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Abstract 
Aim: Periodontitis is caused by chronic gingival inflammation and affects a 
large population in the world. Although guided tissue regeneration (GTR) thera-
py has been proven to be an effective treatment, the deficiency in the symme-
trical design of all the GTR membrane in the market leaves large space for im-
provement. Therefore, we designed a novel asymmetrical bi-layer PLA/gelatin 
composite membrane for treating periodontitis. Methods: The PLA side was 
fabricated by electrospinning with metronidazole (MNA) pre-mixed with the PLA 
solution. The gelatin side containing bioglass (BG) 45S5 was fabricated with 
freeze-drying process and cross-linked with PLA membrane. The bio-compatibility 
of the membrane was evaluated in vitro using NIH3T3 cells. The releasing of 
MNA was measured by spectrophotometer. The bioactivity of the membrane 
was evaluated by hydroxyapatite (HA) deposit and determined by FTIR spec-
trometer. The ionic concentration of Ca2+ and 2

4SiO −  was measured by ICPOES. 
The expression of the osteogenesis makers was determined by qRT-PCR. Re-
sults: The bi-layer PLA/gelatin composite membrane is biocompatible and 
bioactive. The releasing of MNA can rapidly reach the anti-bacterial effective 
concentration. Interestingly, the incorporation of MNA modulated the degrada-
tion rate of PLA scaffold to meet the requirement of tissue regeneration. 
Meanwhile, the embedding of the BG powder in the gelatin porous layer pro-
vided a favorable Ca2+ and 2

4SiO −  ion environment for the regeneration of the 
alveolar bone tissue. Conclusions: Taken together, this bi-layer GTR membrane 
is closer to the physiological structure of the periodontal. The addition of 
MNA and BG makes it more powerful in treating periodontitis. Moreover, 
this research provides an example of biomimetic design in fabricating bioma-
terial for clinical applications. 
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1. Introduction 

Peridontitis is a chronic gingival inflammation that affects a worldwide popula-
tion up to 90% [1]. Most people will not pay attention to this disease when initial 
signs of gingivitis appear, such as bleeding while biting on food or sensitivity to 
temperature. However, as a matter of fact, with the progression of this disease, 
both tooth and the surrounding gingival tissue get involved in the damage process, 
and become irreversible. Peridontitis even involves with serious complications 
including diabetes [2] [3] and also is an independent risk factor of coronary heart 
disease [4]. 

Conventional periodontal treatment has been focused on periodontal guided 
tissue regeneration (GTR) therapy [5] since it is the most effective therapy up to 
date. The GTR membrane is basically a tissue engineering scaffold inserted be-
tween the periodontal ligament and alveolar bone. Since the reparative potential 
of periodontium is extremely limited in adult teeth, the GTR is required to in-
duce the regenerative ability of the damaged tissue and the regeneration has to 
be in the form of both hard tissue (alveolar bone and cementum) and soft tissue 
(periodontal ligament). Therefore, to seek better GTR membranes to treat peri-
dontitis, one has to bear with the idea that: 1) Simplicity in fabrication is desira-
ble and more practical to be translated into clinical application; 2) The mem-
brane is asymmetrically designed to mimic the real tissue organization; 3) The 
membrane is preferred to be bio-degradable but the degradation rate has to be 
fine-tuned to sustain enough mechanical strength to provide enough support 
for the cells to grow in the scaffold. To test these ideas, we designed and fabri-
cated an asymmetrical PLA/gelatin bi-layer composite membrane for treating pe-
riodontitis.  

Poly (lactic acid) (PLA) is a synthetic material that has been widely used to 
fabricate clinic sutures and bondages, etc. Bottino et al. [6] presented a smartly 
designed and functionally graded structure using PLA electros pinning membrane 
sandwich to tailor the degradation time and proper tensile strength. PLA is safe, 
while its degradation rate is relatively slow (more than 6 months) depending on 
the average molecular weight. However, according to our previous research, if 
mixed with other chemical, it was possible to adjust the degradation time to de-
sired point by adjusting the proportion of the components in the mixture [7].  

Clinical experience has reflected that bacterial infection is not only involved in 
the etiology of periodontitis but also becomes an obstacle for tissue regeneration 
[8]. In addition to the materials used for designing an ideal composite membrane 
for GTR, another aspect is also need to consider is to minimize the bacterial 
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infection in the whole treatment process. 2-methyl-5-nitroimidazole-1-ethanol 
(MNA) is an effective drug for treating anaerobic bacteria infection in mouth 
and intestinal tract. Since the degradation time of PLA is adjustable by mixing 
with other agents, we attempted to mix MNA while fabricating electrospinning 
nanofibrous PLA to decrease the PLA degradation rate and control-releasing 
MNA. 

Gelatin is derived from collagen and is composed of peptides and proteins of 
various molecular weight, commonly used in food, cosmetics and pharmaceuti-
cals. Gelatin can be fabricated to mimic the natural extracellular matrix and 
showed a very promising advantage in soft tissue regeneration [9]. In designing 
this composite membrane, in order to both enhance the mechanical strength and 
increase the biocompatibility to gingiva, gelatin was considered as the basal of 
the other side of the bi-layer composite membrane. 

Bioglass (BG) is a well-known bioactive material. Since its discovery by L. 
Hench, BG has been applied as bone fillers, bone repair materials and adjuvants 
in bone grafts due to their enhanced biocompatibility, osteoconductive and os-
teoinductive properties (Peter et al., 2009, 2010). BG can form a carbonated apa-
tite layer between hard and soft tissues. Bioactive glass ceramics have been re-
ported to influence osteoblastic cell differentiation with an increase in the level 
of differentiation markers like alkaline phosphatase (ALP), osteocalcin and os-
teopontin [10]. Therefore, BG was also considered to be an active component 
while fabricating our bi-layer GTR membrane. 

In summary, in this paper, we report a smartly designed asymmetrical 
PLA/gelatin composite membrane for treating periodontitis. It was “functio-
nalized” since the membrane contains an anti-inflammation drug, metronida-
zole (MNA), on one-side and bioglass 45S5 to induce osteogenesis on the other 
side. 

2. Materials and Methods 
2.1. Chemicals and Cell Lines 

Poly (lactic acid) (PLA) and gelatin was supplied by Jinan Daigang Co. (Jinan, 
China). 2-methyl-5-nitroimidazole-1-ethanol (Metronidazole, MNA) was ac-
quired from Aladdin Co. (Shanghai, China). Bioglass 45S5 (with a composition 
mole percentage of SiO2 6.1%, Na2O 24.4%, CaO 26.9% and P2O5 2.6%) and all 
other chemicals were purchased from Guoyao Regents Company (Shanghai, 
China). DMEM culture medium (low-glucose and high glucose) was purchased 
from Gibco BRL (Rockville, MD, USA). Penicillin-streptomycin was both pur-
chased from Invitrogen Life Technologies (Shanghai, China). Fetal bovine serum 
(FBS) was purchased from Hiclone (Thermo Fisher Scientific Inc., Beijing, Chi-
na). 

Mouse fibroblast NIH3T3 cell line was a generous gift from Prof. Hongcheng 
Gu of the Nano Biomedical Material Research Center, Med-X Research Institute, 
Shanghai Jiao Tong University.  
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2.2. Preparation of PLA/Gelatin Composite Membrane 

PLA was dissolved in a mixture of dichloromethane and hexafluoroisopropanol 
(mass ratio 5:2) to make a final concentration of 17.65%. MNA was also dis-
solved in the above mixture to make a series of concentration of 2%, 6%, 12%, 
and 24%, respectively. The solution was stirred at room temperature for 4 h and 
transferred directly into a 2 ml syringe. The electrospinning apparatus was equipped 
with a high-voltage statitron, a precision pump (LSP01-1A, Baoding Longer Pre-
cision Pump Co., Ltd.) and a grounded aluminum foil used as the collector. The 
flow rate of the polymer solution in the syringe was controlled by the precision 
pump at 0.05 mL/min, the voltage for electrospinning was set as 12 kv and the 
tip-to-collector distance was fixed at 6 cm. 

Gelatin was dissolved in a 2.5% acetic acid solution to reach the final concen-
tration of 7%. BG powders (over 400 meshes) were dispersed uniformly in gela-
tin solution to make gelatin-BG solutions of 0.1%, 0.5% and 1% in concentra-
tions. The gelatin-BG solution was casted into a Teflon mold (height 10 mm, 
diameter 15 mm) with the volume of 500 μl/well and freeze at −80˚C for 2 hrs. 
After the 24 h freeze-drying process, the gelatin-BG porous scaffolds were taken 
out from the mold and put into 5% glutaraldehyde-ethanol solution for 2 h at 
room temperature to allow complete cross linking. The scaffolds were preserved 
in ethanol for further studies. 

The surface of gelatin or gelatin-BG porous scaffold was flattened by frozen 
slicer (CM1900UV, Leica, Germany). The PLA-MNA electrospinning membrane 
was cut into similar round shape with the diameter of 15 mm. An additional 100 
μl gelatin solution was added between the flattened surface of the BG scaffold 
and the PLA-MNA membrane to make the composite membrane. The whole 
composite membrane was put into 5% glutaraldehyde-ethanol solution and 
cross-linked for 24 h at −80˚C. Excessive double distilled water was used to wash 
the composite membrane to make sure there was no glutaraldehyde residue on 
the membrane. 

2.3. Characterization of PLA/Gelatin Composite Membrane 

The surface morphology of PLA-MNA composite electrospinning membranes 
and gelatin-BG porous scaffolds were observed by a scanning electron microscope 
(SEM, S-4800, Hitachi). The images of each sample were obtained after sput-
ter-coating with an ultrathin layer of gold. The PLA/gelatin composite mem-
brane was slit in the width of 1 mm and the longitudinal section was examined 
by SEM after gold coating. 

2.4. Material Degradation 

PLA and PLA-MNA composite electrospinning membranes were put in 20 ml 
phosphate buffer saline (PBS) and incubated at 37˚C. The initial mass of each 
sample was around 15 mg and each sample group was tested in triplicates. The 
duration of this experiment is 12 w. By the end of each week, the membranes 
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were rinsed with plenty of water and dried for 24 h using freeze-drying method. 
The PBS in the rest of the groups was changed into fresh one. 

2.5. MNA Releasing 

Composite membranes with different content of MNA were weighed and cut 
into 0.1 g in mass. The membranes were immersed into 20 ml PBS individually 
and incubated at 37˚C. One ml supernatant was removed for analysis at different 
time points, from 3 h to 800 h. After each sample removal, 1 ml fresh PBS was 
added. MNA concentration was determined its OD value at 320 nm using a UV 
spectrophotometer (Bio TEK Synergy 2)  

2.6. Biocompatibility and Cell Proliferation 

NIH3T3 cells were cultured in DMEM high glucose culture medium supple-
mented with 10% fetal bovine serum (FBS, Hiclone, Thermo Fisher Scientific Inc., 
Beijing, China) and 1% penicillin-streptomycin (Invitrogen, USA). The cells were 
incubated in a 5% CO2 atmosphere at 37˚C. The samples were sterilized by 75% 
ethanol. Titanium rings were used to immobilize the membranes to prevent the 
membrane from floating during the experiment. NIH3T3 were seeded on the 
membrane with the density of 2 × 104/well in a 12-well plate. 

Live-dead cell staining (LIVE/DEAD Viability/Cytotoxicity Kit, Molecular Probes 
Inc., USA) was applied to evaluate the biocompatibility of the sample. After NIH 
3T3 cells being cultured for 3 and 7 days, the membranes with the cells were re-
moved from the culture medium and washed twice with DPBS (Dulbecco’s 
phosphate-buffered saline). Calcein AM and EthD-1 were diluted to 2 μM and 4 
μM by D-PBS for staining, and the reaction was incubated in 37˚C for 15 mins 
according to the instruction. The live ones were visualized under 485 nm excit-
ing wavelength under a fluorescence microscopy (DMI3000B, Leica, Germany), 
while the dead cells were visualized under 530 nm exciting wavelength. The flu-
orescence microscope images were merged by Image J. 

Cell proliferation was determined by CCK-8 assay (Beyotime Co., China). NIH 
3T3 were seeded on the membrane with the density of 2 × 104/well, and the cells 
cultured on the cell culture plate with the same density were served as control. 
At day 1, 4 and 7, the relative cell numbers was determined by CCK-8 according 
to the supplier’s procedure. 

2.7. In Vitro Bioactivity of Gelatin-BG Porous Scaffold 

Simulated body fluid (SBF) was prepared according to the protocol described by 
Kokubo et al. The gelatin and gelatin-BG porous scaffolds of different content of BG 
were soaked in SBF at 37˚C and pH 7.4 for 7 days, and the SBF was refreshed every 
other day. All the scaffolds were removed from the solution and washed abun-
dantly with double-deionized water at the end of the experiment. Freeze-drying 
method was used to prepare the scaffold for further morphology analysis and com-
position examination. 
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The surface morphology was observed by SEM. FTIR spectroscopy was ap-
plied to examine the formation of hydroxyapatite (HA) on each sample after the 
immersion in SBF. The samples were crushed and then mixed with potassium 
bromide in 1:100 proportions. The mixture was compressed to a 1mm slice un-
der the pressure of 10 Mpa before the FTIR detection. The FTIR spectra of the 
wavelength range 4000 - 400 cm−1 were recorded by FTIR spectrometer (Nicolet 
Co., USA). 

2.8. Ions Release of the PLA/Gelatin Composite Membrane 

After being freeze-dried, 0.1 g gelatin-BG porous scaffolds with different content 
of BG were soaked in 20 mL PBS individually and incubated at 37˚C. At each 
designated time points (6 h, 12 h, 24 h, 2 d, 3 d, 4 d, 5 d, 6 d, 8 d, 10 d, 12 d, 14 d, 
16 d, 20 d, 24 d, 28 d and 32 d), respectively, 1.5 mL supernatant was removed 
from each sample and 1.5 mL fresh PBS was returned into each sample to com-
pensate the volume loss. All the samples were stored at 4˚C before the analysis. 
To determine the elemental concentrations of calcium and silicon (Ca and Si), 
inductively coupled plasma optical emission spectroscopy (ICPOES-Varian 715-ES, 
USA) was used to analyze the samples. 

2.9. Osteogenic Differentiation of rBMSCs Cultured on  
PLA/Gelatin Composite Membrane 

The rBMSCs were isolated from the bone marrow of 4 week-age DW rat. For 
consistency, the third generation of the cells was used. Seeding density of rBMSCs 
was 1 × 105 cells per well in a 6-well plate. Total RNA was isolated by TRIZOL 
Reagent (Invitrogen, US) after 3, 5 and 7 days of cell culture according to the 
manufacturer’s instructions. RNA yields were determined by spectrophotometry 
(Nanodrop, Thermo Fisher Scientific) at 260 nm. Complementary DNA (cDNA) 
was synthesized using reverse transcription (RT)-PCR, which was performed by 
Rever Tra Ace-α Transcriptase Kit (Toyobo Osaka, Japan). 

Quantitative Real-Time PCR (qRT-PCR) was conducted using the SYBR Green 
Real-time PCR Master Mix Kit (Toyobo, Osaka, Japan) according to the manu-
facturer’s protocol. cDNA was used as template and glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) was considered as an internal control to determine the 
relative quantification of target gene expression. The primers were purchased from 
Sangon Biotech (Shanghai, China) and primer sequences are: 

BSP-Forword5'-ACAAATGCTTCCGTTTGTAGCGGC-3'; 
BSP-Reverse5'-ACAGCCCTGATTTACGATGACCCT-3'; 
ALP-Forward5'-AATCGGAACAACCTGACTGACCCT-3'; 
ALP-Reverse5'-AATCCTGCCTCCTTCCACTAGCAA-3'; 
GAPDH-Forward5'-ACAAGATGGTGAAGGTCGGTGTGA-3'; 
GAPDH-Reverse5'-AGCTTCCCATTCTCAGCCTTGACT-3'. 
qRT-PCR was carried out in a 10 μL reaction mixture and performed on the 

7900 HT Fast Real-Time PCR system (Applied Biosystems, Singapore) by using 
the following thermal profile: 1 min at 95˚C, followed by 45 cycles of 15 s at 
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95˚C, 15 s at 60˚C, and 45 s at 72˚C. The dissociation stage (95˚C for 15 s, 60˚C 
for 15 s) was also included after PCR amplification to make sure only one sharp 
peak is detected at the melting temperature of amplicon. qRT-PCR data were 
analyzed by the comparative CT method. To investigate the cell osteogenic dif-
ferentiation of gelatin-BG porous scaffold, levels of mRNA of the osteogenic cy-
tokines alkaline phosphatase (Alpl) and bone sialoprotein (Bsp) were deter-
mined by qRT-PCR. 

2.10. Statistical Analysis 

The values were expressed as means (standard deviation, SD). Whenever appro-
priate, two-tailed Student’s t-test was used to discern the statistical difference 
between groups. A probability value (P) of less than 0.05 was considered to be 
statistically significant. 

3. Results 
3.1. Characterization of PLA/Gelatin Composite Membrane 

PLA-MNA/gelatin-BG composite membrane was prepared by the procedures 
described above. The composite membrane showed an asymmetric structure (Figure 
1(a) and Figure 1(b)). One side was the PLA electrospun membrane and the 
other side was the porous gelatin scaffold. The PLA or PLA-MNA electrospun 
fibers were uniform in diameters, except that the surface roughness of the fibers 
increased while the content of MNA in PLA-MNA increasing, as shown in Fig-
ures 1(c)-(g). The average pore size of the PLA membrane is 3.18 ± 0.57 µm. 
The average thickness of the membrane is about 50 to 100 µm. The con-focal 
microscopic image (Figure 1(h)) demonstrated a sponge-like structure of gelatin 
scaffold. The 3D reconstruction from the con-focal images showed that the pores 
are interconnected in the gelatin matrix, indicating the suitability for 3D cell 
culture in the future. Small particles were presented on the surface of scaffolds 
with the existence of different percentage of BG when making gelatin scaffolds 
(Figures 1(i)-(l)), which demonstrating BG nanoparticles were uniformly embed-
ded in gelatin scaffold. The average thickness of the gelatin scaffold was about 
0.85 mm, which contributed most of the overall thickness of the GTR membrane 
(Figure 1(b)). 

It is very important to mention two distinguished attributes of the GTR 
membrane. When implanted, the PLA side faces the periodontal soft tissue. Since 
the pore size of the PLA elestrospun membrane is too small to allow any cell to 
penetrate, it works as a cell barrier for nutrition and waste exchange only. This is 
extremely important since the biggest obstacle of the regeneration of the soft 
tissue is the invasion of the fibroblast cells which grows much faster than the pe-
riodontal cells. On the other hand, the 3D structure of the gelatin scaffold pro-
vides a very suitable environment for the regeneration of the alveolar bone. 
Meanwhile, it increased significantly the tensile strength of the GTR membrane 
compared to the pure PLA membrane, which provides enough mechanical sup-
port to match the regeneration rate of both the hard and the soft tissue. 
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Figure 1. Characterization of PLA-MNA/gelatin-BG composite membrane. SEM image 
(a) and digital photo (b) of PLA/gelatin composite membrane; (c) SEM images of PLA 
eletrospun fiber; ((d)-(g)) PLA-MNA eletrospun fibers with different content of MNA; 
(h) Confocal image of gelatin porous scaffold; ((i)-(l)) SEM images of gelatin porous 
scaffolds with different content of BG. 

3.2. MNA Releasing Profile 

Before mixing MNA with PLLA for electrospinning, we first tested the cytotox-
icity of MNA on NIH3T3 cells in order to determine the safe concentration of 
MNA in use. NIH3T3 cells were selected as an in vitro model cell to test cyto-
toxicity. According to the OD value of the cultured cells, the treatment concen-
tration below 70 mg/ml showed no sign of cytotoxicity, which means as long as 
the releasing concentration from PLLA is less than or equal to 70 mg/ml, MNA 
has no toxic effect on the surrounding cells (Figure 2(a)). 

Following the above experiment, MNA was mixed with PLA solution with the 
proportion range from 2% to 24%. The MNA releasing profiles was determined 
during an 800 h period. According to the result (Figure 2(b)), MNA showed a 
burst release in the first four-day period at higher composition of 12% and 24%. 
However, the releasing curve is much smoother when the composition of MNA 
was decreased to 2%. Since the concentration of MNA was very stable, keeping  
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(a) 

 
(b) 

 
(c) 

Figure 2. The metronidazole releasing profile. (a) The inhibition effect of different MNA 
concentration on NIH3T3 cell’s proliferation; (b) The MNA releasing curve from PLA-MNA 
electrospun membranes with different MNA compositions; (c) The mass percentage 
of degradation of PLA-MNA electrospun membranes with different MNA composi-
tions. 
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with the baseline of about 20 µg/ml, which was well below the toxicity concen-
tration of MNA (70 mg/ml). Therefore, MNA compositions from 2% to 24% are 
all acceptable concentrations in fabricating of the PLA electrospun membrane. 

Moreover, the degradation of the PLA/gelatin composite membrane over up 
to 3 months was evaluated. According to our results, the degradation percentage 
increased with the increasing of MNA composition (Figure 2(c)). The mem-
brane became more and more fragile if there were higher concentration of MNA 
and the tensile strength of the membrane decreased very quickly, especially at 
the late stage of the degradation. In order to maintain enough tensile strength of 
the GTR membrane for the cells to attach since the recovery of the ligament was 
at least 3 months, we decided that 6% MNA was the most suitable for the mem-
brane with its degradation percentage less than 50% by the end of 3 months. 

3.3. In Vitro Bioactivity of Gelatin-BG Porous Scaffold 

In this design, BG was selected to reinforce the mechanical strength of the GTR 
membrane. To functionalize the gelatin scaffold, BG was considered to be com-
bined with the scaffold. SEM image confirmed that BG powders were embedded 
evenly both inside and outside the gelatin scaffold. Since embedding BG in the 
gelatin may affect its bioactivity, pure gelatin and gelatin-BG scaffolds with dif-
ferent content of BG were soaked in SBF to examine whether there was the for-
mation of HA on the surface. Figures 3(a)-(d) showed the SEM images of the 
samples after the immersion. The surface of pure gelatin scaffold remained smooth 
while some deposits were formed on gelatin-BG composite scaffolds. The mor-
phology of the deposits was showed in the high-magnification images, which was 
similar with the typical worm-like morphology of HA. FITR patterns of the sam-
ples were recorded to identify the component of deposition. The characteristic 
double peaks of HA at 601.16 and 561.48 cm−1 were observed after the immer-
sion in SBF for gelatin-BG composite scaffolds (Figure 3(e)). 

Therefore, it can be concluded that there were HA formation on the surface of 
gelatin-BG composite scaffolds while in biological environment. 

 

 
Figure 3. Characterization of gelatin-BG porous scaffold. SEM images ((a)-(d)) and FTIR spectra (e) of gelatin-BG composite 
scaffolds after soaking in SBF for 7 days. (a) gelatin; (b) 0.1% gelatin-BG; (c) 0.5% gelatin-BG; (d) 0.5% gelatin-BG. 
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3.4. Biocompatibility of PLA/Gelatin Composite Membrane 

The biocompatibility of the composite membrane was tested by culturing NIH3T3 
cells and expressed by the percentage of living cells compared to the control. 
Healthy NIH3T3 cells are in spindle-shape morphology but the unhealthy ones 
could not hold the normal shape and became round-shaped and even detached 
from the membrane surface. Figure 4(a) showed the result of 3-day and 7-day 
culture on the PLA-MNA side of the composite membrane. The results showed 
that the proliferation rate of the cells attached to pure PLA was about 90% while 
that of the cells attached to PLA-MNA membrane after 3-day’s culture is about 
98%. After 7-day’s culture, the cell density on pure PLA membrane increased, 
but still slightly lower than that on the PLA-MNA membrane. Meanwhile, the 
cell proliferation result of NIH3T3 after being cultured on PLA-MNA mem-
branes for 1, 4 and 7 days was shown in Figure 4(o). During the whole culture  

 

 
Figure 4. Biocompatibility and cell proliferation on both of the PLA-MNA membrane side and the Gelatin-BG side of the compo-
site membrane. ((a)-(j)) Fluorescence microscope images of NIH3T3 cells after Live-dead staining. NIH3T3 cells were cultured on 
PLA ((a), (f)) and PLA-MNA ((b)-(e), (g)-(j)) membranes for 3 days ((a)-(e)) and 5 days ((f)-(j)); (o) Quantitation of NIH3T3 
proliferation on PLA-MNA membrane on day 1, 4 and 7; ((k)-(n)) Fluorescence microscope images of rBMSCs cultured for 5 days 
on gelatin-BG composite scaffolds after Live-Dead staining; (k) Gelatin; (l) 0.1% gelatin-BG; (m) 0.5% gelatin-BG; (n) 0.5% gela-
tin-BG. 
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period, the OD values increased with no significant difference (P > 0.05) ob-
served between PLA-MNA with different content of MNA and the control at the 
same culture period. In addition, Figures 4(k)-(n) showed the result of 5-day 
culture of rBMSCs on the gelatin side of the composite membrane. The results 
were similar to the other side of the membrane that rBMSCs showed no signifi-
cant difference between the control and the gelatin with different contents of BG. 
Taken together, these results demonstrated that the existence of both MNA and 
BG in the PLA-gelatin composite membrane did not affect the proliferation of 
NIH3T3 cells, meaning the biocompatibility of the PLA/gelatin composite mem-
brane was satisfactory. 

3.5. Ca2+ and 2
4SiO −  Ions Releasing from the PLA/Gelatin  

Composite Membrane 

The ion releasing profiles were shown in Figure 5(a) and Figure 5(b). The re-
leasing profiles for Ca2+ and 2

4SiO −  were similar. A burst releasing period was 
observed in the first 24 h and both ions reached a peak maintained a smooth re-
leasing afterwards. The equilibrium concentration was determined by the com-
position of BG in gelation. The higher the composition, the higher the equili-
brium concentration. 
 

 
(a) 

 
(b) 

Figure 5. Cumulative release curve in PBS of Ca (a) and Si (b) from PLA/gelatin scaffolds 
in32 days. 
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3.6. Osteogenic Differentiation of rBMSCs Cultured on the  
PLA/Gelatin Composite Membrane 

To determine whether there would be any functional alteration after integrated 
into gelatin scaffold, the induction of BG for osteogenesis was evaluated using 
rat derived bone mesenchymal stem cells (rBMSC). Figure 6 showed the expres-
sion levels of two genes, alkaline phosphatase (Alpl) and bone cialoprotein (Bsp). 
Since Alp is expressed in the new bone and Bsp is expressed in the newly synthe-
sized dentinum, both can be considered as regeneration markers. It has been 
demonstrated that pure gelatin has no induction of Alpl and Bsp gene expres-
sion in BMSC but when BG was introduced to the composite scaffold, both Alp 
and Bsp mRNA level was induced significantly (P < 0.001). Alpl was upregulated 
to about 3 folds over the control and Bsp was upregulated over 4 folds compared 
to the control. The results suggested that BG maintained its function in the 
composite scaffold. In combined with the result in Figure 5, the Ca2+ and 2

4SiO −  
concentrations were between 10 ppm to 40 ppm. The results showed that trace 
ion concentration (10 - 40 ppm) can already direct the rBMSCs differentiate to-
wards osteogenesis. 
 

 
(a) 

 
(b) 

Figure 6. Alpl (a) and Bsp (b) expression of rBMSCs cultured on gelatin-BG composite 
scaffolds after 3, 5 and 7 days. (***P < 0.001). 
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4. Discussion 

Development of new cementum with PDL fibers connected to alveolar bone is 
the main goal of periodontal regeneration [11] [12]. Based on different clinical 
conditions, both non-degradable and bio-degradable GTR membranes are used 
in dental clinics. Expanded polytetrafluoroethylene membrane (e-PTFE) and its 
derivatives are the most common non-degradable GTR membrane. Commercia-
lized bio-degradable GTR membranes include Vicryl®, Guidor®, Epi-Guide®, and 
Resolut®, most of which are PLA-based polymericmaterial. In our previous study, 
a PLA/chitosan membrane has been successfully fabricated and showed great 
potential to avoid fibroblast invasion which was an unfavorable side effect in pe-
riodontal regeneration [7]. Base on that research, we continue to improve the de-
sign to make it more suitable for the regeneration of both alveolar bone and gin-
giva tissue. 

The highlight of this new GTR is the “reverse” design that to create an un-
symmetrical bi-layer GTR membrane, inspired by biology and anatomy. In or-
der to meet the different requirements for regeneration from alveolar bone and 
the gingiva epithelial tissue, PLA and gelatin were selected as the major compo-
sition of the scaffold. Bottino et al. [6] presented a smartly designed functionally 
graded structure using PLA electrospinning membrane sandwich to tailor the 
degradation time and proper tensile strength. However, their “sandwich” design 
was still symmetric. Both gelatin and PLA can be fabricated to mimic the natural 
extracellular matrix and showed a very promising advantage in tissue regenera-
tion [13]. The problem of PLA is its degradation rate is relatively low. To solve 
these problems, MNA was mixed with PLA solution for electrospinning. This 
step is quite critical because the addition of MNA makes it easier to degrade in 
physiological condition and the degradation speed is fine-tunable by change the 
amount of MNA. Clinical experience has reflected that bacterial infection is not 
only involved in the etiology of periodontitis but also becomes an obstacle for 
tissue regeneration [14]. MNA is an effective drug for treating anaerobic bacteria 
infection in mouth and intestinal tract. The suggested dosage for an adult is 1.2 g 
to 1.8 g per day. Since the degradation time of PLA needs to be adjustable to 
match the regeneration time of the ligament for at least 3 months, PLA was to 
mix with MNA in the electrospinning solution to optimize the PLA degradation 
rate. In combined with the idea that enough tensile strength of the GTR mem-
brane has to be maintained, we finally decided that 6% MNA in PLA composi-
tion was the most suitable for the membrane with its degradation percentage less 
than 50% by the end of 3 months. 

Gelatin, on the other hand, increased the tensile strength of the whole GTR 
during regeneration, which is also a preferable feature needs to be mentioned 
since the addition of MNA increased the degradation rate but meanwhile de-
crease the tensile strength need for tissue regeneration. BG is a traditional bio-
material which has been safely applied in dentistry for a long time. It has been 
reported that the ions released from BG could in certain extent form a favorable 
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microenvironment for the differentiation of the BMSCs [15]. BG can form a 
carbonated apatite layer between hard and soft tissues. Bioactive glass ceramics 
have been reported to influence osteoblastic cell differentiation with an increase 
in the level of differentiation markers like alkaline phosphatase (ALP), osteocal-
cin and osteopontin [16]. In this case, although the overall ion releasing profile is 
slightly different from that of BG without embedding in the gelatin gel, the Ca2+ 
and SiO4+ ions were still released from the gel and they can reach the induction 
concentration to up-regulate the expression of Alpl and Bsp, indicating directed 
osteogenesis change of the BMSCs.  

It should be noted that some of the patients need GTR membrane implant 
usually have other clinical complications such as diabetes, blood diseases, and 
recent cardio-vascular outbreaks. In those patients, the healing progress is usually 
slower. Therefore, future research emphasis need to be laid on more complicated 
in vivo study. 

5. Conclusion 

In conclusion, although simple and cheap materials were used, the optimized 
combination and bio-inspired design endow our new GTR membrane great clini-
cal application potential in treating periodontitis.  
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