uncoated Mg and
PLLA—coated Mg membranes. The results of L—929 cell viability in
MTT assay showed uncoated Mg membrane cell viability of 96.5%
and PLLA—coated Mg membrane cell viability of 72%. According to
the evaluation criteria of the MTT cytotoxicity test of ISO 109935,
both membranes were confirmed to have no cytotoxic potential. In
the /n vivo study, no rabbits were lost during the experiment. During
clinical observation, all rabbits, except for one, were healed without
any complications. Radiological analysis using Micro—CT showed the
PLLA—-coated Mg group resulted in significantly higher percentages
of new bone volume (NBV) and total bone volume (TBV) than the NC
group at 4, 8, and 12 weeks (all < 0.05). The residual membrane
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surface area of the PLLA—coated Mg group was significantly higher
than that of the uncoated Mg group at 4 weeks (P < 0.05). Upon
histological observation, the PLLA—coated Mg group showed a large
void area below the membrane, but the void was smaller and appeared
later compared to the uncoated Mg group. PLLA—coated Mg group
also showed more complete restoration of the bony contour than the
uncoated Mg group. In terms of histomorphometric analysis, the
PLLA—coated Mg group showed the highest percentage of total bone
area (TBA) among all groups at all study periods and residual
material area (RMA) at 8 and 12 weeks, but the differences were not
statistically significant. Comparison of inflammatory response scores
and the numbers of multinucleated giant cells (MNGCs) among the
groups indicated that the PLLA—coated Mg group did not show
significant differences from the NC and PC groups in inflammatory
response scores and the numbers of MNGCs. In immunohistochemical
analysis using osteocalcin (OC) and osteopontin (OPN), the
percentage of OC expression in the PLLA—coated Mg group was
significantly higher than that of the NC group at 8 weeks (< 0.05),
and the percentage of OPN expression in the PLLA—coated Mg group
was significantly higher than that of the NC group at 4, 8, and 12
weeks (all 2<0.05).

Conclusions: Regarding the safety of PLLA—coated Mg membrane,
PLLA—-coated Mg membrane showed no cytotoxic effect according
to in vitro cytotoxicity tests and demonstrated favorable
biocompatibility as it did not cause significant inflammatory response
histologically or clinically in an in vivo test using a rabbit calvarium
model. In terms of efficacy, a slower degradation of PLLA —coated

Mg membrane was observed than the uncoated Mg membrane in

! SR



degradation test and micro—CT analysis. In addition, Mg membrane
with PLLA coating showed good bone formation and maintenance in
radiological and histomorphometric analyses. The results of this
study indicates that PLLA-—coated Mg membrane is a safe and

effective material for GBR at both in vitro and in vivo levels.

Keyword : magnesium membrane, polymer coating, guided bone
regeneration, dental implant, alveolar ridge augmentation.
biodegradability, biocompatibility
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Introduction

Guided bone regeneration (GBR) for dental implant placement is a
fairly common procedure with high success rate, and it has been
established through decades of research and clinical practice.! GBR
enables dental implant placement in areas of bone loss by restoring
the height and width of alveolar bone. Alveolar ridge augmentation
procedure can be classified into horizontal ridge augmentation that
restores the width of alveolar bone and vertical ridge augmentation
that restores the height of alveolar bone. Between the two, the
vertical ridge augmentation is considered more technically
demanding and less predictable than horizontal ridge augmentation.?
Among many requirements for a successful GBR,® the factors related
to the success of vertical ridge augmentation include space
maintenance, stability of the graft material, and primary wound
closure that withstands the tension of soft tissue. For better space
maintenance and stabilization of the graft material, non—resorbable
barrier membranes such as expanded polytetrafluorethylene (e—
PTFE), titanium—reinforced e—PTFE and titanium mesh are often
used for vertical ridge augmentation. Titanium mesh is the only
commercially available barrier membrane made of metal. It has

excellent biocompatibility and mechanical support, fulfilling the



requirements for a successful vertical bone augmentation.! In spite
of these advantages, non—resorbable membranes including titanium
mesh have a major drawback which is the need for a secondary
operation for removal. Membranes made of resorbable materials such
as collagen lack rigidity, making space maintenance difficult under
soft tissue tension. As a result, the use of the resorbable membrane
is limited in vertical alveolar bone augmentation. Therefore, there has
been a rising demand for the development of a resorbable metal
barrier membranes with mechanical stability comparable to titanium
mesh.

Magnesium (Mg) is a resorbable material with the mechanical
strength of metals. Mg alloys had been tested for application in the
fields of orthopedic and vascular surgery in as early as the late
1800s.” However, they have lost interest due to the characteristic
rapid corrosion resulting in the formation of excessive hydrogen gas
and premature loss of mechanical strength. Recently, however, a
number of studies on the prevention of rapid corrosion of Mg have
been conducted, and Mg has been regaining attention. In applications
for Mg alloys, rare earth elements are known to play an important
role in enhancing the corrosion resistance by removing impurities of
Mg alloy and purifying the matrix.® In consideration of this point,
studies have been carried out to examine the biological performance

2 2] .
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of Mg alloys containing rare earth elements as resorbable implants.”®
However, Mg alloy containing rare earth elements has been mainly
used in research for drug eluting stents or plate and screw for bone
fixation, and has not been used for fabrication of membrane in GBR.
In the last 5 years, several studies have been conducted reporting
that these alloys showed good biocompatibility and mechanical
strength when used for fixation plates, screws, and implants in the
craniomaxillofacial area,”’ ! and based on these studies, expectations
for application of Mg alloys containing rare earth elements as barrier
membranes have risen. Resoloy® (MeKo, Hannover, Germany) is a
Mg alloy containing rare earth elements based on Mg—Dysprosium
(Dy), and was developed for resorbable implants. Dy, which has high
solubility in Mg, and can be combined with other elements such as
zirconium (Zr), neodymium (Nd), and gadolinium (Gd) to control the
mechanical and corrosion properties, and Mg—Dy alloy demonstrated
good cytocompatibility 7z vitro.**'? In addition, Resoloy® showed
excellent corrosion behavior and mechanical properties including
strength and ductility with an optimized microstructure in previous
report.'* Therefore, it is necessary to try using Resoloy® as a basic
material for the membrane in GBR.

Among various methods to increase the corrosion resistance and
biocompatibility of Mg, alloying or surface treatment such as coating

3 2] .
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technique are mainly applied.!”'® Surface coating technique is a
method of forming a lining layer of different composition to keep Mg
from contacting with corrosive fluids. The coating method is
considered more convenient and timesaving compared to the alloying
technique.!'” The surface coating technique is classified into the
following two methods according to the participation of substrates:
conversion coating and deposited coating. Between the two, the
deposited coating is formed ex situ without the substrate
participation, and the composition of coating is more flexible than the
conversion coating.'®!¥ Both organic and inorganic materials are used
as protective physical coating, but organic materials such as
resorbable polymers are preferred for their superior protective
function and minimal spatial defects.?® In addition, polymeric coating,
which occupies the majority of deposited coatings, is expected to
show excellent corrosion resistance and bioactive performance in
Mg—based materials because it can be easily tailored and can act as
a carrier for bioactive compounds.?'?? Therefore, attempts to
improve both the corrosion resistance and biocompatibility of Mg
alloy using such resorbable polymers are ongoing.

The resorbable synthetic polymers include polyglycolic acid (PGA),
polylactic acid (PLA), poly (lactic—co—glycolic) acid (PLGA). These
polymers are biocompatible and slowly degraded, allowing for clinical

4 2] .
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application in various fields that meet the purpose. By focusing on the
characteristics of these resorbable polymers, there have been
attempts to apply the resorbable polymers as surface treatment
materials to prevent early corrosion of Mg.?? %" These studies have
shown the possibility of better corrosion resistance of Mg, but most
of them are in vitro—level studies, and only a handful of in vivo
studies have been published. In particular, there are no in vivo studies
on poly—L—lactic acid (PLLA) as a surface coating for Mg membrane
used for GBR. PLLA is known to have a longer degradation period
than the other type of PLA, poly—D-lactic acid (PDLA).?*%’ It is of
both academic and clinical interest to examine the corrosion
resistance of PLLA—coated Mg alloy by in vivo test, and evaluate its
safety and effectiveness.

Therefore, the aims of the present study were to evaluate the
biocompatibility and safety of PLLA—coated Mg membrane, and to

investigate the efficacy of PLLA—coated Mg membrane in GBR.

Materials and methods

A. In vitro study

1. Preparation of PLLA—coated Mg membrane

The uncoated Mg membrane and PLLA —coated Mg membrane used



in the present study were fabricated at MeKo Manufacturing e.K.
(Hannover, Germany) from Resoloy®, a Mg—Dy—Nd—zinc (Zn) —Zr
alloy. Initially, a mesh type cylindrical Mg tube with a diameter of 8
mm as shown in Figure 1 was cut in half to become a hemispherical
shape, and then further cut to have a length of 12 mm by laser (high
end laser systems developed and built by MeKo) cutting with
tolerances of £0.005 mm. Then, the hemispherical Mg tube was
flattened as much as possible by folding the middle part using a
bending jig (Figure 2). As a result, Mg membranes with dimensions
of 11.56 mm X 12.0 mm X 0.7 mm were completed, and had a
thickness of 0.2 mm and a weight of 32.6 mg. Prior to PLLA coating,
cleaning with ethanol was performed as a pretreatment process.
PLLA coating was carried out through common spray coating using a
company —specific process. Each uncoated Mg membrane and PLLA—
coated Mg membrane were sterilized with ethylene oxide (EO) gas

before in vitro and in vivo tests.

2. Microstructure of Mg membrane with or without coating

The microstructure of surface of Mg membrane with or without
PLLA—coating were observed using scanning electron microscope
(SEM) (Gemini SEM 300; Carl Zeiss, Jena, Germany). SEM samples

were analyzed after platinum coating. The measurement of thickness
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of PLLA coating was also performed using SEM.

3. Degradation test

The in vitro degradation test was performed by immersing the Mg
membranes with or without coating into Dulbecco's modified Eagle
medium (DMEM; Welgene, Gyeongsan, Republic of Korea) and
measuring the weight loss over immersion time. Before immersion,
the initial weight (W) of each uncoated Mg membrane and PLLA—
coated Mg membrane was measured. After EO sterilization, each
membrane was immersed in 2 mL of DMEM medium containing 10%
fetal bovine serum (FBS) (Hyclone, Logan, USA), 1% Penicillin—
Streptomycin (Gibco, Waltham, USA) and 5M NaCl (Samchun Pure
Chemical Co., Pyeongtaek, Republic of Korea). Samples were
immersed for 50 days, and the medium was replaced every 48 hours.
Three samples for each uncoated Mg membrane and PLLA—coated
Mg membrane were taken out, washed, dried and weighed (W7) at

5—day intervals. The weight loss was calculated as follows:

Weight loss = (W — W)/ Wo X 100%

In addition, photographic images were taken to investigate the

change in the shape of the membranes according to the weight change
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during the degradation test. Confirmation of shape change was
performed at the initial (day 5), middle (day 20), and end (day 50)

points of the test.

4. Cytotoxicity test

The in vitro cytotoxicity test was conducted according to ISO
10993—5. The test was performed by the direct contact method, and
the samples were sterilized through EO sterilization before use. L—
929 cells were cultured using RPMI 1640 media (Hyclone, Logan,
USA) containing 10% FBS and 1% Penicillin—Streptomycin, and
incubated at 37C under the condition of 5% CO2 for 24 hours. One
day before the start of the experiment, 2x 10° cells in 2000 ul. were
seeded in each well of 6—well plates and subcultured for 24 hours.
After that, when the cell density per well reached 70%, sample
(uncoated Mg membrane and PLLA—coated Mg membrane), positive
control (PC) [a medium containing 10% FBS and 10% dimethyl
sulfoxide (DMSO; Sigma—Aldrich, St. Louis, USA)], and media
control (MC) (a medium containing 10% FBS) were added and
cultured for 24 hours. Then, the growth inhibition and lysis state of
the cells were observed under an inverted light microscope (Nikon
Eclipse TS100; Nikon, Tokyo, Japan) and microscopic images were

taken. After removing the existing medium, 2 ml of 3—(4,5—
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dimethylthiazol—2—yl) —2,5—diphenyltetrazolium bromide (MTT)
solution (Sigma—Aldrich, St. Louis, USA) and RPMI medium at a ratio
of 1:9 were dispensed into each well, and incubated for 3 hours at
37C and 5% CO: incubator. After removing the MTT solution,
DMSO was treated, and the cells were removed from the surface of
plate and put into a microplate reader (PowerWave XS2; BioTek
instruments Inc., Winooski, USA) to measure absorbance, thereby

performing MTT assay.

B. In vivo study

1. Experimental animals

The in vivo study was performed in a contract research facility
(Cronex Co., Ltd., Hwaseong, Republic of Korea) using twenty —four
healthy New Zealand white male rabbits (weight 2.5 - 3.0 kg). The
animals were housed in individual cages under standard laboratory
conditions, and were fed a regular dry diet and water ad libitum. All
animals had an acclimatization period of 2 weeks prior to the
experiments. The protocol for this experiment was reviewed and
approved by the Institutional Animal Care and Use Committee
(IACUC) of the testing facility (CRONEX-TACUC: 202202005).
Eight rabbits (16 defects) were randomly assigned at each time point

of the study (4, 8 and 12 weeks).
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2. Surgical procedure

The rabbits were anesthetized by intramuscular injection of zoletil
(15mg/kg; VIRBAC S.A., Carros, France) and xylazine (bmg/kg;
Bayer Korea Co., Ansan, Republic of Korea). Before surgery, the
rabbits' hair was shaved, and the surgical site was disinfected with
betadine and then draped. A 5 cm midsagittal full—thickness incision
was performed from the frontal bone to the occipital bone. The flaps
were reflected bilaterally to expose the entire skull. After flaps
including the skin and periosteum were properly retracted, two bone
defects symmetrical to the midline of the calvaria with a diameter of
8 mm were created carefully using a trephine bur (Hager & Meisinger
GmbH, Neuss, Germany). A total of 48 defects generated in 24
rabbits were randomly assigned to the following four groups: unfilled
and left uncovered without membrane for the negative control group
(NC group, 12 defects), filled with graft material and left uncovered
for the positive control group (PC group, 12 defects), filled with graft
material and covered with uncoated Mg membrane for the uncoated
Mg group (12 defects), and filled with graft material and covered with
PLLA—-coated Mg membrane for the PLLA—coated Mg group (12
defects) (Figure 3). In order to minimize the change in results due to

the graft material, only Bio—Oss® (Geistlich Pharma AG, Wolhusen,



Switzerland), which shows efficacy, stability, and high success rate

%9792 \as used as the bone graft material.

in GBR procedures,
Regarding membranes, in order to adhere to the bone surface as
much as possible and to facilitate primary sutures, the central part
was pressed and flattened in the existing design form as shown in
Figure 2. The distance between the edge of the membranes and the
margins of the defects was at least 1.5 mm. The periosteum was
tightly sutured using 4—0 Vicryl (Ethicon, Somerville, USA) to
secure the membrane, and the skin was sutured using 4—0 Nylon
(Ailee Co., Busan, Republic of Korea). After surgery, antibiotics
(enrofloxacine, 4 mg/kg) and analgesics (meloxicam, 0.4 mg/kg)
were applied intramuscularly for 3 days. All rabbits recovered after
surgery without any complications. At each time point, rabbits were
euthanized by intramuscular injection of succipharm (25 mg/kg;
Komipharm Co., Siheung, Republic of Korea) after inducing
preanesthesia by intramuscular injection of 0.1 ml/kg of a 1:1 mixed
solution of zoletil and xylazine. After sacrifice of the experimental

animals, calvarial bones including the surgical sites were carefully

excised and harvested.

3. Clinical observations

All rabbits were observed daily until euthanasia to evaluate
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inflammatory signs and complications at the surgical site. If signs
such as wound dehiscence, membrane exposure, edema, or fistula
formation were observed, they were checked and recorded weekly.

Such signs were evaluated closely by comparing photographs.

4. Micro—-computed tomography (micro—CT) analysis

For quantitative measurement of the bone changes in the healing
sites of calvarial bones and the residual amounts of Mg membranes,
micro—CT (SkyScanl173; Bruker, Kontich, Belgium) scans were
performed on the specimens of each group at each time period. As
scan conditions, the tube voltage and current were 130 kVp and 60
¢ A, respectively, and 1 mm aluminum filter was used. The exposure
time was 500 ms, and a rotation angle of 0.3 degree was applied. A
total of 800 images with 2240 X 2240 pixels and a pixel size of 25
#m were obtained. Nrecon (Bruker, Kontich, Belgium) was used for
cross—sectional reconstruction, and Data Viewer (Bruker, Kontich,
Belgium) and Ct—VOX (Bruker, Kontich, Belgium) were utilized for
three—dimensional (3D) reconstruction. An 8 mm diameter
cylindrical healing area was set as the region of interest (ROI), and
the height was set by designating the line connecting the upper edge
of the margins on both sides of the defect as the top and the line

connecting the lower edge as the bottom. Specific grayscale
19 -":l-\._! _l,,l_.._ T
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thresholds were set to distinguish the newly formed bone, graft
material, and soft tissue, and quantitative analysis of tissues was
performed by setting the total bone area to a range of level 58—255,
newly—formed bone to level 58—89, and graft material to level 90—
255, respectively. For measurement of the volume and surface area
of the residual Mg membrane, the area of each residual membrane
was set and analyzed using the cross—sectional image in 3D
reconstruction. The parameters in the micro—CT analysis were as

follows.

— Percentage of new bone volume (NBV): percentage of new
bone volume to total tissue volume within the ROI.

— Percentage of residual material volume (RMV): percentage
of residual graft material volume to total tissue volume with
the ROI.

— Percentage of total bone volume (TBV): percentage of sum
of NBV and RMV to total tissue volume within the ROI.

— Residual volume (mm®) of membrane: the volume of the
remaining membrane above the defect.

— Residual surface area (mm?) of membrane: the surface area

of the remaining membrane above the defect.
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5. Histological and immunohistochemical processing

After the micro—CT analysis, harvested samples were processed
for histological and immunohistochemical analyses. After fixing each
tissue specimen in buffered neutral formalin (Sigma—Aldrich Co.
LLC., St. Louis, USA) solution for 1 week, the tissue specimen was
decalcified with 10% EDTA solution for 3 weeks, dehydrated while
increasing the concentration of ethanol, and embedded in paraffin.
The embedded tissue block was cut into 3— # m—thick sections using
a microtome (Leica RM2255 rotary microtome; Leica Microsystems,
Buffalo Grove, USA), and stained with hematoxyline and eosin (H &
E) or Masson—Goldner trichrome (MT) to evaluate formation of new
bone, residual graft material, and total bone area.

For further evaluation of bone remodeling and mineralization,
immunohistochemistry was performed to detect the expression of
osteocalcin (OC) and osteopontin (OPN). The sectioned tissue slides
were deparaffinized, hydrated, washed, and stained using anti—OC
(clone OC4—30; dilution 1:100; Invitrogen, Waltham, USA) and anti—
OPN (clone 1B20; dilution 1:100; Novus Biologicals, Cambridge, UK)
as primary antibodies. After dispensing EnVision™+ Horse Radish
Peroxidase (HRP) (Dako Corporation, Hamburg, Germany) as a
secondary antibody, the reaction was performed at room temperature

for 1 hour, followed by washing with phosphate buffered saline (PBS)
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3 times for 5 minutes. Then, the slices were applied with
diaminobenzidine (DAB) as a chromogen for 1 min, washed with PBS,
and counterstained with Mayer’ s hematoxylin.

All stained tissue slides were digitally imaged using a digital slide
scanner (Pannoramic 250 Flash III; 3DHISTECH, Budapest, Hungary)
and then observed using a viewer program (CaseViewer version 2.4;

3DHISTECH, Budapest, Hungary).

6. Histological, histomorphometric, and immunohistochemical
analyses

All histological, histomorphometric, and immunohistochemical
analyses were performed by a single investigator who was blinded to
the group assignment. The ROIs for all histological analyses except
for the evaluation of inflammatory response were defined identically
to the ROIs established in the micro—CT analysis. For quantitative
evaluation of healed defects, the percentages of newly formed bone,
residual graft material, and total bone mass was measured using
Image—Pro Plus (Media Cybernetics, Rockville, USA), and calculated

using the following formulae.

— Percentage of new bone area (NBA) (%): percentage of new

bone area to total tissue area.
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— Percentage of residual material area (RMA) (%):
percentage of residual material area to total tissue area.
— Percentage of total bone area (TBA) (%): percentage of

sum of NBA and RMA to total tissue area.

In terms of examining the in vivo safety of Mg membrane with or
without coating, the inflammatory response was evaluated. The
inflammatory response scoring system with a scale of O—5 was
applied to grade the degree of inflammatory response of each section,
and the scale was graded by setting O as negative of inflammatory
cells, 1 as the minimal number of inflammatory cells, and 5 as the
very large number of inflammatory cells, comparatively evaluating
the degree of inflammation (Figure 4). Additionally, the number of
multinucleated giant cells (MNGCs) observed in the specimens was
evaluated, and the number of MNGCs observed at x400 magnification
on the H & E-stained specimens was analyzed. Evaluation of
Inflammatory response and measurement of number of MNGCs were
performed by setting the entire defect as an ROI, including the
membrane—existing area above the defect.

In order to evaluate the expression level of immunohistochemical
staining of OC and OPN in each specimen, the area of the

immunopositive area to the entire ROI was measured as a percentage
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using the same program (Image—Pro Plus) applied for

histomorphometric analysis.

7. Statistical analysis

The mean and standard deviation of the data were expressed in
graphs. For evaluation of the normality of the data, the Shapiro—Wilk
test were used. Kruskal—Wallis test was used to compare the
differences in variables among the groups at each study period, and
Mann—Whitney test with Bonferroni correction was applied as a post
hoc test. For comparison of residual volume and surface area of Mg
membrane between the uncoated and PLLA—coated Mg group,
independent f—test was performed. 7 values of less than 0.05 were
considered statistically significant. All statistical analyses were

performed using SPSS 21.0 (SPSS Inc, Chicago, USA).

Results

A. In vitro study

1. Microstructure of uncoated Mg membrane and PLLA—coated Mg
membrane
The SEM images of the uncoated Mg membrane and PLLA —coated

Mg membrane are presented in Figure 5 and Figure 6, respectively.

17 A '|~'1._'i L



In the image at x10 magnification, the PLLA—coated Mg membrane
showed an overall smoother surface than the uncoated Mg membrane,
and in the images at x50 and x100 magnification, the pores that were
present in the uncoated Mg membrane were not observed in the
coated Mg membrane. In addition, defects such as shell cracking,
finning, and metal penetration on the surface of coated Mg membrane
were not observed in the images at x300 and x500 magnifications.
The thickness of the PLLA coating was measured to be 9.91 £ 2.75

«m by SEM (Figure 7).

2. In vitro degradation of coated and uncoated Mg membrane

The results of observing the degradation degree of uncoated Mg
membrane and PLLA-—coated Mg membrane in DMEM medium
according to weight change are presented in Figure 8. In the case of
the uncoated Mg membrane at the beginning of the degradation test,
a change in weight was observed to some extent, but in the case of
the PLLA—coated Mg membrane, no significant change in weight was
observed until the 20th day. Both membranes showed a significant
change in weight from the 20th to the 30th day, and the weight
steadily decreased from the 30th day to the end of the test. The
weight loss up to the 50th day, the end point, was about 25% for

uncoated Mg membrane and about 11% for PLLA-—coated Mg
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membrane, indicating a favorable protective effect of PLLA coating.

Photographic images of the change in the shape of the membrane
according to the weight change during the degradation test are shown
in Figure 9. On the 5th day of the test, no structural change was
observed in uncoated Mg membrane, but overall degradation was
observed on the surface of the membrane. However, PLLA—coated
membrane appeared to be partially degraded. On the 20th day of the

test, both membranes were highly degraded, and in particular, the

breakage of mesh lattice in the uncoated Mg membrane was observed.

On the 50th day, more than half of the lattice of the uncoated Mg
membrane was broken, and the partial breakage of lattice of the
PLLA—coated Mg membrane was also observed, but it showed a

similar degree to that of the uncoated Mg membrane on the 20th day.

3. In vitro cytotoxicity of coated and uncoated Mg membrane
Microscopic observation of the growth inhibition and lysis state of
L—929 cells after treatment with samples, MC, and PC are presented
in Figure 10. As a result of evaluating the cytotoxicity based on
qualitative morphological grading of cytotoxicity of extracts in 1SO
10993—5 by observing the number and shape of the cells, no
deformed or degenerated cells were observed in the samples of

uncoated Mg and PLLA —coated MG membranes (Table 1).
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The results of L—929 cell viability in MTT assay are shown in
Figure 11. The uncoated Mg membrane showed cell viability of 96.5%,
whereas the PLLA—coated Mg membrane showed cell viability of
72%, which is slightly lower than that of uncoated Mg membrane.
However, based on the evaluation criteria of the MTT cytotoxicity
test of ISO 10993—5, both membranes were confirmed to have no

cytotoxic potential.

B. In vivo study

1. Clinical observations

No rabbits in the present study were lost during the experiment.
All rabbits, except for one, were healed without any complications
such as wound dehiscence, membrane exposure, edema, or fistula
formation. In one case, swelling at the surgical site was observed
from the 1st to 2nd weeks after the operation, but it resolved
spontaneously and showed no special signs thereafter. There were
no differences in the behavioral patterns and dietary intake of the

animals during the experimental period.

2. Quantitative micro—CT analysis
Comparison of percentages of each parameter in quantitative

micro—CT analysis among the groups are presented in Figure 12. In
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the case of NBV, the PLLA—coated Mg group showed a significantly
higher NBV percentage than the NC group at 4, 8, and 12 weeks
(49.57 * 8.54 vs 25.28 £ 6.66; 59.74 £ 8.55 vs 23.98 = 6.82;
and 57.88 £ 7.79 vs 26.10 £ 12.29, respectively) (all 2 < 0.05).
Also, the NBV percentage in the PC group at 4 weeks (51.35 £ 2.72)
was significantly higher than that in the NC group (25.28 £ 6.66) (P
< 0.05). Other than that, no significant difference was observed
among the groups in NBV.

Regarding RMV, there were no significant differences among the
groups at all study periods.

In terms of TBV, results similar to those in NBV were found, and
the percentage of TBV in the PLLA-—coated Mg group was
significantly higher than that in the NC group at 4, 8, and 12 weeks.
(PLLA—coated Mg group vs NC group at 4 weeks, 72.80 £ 11.90 vs
25.32 £ 6.67; at 8 weeks, 73.75 £ 1.02 vs 24.01 = 6.80; and at
12 weeks, 73.82 = 12.79 vs 26.30 £ 12.56, respectively) (all P<
0.05).

Comparison of the residual volume and surface area of the Mg
membrane between the uncoated Mg group and PLLA—coated Mg
group are presented in Figure 13, and 3D reconstruction images
showing the shape of residual Mg membrane in uncoated Mg and

PLLA—coated Mg group at 4, 8, and 12 weeks are shown in Figure
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14. Regarding the residual volume of Mg membrane, although the
residual volumes in the PLLA—coated Mg group were higher than
those in the uncoated Mg group at all study periods, these differences
were not statistically significant. However, in the case of the residual
surface area of Mg membrane, the residual surface area in the
PLLA—coated Mg group was significantly higher than that in the
uncoated Mg group at 4 weeks (244.26 mm®vs 225.31 mm?; P<0.05).
At 8 and 12 weeks, there were no significant differences in residual

surface area between the two groups, as in the residual volume.

3. Histological observations

Representative histological images of 4, 8, and 12 weeks for each
group are presented in Figure 15 (H & E—stained) and 16 (MT-—
stained). In the NC group, some new bone formation was observed in
a defect at 4 weeks, but the defect was mainly filled with fibrous
connective tissue. Also, the center of the defect was significantly
depressed, and a significant part of the original cranial architecture
was lost. At 8 weeks, the bony islands and bridges filled the defect,
but they were not completely connected to each other, and the
vertical height of those parts was significantly lowered. At 12 weeks,
the bony islands and bridges were more connected than at 8 weeks,

and the vertical height was slightly uniform, but only 1/2~2/3 of the
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original bone height was recovered. In addition, there were still
unconnected areas between the bony islands and the bridges.

In the PC group, the space of the defect including the height at 4
weeks was well—maintained compared to the NC group. Most of the
defect space was occupied by bone graft particles, but early new
bone formation was observed. Such early new bone formation was
observed not only at the lateral border of the defect, but also around
the bone graft particles. The upper part of the defect was
encapsulated by fibrous tissue, and bone graft particles protruded
into some soft tissues, showing an irregular margin. At 8 weeks,
mature bone structures were also observed, but fibrous tissue
penetrated from the upper edge of the defect and occupied some of
the defect space. In addition, as in 4 weeks, some bone graft particles
protruded above the defect, forming an irregular upper margin. At 12
weeks, bone graft particles were significantly resorbed, and lamellar
bone containing osteocytes was observed in many parts of the defect.
However, as in 8 weeks, infiltration of soft tissue in the superior
margin was observed, resulting in some loss of the upper architecture
of the original defect. In addition, a large area of the bone marrow
cavity was observed.

In the uncoated Mg group, at 4 weeks, soft tissue maintained at a
distance from the upper edge of the defect was observed. However,
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a fairly large void exists under the soft tissue, and the void area had
a tendency to encroach on the upper part of the original defect
architecture. As a result, some of the bone graft particles were lost,
and new bone was mainly formed at the bilateral boundary of the
defect although some new bones showed upward formation as if
supporting soft tissue. At 8 weeks, the proportion of void area
decreased compared to 4 weeks, but large void areas still existed,
and void areas of rather small sizes were also scattered under the
soft tissue. In addition, a large amount of MNGCs were observed in
the portion presumed to be the site of the Mg membrane. In the case
of new bone, mature bone was mainly observed on the lateral side of
the defect, but it also started to be observed around the bone graft
particles in the center. Compared to 4 weeks, the bone shape was
restored as much as the original defect height, but a slight irregular
boundary was formed due to the void area. At 12 weeks, an increase
in mature bone accompanied by bone marrow formation was observed,
but such a pattern was found to be lateral rather than central to the
defect. In particular, in the lateral margin of the defect, new bone was
formed right below the site where the membrane was presumed, but
a large number of void areas and a significant amount of inflammatory
cells and blood vessels were also observed. The large void areas that
existed above the center of the defect at 4 and 8 weeks continued to
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exist at 12 weeks, and the loss of bone height in the center was
unavoidable.

In the PLLA—coated Mg group, new bone and bone graft particles
were mixed to fill the defect, and new bone was formed in the center
as well as the lateral margin of the defect at 4 weeks. In addition,
abundant blood vessels were observed between the new bone and
bone graft particles. Soft tissue was maintained above the presumed
site of the membrane, but macrophages were present around the
presumably absorbed fragments of the membrane. The large void
area observed in the uncoated Mg group was also observed in the
PLLA—coated Mg group, but the distribution of the void area was
smaller and the loss of the original vertical height was also less. At 8
weeks, the lateral mature bone and the mature bone and bone graft
particles in the central part were connected, and the original defect
contour was well—maintained overall. However, the large void area
became wider than at 4 weeks. Nevertheless, the contour of the
upper edge of the defect was well—maintained due to the widely
distributed new bone and supporting bone graft particles. In addition,
fewer MNGCs were observed around the site where the membrane
was presumed to be present compared to the uncoated Mg group. At
12 weeks, the new mature bone and the remaining bone graft

particles were more closely connected overall, and the original defect
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architecture was completely restored. Furthermore, properly formed
bone marrow and blood vessels began to be observed. The void area
above the healed defect was still present, but the distribution range
was significantly reduced and a linear shape of void was observed.
As in 8 weeks, MNGCs were observed, but still only a small amount

was observed around the presumed fragments of membrane.

4. Histomorphometric analysis

Comparison of the percentages of NBA, RMA, and TBA by
histomorphometric analysis among the groups are shown in Figure
17. In the case of the percentage of NBA, there were no significant
differences among the groups at all study periods.

Regarding the percentage of RMA, the PLLA—coated Mg group
showed the highest percentage of RMA among all groups at 8 and 12
weeks, but the differences were not statistically significant.

In terms of the percentage of TBA, the PLLA—coated Mg group
showed the highest percentage among all groups at all study periods,
but the differences were not statistically significant.

Comparison of inflammatory response scores and the numbers of
MNGCs among the groups are presented in Figure 18. Inflammatory
response scores showed significant differences between the PC

group and the uncoated Mg group at all study periods, and the score
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of uncoated Mg group was higher than that of the PC group. (uncoated
Mg group vs PC group at 4 weeks, 2.75 £ 0.50 vs 0.25 £ 0.50;
uncoated Mg group vs PC group at 8 weeks, 3.75 £ 0.50 vs 0.50 =
0.58; and uncoated Mg group vs PC group at 12 weeks, 4.00 £ 0.82
vs 0.25 £ 0.50, respectively) (at 4 and 8 weeks, < 0.05; and at 12
weeks, P< 0.01, respectively).

Regarding the number of MNGCs, the number of MNGCs in
uncoated Mg group was the highest among all groups at 4 and 8
weeks, but the differences were not statistically significant. In
contrast, at 12 weeks, the number of MNGCs in PLLA—coated Mg
group was the highest among all groups, but the difference was not

statistically significant.

5. Immunohistochemical analysis

Comparison of the percentage of OC and OPN expression among
the groups are shown in Figure 19, and representative
immunohistochemical images of 4, 8, and 12 weeks for each group
are presented in Figure 20 (OC expression) and 21 (OPN
expression). Although OC and OPN were weakly expressed around
the new bone, they showed a tendency to be strongly expressed
mainly around Bio—0ss® (Figure 22). In the case of the percentage

of OC expression, the uncoated Mg group showed a significantly
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higher percentage than the NC group at 4 weeks (18.52 £ 7.80 vs
0.00 £ 0.00; P < 0.05), whereas the percentage of the PLLA-
coated Mg group was significantly higher than that of the NC group
at 8 weeks (4.67 * 6.13 vs 0.00 £ 0.00; P < 0.05). At 12 weeks,
both the uncoated Mg group and the PLLA—coated Mg group showed
significantly higher percentages than the NC group (uncoated Mg
group vs NC group, 4.03 = 1.83 vs 0.00 £ 0.00; and PLLA—coated
Mg group vs NC group, 5.41 £ 3.09 vs 0.00 £ 0.00, respectively)
(both < 0.05).

Regarding the percentage of OPN expression, at 4 weeks, only the
percentage of the PLLA—coated Mg group was higher than that of the
NC group (26.05 = 2.54 vs 0.00 = 0.00; < 0.05), but at 8 and 12
weeks, both the PLLA—coated Mg group and the uncoated Mg group
showed a higher percentage than the NC group (PLLA-coated Mg
group vs NC group at 8 weeks, 11.59 = 8.04 vs 0.00 £ 0.01;
uncoated Mg group vs NC group at 8 weeks, 17.71 = 14.41 vs 0.00
= 0.01; PLLA—coated Mg group vs NC group at 12 weeks, 11.17 =
10.36 vs 0.00 £ 0.00; and uncoated Mg group vs NC group at 12

weeks, 6.02 £ 3.61 vs 0.00 £ 0.00, respectively) (all < 0.05).

Discussion
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The present study investigated the safety and efficacy of PLLA—
coated Mg membrane in GBR through i vitro and in vivo tests. In the
case of safety including biocompatibility of PLLA-—coated Mg
membrane, it was considered that Mg membrane with or without
coating showed no cytotoxic effect because grade O of qualitative
morphological grading of cytotoxicity of extracts in ISO 10993—-5
was achieved (Table 1). Also, in the MTT assay, the cell viability of
the PLLA—coated Mg membrane did not indicate the cytotoxic
potential (Figure 11). In the in vivo test using a rabbit calvarium
model, the PLLA—coated Mg group did not show a significant
difference from the NC and PC groups in inflammatory response
scores in histomorphometric analysis (Figure 18), and did not reveal
any significant inflammatory signs in clinical evaluation. In terms of
the effectiveness of the PLLA—coated Mg membrane, it was
observed that the PLLA—coated Mg membrane degraded more slowly
and maintained its shape for a longer time compared to the uncoated
Mg membrane through in vitro degradation test (Figure 8 and 9) and
micro—CT analysis of /n vivo test (Figure 13 and 14). Furthermore,
the PLLA—coated group had the highest TBA percentage at all study
periods, and the RMA percentage in PLLA—coated Mg group was
highest among all groups at 8 and 12 weeks (Figure 17). In micro—

CT analysis, the PLLA—coated group showed the highest percentage
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of TBV and NBV at 8 and 12 weeks, and those of the coated group
were statistically significantly higher than those of the negative
control group (both P< 0.05) (Figure 12). Therefore, in light of the
above results, it is considered that PLLA—coated Mg membrane has
safety and efficacy in GBR at both in vitro and in vivo levels. For
clinical use of PLLA-—coated Mg membrane in the future, the
possibility of conducting clinical trials by accumulating the results of
additional studies including the present study should be evaluated.

33—-36

Mg and its alloy are being applied to stents, plates and

screws® %! in various fields due to their excellent biocompatibility
and biodegradability. Efforts to fabricate membranes made of Mg and
its alloys for GBR and verify their biocompatibility and efficacy have
begun as well, focusing on the advantages of Mg and its alloys. In
order to overcome the known limitations of the pure Mg membrane
such as corrosion and the resulting hydrogen gas generation, some
studies have been conducted to confirm delay of biodegradation, and
osteogenic ability by modifying the alloy composition of the Mg
membrane or coating the surface of the Mg membrane with various
materials.**"*® In a study investigating the in vitro physiobiological
properties and /17 vivo regenerative performance of a membrane made

of Mg—7n—Gd alloy with or without calcium phosphate (Ca—P)

coating,” Mg—7Zn—Gd membrane with Ca—P coating reduced the
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degradation rate compared to uncoated Mg—Zn—Gd membrane
although it could not prevent unsatisfying early gas formation. In
addition, Mg—7Zn—Gd membrane with or without Ca—P coating
showed excellent mechanical properties and good biocompatibility.

1 also applied Ca—P coating to the membrane. However,

Peng et al.
in contrast to the study described above, Peng et al** applied the
coating to pure Mg membrane, and investigated its feasibility in GBR.
They performed their study on the basis of the fact that Ca—P coating
has non—toxicity and can enhance the biocompatibility of the
substrate used as the implants,*” and Ca—P coating showed increased
corrosion resistance of pure Mg membrane i vitro and in vivo. As
another coating material for Mg membrane, hydroxyapatite (HA) and
chitosan were studied. In the case of HA, paying attention to its well—

142 used

known biocompatibility and osteoconductivity, Byun et a
HA—coated Mg mesh for calvarial defects in rats to investigate the
possibility of its use in GBR. However, there was no significant
difference in bone formation between the control group and the
experimental group in which HA—coated mesh was used, and it was
concluded that the effectiveness of HA—coated Mg mesh in GBR
should be reconsidered. As for chitosan, a natural resorbable polymer,
research was conducted based on its excellent biological properties
and known ability to slow the degradation rate of Mg alloys.*** Guo
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et al*® performed in vitro and in vivo tests by applying chitosan
coating to a membrane made of Mg alloy containing Gd, and the
chitosan—coated Mg membrane showed suitable degradation and
good biocompatibility /2 vitro and improved bone regeneration in vivo.

1% performed a coating method called physical vapor

Steigmann et a
deposition (PVD) to produce a chromium—nitrogen layer on the outer
layer of the Mg membrane. PVD coating technique was mainly used
to improve mechanical and tribological properties in surgical
instruments, and was applied with the expectation that corrosion
resistance could be improved in Mg membrane as well. However,
contrary to expectations, the PVD—coated membrane showed no
cytocompatible results in vitro and did not affect the gas cavity
formation according to a study by Steigmann et al'® As described
above, in studies for the development of Mg membrane for GBR, the
method of applying various coating materials rather than modifying
the alloy composition is mainstream. In the present study, i vitro and
n vivo tests were performed by PLLA coating on Mg membrane
containing Dy, and the favorable biocompatibility and efficacy of
PLLA—coated Mg membrane in GBR were confirmed.

Substantial investigations have shown that surface coating of Mg—
based materials to increase corrosion resistance is a satisfactory
strategy. The coating layer prevents the substrates from contacting
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the corrosive agents, thus allowing a significant delay in the initial
corrosion process.!” In addition, it is easy and time—saving compared
to complex alloying techniques. PLLA used in the present study is a
kind of resorbable synthetic polymer, and the degradation process is
more controllable than natural polymers such as chitosan or gelatin.
Because synthetic polymers including PLLA can be easily modified
according to the needs for biomedical applications,”® they are
expected to be promising coating agents for Mg—based materials in
tissue engineering. Zhu et al®' applied PLLA coating to pure Mg
substrate, and reported cytocompatibility and delayed corrosion rate
as a result of in vitro tests. Sheng et al®® also performed PLLA
coating to Mg rods for improvement of corrosion resistance in
biological fluids, and reported significantly improved corrosion
resistance and suppressed corrosion rate of substrates through
electrochemical corrosion test and immersion test. In the field of
cardiology, Magmaris scaffold (Biotronik AG, Buelach, Switzerland),
which has been actively studied as a resorbable Mg scaffold and has
been limitedly used in clinical trials, is made by applying a PLLA
coating to WE43 [Mg—yttrium (Y)—-Nd—Zr] alloy. Its safety and
effectiveness as an Mg—based scaffold have been demonstrated
through preclinical and clinical studies.’®™®® However, Resoloy®,

which was developed as an alternative alloy to WE43, is also
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completely resorbed in the tissue and exhibits slightly better
mechanical properties than WE43,°” so its potential as a new material
has emerged. Menze and Wittchow's research® is the only study that
tested the application of PLLA coating to Resoloy® alloy in an iz vivo
study although PLLA coating as well as fluoride passivation layer
were applied to the Resoloy®. As a preclinical study, they applied a
fluoride passivation layer with or without PLLA coating to the
Resoloy®, and investigated its feasibility, safety and absorption in a
coronary porcine model. As a result, compared to applying only the
fluoride passivation layer to the Resoloy®, when the PLLA coating
was also applied, the structural integrity and stability were longer
and both surface modification showed favorable safety.”” Based on
this results, an 7 vivo test was performed by applying PLLA coating
to the membrane made of Resoloy® in the present study for GBR as
well, and the results that the coated Mg membrane retains its shape
for a longer period of time and has good safety are consistent with
the study of Menze and Wittchow.”’

Since the duration of the integrity of the resorbable membrane is
related to the space—maintaining ability, it is an important factor in
GBR. For guided tissue generation, cells required for regeneration
undergo maturation at the wound sites within approximately 3—4
weeks.”® Based on this, the membrane for periodontal tissue
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generation should be maintained for 4—6 weeks, whereas a longer
period of 16—24 weeks is recommended for bone regeneration.””
However, despite these recommendations, the ideal period of
retaining the barrier function of membrane for optimal healing results
has not yet been accurately determined.® In the present study, it was
observed that both uncoated Mg and coated Mg membrane remained
up to 12 weeks on micro—CT analysis except for one rabbit who
showed swelling 1—-2 weeks after surgery. Although there was a
statistically significant difference only in the residual surface area
between the two groups at 4 weeks, the residual volume and residual
surface area of the coated Mg membrane were higher than those of
the uncoated Mg membrane at all experimental period. Therefore, it
is carefully assumed that the PLLA-—coated Mg membrane may
exhibit a slower absorption compared to the uncoated Mg membrane,
and its shape may be maintained for a longer time compared to that
of the uncoated Mg membrane. To the best of author’ s knowledge,
the present study is the first study to measure the residual volume
and surface area of Mg membrane in an /n vivo study using micro—
CT, so it is difficult to compare with the results of other studies. For
measurement of the volume and surface area of the residual Mg
membrane with or without PLLA—coating, a cross—sectional image
in 3D reconstruction was used to designate and measure the area for
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each cross—section one by one. Since this process is rather time—
consuming, it is presumed that it has not been attempted in other
studies. In order to measure the residual amount of Mg membrane
more accurately, it was also necessary to measure the parameters of
the residual Mg membrane using histomorphometric analysis, but this
analysis was not possible in the present study because the form of
the membrane was lost by acid during the decalcification process on
the specimen. Measurement of the amount of residual membrane
through histomorphometric analysis should be attempted without the
decalcification process, and additional research is needed.
Non—collagenous bone matrix protein, which is present in only a
small amount of organics constituting about 33% of bone, plays an
important role in bone quality.®’ Among these bone matrix proteins,
OC and OPN are known to be critically involved in the biological
function of bone.?* OC is a protein expressed in the late stage of bone
differentiation and induces calcification of bone tissue by binding with
HA and calcium ions.® OPN is known to promote adhesion and
migration of cells involved in bone metabolism to bone tissue and

64,65

increases bone mineralization. In a previous study of the

immunohistochemical expression of OC and OPN in GBR sites, it
was found that OC and OPN were present in high concentrations
under the collagen membrane. Thus, these markers are also expected
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to provide the evaluation of the impact of resorbable Mg—based
implants on different stages of bone formation through their
expression.’” Therefore, the expression rates of OC and OPN were
evaluated in the present study through immunodetection to further
investigate the pattern of osteogenesis when using Mg membrane
with or without PLLA coating in GBR. As result, both OC and OPN
showed the highest expression percentage at week 4 in all groups
except NC group, and thereafter, the expression percentage showed
a decreasing pattern. In the case of NC group, both OC and OPN
expression rates were very low in all study periods, but they did not
actually show a value of 0. In the comparison among each group, the
expression rate of OC and OPN showed slightly different results
among groups. At 4 weeks, in the case of OC, only the uncoated Mg
group showed a significantly higher expression percentage than the
NC group, whereas, in the case of OPN, only the PLLA—coated Mg
group showed a significantly higher expression percentage than the
NC group. At 8 weeks, the PLLA—coated Mg group showed a higher
percentage of OC expression than the NC group, and both the
uncoated and PLLA—coated Mg group showed a higher percentage of
OPN expression than the NC group. At 12 weeks, both uncoated and
PLLA—coated Mg groups showed higher expression percentages of

OC and OPN compared to the NC group. Consequently, as time passes,
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it is thought that the expression percentage of OC and OPN in the
groups to which the Mg membrane was applied tended to be higher
than that in the groups to which the membrane was not applied
although the difference was not much and the absolute amount was
reduced. The reason why the expression rates of OC and OPN were
higher at 4 weeks in the present study may be explained by the result
of other study in which immunopositivity of OC and OPN started to
appear from 2 weeks to induce osteoblast differentiation.®® Therefore,
it is thought that the expression percentage of OC and OPN was
rather high at 4 weeks, which is considered to be the initial healing
period, to induce osteoblast differentiation for new bone formation.
In addition, in light of one study that reported bone formation in a
rabbit calvarial model reached a peak about 40 days (5—6 weeks)
after surgery and entered the remodeling phase thereafter,®® it might
be estimated that the expression percentage of OC and OPN would
decrease at 8 and 12 weeks postoperatively. Nevertheless, the
PLLA—coated Mg group showed higher OC and OPN expression
percentages compared to the NC group at 8 and 12 weeks, so it is
thought that it would induce new bone formation for a longer period.
This inference might be supported by the result showing a higher
new bone volume percentage in the PLLA —coated Mg group than in

the NC group in the micro—CT analysis (Figure 12).
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One of the unexpected results observed in the present study was
that the Mg membrane with or without coating remained after 12
weeks. In a study using pure Mg membrane with or without calcium—
phosphate coating in a rabbit calvarial defect,” no membrane was
observed at 8 weeks. Also, in the study using chitosan—coated Mg
membrane in the same model,*® no membrane was left at 12 weeks.
Therefore, it was estimated that all Mg membranes would be
absorbed within 12 weeks in the present study, but it was observed
that some of the uncoated Mg membranes as well as the coated Mg
membranes remained until 12 weeks. This difference is presumed to
be due to the difference in composition of Mg alloy and coating
material. Another unexpected result was that there were few clinical
signs associated with hydrogen gas formation. Although one rabbit
with uncoated Mg membrane showed tissue swelling above the wound
for up to 2 weeks postoperatively, the other rabbits did not show any
signs. In addition, the rabbit's edema was subsided without any
additional medication or treatment. When considering the results of
other studies, the reports related to clinical signs are rather mixed.
One study showed that a subcutaneous gas pocket was observed in
all rabbits for a week," while others reported no specific
inflammatory response in clinical observation.*>® In the present
study, a slightly convex Mg membrane was used, so there was a
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space that did not completely contact the bone graft material in the
defect and calvarial bone in the lateral part of the defect. Thus, it is
presumed that the hydrogen gas generated due to corrosion was
collected in this space, and the histological findings that large void
areas were observed in the area below the membrane support this
assumption. In addition, since the Mg membrane used in the present
study has a mesh design, it cannot be excluded that it facilitated the
movement of gas below the membrane. Consequently, it is thought
that the hydrogen gas did not migrate above the membrane due to
these possibilities, and did not cause the related clinical signs.
Further studies are needed to elucidate these points.

The present study differs from other studies in several respects.
First, this is the first study to conduct both iz vitro and in vivo tests
by fabricating a barrier membrane for GBR using Mg alloy coated with
PLLA. Second, the present study performed immunohistochemical
analysis using OC and OPN in addition to micro—CT analysis and
histomorphometric analysis not only to confirm the ability of bone
formation or bone maintenance but also to investigate the expression
and activity of bone matrix proteins in performance of Mg membrane.
Third, the present study measured the surface area and volume of
the remaining Mg membrane through micro—CT analysis, and was
able to compare the residual amount of the uncoated membrane and
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the coated membrane. Currently, there is no study measuring the
residual amount of Mg membrane in the rabbit skull model by micro—
CT. Lastly, besides the NC group, the PC group and the uncoated Mg
membrane group were set, and the experiment was designed to
further identify the difference between them and the PLLA—coated
Mg membrane group. In addition, since the analyses were conducted
according to three experimental periods as early (4 weeks),
intermediate (8 weeks), and late (12 weeks) time points, it was
possible to evaluate the performance and absorption patterns of the
Mg membrane with or without PLLA coating for each period.
Considering other studies that applied Mg membrane in the rabbit
calvarial model were conducted by dividing the experimental period

4345 the above can be an advantage of the

into only 6 and 12 weeks,
present study.

Although the present study is the first study to evaluate Mg
membrane with PLLA coating for GBR, there are several limitations
in the present study. In the investigation of resorbable Mg alloy for
clinical application, it is important to evaluate the generation of
hydrogen gas related to corrosion of Mg alloy because gas cavities
are formed at the wound site, and related signs such as wound
dehiscence, inflammation, and edema may appear. For this reason, it
1S necessary to quantitatively measure the amount of hydrogen gas

41 ] £

3 =11 =1
|-1-'l| .J!'



generated by corrosion of Mg alloy or the gas cavity associated with
it. In the present study, it was attempted to measure the area of the
cavity (void area) created by hydrogen gas, but it was not possible.
The reason is that the Mg membrane and the outer layer of Bio—Qss®
disappeared due to the demineralization process for the preparation
of histological specimens, creating a transparent area, which was
difficult to distinguish from the void caused by hydrogen gas.
Although there were no specific findings except for one rabbit with
edema during clinical observation, the difference in the absorption
rate between the uncoated membrane and the coated membrane could
not be evaluated through quantitative comparison of gas cavity
formation. In addition, it should have been observed for a long—term
period until the Mg membrane with or without coating was completely
absorbed, but it was not possible due to the unexpectedly long
remaining period of the membrane. Finally, as a limitation related to
the fixation and adaptation of the Mg membrane, there was no screw
to fix the membrane, and no manipulation was performed to adhere
to the bone surface. An attempt was made to fabricate Mg screws to
fix the Mg membrane, but at that point, only titanium screws were
available, and Mg screws of the same size were impossible to
manufacture. Therefore, the use of titanium screws was considered,
but according to the research result that corrosion was accelerated
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when Mg and titanium were co—implanted,”” it was decided to
proceed with the experiment without using a screw. In addition, due
to the convexity caused by the fabrication of PLLA—coated Mg
membrane, manipulation for close adaptation was required for GBR
procedure in the present study. However, Mg membranes were used
without additional manipulation to minimize the damage to the coating
layer. In future studies, the study design is required to quantitatively
measure the amount of hydrogen gas due to corrosion of Mg for a
longer study period. Furthermore, additional studies should be
conducted considering the effective fixation and free manipulation of

the Mg membrane.

Conclusions

The present study investigated the safety and efficacy of Mg
membrane with PLLA coating for GBR through /n vitro and in vivo
tests. Regarding the safety, PLLA—coated Mg membrane showed
favorable biocompatibility through in vitro cytotoxicity test and in
vivo test. In terms of efficacy, PLLA—coated Mg membrane showed
delayed degradation through /n vitro degradation test and n vivo test,
and also showed good bone formation and maintenance ability.

Therefore, it is considered that PLLA—coated Mg membrane has
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safety and efficacy in GBR at both in vitro and in vivo levels. Further
studies are needed for the development of a resorbable Mg

membrane with PLLA—coating and its clinical application.
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Tables

Table 1. Qualitative evaluation of cytotoxicity of uncoated and

PLLA—coated Mg membrane in cytotoxicity test.

Cells without

Well Confluent intracellular Reactivity” Grade®
monolayer ]
granulation
Uncoated Mg (+) 0 None 0
PLLA—
+

coated Mg (+) 0 None 0
Media control (+) 0 None 0
Positive (-) N/A Severe 4
control

PLLA, poly—L-lactic acid; Mg, magnesium; (+), positive; (=),
negative; N/A, not applicable; and ?, evaluated according to reactivity

grades for direct contact test of ISO 10993—5.
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Figure legends and figures
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Figure 1. The
of the Mg membrane. All figures shown in figure (a) are in mm.
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(a) l l Folded area
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Figure 2. Schematic folding process (a) and front and top view of Mg

membrane before [(b), (c)] and after [(d), (e)] folding.
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NC group | Uncoated Mg group
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Figure 3. Clinical images showing the group assignment. Two defects
per rabbit were randomly assigned to either the NC or PC group on
the right side and the uncoated Mg group or the PLLA—coated Mg

group on the left side, respectively.
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Figure 4. Representative histologic images for each scale [scale O
(a), scale 1 (b), scale 2 (c¢), scale 3 (d), scale 4 (e), and scale 5 ()]

in the inflammatory response scoring system.
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Figure 5. SEM images of the uncoated Mg membrane. Original

magnification of x10 (a), x50 (b), x100 (¢), x300 (d), and x500 (e).
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Figure 6. SEM images of the PLLA—coated Mg membrane. Original

magnification of x10 (a), x50 (b), x100 (¢), x300 (d), and x500 (e).
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PLLA coating

N

Figure 7. Microscopic images of PLLA coating [Original magnification
of x100 (a), x300 (b), and x500 (c, d)] and measurement of the

thickness of PLLA coating by SEM (d).
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Figure 8. A line graph showing the weight changes in Mg membrane

with or without PLLA coating during immersion in DMEM for 50 days.
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Uncoated Mg membrane

PLLA-coated Mg membrane

Specimen #1 | Specimen #2 | Specimen #3

Specimen #1 | Specimen #2 | Specimen #3

Figure 9. Photographic images showing the changes in the shapes of

Mg membranes with or without PLLA coating during the degradation

test.
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Figure 10. Microscopic observation of the growth inhibition and lysis

state of L—929 cells after treatment with MC (a), PC (b), uncoated
Mg membrane (c), and PLLA—-coated Mg membrane (d), and

culturing for 24 hours.
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Figure 11. The results of L—929 cell viability in MTT assay.
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Figure 12. Comparison of percentages of NBV (a), RMV (b), and TBV
(c) by quantitative analysis using micro—CT among the groups at 4,

8, and 12 weeks (" represents £ < 0.05).
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Figure 13. Comparison of residual volume (a) and surface area (b)
of the Mg membrane between the uncoated Mg group and PLLA—

coated Mg group (" represents < 0.05).
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Uncoated Mg PLLA-coated Mg

4 weeks
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12 weeks

Figure 14. 3D reconstruction images showing the shape of residual
Mg membrane in uncoated Mg and PLLA—coated Mg group at 4, 8,

and 12 weeks.
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Figure 15. Representative H & E—stained histologic images for each

group at 4, 8, and 12 weeks of healing period.
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Figure 16. Representative MT—stained histologic images for each

group at 4, 8, and 12 weeks of healing period.
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Figure 17. Comparison of percentages of NBA (a), RMA (b), and TBA
(c) by histomorphometric analysis among the groups at 4, 8, and 12

weeks.
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number of MNGCs (b) among the groups at 4, 8, and 12 weeks (" and

" represent < 0.05 and P< 0.01, respectively).
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Figure 19. Comparison of percentages of OC expression (a) and OPN
expression (b) by immunohistochemical analysis among the groups

at 4, 8, and 12 weeks (" represents 2 < 0.05).
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Figure 20. Representative immunohistochemical images showing OC

expression for each group at 4, 8, and 12 weeks of healing period.
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Figure 21. Representative immunohistochemical images showing
OPN expression for each group at 4, 8, and 12 weeks of healing

period.
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Figure 22. Representative immunohistochemical images showing the

major expression sites of OC (a) and OPN (b). OC and OPN showed
a tendency to be expressed mainly around Bio—Oss® (arrow) (NB

and BO represent new bone and Bio—0Oss®, respectively).
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