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Introduction

Bone augmentation is often necessary to improve the 

outcomes of dental implant treatments1, 2）. In the past 

decades, a variety of protocols for bone augmentation 

have been developed, however guided bone regenera-

tion （GBR） is the most widely adopted by dentists3）.
GBR applies surgical techniques and biomaterials such 

as barrier membranes to secure space for bone growth 

and exclude non-osteogenic cells from the defect 

area4）.
Barrier membranes can be categorized into biode-

gradable, composed of collagen or synthetic polymers 

such as poly（lactic-glycolic-acid）（PLGA）5）; or non-

biodegradable, such as poly（tetrafluoroethylene）6）.
Non-biodegradable membranes require a second 

surgery for removal7）, therefore, whenever possible,
biodegradable membranes are preferred in GBR treat-

ment8）.
The ability of a barrier membrane to block connec-

tive tissue on one side and support cell adhesion,
proliferation, and osteogenic differentiation on the 

other side is favorable for GBR9）. Ideally, barrier 

membranes should provide a gradual variation in 

composition or structure across the material, which 

results in changes to its properties10）. Based on this 

principle, we previously developed a bilayer membrane 

composed of PLGA that combined a solid layer and a 

porous layer, which respectively provided a barrier 

function and cell support11）. It was shown that the 

PLGA bilayer membrane could promote bone regener-

ation in vivo, however, degradation rates were 

comparable to those of a monolayer membrane, not 

providing a significant improvement over commercially 

available materials. A degradation rate that is propor-

tional and comparable to the local tissue regeneration 

is highly desirable12）. In the case of bone tissue, GBR 

membranes are required to provide cell support and 

barrier function for an extended period.
Recently, we have advanced on developing a slow 

degradation barrier membrane13）. The previous bilayer 

membrane was improved when fabricated from a 

copolymer of poly（lactic-acid） and poly（caprolactone）
（PLCL）. Poly（caprolactone） is an aliphatic polyester 

capable of copolymerization with many other poly-

mers14）. It takes several months to several years for 

poly（caprolactone） to completely biodegrade ,
depending on the degree of crystallinity, molecular 

weight, and conditions of degradation such as temper-

ature and the presence of enzymes15）. By copolymer-

izing poly（caprolactone） with poly（lactic-acid）, the 

rate of polymer degradation can be reduced13）,
resulting in a more durable and biocompatible bilayer 

membrane for GBR application. Here we summarize 

the various properties of a novel PLCL bilayer 

membrane which we have developed.
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Physical characteristics of the 
PLCL bilayer membrane

To obtain a bilayer membrane, each layer was prepared 

separately by different processes based on our 

previous study11）. Briefl y, PLCL was dissolved in 

1,4-dioxane, whereupon the solution was transferred 

into a mold and submitted to freeze drying to result in 

a polymer fi lm with a porous structure. A new solution 

of PLCL in 1,4-dioxan was then prepared and placed 

into a mold, and the previously obtained porous fi lm 

was positioned directly over the new solution. This 

combined set was allowed to dry at 60℃ and peeled 

off the mold to produce a bilayer membrane. The 

membrane was sterilized by γ-radiation and stored at 

4℃. A commercially available monolayer PLGA biode-

gradable membrane （GC membrane, GC, Tokyo, Japan）

was used as a control.
 Scanning electron microscope （SEM） observation 

confi rmed that PLCL membrane is comprised of a 

bilayer structure, with compact and porous layers,
while control membrane exhibited a monolayer with a 

uniform porous structure （Fig. 1Aa–e）. The PLCL 

compact layer showed smooth texture on its surface 

and the porous layer exhibited wider pores than those 

of the control membrane.
 Surface roughness of PLCL membrane was signifi -

cantly greater for the porous surface than that of the 

compact surface and the control membrane （Fig.
1Ba）. Additionally, conventional tensile tests showed 

that PLCL membrane had a signifi cantly smaller 

tensile strength compared with the control membrane 

（Fig. 1Bb）. However, the breaking strain of PLCL 

membrane was more than twenty times greater than 

Figure 1　 Physical characteristics of the PLCL bilayer membrane. （A） SEM images of control membrane 
（a,b） and PLCL bilayer membrane （c–e）. Brackets in PLCL membrane indicate compact 
（upper） and porous （lower） layers. Asterisks indicate membrane surfaces. Scale bars: 100 μm. 
（B） Surface roughness （a）, tensile strength （b）, and strain analysis （c） of PLCL in compari-
son to control. （C） Membrane degradation in PBS up to 52 weeks. （B, C） Asterisks indicate 
statistically signifi cant diff erence among groups （*p ＜ 0．05; mean ± SD, n = 4）. Adapted from 
Abe et al.13）, Copyright 2020, with permission from Elsevier.
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that of control membrane, indicating that PLCL 

membrane underwent a greater deformation prior to 

rupture （Fig. 1Bc）.
 Membrane degradation was also evaluated, by 

recording the weight loss of membranes immersed in 

phosphate buffered saline （PBS） for up to 52 weeks 

（Fig. 1C）. No change in weight was detected in both 

membranes up to 6 weeks, however at 12 weeks, the 

control PLGA membrane lost 79.2 ± 2.7％ of its weight 

while PLCL membranes maintained 60.9 ± 5.9％ of its 

weight. Hydrolytic degradation continued gradually,
and the PLCL membrane preserved 13.5 ± 2.5％ of its 

weight after 52 weeks of immersion. The control 

membrane, however, was totally dispersed in PBS after 

52 weeks. The slower degradation of the PLCL may 

contribute to prolong the barrier function and the 

scaffold function of this bilayer membrane.

Biocompatibility of the PLCL bilayer 
membrane

Human bone marrow-derived stem cells （hBMSCs）
were seeded at 4.0 × 104 cells/well onto membranes 

fi xed to the bottom of 12-well culture plates and 

cultured for 3, 7, and 12 days to evaluate cell prolifera-

tion.
 SEM images of the membranes at 12 days of 

culture showed that the attached cells presented 

branched shapes with cell membrane extensions on 

control and PLCL porous layer （Fig. 2Aa, b）, while a 

spindle-like morphology was exhibited on compact 

layer （Fig. 2Ac）. Cell proliferation assays showed that 

hBMSCs were able to proliferate on the porous layer of 

PLCL bilayer membrane as much as on control 

membrane at day 12, though the hBMSCs on the 

compact layer were signifi cantly less in number than 

on the control membranes （Fig. 2B）.
 Additionally, hBMSCs were cultured in osteogenic 

environment for 21 and 28 days, and the deposition of 

mineralized matrices was revealed by von Kossa 

staining （Fig. 3）. All membranes showed deposition of 

mineralized matrix, however, control and PLCL porous 

layer showed more intense staining in comparison to 

PLCL compact layer （Fig. 3A）. A color depth analysis 

was performed using images obtained after von Kossa 

staining （Fig. 3B）. The result indicated that a greater 

amount of mineralized matrix was deposited on the 

control than on the porous layer of PLCL membrane 

at day 21. However, at day 28, no difference was found 

between control and PLCL porous layer. Furthermore,
the surface of compact layer showed signifi cantly less 

matrix deposition compared with the other two 

groups.
 Both porous and compact layers of PLCL 

membrane supported growth of hBMSCs. On the 

porous layer, as well as on the control, there was 

signifi cantly greater deposition of mineralized matrix 

compared to that on the compact layer. Casillo et al.16）

have reported that a stronger cell–cell interaction 

occurs when the cells are allowed to grow on rough 

surfaces, which was identified by the increased 

production of extracellular matrices. Our results are in 

accordance with reports showing that surface rough-

ness can infl uence hBMSC differentiation and prolifer-

Figure 2　 Biocompatibility of the PLCL bilayer mem-
brane. （A） SEM images of hBMSCs at 12 
days of culture. Arrows indicate attached cells 
on the membrane. Scale bars: 100 μm. （B） 
Proliferation of hBMSCs on PLCL membrane 
in comparison to control. （*p ＜ 0．05, mean ± 
SD, n = 4）. Adapted from Abe et al.13）, 
Copyright 2020, with permission from Elsevier.
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ation, causing an increased deposition of mineralized 

extracellular matrix16, 17）. On the compact layer, even 

though the mineralization was produced at signifi -

cantly smaller amounts, hBMSCs could adhere and 

proliferate. Altogether, the results indicated that the 

PLCL bilayer membrane possessed biocompatibility.

Conclusion

A PLCL bilayer membrane with a reduced degradation 

rate along with suitable mechanical behavior and 

biocompatibility was successfully fabricated. The 

strongest feature of this material is its slower degrada-

tion compared to commercial PLGA membranes, which 

indicates the prolongation of its functions to support 

wound healing, facilitate bone regeneration, and block 

undesirable tissue invasion. Overall, it was demon-

strated that the novel PLCL bilayer membrane is 

useful for GBR application.

Figure 3　 Deposition of mineralized matrix on the 
membranes. （A） Mineralized matrices were 
revealed by von Kossa staining after 28 days 
of osteogenic diff erentiation. Scale bars: 1 
mm. （B） Color depth analysis of von Kossa 
staining. Asterisks indicate statistically signifi -
cant diff erence among groups （*p ＜ 0．05, 
mean ± SD, n = 4）. Adapted from Abe et 
al.13）, Copyright 2020, with permission from 
Elsevier.
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