
 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


 

3D-printed polylactide membrane with variable pore size 

and 

bioresorbable magnesium-reinforced polylactide membrane 

for guided bone/tissue regeneration 

  

 

 

 

 

 

 

Hao Yang Zhang 

 

Department of Dentistry 

The Graduate School, Yonsei University 



3D-printed polylactide membrane with variable pore size 

and 

bioresorbable magnesium-reinforced polylactide membrane 

for guided bone/tissue regeneration 

 

 

Directed by Professor Kwang-Mahn Kim 

 

The Doctoral Dissertation 

submitted to the Department of Dentistry, 

the Graduate School of Yonsei University 

in partial fulfillment of the requirements for the degree of 

Ph.D. in Dental Science 

 

Hao Yang Zhang 

June 2020



 

 



 

 

ACKNOWLEDGEMENT 

 

 

I gratefully acknowledge all the important people that influenced my life 

during my Ph.D. course. 

 

My deepest gratitude goes first and foremost to my supervisor, Prof. 

Kwang-Mahn Kim, who guided me throughout my Ph.D. course and taught 

me about the positive attitude in research and life. I feel ashamed to have 

not been an excellent student and to have failed his expectations sometimes, 

but he was patient all the time and always had faith in me. I would also like 

to thank Prof. Jae-Sung Kwon, who offered countless advices and 

suggestions on everything like I was his own student. I would like to thank 

Prof. Ui-Won Jung, Prof. Hwi-Dong Jung and Dr. Sang-Bae Lee, who spent 

their time on helping me improve this thesis. 

 

I would like to thank my senior Heng Bo Jiang, who treated me as his 

brother and taught me so much when I was a complete noob. I would like 

to thank all my colleagues, who were always willing to help even if we 

could hardly communicate in Korean. I would like to thank all my friends, 

especially the Siquxiongdi and Sirenxiaozu, who accompanied me through 

all these years and were always ready to give a helping hand. I would like 

to thank Jie Jin and Ji-Eun Kim, who were willing to help me with the 

graduation relating stuffs when I couldn’t be there. 

 

I would like to thank my family, without whose support I could not have 

gone so far. Especially, I would like to thank my wife, Li Zhen Zhong, for 

her unconditional love and trust, and for giving me an adorable son. 

 

It’s hard to mention all the names here, and it’s even harder to express my 

gratitude with only words. I’ve been such a clumsy person, but I’d always 

be sincere. 

 

 

Hao Yang Zhang 

 

 



i 

 

TABLE OF CONTENTS 

 

LIST OF FIGURES ······································································ iv 

 

LIST OF TABLES ········································································ vi 

 

ABSTRACT ··············································································· vii 

 

I. INTRODUCTION ·························································1 

1. Membranes for guided tissue regeneration & guided bone 

regeneration ···································································1 

2. Polylactide membranes ················································ 2 

3. Exploratory efforts in a new membrane fabrication method—

3D printing ··································································· 2 

3.1. Conventional fabrication methods vs 3D printing for 

membrane fabrication ························································ 2 

3.2. Membrane porosity ················································· 3 

4. Exploratory efforts in a novel bioresorbable membrane 

design—magnesium-reinforced PLA membrane ····················· 4 

4.1. Conventional reinforced membrane ······························ 4 

4.2. Bioresorbable metal—magnesium ······························· 4 

4.3. Magnesium-reinforced PLA membrane ························· 5 

5. Research objectives ·····················································5 

 

II. MATERIALS AND METHODS ····································· 7 

1. 3D-printed PLA membrane with variable pore size ············· 7 

1.1. Specimen fabrication ··············································· 7 



ii 

 

1.1.1. Specimen fabrication by 3D Printing ······················· 7 

1.1.2. Specimen fabrication by Solvent casting ··················· 9 

1.2. General characterization ·········································· 10 

1.2.1. Scanning Electron Microscopy ····························· 10 

1.2.2. Micro-Computed Tomography ····························· 10 

1.3. Tensile Test ························································ 11 

1.4. Cell Proliferation Test ············································· 11 

1.4.1. Preparation ···················································· 11 

1.4.2. Cell seeding ··················································· 11 

1.4.3. WST assay ···················································· 12 

1.4.4. SEM for cell morphology and distribution ················ 12 

1.5. Statistical Analysis ················································ 12 

2. Bioresorbable magnesium-reinforced PLA membrane ········· 13 

2.1. Specimen fabrication ·············································· 13 

2.2. Mechanical properties ············································· 15 

2.3. Sample degradation ················································ 15 

2.4. Ion release ·························································· 16 

2.5. Cell viability ························································ 16 

2.6. Statistical analysis ················································· 17 

 

III. RESULTS ······························································ 18 

1. 3D-printed PLA membrane with variable pore size ············ 18 

1.1. General Characterization ········································· 18 

1.1.1. SEM···························································· 18 

1.1.2. Micro-CT ······················································ 19 

1.2. Tensile Test ························································ 21 

1.3. Cell Proliferation Test ············································· 23 



iii 

 

2. Bioresorbable magnesium-reinforced PLA membrane ········· 25 

2.1. Mechanical properties ············································· 25 

2.2. Sample degradation ··············································· 27 

2.3. Ion release ·························································· 32 

2.4. Cell viability ······················································· 34 

 

IV. DISCUSSION ·························································· 36 

1. 3D-printed PLA membrane with variable pore size ············ 36 

2. Bioresorbable magnesium-reinforced PLA membrane ········· 41 

 

V. CONCLUSION ························································· 48 

 

VI. REFERENCES ························································ 50 

 

ABSTRACT (in Korean) ················································· 54 

 

 

 

 

 

 

 

 

 



iv 

 

LIST OF FIGURES  

 

Figure 1. Models of (a) tensile test specimen and (b) cell proliferation test 

specimen created in 123D Design ······································· 7 

Figure 2. Models of (a) tensile test specimen and (b) cell proliferation test 

specimen in Cubicreator3 ················································ 8 

Figure 3. Models in Cubicreator3 with (a) 60%, (b) 80% and (c) 100% infill 

rate ··········································································· 8 

Figure 4. (a) Schematic illustration of the PLA-FAZ91 membrane structure 

and (b) photo of the fabricated PLA-FAZ91 membrane and its 

structural dimensions ····················································· 14 

Figure 5. Morphologies of (a) LP, (b) SP (c) NP and (d) SC membranes by 

SEM········································································· 19 

Figure 6. 3D reconstructed µ-CT image of (a) LP, (b) SP, (c) NP, and (d) SC 

membranes ································································· 20 

Figure 7. Representative stress-strain curves of the tensile tests performed on 

LP, SP, NP, and SC membranes ········································ 21 

Figure 8. Results of the tensile test. (a) Tensile strength, (b) Elastic modulus, 

and (c) Elongation at break. (n = 5; different lower-case letters 

indicate significant differences at p < 0.05) ·························· 22 

Figure 9. Absorbance in WST assay after 1, 3, and 7 days of MC3T3-E1 cell 

proliferation on LP, SP, NP, and SC membranes (n = 3; different 

lower-case letters indicate significant differences between groups 

in the same time points at p < 0.05) ··································· 23 

Figure 10. SEM images of pre-osteoblast cells grown on (a,d) LP, (b,e) SP and 

(c,f) NP membranes for (a–c) 1 day and (d–f) 3 days ·············· 24 

Figure 11. Representative load-displacement curves of PLA-FAZ91 and PLA 

membranes from three-point bending test ···························· 25 

Figure 12. Maximum load of PLA-FAZ91 and PLA membranes from three-



v 

 

point bending test. *p < 0.05 ··········································· 26 

Figure 13. Stiffness of PLA-FAZ91 and PLA membranes from three-point 

bending test. *p < 0.05··················································· 26 

Figure 14. Weight loss percentage of PLA-FAZ91 and PLA membranes after 

immersion in the HBSS over 20 weeks ······························· 27 

Figure 15. Weight loss percentage of individual FAZ91 core and PLA wrap 

parts in PLA-FAZ91 after immersion in the HBSS over 20 weeks

··············································································· 28 

Figure 16. Optical images of the PLA-FAZ91 membrane immersed for 4, 8, 

12, 16, and 20 weeks and the PLA membrane immersed for 20 

weeks. The black and white background colours were used to 

highlight different components of the same membrane ············ 29 

Figure 17. Change in the maximum load of PLA-FAZ91 and PLA membranes 

with respect to the immersion time. *p < 0.05 ······················· 30 

Figure 18. Change of the stiffness of PLA-FAZ91 and PLA membranes with 

respect to the immersion time. *p < 0.05 ····························· 31 

Figure 19. pH change of HBSS incubated with PLA-FAZ91 and PLA 

membranes for up to 4 weeks. *p < 0.05 ····························· 32 

Figure 20. Mg-ion concentration in HBSS incubated with PLA-FAZ91 and 

PLA membranes for up to 4 weeks. *p < 0.05 ······················· 33 

Figure 21. F-ion concentration in HBSS incubated with PLA-FAZ91 and PLA 

membranes for up to 4 weeks. *p < 0.05 ····························· 33 

Figure 22. Viability of the MC3T3-E1 cells proliferated with 24-h sample 

extracts of the PLA-FAZ91 and PLA membranes after a sample 

immersion of 3 and 4 weeks ············································ 34 

Figure 23. Morphology of the MC3T3-E1 cells proliferated with 24-h sample 

extracts of the (a, b) PLA-FAZ91 and (c, d) PLA membranes after 

a sample immersion of 4 weeks ········································ 35 

 



vi 

 

LIST OF TABLES 

 

Table 1. Grouping of tested samples ················································ 10 

Table 2. Porosity of LP, SP, NP, and SC membranes as determined by µ-CT ··· 

 ·················································································· 20



 

vii 

 

ABSTRACT 

 

3D-printed polylactide membrane with variable pore size 

and 

bioresorbable magnesium-reinforced polylactide membrane 

for guided bone/tissue regeneration 

 

Hao Yang Zhang 

 

Department of Dentistry 

The Graduate School, Yonsei University 

 

(Directed by Professor Kwang-Mahn Kim, D.D.S., Ph.D.) 

 

This thesis introduced author’s attempts in two directions on developing new 

barrier membranes used for guided bone/tissue regeneration (GBR/GTR).  

The aim of the first study was to fabricate bioresorbable polylactide (PLA) 

membranes by 3D printing and compare their properties to those of the 

membranes fabricated by the conventional method and compare the effect of 

different pore sizes on the properties of the 3D-printed membranes. PLA 

membranes with three different pore sizes (large pore-479 μm, small pore-273 
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μm, and no pore) were printed with PLA using a 3D printer of FDM type, and 

membranes fabricated using the conventional solvent casting method were 

used as the control group. Scanning electron microscopy (SEM) and micro-

computed tomography (µ-CT) images were taken to observe the morphology 

and obtain the porosity of the four groups. A tensile test was performed to 

compare the tensile strength, elastic modulus, and elongation at break of the 

membranes. Pre-osteoblast cells were cultured on the membranes for 1, 3 and 

7 days, followed by a WST assay and SEM, to examine the cell proliferation 

on different groups. As a result, the 3D-printed membranes showed superior 

mechanical properties to those of the solvent cast membranes, and the 3D-

printed membranes exhibited different advantageous mechanical properties 

depending on the different pore sizes. The various fabrication methods and 

pore sizes did not have significantly different effects on cell growth. It is 

proven that 3D printing could be a promising method for the fabrication of 

customized barrier membranes used in GBR/GTR. 

The aim of the second study was to fabricate a novel bioresorbable 

magnesium-reinforced PLA membrane and examine its mechanical properties, 

degradation performance, ion release profile and cell viability to verify the 

effectiveness of this design. A novel bioresorbable magnesium-reinforced 

PLA membrane was designed to have the features of both mechanical 

superiority and bioresorbability, and was fabricated by combining two layers 

of solvent-cast PLA membranes and a fluoride-coated AZ91 magnesium alloy 

(FAZ91) core by hot pressing and was named PLA-FAZ91. A combined 

double-layered PLA membrane was used as the control group. A three-point 

bending test was performed on the samples to compare their maximum load 

and stiffness. Samples were immersed in the HBSS under cell culture 

conditions for 20 weeks. The weight loss percentage of the samples and the 

different components were recorded, and a three-point bending test was 

performed after immersion. An ion release test was performed by immersing 
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samples in the HBSS under cell culture conditions for 4 weeks and 

determining the pH of the HBSS and the magnesium- and fluoride-ion 

concentrations in the HBSS. Extracts were obtained from the sample in the 

culture medium, and pre-osteoblast cells were cultured with the extracts for 24 

h. Then, a WST assay was performed to evaluate cell viability. As a result, 

PLA-FAZ91 showed a significantly higher maximum load and stiffness than 

those of the non-reinforced PLA membrane. The weight loss of PLA-FAZ91 

was much faster, as FAZ91 showed major degradation and was completely 

degraded after 16-20 weeks of immersion. Thus, the degradation of the PLA 

wrap was accelerated by FAZ91. The mechanical superiority of PLA-FAZ91 

over PLA endured for at least 3 weeks during immersion. The ion release test 

showed that the pH, magnesium- and fluoride-ion concentration in the PLA-

FAZ9A1 group increased at an appropriate rate, while those in the PLA group 

remained stable. The cell viability of the PLA-FAZ91 group was not inferior 

to that of the PLA group, confirming that the addition of FAZ91 did not have 

any adverse effect on the cells. Therefore, the bioresorbable magnesium-

reinforced PLA membrane demonstrates sustained mechanical superiority and 

cell viability along with an appropriate degradation rate and ion release. 

Therefore, the bioresorbable magnesium-reinforced PLA membrane has the 

potential to be used as a good alternative for pure PLA membrane in 

GBR/GTR applications. 

 

 

Key words; guided bone regeneration; guided tissue regeneration; 

bioresorbable membrane; polylactide; 3D printing; pore size; 

magnesium alloy; reinforced membrane
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I. INTRODUCTION 

 

1. Membranes for guided tissue regeneration & guided bone 

regeneration 

Guided bone/tissue regenerations (GBR/GTRs) have been widely used as 

treatments for alveolar bone augmentation and periodontal defects. GBR/GTR 

involves the use of a barrier membrane to impede the ingrowth of soft tissue 

into defect sites and promote periodontal tissue or bone regeneration. 

GBR/GTR membranes are typically classified as either bioresorbable or non-

bioresorbable membranes. Bioresorbable membranes are most commonly 

used because they do not require secondary surgery to extract the membrane 
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after bone healing (Rakhmatia, et al., 2013; Wang, et al., 2016). 

 

2. Polylactide membranes 

Polylactide (PLA) membranes are representative bioresorbable membranes 

and have been commercialized since a long time (Bottino, et al., 2012; 

Rakhmatia, et al., 2013). PLA exhibits various advantageous features, 

including low degradation rate, safe degradation products (carbon dioxide and 

water), good biocompatibility, good processability, and controllable 

permeability (Pitt, et al., 1979; Rasal, et al., 2010; Tatakis, et al., 1999; von 

Arx, et al., 2005). Commercial PLA membranes degrade within 1 year, which 

is ideal for complete bone growth and have also been used in various medical 

applications (Lasprilla, et al., 2012). 

 

3. Exploratory efforts in a new membrane fabrication method—3D 

printing 

3.1. Conventional fabrication methods vs 3D printing for 

membrane fabrication 

Conventional methods for barrier membrane fabrication are complex (Rhim, 

et al., 2006). Besides, in commercialization, membranes can only be 

fabricated in the same shapes and possessing identical properties because of 

the constraints imposed by mass production. Therefore, individualized 

treatment options cannot be provided. 

The technique of 3D printing has been recently introduced in medical fields. 

Using a desktop 3D printer, barrier membranes can be fabricated in different 

forms with various materials, enabling the production of customized devices 
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for the individual condition of the patient (Won, et al., 2016). In addition, 3D 

printing can be used to easily control the inner structure of the membrane and 

develop a distinct porous structure. In comparison, conventional methods for 

fabricating porous membranes involve complex procedures (e.g., solvent 

casting/salt leaching), where the size, form, and distribution of pores cannot 

be precisely controlled.  

 

3.2. Membrane porosity 

Porosity is an important feature of membranes as they allow for the 

infiltration of nutrients into the defect, which promotes bone growth; however, 

excessively large pores make the membranes less effective as a barrier against 

soft tissue ingrowth. The pore size of barrier membranes has remained a 

controversial issue since a long time. Different studies have concluded various 

pore sizes as optimal, and the optimal membrane pore size has not been 

confirmed to date (Rakhmatia, et al., 2013). For instance, some studies 

concluded that macroporous membranes led to better bone regeneration over 

microporous membranes (Gutta, et al., 2009; Marouf and El-Guindi, 2000; 

Zellin and Linde, 1996); some other studies supported microporous 

membranes over macroporous membranes (Pineda, et al., 1996; Polimeni, et 

al., 2004); some studies concluded that porous membranes had better effect on 

bone regeneration over non-porous membranes (Lundgren, et al., 1998a; 

Lundgren, et al., 1998b); some studies supported non-porous membranes over 

porous membranes (Simion, et al., 1999; Yamada, et al., 2003); some studies 

claimed that porous and non-porous membranes had same effects (Mardas, et 

al., 2003; Schmid, et al., 1994). The pore sizes of commercial GBR/GTR 

membranes range from 0.2 to 1700 μm (Bartee and Carr, 1995; Lee, et al., 

2010; Rakhmatia, et al., 2013). 
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4. Exploratory efforts in a novel bioresorbable membrane design—

magnesium-reinforced PLA membrane 

4.1. Conventional reinforced membrane 

Considering the inferior mechanical properties of polymers, the use of only 

polymeric membranes in some clinical situations, especially in large bone 

defects, is limited (Ferrandez-Montero, et al., 2019). 

To meet the needs when dealing with harsh bone defect sites, a combination 

of metal and polymer as a membrane material—titanium-reinforced PTFE 

membrane—was introduced. In such device, titanium is used as a framework 

to support the PTFE membrane and provide the membrane with improved 

manageability. Titanium and PTFE are both well known for their 

biocompatibility, but the combined membrane is non-resorbable. When 

considering the design of a reinforced bioresorbable membrane that can be 

compared to a titanium-reinforced PTFE membrane, a bioresorbable material 

that is strong and biocompatible is needed. 

 

4.2. Bioresorbable metal—magnesium 

Magnesium (Mg) is a bioresorbable metal and is also one of the essential 

elements in the human body. Redundant magnesium cations can be 

harmlessly excreted in the urine (Saris, et al., 2000). Mg and its alloys have 

been extensively studied as implants, and some of them have been proven safe 

and successfully used in biomedical fields (Zheng, et al., 2014). However, 

they also have some disadvantages, such as fast degradation and hydrogen 

evolution, which can possibly lead to early loss of mechanical integrity and 



 

５ 

 

adverse effects on tissue regeneration. Therefore, appropriate alloying and 

surface treatments are usually necessary to enhance the mechanical properties 

and corrosion resistance of Mg (Staiger, et al., 2006). Among a variety of 

surface coatings, fluoride coating is one of the most commonly used 

techniques (Jiang, et al., 2017). On the other hand, the inherent properties of 

metals, such as non-permeability and inferior processability, limit the use of 

only Mg (and its alloys) in GBR/GTR applications. A method to take 

advantage of both polymeric materials and Mg (alloys) in bioresorbable 

GBR/GTR membranes is in great need. 

 

4.3. Magnesium-reinforced PLA membrane 

In this study, we decided to create a novel bioresorbable magnesium-

reinforced PLA membrane. In our design, PLA was used to cover a fluoride-

coated AZ91 Mg alloy (named FAZ91) by hot pressing. The FAZ91 strip, 

with its superior mechanical properties, served as a framework to support 

PLA, and PLA was the major part of the membrane that provided 

permeability, while isolating FAZ91 from direct contact with the tissues. 

 

5. Research objectives 

(1) The goal of the first study was to fabricate PLA membranes by 3D 

printing and compare their properties to those of the membranes fabricated by 

the conventional method and compare the effect of different pore sizes on the 

properties of the 3D-printed membranes. The hypotheses were that there 

would be no significant differences between the mechanical properties and 

cell proliferations of 3D-printed and conventionally fabricated PLA 

membranes, and that there would be no significant differences between the 
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effects that different pore sizes had on the mechanical properties and cell 

proliferations of the 3D-printed membranes. 

(2) The goal of the second study was to fabricate a novel bioresorbable 

magnesium-reinforced PLA membrane, and examine its mechanical 

properties, degradation performance, ion release profile, and cell viability to 

verify the effectiveness of this design. The hypothesis was that there would be 

no significant differences between the mechanical properties, degradation 

performance, ion release profile, and cell viability of the magnesium-

reinforced PLA membrane and non-reinforced PLA membrane. 
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II. MATERIALS AND METHODS 

 

1. 3D-printed PLA membrane with variable pore size 

1.1. Specimen fabrication 

1.1.1. Specimen fabrication by 3D Printing 

The membranes for experimental groups were prepared by fuse deposition 

modeling (FDM), a common method for 3D printing. A model of the desired 

specimen was created using a modeling software (123D Design, Autodesk, 

San Rafael, CA, USA) with a thickness of 0.4 mm (Figure 1).  

 

Figure 1. Models of (a) tensile test specimen and (b) cell proliferation test 

specimen created in 123D Design. 
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The exported STL file was loaded in a slicing software program 

(Cubicreator3, HYVISION SYSTEM, Seongnam-si, Korea) (Figure 2). The 

infill rate was set at 60%, 80% or 100% for the production of membranes with 

different pore sizes (Figure 3a–c).  

 

Figure 2. Models of (a) tensile test specimen and (b) cell proliferation test 

specimen in Cubicreator3. 

 

 

Figure 3. Models in Cubicreator3 with (a) 60%, (b) 80% and (c) 100% infill 

rate. 
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The exported G-code file was then introduced into a 3D printer (CUBICON 

3DP-310F, HYVISION SYSTEM, Seongnam-si, Korea), which used PLA 

filament from the same manufacturer for printing in three layers. 

The printed specimen was observed using an image analyzer and its pore 

size was measured. The average pore sizes were as follows: 60% infill rate: 

479 μm, 80% infill rate: 273 μm, 100% infill rate: no observed pores. Each 

test group was assigned a code: LP (large pore), SP (small pore), and NP (no 

pore). 

 

1.1.2. Specimen fabrication by Solvent casting 

The membranes for the control group were prepared by solvent casting, 

which is a conventional method for membrane fabrication. The filament was 

dissolved in N, N-dimethylformamide (Sigma-Aldrich, St. Louis, MO, USA) 

at a 5% mass/volume concentration. The solution was poured into a mold and 

placed in a drying oven at 100 °C for 6 h for evaporation. The completely 

dried membrane was obtained and cut into the desired forms. The thickness of 

the membranes was kept the same as the 3D-printed groups. The membranes 

prepared using the solvent casting were assigned with the code of SC. 

Grouping of tested samples is shown in table 1. 
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Table 1. Grouping of tested samples 

Group name Fabrication method Mean pore size 

LP (large pore) 3D-printing with 60% infill rate 479 μm 

SP (small pore) 3D-printing with 80% infill rate 273 μm 

NP (no pore) 3D-printing with 100% infill rate 0 μm 

SC (solvent-casting) Solvent-casting 0 μm 

 

1.2. General characterization 

1.2.1. Scanning Electron Microscopy 

Membranes were coated with Au in a sputter coater and the morphology of 

the membranes was observed by scanning electron microscopy (SEM, Jeol 

JSM-6700F, JEOL, Akishima, Japan) at an accelerating voltage of 10 kV. 

 

1.2.2. Micro-Computed Tomography 

The membranes of each group were scanned by micro-computed 

tomography (µ-CT, SkyScan1076, Bruker, Billerica, MA, USA). The µ-CT 

scanner settings were specified to be 100 kV, 100 μA, and 360° rotation with a 

pixel size of 36 μm. The 3D images of membranes were obtained by 3D 

reconstruction and the porosities of membranes were calculated from their 

respective µ-CT images using the 3D analysis program from the manufacturer 

(CTAn 1.12.0.0, Bruker, Billerica, MA, USA). 
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1.3. Tensile Test 

The tensile tests were performed using a universal testing machine (Instron 

5942, Instron, Norwood, MA, USA) with specimen dimensions of 150 mm × 

10 mm × 0.4 mm and an initial distance between grips of 100 mm. A tensile 

force was applied at a crosshead speed of 5 mm/min until the specimen broke. 

The tensile strength and elastic modulus were recorded in units of MPa, and 

the elongation at break was recorded as a percentage value. Five samples were 

tested for each group. 

 

1.4. Cell Proliferation Test 

1.4.1. Preparation 

The diameter of the circular specimen for the cell proliferation test was 10 

mm. Murine pre-osteoblast cell line MC3T3-E1 and culture medium 

consisting of Alpha Minimum Essential Medium (α-MEM) supplemented 

with 10% fetal bovine serum and 1% antibiotic/antimycotic (GIBCO, 

Waltham, MA, USA) were used. The membranes were sterilized under UV 

overnight and placed into 12-well culture plates under aseptic conditions.  

 

1.4.2. Cell seeding 

Cell suspensions of 1 × 104 cells in 100 μL of the above-described medium 

were seeded on each membrane and incubated under 5% CO2 and 95% 

relative humidity at 37 °C. After 4 h, 1 mL of the medium was added to each 

well, submerging the membrane, and incubating under same conditions. The 

medium was changed every other day. 
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1.4.3. WST assay 

After incubation for 1, 3, and 7 days, membranes were placed in new plates 

and medium and 100 μL of WST solution were added to each well and 

incubated for 2 h. Then, 100 μL of the solution in each well was transferred to 

a 96-well plate. Absorbance was determined using a microplate 

spectrophotometer (Epoch, BioTek, Winooski, Vermont, USA) at 450 nm. 

 

1.4.4. SEM for cell morphology and distribution 

The cells on the membranes were observed with SEM (S-3000N, Hitachi, 

Tokyo, Japan). After fixation with 2% glutaraldehyde, 2% paraformaldehyde, 

and 0.5% calcium chloride for 6 h, the samples were washed with 0.1 M PBS 

for 1 h, fixed with 1% osmium tetroxide for 2 h and washed for 30 min, 

followed by dehydration with graded ethanol solutions (50%, 60%, 70%, 80%, 

90%, 95%, 100% and 100%). The resultant samples were freeze-dried and 

coated with platinum using an ion coater (E-1010, Hitachi, Tokyo, Japan) for 

SEM observation at an accelerating voltage of 15 kV. 

 

1.5. Statistical Analysis 

All data are expressed as means ± standard deviation. Statistical analysis was 

performed using one-way analysis of variance (ANOVA) followed by a 

Tukey’s post hoc test and p < 0.05 was considered significant. 
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2. Bioresorbable magnesium-reinforced PLA membrane 

2.1. Specimen fabrication 

PLA granules (Goodfellow, Huntingdon, Cambridgeshire, England) were 

dissolved in acetone at a 5% mass/volume concentration. The solution was 

poured into a metal mold, and the solvent was evaporated in a drying oven at 

100 °C for 6 h to produce a thin membrane. The average thickness of the 

membrane was 75 μm. The membrane was then cut into the desired 

dimensions. 

A fluoride-coated AZ91 Mg alloy (9 wt% Al, 1 wt% Zn) was used as a 

reinforcement core. An AZ91 strip with dimensions of 12 (L) × 2 (W) × 0.15 

(H) mm was immersed in 50% hydrofluoric acid (Duksan, Ansan-si, 

Gyeonggi-do, Korea) for 24 h to form the fluoride coating. The produced 

fluoride-coated AZ91 (named FAZ91) strip was washed with deionized water 

and ethanol and thoroughly air-dried. 

To fabricate a magnesium-reinforced PLA membrane (named PLA-FAZ91), 

two layers of PLA membrane were used to cover both sides of the FAZ91 

strip, and then they were combined together by hot pressing (Figure 4a). After 

cooling, specimens were cut into the final dimensions (Figure 4b). The control 

group was only a PLA membrane, which was fabricated by combining two 

PLA membrane layers without FAZ91. 
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Figure 4. (a) Schematic illustration of the PLA-FAZ91 membrane structure 

and (b) photo of the fabricated PLA-FAZ91 membrane and its structural 

dimensions. 
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2.2. Mechanical properties 

A three-point bending test was performed on the samples using a universal 

testing machine (Instron 5942, Instron, Norwood, MA, USA) with a support 

span of 10 mm and a crosshead speed of 2 mm/min; the test was terminated 

when the displacement reached 3 mm. The load-displacement curve was 

recorded, and the maximum load and stiffness of each sample were calculated. 

Five samples were tested for each group. 

 

2.3. Sample degradation 

The initial weight of the FAZ91 strips and the subsequently fabricated PLA-

FAZ91 and PLA samples were first measured. Each membrane sample was 

immersed in 10 mL of Hank's balanced salt solution (HBSS, Welgene, 

Gyeongsan-si, Gyeongsangbuk-do, Korea) in a conical tube and placed in an 

incubator under cell culture conditions (37 °C, 5% CO2 concentration, 95% 

relative humidity). The HBSS was changed every week. At each immersion 

time point (up to 20 weeks), five samples from each group were recovered 

from the HBSS. Photos of the samples were taken to observe the morphology 

change. A 3-point bending test (identical to the previous section) was 

performed on each sample in the wet state. Then, the samples were thoroughly 

dried in an oven, and the final weights of the samples were measured. 

Subsequently, the PLA-FAZ91 samples were immersed in acetone for PLA 

dissolution. The FAZ91 remnant was dried in an oven, and its final weight 

was measured. The weight loss percentages of each sample, as well as that of 

the FAZ91 core and PLA wrap in the PLA-FAZ91 sample, were calculated 

using the following equation: 

Weight loss% = (Wo - Wt)/Wo × 100 (1) 
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where Wo is the initial weight and Wt is the final weight. 

 

2.4. Ion release 

Each membrane sample was immersed in 10 mL HBSS in a conical tube and 

incubated under cell culture conditions (37 °C, 5% CO2 concentration, 95% 

relative humidity). The HBSS was changed every week. At the end of each 

time period (1, 2, 3, and 4 weeks), three samples from each group were 

recovered from the HBSS. The pH of the HBSS was measured. The fluoride-

ion concentration in the HBSS was determined by a selective fluoride-ion 

electrode. Mg-, Al-, and Zn-ion concentrations in the HBSS were determined 

using inductively coupled plasma optical emission spectroscopy (ICP-OES, 

OPTIMA 8300, PerkinElmer, Waltham, MA, USA) 

 

2.5. Cell viability 

A murine pre-osteoblast cell line MC3T3-E1 and culture medium consisting 

of alpha minimum essential medium (α-MEM) supplemented with 10% foetal 

bovine serum and 1% antibiotic/antimycotic (GIBCO, Waltham, MA, USA) 

were used in this test. The membranes were sterilized under UV overnight. 

Each membrane was immersed in 10 mL HBSS in a conical tube under cell 

culture conditions (37 °C, 5% CO2, 95% relative humidity). The HBSS was 

changed every week. After immersion for 3 and 4 weeks, three samples per 

group were obtained from the HBSS and immersed in 2 mL of culture 

medium in 6-well plates under cell culture conditions for extraction over 24 h. 

The blank control group used only the culture medium with no samples. In 

addition, 1 × 104 cells in 500 μL of culture medium were seeded in each well 

of 24-well plates and incubated for 24 h. Then, the culture medium was 
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replaced by 500 μL of sample extract/blank medium. After another 24 h of 

incubation, 50 μL of a WST solution was added to each well and incubated for 

1 h. One hundred microliters of the solution in each well was transferred to a 

96-well plate. Absorbance was determined at 450 nm using a microplate 

spectrophotometer (Epoch, BioTek, Winooski, Vermont, USA). Cell viability 

was calculated by the following equation: 

Viability % = absorbance of extract group/absorbance of control group × 100 (2) 

Cells were stained with haematoxylin-eosin stain, and the cell morphology 

was observed by an inverted microscope (Olympus IX73, Olympus, Tokyo, 

Japan). 

 

2.6. Statistical analysis 

All data are expressed as the means ± standard deviation. Statistical analysis 

was performed using an independent-samples t-test to compare the difference 

between PLA-FAZ91 and PLA, and p < 0.05 was considered significant. 
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III. RESULTS 

 

1. 3D-printed PLA membrane with variable pore size 

1.1. General Characterization 

1.1.1. SEM 

Figure 5a-d shows the SEM images of the four groups where the printed 

struts appear to be perpendicularly crossed and coarse surfaces were observed 

on the printed membranes. The width of the printed struts was not consistent. 

For the LP group, the average width of the struts was 278 ± 58 μm and 

average distance between struts was 397 ± 48 μm. For the SP group, the 

average width of struts was 264 ± 49 μm and the average distance between 

them was 188 ± 43 μm. For the NP group, the average width of struts was 380 

± 27 μm and no space was observed between struts except for some defects. 

The SC group showed a relatively smooth surface, but a small number of 

shallow pits was observed. 
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Figure 5. Morphologies of (a) LP, (b) SP (c) NP and (d) SC membranes by SEM. 

 

1.1.2. Micro-CT 

Figure 6 shows the reconstructed µ-CT image of the four groups. Similar to 

SEM, the widths of the struts and pore sizes were not consistent in all sections 

of the membranes. A few grooves but no obvious pores were seen on the 

surface of the NP membrane (Figure 6c). Pits were observed in the µ-CT 

image of the SC membrane (Figure 6d) and Table 2 shows the porosities of 

the four groups as determined by µ-CT. The porosities of the NP and SC 

groups were similar and small, which was likely caused by occasional defects, 

as seen in the SEM and µ-CT images. The porosity of the SP was significantly 

higher than those of NP and SC, and LP had the significantly highest porosity. 
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Figure 6. 3D reconstructed µ-CT image of (a) LP, (b) SP, (c) NP, and (d) SC 

membranes. 

 

Table 2. Porosities of LP, SP, NP, and SC membranes as determined by 

µ-CT 

Group Porosity (%) 

LP 51.5 ± 8.2 a 

SP 32.5 ± 4.9 b 

NP 1.3 ± 1.0 c 

SC 1.6 ± 2.2 c 

Different superscript letters indicate significant differences between the 

groups (p < 0.05). 
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1.2. Tensile Test 

Figure 7 shows representative stress-strain curves of the tensile tests of the 

prepared membranes, and Figure 8 shows the tensile test results of the four 

groups. In terms of tensile strength (Figure 8a), the NP group showed the 

highest value followed by the SC group. The tensile strengths decreased as the 

pore size increased from NP to SP to LP. Statistically significant differences 

were observed between all groups tested. In terms of the elastic modulus 

(Figure 8b), the SC group was the highest followed by the NP group. The 

elastic moduli also decreased as the pore size increased. Statistical 

significance was observed between the values of all groups. In terms of 

elongation at break (Figure 8c), the LP group showed significantly higher 

values than all other groups, followed by the SP and NP, while the SC showed 

the significantly lowest value. 

 
Figure 7. Representative stress-strain curves of the tensile tests performed on 

LP, SP, NP, and SC membranes. 
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Figure 8. Results of the tensile test. (a) Tensile strength, (b) Elastic modulus, 

and (c) Elongation at break. (n = 5; different lower-case letters indicate 

significant differences at p < 0.05). 
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1.3. Cell Proliferation Test 

Figure 9 shows the absorbance values measured in the WST assay after 1, 3, 

and 7 days of cell proliferation on the prepared membranes. On day 1, the LP 

group exhibited a significantly lower absorbance than those of the NP and SC 

groups. On day 3, all groups showed increased absorbance compared to their 

respective measurements taken on day 1, and the LP group absorbance was 

significantly lower than that of the SC group. On day 7, all groups showed a 

drastic increase in absorbance and no statistically significant difference was 

observed between groups. 

 

 
 
Figure 9. Absorbance in WST assay after 1, 3, and 7 days of MC3T3-E1 cell 

proliferation on LP, SP, NP, and SC membranes (n = 3; different lower-case 

letters indicate significant differences between groups in the same time points 

at p < 0.05). 
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Figure 10 shows the SEM images of the MC3T3-E1 pre-osteoblast cells 

cultured on LP, SP, and NP membranes for 1 and 3 days. The number of cells 

increased in all three groups from day 1 to 3. The cells became so dense on 

day 3 that some areas already exhibited cell detachment, and cell density was 

similar in all three groups. In the NP group, cells mainly grew on the outer 

surface of the membrane, whereas in the LP and SP groups, cells grew on the 

strut edges into the inside of the membrane and onto the surface of the inner 

struts. 

 

 
Figure 10. SEM images of pre-osteoblast cells grown on (a,d) LP, (b,e) SP and 

(c,f) NP membranes for (a–c) 1 day and (d–f) 3 days. 
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2. Bioresorbable magnesium-reinforced PLA membrane 

2.1. Mechanical properties 

Figure 11 shows the representative load-displacement curves of the PLA-

FAZ91 and PLA membranes from the three-point bending test. Figure 12 and 

figure 13 show the comparison of the maximum load and stiffness between 

the two groups. Both the maximum load and stiffness of the PLA-FAZ91 

membrane were significantly higher than those of the PLA membrane. The 

maximum load of PLA-FAZ91 was 40% higher than that of PLA, while the 

stiffness of PLA-FAZ91 was over 3 times higher than that of PLA. 

 

 

Figure 11. Representative load-displacement curves of PLA-FAZ91 and PLA 

membranes from three-point bending test. 
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Figure 12. Maximum load of PLA-FAZ91 and PLA membranes from three-

point bending test. *p < 0.05. 

 

 

Figure 13. Stiffness of PLA-FAZ91 and PLA membranes from three-point 

bending test. *p < 0.05. 
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2.2. Sample degradation 

Figure 14 shows the weight loss percentage of the PLA-FAZ91 and PLA 

membranes after immersion in the HBSS for up to 20 weeks. The control 

group PLA membrane did not show any weight loss after 20 weeks of 

immersion, while PLA-FAZ91 showed a gradual increase in weight loss% 

over 12 weeks and then stayed at approximately 15% thereafter. 

Considering different components in PLA-FAZ91 membrane, figure 15 

shows the weight loss percentage of the respective FAZ91 core and PLA wrap 

parts in PLA-FAZ91 after immersion. FAZ91 showed substantial weight loss. 

The weight loss was 86% after 12 weeks, and then it slowed down before 

reaching 100% after 20 weeks. In contrast, the PLA wrap showed a weight 

loss of only 7% over 20 weeks. 

 

Figure 14. Weight loss percentage of PLA-FAZ91 and PLA membranes after 

immersion in the HBSS over 20 weeks 
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Figure 15. Weight loss percentage of individual FAZ91 core and PLA wrap 

parts in PLA-FAZ91 after immersion in the HBSS over 20 weeks 

 

Figure 16 shows the optical images of the PLA-FAZ91 and PLA membranes 

after immersion for over 20 weeks. Different backgrounds of black or white 

colours were used to highlight different components of the same membrane. 

FAZ91 showed gradual disintegration and completely disappeared after 16 

weeks. The PLA wrap in the PLA-FAZ91 membrane showed only a slight 

degradation, which can be evidenced by the slight perforations and 

delamination of the PLA wrap. In contrast, the PLA membrane showed no 

change by optical observation, even after 20 weeks of immersion. 
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Figure 16. Optical images of the PLA-FAZ91 membrane immersed for 4, 8, 

12, 16, and 20 weeks and the PLA membrane immersed for 20 weeks. The 

black and white background colours were used to highlight different 

components of the same membrane. 
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Figure 17 and figure 18 shows the change in the maximum load and stiffness 

of the PLA-FAZ91 and PLA membranes during immersion. For both 

maximum load and stiffness, PLA-FAZ91 showed a generally decreasing 

trend, particularly after 4 weeks, while the PLA group was relatively stable 

during the entire period. By comparing the two groups at the same time points, 

PLA-FAZ91 showed significantly higher maximum load and stiffness than 

those of PLA at 0, 1, 2, and 3 weeks. Another significant difference was 

observed at 16 weeks, where PLA had a higher stiffness than PLA-FAZ91. 

 

 

Figure 17. Change in the maximum load of PLA-FAZ91 and PLA membranes 

with respect to the immersion time. *p < 0.05. 
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Figure 18. Change of the stiffness of PLA-FAZ91 and PLA membranes with 

respect to the immersion time. *p < 0.05. 
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2.3. Ion release 

Figure 19-21 show the pH change, Mg-ion concentration, and F-ion 

concentration of the HBSS in the ion release test. For all three parameters, the 

PLA-FAZ91 group stayed at the starting point over the first two weeks, which 

was close to the blank control group (data not shown), and then gradually 

increased afterwards; in contrast, the PLA group showed stable values close to 

the blank for the entire period. The PLA-FAZ91 group showed an increase in 

pH from 6.8 to 7.0, an increase in Mg-ion concentration from 18 mg/L to 31 

mg/L, and an increase in F-ion concentration from 0 mg/L to 0.38 mg/L. 

Significant differences were shown at 3 and 4 weeks for all three parameters. 

The Zn- and Al-ion concentrations were also determined in the test but 

showed relatively low values (< 0.1 mg/L), which could be considered 

negligible. 

 

 

Figure 19. pH change of HBSS incubated with PLA-FAZ91 and PLA 

membranes for up to 4 weeks. *p < 0.05. 
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Figure 20. Mg-ion concentration in HBSS incubated with PLA-FAZ91 and 

PLA membranes for up to 4 weeks. *p < 0.05. 

 

Figure 21. F-ion concentration in HBSS incubated with PLA-FAZ91 and PLA 

membranes for up to 4 weeks. *p < 0.05. 
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2.4. Cell viability 

Figure 22 shows the viability of the MC3T3-E1 cells proliferated with 24-h 

sample extracts of the PLA-FAZ91 and PLA membranes after a sample 

immersion of 3 and 4 weeks. All values were over 90%, and significant 

differences were not observed between the PLA-FAZ91 and PLA groups with 

either immersion time. 

Figure 23 shows the microscopic images of the MC3T3-E1 cells proliferated 

with 24-h sample extracts of the PLA-FAZ91 and PLA membranes after a 

sample immersion of 4 weeks. Cells were stretched and attached well in both 

the PLA-FAZ91 and PLA groups, indicating healthy conditions. 

 

 

Figure 22. Viability of the MC3T3-E1 cells proliferated with 24-h sample 

extracts of the PLA-FAZ91 and PLA membranes after a sample immersion of 

3 and 4 weeks. 
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Figure 23. Morphology of the MC3T3-E1 cells proliferated with 24-h sample 

extracts of the (a, b) PLA-FAZ91 and (c, d) PLA membranes after a sample 

immersion of 4 weeks. 
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IV. DISCUSSION 

 

The use of barrier membranes in tissue regeneration was first introduced in 

1959 (Ashley, et al., 1959). The studies and applications of barrier membranes 

over the past few decades have revealed a great deal of insight into this 

method. According to Scantlebury, barrier membranes must fulfill five 

essential design criteria: tissue integration, cell-occlusivity, clinical 

manageability, space-making, and biocompatibility (Scantlebury, 1993). 

These characteristics are governed by the composition, physicochemical 

properties, and structure of the membrane. 

This thesis demonstrates the attempts in two directions to improve the 

application of GBR/GTR membranes. The first one worked on the new 

fabrication method. Membranes were fabricated by 3D printing and compared 

to those fabricated by conventional methods to explore the feasibility of the 

3D-printed membranes. The other one worked on the new sample design. The 

novel bioresorbable magnesium-reinforced PLA membrane was created and 

its superiority was targeted to be verified. 

 

1. 3D-printed PLA membrane with variable pore size 

The use of 3D printing for fabricating medical implants is still in the 

development stage. However, this fabrication method has undeniable potential, 

especially as individualized treatment is becoming popular for the treatment 

of a variety of disease states. Previously, 3D printing has been used to make 

custom implants in cranial surgery, dentistry, and maxillofacial surgery, 

leading to reduced treatment time, improved accuracy, and better medical 

outcomes (Tack, et al., 2016). Following this trend, it is likely that 3D printing 
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will become one of the most effective methods for medical devices fabrication. 

The 3D printing of GTR/GBR barrier membranes would be fast, convenient, 

and practical. Barrier membranes generally have a simple structure, but their 

integration with adjacent tissue is vital for the desired outcomes. When 

utilizing commercially available membranes, pretreatment is typically 

performed by manually trimming and bending the uniform-structured 

membranes to fit them to the various bone contours. Using this technique, 

complete tissue integration and membrane stabilization cannot be guaranteed 

and it can possibly lead to fibrous connective tissue ingrowth. Therefore, 

membrane customization with 3D printing is a promising alternative to 

conventional membrane fabrication methods (Won, et al., 2016). 

Additionally, 3D printing allows for the creation of specific pore architecture, 

which has been deemed a critical feature of barrier membranes. Discussion 

regarding the optimum membrane pore size has been ongoing over the past 

two decades. Generally, a microporous membrane would have the following 

features: prevention of ingrowth of soft tissue; reduced bacterial penetration; 

large surface area for cell attachment; reduced integration with tissue allowing 

for a simple pullout for retrieval; blunt edges to prevent tissue injury in the 

event of breakage; as well as high strength and elastic modulus leading to 

better space maintenance but inferior manageability. In contrast, features of a 

typical macroporous membrane include good wound stability through tissue 

integration, but the need for surgical separation for removal, good nutrient 

infiltration, and high flexibility for clinical manipulation, but inferior space 

maintenance (Bartee and Carr, 1995; Lee, et al., 2010; Rakhmatia, et al., 

2013). A few animal studies have been performed to test and compare the 

effect of microporous and macroporous membranes as well as porous and 

nonporous membranes on bone regeneration, which have drawn diverse 

conclusions. Marouf et al. covered rabbit calvarium defects with microporous 
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PTFE membranes and macroporous expanded PTFE membranes, and bone 

regeneration was examined. Greater rates and quantities of bone regeneration 

were observed in the defective cavities covered with the macroporous 

expanded PTFE membrane than those covered with the microporous PTFE 

membrane (Marouf and El-Guindi, 2000). Pineda et al. used microporous (2–

4 μm), medium (10–20 μm), and large (20–200 μm) pore PLLA membranes to 

implant in rabbits to cover a radius defect. The authors found that 

regenerating bone with the microporous membranes was the most effective, 

followed in order by the medium and large pore-sized membranes (Pineda, et 

al., 1996). Simion et al. investigated the effect of an open-pore membrane and 

totally occlusive membrane on ridge defects in dog mandible, demonstrating 

that the totally occlusive membrane achieved the best regenerative capacity 

(Simion, et al., 1999). In contrast, Lundgren et al. used an occlusive barrier 

membrane and membranes with perforations ranging from 10 to 300 μm 

covered on rat skull, finding that the totally occlusive barrier membrane 

resulted in a slower rate of bone tissue augmentation (Lundgren, et al., 1998b). 

In addition, many other studies provided inconsistent conclusions similar to 

those described above (Gutta, et al., 2009; Lundgren, et al., 1998a; Mardas, et 

al., 2003; Polimeni, et al., 2004; Schmid, et al., 1994; Yamada, et al., 2003; 

Zellin and Linde, 1996). Therefore, it can be inferred that the previous studies 

regarding membrane pore size did not meet a set of strict and consistent 

requirements. Thus, the real cause of the different conclusions provided by the 

respective authors cannot be determined. The previous studies were mainly 

performed in animals, so we attempted to performed fundamental 

investigations to determine the root causes of the problem. In this study, in 

vitro tensile tests and cell proliferation tests were performed to investigate the 

effect of two fabrication methods and three pore sizes on the mechanical 

properties of the membrane and initial cell attachment and growth. 

The results of the tensile test are shown in Figures 7 and 8. Generally, the 
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tensile strength and elongation at break should be maximized so that the 

membrane can bear more load and deformation before breakage. In addition, 

the elastic modulus should fall within a proper range because an excessively 

large value would hamper clinical manageability and cause tissue damage, 

while an insufficient modulus would compromise space maintenance. 

According to the literature, commercially available bioresorbable membranes 

have tensile strengths ranging from 3.5 to 22.5 MPa, and elastic moduli 

ranging from 30.6 to 700 MPa (Bottino, et al., 2009; Bottino, et al., 2012; 

Coic, et al., 2010; Milella, et al., 2001). Considering that the major 

disadvantage of bioresorbable membranes is their lack of space maintenance, 

an elastic modulus value slightly higher than this range would be ideal for the 

novel membranes. When comparing the NP and SC groups, the NP 

membranes showed higher tensile strength and elongation at break values, in 

addition to lower elastic moduli which were similar to those of commercial 

membranes. From these three parameters, it is clear that the 3D-printed 

membrane was superior to the solvent cast membrane. When comparing 3D-

printed groups with different pore sizes, NP showed the highest strength and 

elastic modulus but a low elongation at break; SP exhibited an ideally 

moderate modulus, a moderate strength and a low elongation at break close to 

NP; and LP was the most ductile, but the lowest on tensile strength and elastic 

modulus. These results can be well expected considering that the materials 

usually become less “stiff” when the density decreases as porosity increases. 

From these results, it can be inferred that each of the different pore-sized 

membranes exhibited its own unique superiority, which can meet the 

requirements for various clinical conditions. For instance, if a stronger support 

is needed in applications like large bone defects or bone augmentation, NP 

membrane can be considered; for the applications requiring not ultimate 

strength but better manageability, like in small GTR defects or with the 

support of bone substitutes, the LP membrane is preferable; and for those 
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cases where moderate properties are required, the SP membrane shall be tried. 

It can also be inferred from the results that 3D printing has the potential for 

fabricating different structured membranes with any pore size—rather than 

just three—to grant the membranes with proposed mechanical properties and 

fulfilling any kinds of clinical demand. 

The results of the cell proliferation test are shown in Figure 9. When 

comparing the NP and SC groups, the cell growth was largely the same at all 

time points. A situation where the residual solvent inhibits cell viability did 

not occur in this test likely because the amount of residual solvent was almost 

negligible after a relatively complete evaporation. Comparing the membranes 

with different pore sizes, although at all time points cell proliferation 

increased with decreasing pore size, significant differences were only 

observed at day 1 and day 3. Because of the rapid and continuous growth of 

the cells, differences between groups with different pore sizes diminished over 

time. The mechanism underlying this result can be speculated upon by 

observing the SEM images of the cells (Figure 10). Comparing the images 

taken at days 1 and 3, the membranes with smaller pores provided smoother 

and larger outer surfaces, facilitating initial cell attachment, while the 

membranes with larger pores had a smaller outer surface and a larger inner 

wall area, allowing the cells to grow slowly into the inner structure. Therefore, 

considering the thinness of the barrier membranes, the specific surface areas 

of the membranes available for cell attachment were similar regardless of pore 

size. Furthermore, the cells attached in early stages are progenitor cells 

essential for the following bone tissue regeneration within the membrane-

protected spaces. It can be speculated that the different patterns of cell 

attachment would affect tissue integration, where monolayer cells grown on 

small-pored membranes would lead to reduced tissue integration, and spatial 

cell growth in large-pored membranes leads to tighter tissue integration. This 

conclusion is in accordance with previous studies (Marouf and El-Guindi, 
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2000). Subsequently, the smaller pore membrane would allow for an easy 

retrieval process, while the larger pore membranes exhibit enhanced 

membrane stability. However, a comparison between the membranes 

concerning final bone regeneration did not result in consistent conclusions in 

the literature. Therefore, this in vitro cell test showed that different pore sizes 

resulted in negligible effects on cell growth and subsequent bone regeneration. 

According to previous studies, the healing response is governed by a variety 

of factors, including the chemical composition, physical and surface 

characteristics, thickness, porosity, and the depth of the membrane placement 

in the tissue (Bartee and Carr, 1995). 

 

2. Bioresorbable magnesium-reinforced PLA membrane 

Mechanical properties are of vital importance for GBR/GTR membranes. 

The space-making ability of the membrane can directly determine the final 

volume and contour of the generated bone, which influences the subsequent 

restoration (Rakhmatia, et al., 2013). In this study, the main objective of 

adding the Mg alloy-reinforcement core is to enhance the mechanical 

properties of the membrane. The load-displacement curve of PLA-FAZ91 

started with a much faster increase in load than that of PLA, which is 

confirmed by the significantly higher stiffness of PLA-FAZ91. The maximum 

load of PLA-FAZ91 was also significantly higher than that of PLA. It can be 

seen that the peak value of load occurred in the latter part of the curve. The 

maximum load and stiffness values were meant to demonstrate two different 

aspects of the mechanical properties. When the deformation is small, the 

stiffness represents the ability of the material to resist elastic deformation. 

When deformation is large, the maximum load represents the ultimate load the 

material can take before failure. Therefore, the PLA-FAZ91 membrane shows 

superior mechanical properties to those of the PLA membrane in both 
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situations, whether the deformation is small or large. Li et al. (Li, et al., 2015) 

fabricated PLA plates reinforced with different volume fractions of 

magnesium alloy wires by hot pressing and tested their mechanical properties. 

They reported that the reinforcement notably enhanced the tensile strength, 

bending strength, impact strength and shear strength of the plate and that the 

enhancement increased with an increasing magnesium alloy volume fraction. 

Apparently, when concerning bioresorbable materials, the superb mechanical 

properties of Mg alloys make them ideal reinforcement materials. 

The degradation rate of the bioresorbable membrane should lie within an 

appropriate range, and the ideal degradation rate should maintain the same 

pace as the rate of bone growth; by maintaining the same pace, the strengths 

of the tissue and membrane can be complementary and prevent the collapse of 

the membrane (Hutmacher, et al., 2001). In this study, according to the weight 

loss as well as the appearance, the PLA membrane does not show any 

degradation, even after immersion for 20 weeks. This degradation is slower 

than expected because PLA generally degrades at higher rates according to 

other studies (Hossain, et al., 2011; Sui, et al., 2007; You, et al., 2005). The 

degradation rate is affected by various factors, such as crystallinity, isomerism, 

molecular weight and so on (Auras, et al., 2004; Garlotta, 2001). It is inferred 

that the source material used in this research has a slow degradation rate. On 

the other hand, the PLA-FAZ91 membrane shows obvious degradation, and 

most of its weight loss comes from the FAZ91 core, which is evidenced by the 

complete disappearance of FAZ91 after 16-20 weeks. Unlike the intact pure 

PLA membrane, the PLA wrap in the PLA-FAZ91 membrane shows a slight 

degradation, which can be evidenced by the perforations and delamination 

within the PLA wrap in the 12-week, 16-week, and 20-week groups (Figure 

16). It can be inferred that the degradation of the PLA wrap is accelerated by 

FAZ91. Zhao et al. also found that the degradation of PLA could be promoted 

by the addition of Mg particles (Zhao, et al., 2017). They claimed that this 
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effect was beneficial to regulating the PLA-degradation rate, which was 

originally slow during bone regeneration. For the mechanical changes, in an 

overall trend, the PLA group does not show much change in either maximum 

load or stiffness but only small fluctuations in the values over time. This can 

be reasonably understood considering its 0% weight loss. In comparison, 

PLA-FAZ91 shows obvious decreases in both parameters after immersion, 

starting from significantly high levels and ending at the same levels as PLA. 

Fluctuations are also observed, especially before 4 weeks. We speculate that 

these fluctuations arise from the intrinsic problems of the testing machine and 

the variance of samples resulting from the fabrication process. However, 

comparisons between the PLA-FAZ91 and PLA groups at the same time 

points are still evidential. Significantly high values of PLA-FAZ91 were seen 

in both the maximum load and stiffness in the first 3 weeks, indicating that the 

strengthening effect of the FAZ91 core in the membrane endures for at least 3 

weeks. Additionally, it is worth noting that the particularly low stiffness of 

PLA-FAZ91 is observed at 16 weeks, which is due to the accelerated 

degradation of PLA by FAZ91. As mentioned above, the accelerated 

degradation of PLA is beneficial, but it inevitably accompanies the 

accelerated deterioration of the mechanical properties of the membrane. To 

our point of view, the mechanical requirement of the GBR/GTR membrane is 

more crucial in the early stage than in the late stage. Kostopoulos et al. 

concluded from a rat study that within the secluded space created by an 

occlusive barrier, a significant amount of new bone can be formed in 1 month, 

including trabecular bone and compact bone, and by 4 months, most of the 

space can be filled with new bone (Kostopoulos, et al., 1994). Therefore, the 

PLA-FAZ91 membrane can function as a strengthened support in the first 3 

weeks after implantation and guarantee early tissue stability. Even if its 

mechanical properties become inferior after 16 weeks, the new bone is 

basically formed in shape, so an ideal model of complementary strengths can 
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be achieved. Moreover, the addition of Mg with its promotion of PLA 

degradation makes it possible to control the PLA degradation time. 

The biocompatibility of the PLA-FAZ91 and PLA membranes was jointly 

assessed by ion release tests and cell viability tests. The pH of the PLA group 

is stable during the entire immersion period, at approximately 6.8. Even 

without the samples, the pH of the HBSS decreases rapidly and stays at the 

same level after incubation in the cell culture conditions, which is already 

confirmed by the blank control group (data not shown). This is because the 

high concentration of CO2 in the incubator can consume the buffer in the 

HBSS in a few days. Therefore, due to the slow PLA degradation, the pH of 

the PLA group stays at baseline. Despite this, the PLA degradation usually 

leads to a decreasing pH, which is caused by its acidic degradation products 

(Sui, et al., 2007). It is believed that excessive accumulation of these acidic 

products can provoke some inflammatory responses in the human body 

(Ramot, et al., 2016). In comparison, the pH of the PLA-FAZ91 group 

steadily increases. This is because of the degradation of the magnesium alloy. 

The reaction is shown as follows: 

Mg → Mg2+ + 2e- 

2H2O + 2e- → H2 + 2OH- 

Mg2+ + 2OH- → Mg(OH)2 

Due to the existence of Cl- in the medium, the formed Mg(OH)2 can react 

with Cl- and constantly release OH-, which increases the pH of the medium 

(Li and Zheng, 2013). Therefore, the alkaline products of the Mg alloy can 

neutralize the acidic products of PLA, minimalizing the possibility of an 

inflammatory response caused by acidic conditions. This phenomenon has 

been discussed in other studies (Zhao, et al., 2017). Moreover, it is well 

acknowledged that a slightly alkaline condition is a prerequisite for 
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hydroxyapatite precipitation, which can enhance osteoblastic differentiation 

(Neuman and Neuman, 1958). The release of Mg and F ions is also confirmed. 

The Mg-ion concentration in this study reaches 31 mg/L at 4 weeks. 

According to Feyerabend et al., MgCl2 had LD50 values of over 50 mM (1200 

mg/L concerning Mg ion) for different cells (Feyerabend, et al., 2010). The F-

ion concentration in this study reached 0.38 mg/L at 4 weeks. Thaweboon et 

al. claimed that cell proliferation and the ALP activity of human dental pulp 

cells were stimulated by fluoride at 5 mg/L and inhibited by fluoride at 40 – 

80 mg/L (Thaweboon, et al., 2003). Yan et al. claimed that fluoride enhanced 

the proliferation of ameloblast lineage cells at 16 μM (0.14 mg/L) and 

reduced proliferation at greater than 1 mM (9 mg/L) (Yan, et al., 2007). 

Therefore, even after the one-week accumulation shown in this study, the ion 

concentrations of Mg and F are much lower than the dose that will inhibit cell 

growth. Another point to note is that the increase of pH and the release of Mg 

and F ions get faster in the 3rd and 4th weeks. However, considering other 

evidence in the degradation test (particularly weight loss%), the degradation 

rates every 4 weeks are stable by 12 weeks. Therefore, although the ion 

release test only shows results until 4 weeks, it is very likely that the ion 

release after 4 weeks will be close to those shown in the 4th week. The effect 

of ion release in the 3rd and 4th weeks on cell growth is confirmed by the cell 

viability test. Although the ion and pH increases did not lead to elevated cell 

viability as mentioned in the above literature, the cell viability percentages of 

all groups are still at a high level, and the cell morphology also shows good 

cell conditions. Therefore, we can conclude from this test that the addition of 

FAZ91 to the PLA membrane does not lead to any adverse effects on the cells. 

Since the biocompatibility of PLA is well acknowledged, it is clear that the 

safety of the PLA-FAZ91 membrane has been confirmed. 

There have been a multitude of studies concerning Mg and its alloys, but due 

to a series of issues that results from their rapid degradation, their application 
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as biomedical materials has been restricted (Li and Zheng, 2013; Zheng, et al., 

2014). In this study, the respective properties of both a bioresorbable metal 

and bioresorbable polymer are combined in an advantageous manner. 

Polymers have been vastly used as GBR/GTR membranes for a long time, but 

their strength and stiffness are not sufficiently high, which will lead to an 

unsatisfying contour of the regenerated bone and consequently bring about 

trouble during further implantation or restoration. On the other hand, the 

example of merely using bioresorbable metals as GBR/GTR membranes has 

not occurred so far, which is probably due to their rapid degradation. If used 

alone, the bioresorbable metal membrane will disintegrate and degrade in a 

short time, losing not only its superior strength but also its function as a 

barrier. In this study, an AZ91 Mg alloy functioned as an inner support, while 

the main structure of the membrane is the overwrapping PLA. In such a 

design, structural integration depends only on the degradation rate of PLA, 

which can be effectively controlled by various methods. Meanwhile, the Mg 

core does not directly contact the tissues, so the surface properties of the 

membrane are only determined by PLA. In contrast, the mechanical properties 

of the membrane will be affected by both the PLA and Mg parts. The high 

strength and stiffness of Mg can bring a significant increase to the mechanical 

properties of the membrane without making it too thick. Adjusting the 

structure and properties of the Mg core without changing the PLA part can 

directly control various mechanical properties of the membrane. The addition 

of the metal core can also bring better clinical manageability to the membrane, 

thus making it more adaptable to adjacent bone. In addition, due to the 

hydrophobicity of PLA, it is very likely that Mg hydrolysis can be delayed by 

the PLA coverage so that the reinforcement effect of Mg can be prolonged 

and the potential negative effects from the Mg degradation can be alleviated. 

In the current design, the function of the PLA part relies more on its intrinsic 

properties. There is not much change to be made on its structure but at most 



 

４７ 

 

its thickness and porosity. However, the Mg core can be simply made into any 

desired structures, similar to the various designs of titanium strips in the 

titanium-reinforced PTFE membranes. In the future, membranes reinforced by 

different Mg structures should be tested to determine the best solution that 

maximizes strength and minimizes the adverse effects of degradation or 

different solutions for different clinical demands. For instance, a mesh 

structure can be used for the Mg core to avoid over-accumulation of released 

ions and the consequent excessive acceleration of PLA degradation. 
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V. CONCLUSION 

 

Within the limitations of these studies, our conclusion is as follows: 

(1) Membranes fabricated by 3D printing showed improved mechanical 

properties compared to those produced via the conventional solvent casting 

method. Different pore sizes showed different advantages in terms of 

mechanical properties. The effects of both variables, the fabrication method 

and pore size, on cell growth, were insignificant. The hypotheses that there 

would be no significant differences between the mechanical properties of 3D-

printed and conventionally fabricated PLA membranes, and that there would 

be no significant differences between the effects that different pore sizes had 

on the mechanical properties of the 3D-printed membranes were rejected. The 

hypotheses that there would be no significant differences between the cell 

proliferations of 3D-printed and conventionally fabricated PLA membranes, 

and that there would be no significant differences between the effects that 

different pore sizes had on the cell proliferations of the 3D-printed 

membranes were accepted. Therefore, 3D printing is proven to be a promising 

method for the fabrication of customized barrier membranes used in 

GBR/GTR. When possible, the membranes should be designed and 3D 

printed with specific pore sizes and materials and in specific forms depending 

on the clinical condition of the patient, achieving a more personalized 

treatment.  

(2) A magnesium-reinforced PLA membrane showed superior mechanical 

properties compared to a non-reinforced PLA membrane, and the superior 

mechanical properties endured for at least 3 weeks of immersion. Complete 

degradation of the FAZ91 reinforcement core took 16-20 weeks, and the 

degradation of the PLA wrap was accelerated by the FAZ91. The FAZ91 in 

PLA brought about additional increases in pH and the Mg- and F-ion 
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concentrations during immersion, but all were at rather low levels, which 

could be considered safe. Cell viability tests suggested that cell viability was 

not adversely affected by the addition of FAZ91 to PLA. The hypothesis that 

there would be no significant differences between the mechanical properties, 

degradation performance, ion release profile, and cell viability of the 

magnesium-reinforced PLA membrane and non-reinforced PLA membrane 

was rejected. Therefore, the bioresorbable magnesium-reinforced PLA 

membrane has the potential to be used as a good alternative for pure PLA 

membrane in GBR/GTR applications. Further in vivo study will be needed to 

confirm its effectiveness and safety. 

(3) From the two studies, it is apparent to see that many aspects of 

GBR/GTR membranes—whether the structural configuration and material 

utilization in their design, or the fabrication method—are valuable research 

directions that are worth studying and innovating. By these means, various 

properties of bioresorbable membranes can be, to a great extent, altered and 

controlled so that they can function better and meet the harsh clinical demands. 

Moreover, PLA is indeed a suitable material for bioresorbable GBR/GTR 

membrane, and its potential needs to be exploited more. 
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ABSTRACT (IN KOREAN) 

 

골 유도/ 조직 재생을 위해 사용 된 다양한 pore size를 

가진 3D 프린팅 된 polylactide membrane 과 생체흡수

성 마그네슘 강화 polylactide membrane 

 

<지도교수 김 광 만 > 

 

연세대학교 대학원 치의학과 

 

장 호 양 

 

본 논문은 골 / 조직 재생 (GBR / GTR) 유도에 필요한 새로운 

barrier membranes 개발을 위해 진행한 두 가지 연구를 소개하고

자 한다. 

첫 번째 연구는 3D 프린팅으로 생체흡수성 polylactide (PLA) 막

을 제조하여 기존의 방법으로 제조된 막의 특성과 비교하고, 3D 프

린팅 된 막의 다른 pore size가 특성에 주는 영향을 비교하였다. 3 

가지 상이한 pore size (large pore-479 μm, small pore-273 μm, 

및 no pore)를 갖춘 PLA 막을 FDM타이프로 3D 프린팅 하고, 통

상적인 solvent casting 방법을 사용하여 제조 된 막을 대조군으로 

사용하였다. Scanning electron microscopy (SEM) 및 micro-

computed tomography  (μ-CT)을 이용하여 형태를 관찰하고 4 

개 군의 porosity을 얻었다. 인장 시험은 막의 파단에서의 인장강도, 
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탄성계수 및 elongation을 비교하기 위해 수행되었다. Pre-

osteoblast 세포를 1, 3 및 7 일 동안 막에서 배양 한 후, WST 분

석 및 SEM을 수행하여 상이한 군에서의 세포 증식을 조사 하였다. 

결과적으로, 3D 프린팅 된 막은 solvent casting 막보다 우수한 기

계적 성질을 나타내었고, 3D 프린팅 된 막은 pore size 별로 각기 

다른 유리한 기계적 성질을 나타냈다. 제조 방법과 pore size는 세

포 성장에 유의 한 영향을 미치지 않았다. 3D 프린팅은 GBR / 

GTR에 사용되는 맞춤형 barrier membrane 제조의 희망적인 방법

임이 입증되었다. 

두 번째 연구는 기계적 우월성과 생체흡수성의 특징을 가진 새로

운 마그네슘 강화 PLA 막을 제조하고 기계적 성질, 분해 성능, 이

온 방출 및 cell viability를 검증하는 것이다. 2 개의 solvent cast 

PLA 막을 양쪽에, fluoride-coated AZ91 합금(Z91)을 코어로 핫

-프레싱으로 결합시켜서 우월한 물성과 생체흡수성을 동시에 가춘 

신형생체흡수성 마그네슘 강화 PLA막을 만들었고 PLA-FAZ91로 

명명하였다. 이중층 PLA 막을 대조군으로 사용하였다. 최대 하중과 

강도를 비교하기 위해 3점 굽힘 테스트를 수행했다. 샘플을 HBSS

에 세포 배양 조건하에 20주 동안 침지시켰다. 침지 후 PLA-

FAZ91, PLA 및 PLA-FAZ91 성분의 중량 손실 퍼센트수를 기록

하고 3점 굽힘 시험을 수행 하였다. 이온 방출 시험은 HBSS에 세

포 배양 조건하에 4주 동안 침지시키고 매 주 HBSS의 pH와 

HBSS중 마그네슘의 불소 이온 농도를 측정했다. 샘플 추출물을 얻

은 후 preosteoblast 세포를 24시간 동안 추출물과 함께 배양 한 

후, cell viability을 평가하기 위해 WST 분석을 수행 하였다. 결과

적으로 PLA-FAZ91 membrane은 비 강화 PLA membrane보다 

최대 하중과 강도가 현저히 높았다. PLA-FAZ91의 무게 손실이 
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빠른 이유는 FAZ91이 많은 분해가 생겼고 16-20주 침수 후 완전

히 분해 되었기 때문이다. 그럼으로 PLA wrap의 분해는 FAZ91에

의해 가속화되었다. PLA에 비해 PLA-FAZ91의 기계적 우수성은 

침지 중 3주 이상 지속되었다. 이온 방출 테스트에서는 PLA-

FAZ9A1 그룹의 pH, 마그네슘 및 불소 이온 농도가 적당한 속도로 

상승한 반면 PLA 그룹의 pH, 마그네슘 및 불소 이온 농도는 안정

적으로 유지되는 것으로 나타났다. PLA-FAZ91 그룹의 세포 생존

율은 PLA 그룹의 세포 생존력보다 열등하지 않아서 FAZ91의 첨

가가 세포에 어떠한 악영향도 미치지 않음을 확인 하였다. 따라서, 

생체 흡수성 마그네슘 강화 PLA 막은 적절한 분해 속도 및 이온 

방출과 함께 지속적인 기계적 우수성 및 세포 생존력을 나타낸다. 

생체 흡수성 마그네슘-강화 PLA 막은 GBR / GTR 적용에서 순수

한 PLA 막에 대한 좋은 대안으로 사용될 가능성이있다. 

 

 

 

 

 

 

 

 

 

 

 

핵심되는 말: 골 유도 재생; 조직 유도 재생; 생체흡수성 막; 폴리락

티드; 3D 프린팅; 기공 사이즈; 마그네슘 합금; 강화막 


