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RESUMO 

 

O objetivo deste estudo foi desenvolver uma membrana compósita reabsorvível 

de poli(butileno adipato co-tereftalato) (PBAT) e vidro bioativo contendo nióbio 

(BAGNb)  para aplicação em regeneração óssea guiada (ROG). As membranas 

foram produzidas por evaporação de solvente com diferentes concentrações de 

BAGNb (10%, 20% e 30%) e caracterizadas por diferentes métodos. Foi 

produzida uma membrana sem adição de BAGNb, como controle. A análise das 

ligações químicas dos materiais foi realizada através da espectroscopia de 

infravermelho (FTIR-ATR) (n=1). As imagens das membranas foram obtidas por 

meio da microscopia eletrônica de varredura, onde as amostras foram avaliadas 

em um microscópio eletrônico (Jeol 6060) em magnificação de 100, 1.000 e 

10.000x (n=1). O teste termogravimétrico foi realizado para avaliar a degradação 

das membranas in vitro após diferentes tempos de imersão em SBF  (TGA) 

(n=1). O ângulo de contato foi avaliado em um tensiômetro pelo método de gota 

séssil utilizando água (n=3). A rugosidade das superfícies das membranas foi 

avaliada através da perfilometria (n=3) e o pH foi medido em pHmetro digital 

utilizando água destilada nos tempos inicial, 1h, 2h, 4h, 24h, 72h, 7d, 14d, 21d e 

28d (n=1).  As propriedades mecânicas das membranas foram avaliadas em 

máquina de ensaio de acordo com a ASTM D638. Células MC3T3-E1 foram 

utilizadas para a análise da viabilidade celular por SRB e mineralização celular 

por Alizarin S Red.  Na análise por FTIR, foram observadas ligações Si-O-Si 

(1050cm-1 e 450cm-1) C=O (1700cm-1) e C-H(1105cm-1, 1270cm-1, 2960cm-1). A 

microscopia eletrônica de varredura revelou partículas de biovidro na superfície 

das membranas dos grupos teste. O aumento da concentração de BAGNb 

reduziu a temperatura para degradação das membranas no teste de 

termogravimetria (TGA). A adição de BAGNb à membrana reduziu o ângulo de 

contato do material em relação ao grupo controle e a adição de 30% aumentou 

a rugosidade das amostras, atingindo média de 1,43µm. Foi observado aumento 

do pH após 24 horas em água destilada. Com o aumento da concentração de 

BAGNb, houve redução da resistência e da % de alongamento e aumento do 

módulo de elasticidade dos materiais. Houve aumento da viabilidade celular e da 

mineralização com a adição de BAGNb. Após 14 dias de cultura a % de área 

mineralizada variou entre 0,98% e 4,78%. A adição de BAGNb ao PBAT resultou 

em membranas com propriedades satisfatórias e potencial de remineralização 

para a aplicação técnicas de regeneração óssea guiada. 

 

Palavras chave: Regeneração óssea. Biomateriais. Nióbio. 

 

 

 

 



ABSTRACT 

 

The aim of present study was to develop a polybutylene-adipate-terephthalate 

and niobium-containing bioactive glasses resorbable membrane for guided bone 

regeneration (GBR). Barrier membranes were manufactured by solvent casting 

with different concentrations of BAGNb (10, 20 and 30%) and characterized by 

different methods. Membranes without addition of BAGNb were produced as 

control. Fourier-transformed infrared spectroscopy (FTIR-ATR) was performed to 

analyze the chemistry structure of composites (n=1). The morphology of the 

membrane’s surfaces was evaluated by scanning electron microscopy (SEM) 

using a electron microscope (Jeol 6060) in 500x magnification (n=1). 

Termogravimetry (TGA) was performed to assess the in vitro thermal behavior 

after immersion in SBF. The contact angle was evaluated in a optical tensiometer 

by sessil drop method using distilled water (n=3). The surface roughness of the 

membranes was assessed through optical perfilometry (n=3). Membrane 

samples were immersed in deionized water and pH was measured for up to 28 

days using a digital pHmeter. The mechanical behavior of developed membranes 

was evaluated by a tensile test with specimens that were prepared according to 

ASTM D638–02. MC3T3-E1 cells were used for SRB and Alizarin S Red analysis. 

In the FTIR analysis, Si-O-Si, C=O and C-H bonding were observed. SEM 

analysis revealed bioactive glass particles on the surface of the membranes. The 

increase of concentration of BAGNb influenced the thermal behavior of the 

membranes in termogravimetry analysis. The addition of BAGNb decreased the 

contact angle compared to control group. At 30% group, there was increased of 

roughness, reaching a mean 1,43µm. The pH values increased after 24h. The 

addition of BAGNb reduced the tensile strength and elongation rate, and 

increased the Young’s module. There was increased of the cell viability and 

mineralization with addition of BAGNb. After 14 days of culture, the % of 

mineralized area ranged between 0.98% and 4.78%. The addition of BAGNb in 

PBAT produced membranes with satisfactory properties and remineralization 

potential for applying in GBR techniques. 

 

 

Keywords: Bone regeneration. Biomaterial. Niobium. 
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1 INTRODUÇÃO 
 

 O alvéolo dentário é remodelado por uma série de eventos 

fisiológicos após a extração dentária. Estes eventos geram alterações 

dimensionais relevantes, como redução horizontal e vertical, principalmente na 

região vestibular (ARAÚJO; LINDHE, 2005; CARDAROPOLI; ARAÚJO; 

LINDHE, 2003; COUSO-QUEIRUGA et al., 2021; MISAWA; LINDHE; ARAÚJO, 

2016). A atrofia alveolar pode acarretar em tecido ósseo de suporte insuficiente 

para a instalação de implantes dentários, dificultando o planejamento e a 

execução do tratamento reabilitador, e a utilização de enxertos pode ser 

necessária para viabilizar a instalação dos implantes (AVILA-ORTIZ, Gustavo; 

CHAMBRONE; VIGNOLETTI, 2019).   A regeneração óssea guiada (ROG) 

preconiza a utilização de membranas como barreira para compartimentalizar o 

defeito ósseo e impedir a invaginação de tecido conjuntivo e epitelial na intenção 

de favorecer o povoamento de células específicas, reduzir a taxa de reabsorção 

e a magnitude das alterações dimensionais causadas por esta (ELGALI et al., 

2017; RETZEPI; DONOS, 2010). Diferentes procedimentos odontológicos 

utilizam os princípios da ROG, como aumento ósseo vertical e horizontal 

(CUCCHI et al., 2019; MENDOZA-AZPUR et al., 2019), preservação óssea 

alveolar (AVILA-ORTIZ, G. et al., 2020; CHA et al., 2019; TONETTI et al., 2019) 

e tratamento de defeitos circundantes ao implante dentário (CLEMENTINI et al., 

2019; TEMMERMAN et al., 2020). Um dos principais componentes da ROG e 

destes procedimentos é a membrana utilizada como barreira. Idealmente, estas 

membranas devem oferecer resistência mecânica, fácil manipulação, 

biocompatibilidade, tempo de degradação adequado e absorvibilidade 

(CABALLÉ-SERRANO et al., 2018; RAKHMATIA et al., 2013)  

As membranas utilizadas podem ser não reabsorvíveis ou reabsorvíveis. 

As membranas não reabsorvíveis, como as de titânio e poli(tetrafluoretileno) 

(PTFE) são utilizadas e exercem função passiva, protegendo o defeito alveolar. 

Contudo, a resistência à reabsorção implica a necessidade de intervenção 

cirúrgica adicional para a remoção da membrana (ATEF et al., 2020; NAENNI et 

al., 2017). Atualmente, as membranas reabsorvíveis são produzidas a fim de 

reduzir o número de intervenções e a morbidade do paciente e estimular o 
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processo de regeneração, não só protegendo o defeito, mas participando 

ativamente da cicatrização (HAGHIGHAT et al., 2019; PITALUGA et al., 2018; 

SU et al., 2021). Grande parte das membranas reabsorvíveis comercialmente 

disponíveis são compostas por colágeno e apresentam algumas características 

indesejáveis, como dificuldade de manuseio, baixa resistência mecânica, taxa 

de degradação irregular e aumento da penetração bacteriana alveolar 

(BUNYARATAVEJ; WANG, 2001; CABALLÉ-SERRANO et al., 2018; VON ARX 

et al., 2005). Como alternativa, são desenvolvidas membranas reabsorvíveis 

compósitas que compreendem materiais poliméricos e cerâmicos com o objetivo 

de aprimorar as propriedades do material.  

Alguns dos polímeros sintéticos reabsorvíveis estudados para a produção 

de membranas compósitas são o Poli(L-ácido láctico) (PLLA) (BYEON et al., 

2013), o poli(ácido lático-coácido glicólico) (PLGA) (YOSHIMOTO et al., 2018) e 

Policaprolactona (PCL) (ALLO; RIZKALLA; MEQUANINT, 2010). O poli(butileno 

adipato co-tereftalato) (PBAT) é um polímero reabsorvível que apresenta 

características promissoras para a aplicação em membranas para regeneração 

óssea por ser mais flexível quando comparado aos outros polímeros já 

utilizados(FUKUSHIMA et al., 2012; MALLEGNI et al., 2018; WEI et al., 2016), o 

que pode facilitar a manipulação da membrana e sua adaptação nas margens 

da ferida. Além disso, oferece boas propriedades térmicas, biodegradação, 

biocompatibilidade e capacidade de suportar a proliferação celular (ARSLAN et 

al., 2016). Com a finalidade de aprimorar e modificar as propriedades das 

membranas, materiais cerâmicos são utilizados em conjunto ao polímero. Dessa 

forma, a incorporação de partículas cerâmicas à matriz polimérica possibilita a 

produção de um material com boas propriedades mecânicas e capaz de 

estimular processos regenerativos (SUNANDHAKUMARI et al., 2018; YUSOF et 

al., 2019). 

Considerando os materiais cerâmicos disponíveis para produção das 

membranas, o vidro bioativo possui a capacidade de estimular a deposição de 

tecido ósseo, regular a atividade e induzir a mudança de fase do ciclo celular, 

aumentando a expressão de genes envolvidos no processo de ossificação 

(HENCH, 2006; JONES, 2015; XYNOS et al., 2000). Além disso, oferece a 
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possibilidade de incorporação de íons metálicos adjuvantes com o intuito de 

otimizar as propriedades osteogênica, angiogênica e antibacteriana (GU et al., 

2014; LIN et al., 2016; OH; WON; KIM, 2012). O nióbio é um metal biocompatível 

e já vem sendo utilizado em aplicações biomédicas (ALTMANN et al., 2017; 

BALBINOT et al., 2020; LEITUNE et al., 2013). Quando adicionado aos vidros 

bioativos, o nióbio demonstrou capacidade de estimular a produção mineral in 

vitro, aumentando taxas de mineralização celular, e in vivo, induzindo a formação 

óssea em defeitos críticos em modelo animal (BALBINOT et al., 2018,  2019; 

DSOUKI et al., 2014).  

Procura-se desenvolver novas membranas que apresentem os requisitos 

exigidos para o uso em procedimentos de ROG e que preencham as lacunas 

deixadas pelos materiais disponíveis atualmente. Apesar das desvantagens 

apresentadas pelas membranas existentes e das adequadas propriedades do 

PBAT, a literatura ainda não descreve sua utilização em membranas para ROG, 

bem como a união entre o polímero e o vidro bioativo contendo nióbio. 
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2 OBJETIVOS 
 

O objetivo deste estudo foi desenvolver uma membrana reabsorvível de 

PBAT/BAGNb para regeneração óssea guiada. 
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3 ARTIGO CIENTÍFICO 
  

Este trabalho de conclusão de curso apresenta-se na forma de artigo 

científico, escrito na língua inglesa e segue as normas referentes ao periódico 

Materials Science and Engineering C (ISSN: 0928-4931), no qual está 

publicado. https://doi.org/10.1016/j.msec.2021.112115  
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Abstract 

This study aimed to develop bioactive guided bone regeneration (GBR) 

membranes by manufacturing PBAT/BAGNb composites as casting films. 

Composites were produced by melt-extrusion, and BAGNb was added at 10wt%, 

20wt%, and 30wt% concentration. Pure PBAT membranes were used as a 

control (0wt%BAGNb). FTIR and thermogravimetric analysis characterized the 

composites. Barrier membranes were produced by solvent casting, and their 

mechanical and surface properties were assessed by tensile strength test and 

contact angle analysis, respectively. The ion release and cell behavior were 

evaluated by pH, cell proliferation, and mineralization. Composites were 

successfully produced, and the chemical structure showed no interference of 

BAGNb in the PBAT structure. The addition of BAGNb increased the stiffness of 

the membranes and reduced the contact angle, increasing the roughness in one 

side of the membrane. Sustained pH increment was observed for BAGNb-

containing membranes with increased proliferation and mineralization as the 

concentration of BAGNb increases. The incorporation of up to 30wt% of BAGNb 

into PBAT barrier membranes was able to maintain adequate chemical-

mechanical properties leading to the production of materials with tailored surface 

properties and bioactivity. Finally, this biomaterial class showed outstanding 

potential and may contribute to bone formation in GBR procedures.  

Keywords: Regenerative Medicine, Guided Tissue Regeneration, Alveolar 

Ridge Augmentation, Biopolymer, Niobium. 
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The functional and aesthetic reconstruction in bone tissue is frequently 

needed for dental implant procedures in craniofacial surgery [1,2]. Guided bone 

regeneration (GBR) has been used as a strategy to achieve lateral and vertical 

bone augmentation by creating and maintaining space for bone regeneration [3]. 

This technique is frequently applied for alveolar bone maintenance [4] and relies 

on the application of barrier membranes to protect the bone defect allowing 

osteogenesis without the ingrowth and proliferation of epithelial and connective 

tissue cells into the defect, which could impair an adequate newly bone formation 

[5–7]. These procedures' success is related to the stability of the membrane and 

the ability of bone growth in the maintained space [3,4,8]. 

The space maintenance capacity differs considering a wide range of 

properties that are observed in GBR membranes. Among commercially available 

materials, polytetrafluoroethylene (PTFE), titanium meshes, collagen 

membranes, and synthetic polyesters are used for this purpose, and the variable 

properties of these two materials are related to some drawbacks in these 

treatments [9,10]. PTFE and titanium are not resorbable, and this requires a 

second surgical intervention after the bone [11–14] and may increase the rate of 

post-operatory complications [9]. On the other hand, collagen has low mechanical 

properties and irregular degradation, which impairs the space maintenance ability 

over time [8,15]. Several synthetic polymers have been studied to this end. Still, 

they mostly lack adequate handling, and none of these materials presents 

bioactive properties to contribute to bone formation in the defect site, requiring 

the combination of granular bone grafts to enhance bone repair [16–19]. Due to 

these differences, the clinical application of GBR membranes varies, and none of 

these materials fills the requirements for broad application in different clinical 
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situations [10]. The combination of adequate mechanical properties for space-

maintaining capacity and handling should be combined with occlusive functions 

to avoid cell infiltration and, ideally, with bioactivity to contribute to cell activity 

and bone repair [10,20,21]. 

The design of novel GBR membranes may address these requirements in 

the combination of resorbable polymers with bioactive components for tailored 

mechanical and biological properties [22–26]. Several studies attempt to produce 

bioactive composite membranes with widely used synthetic polyesters [27–30].  

The polybutylene adipate terephthalate (PBAT) is a biodegradable aliphatic-

aromatic polyester composed of adipic acid, 1,4-butanediol, and terephthalic 

acid. These two units are responsible for the low crystallization in these polymers 

[31] and high flexibility [32] of its polymeric chains, making PBAT a candidate 

GBR membrane's production with tailored mechanical properties. As a flexible 

polyester, PBAT allows incorporating inorganic particles into its structure without 

compromising its handling. In this case, the addition of bioactive particles such 

as bioactive glasses could be used to combine the space maintenance ability of 

the PBAT with the osteogenic potential of these particles [33,34]. The niobium-

containing bioactive glasses (BAGNb) were studied in granule and scaffolds 

forme in previous studies showing the ability of these compounds to promote 

bone regeneration in vitro [35] and in vivo [36]. The presence of niobium is shown 

to enhance sol-gel-derived bioactive glasses' bioactivity and may be positive for 

GBR procedures. The production of PBAT/BAGNb membranes may be a strategy 

to combine bioactive properties with controlled mechanical behavior for GBR 

membranes. Thus, this study aimed to develop bioactive GBR membranes by 

manufacturing PBAT/BAGNb composites as casting films. The composites were 
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chemically characterized, and the membranes were analyzed for their 

physicomechanical and biological properties.  

2. Materials and Method 

2.1 BAGNb synthesis 

The niobium-containing bioactive glasses were produced according to a 

previous study [35]. Briefly, the niobium chloride (NbCl5 – CBMM Companhia 

Brasileira de Metalurgia e Mineração, Araxá, Minas Gerais, Brasil) was used as 

a niobium source and added to an acidic solution with tetraethylorthosilicate 

(Sigma-Aldrich, St. Louis, MO, USA) for the sol-gel synthesis. The 

triethylphosphate (Sigma-Aldrich, St. Louis, MO, USA), calcium nitrate 

(Ca(NO3)2; Química Moderna, Barueri, São Paulo, Brazil) and sodium nitrate 

(NaNO3; Química Moderna, Barueri, São Paulo, Brazil) were used as modifiers 

as well. The gel was kept at room temperature for five days and submitted to heat 

treatment at 70ºC, 120ºC, and 700ºC for 24 hours. The obtained powder was 

grounded and sifted with mesh 80 sieves before the incorporation into the 

polymer. The resultant particles presented with an average particle size of 

4.56µm and surface area of 3.17m2/g. 

2.2 Composite preparation 

Hot-melt extrusion was used to produced composites with adequate 

dispersion of polymer and bioactive glass particles. Poly(butylene adipate-co-

terephthalate) (PBAT- Ecoflex® F Blend C1200; BASF Corporation, Florham 

Park, NJ, USA) pellets with 1.27g/cm3 at 23ºC density were used. Different 

concentrations of BAGNb were used in composite preparation: 10 wt%, 20 wt%, 
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and 30 wt% and pure PBAT (control).  Composites were prepared by a hot-melt 

extrusion process using twin-screw extrusion (Haake H-25, Rheomex PTW 

16/25- Polylabsystem, Karlsruhe, Germany) at 150rpm rotation. During the 

extrusion, the temperature profile was 120/130/130/135/140°C from the barrel 

section just after the feed throat to the die. The extrudate was cooled in water.  

2.3.  Composite characterization 

2.3.1.  Fourier-Transformed Infrared Spectroscopy 

 The chemical structure of composites was assessed via the Fourier-

transformed infrared spectroscopy (FTIR) was used in a spectrometer (Vertex 70 

- Bruker Optics, Ettlingen, Germany) equipped with an attenuated total 

reflectance device (Platinum ATR-QL; Bruker Optics). The composite solution 

was placed above the ATR device in mold (4mm diameter and 1mm height; n = 

1) until solvent evaporation to ensure adequate contact between the materials 

and the ATR device. The analysis was performed in the 400-4000cm-1 in 16 scans 

for each sample.  

2.3.2. Thermogravimetric Analysis  

To assess the thermal behavior of developed composites, 

thermogravimetric analysis (TGA) was performed. A thermogravimetric analyzer 

(TGA Discovery – TA Instruments, New Castle, DE, USA) was used. The 

samples were weighed (0.5g ± 0.01), placed in a platinum pan, and heated up to 

600ºC at a rate of 10°C. min-1 under nitrogen purge (25 mL. min-1). The weight 

loss (%) after the heating process (TGA) and the differential thermogravimetric 

(DTG) were used to determine the thermal behavior and the derivative weight 
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loss, respectively. The analyses were performed in specimens immediately after 

preparation and after 7, 14, and 28 days of immersion in simulated body fluid 

(SBF), prepared according to a standard protocol [37]. 

2.4 Barrier membrane production 

 The composite extruded filaments were used to produce the membranes 

by solvent casting. Chloroform (Labsynth – Diadema, São Paulo, Brazil) was 

used as the solvent in 1:7.5 (v/w) proportion. The solution was poured into a glass 

slide and stored at 37ºC for 1h for the complete evaporation of the solvent. The 

produced membranes were cut to produce the specimens for each 

characterization test.  

2.5 Membrane characterization 

2.5.1 Mechanical Behavior 

 The mechanical behavior of developed barrier membranes was assessed 

by a tensile test with hourglass specimens that were prepared according to ASTM 

D638-02 [38] type IV plastics. After the specimen preparation, they were tested 

immediately and, after 28 days of immersion in SBF, prepared as described in 

section 2.4.3. The tensile strength analysis was performed. The specimens were 

submitted to the tensile strength test in a test machine (Shimadzu EZ-SX, 

Shimadzu Corp., Kyoto, Japan) at a 1mm/min cross-head speed. The ultimate 

tensile strength, the young's module, and the elongation rate were calculated 

from the obtained data. 

2.5.2 Scanning Electron Microscopy 
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 The scanning electron microscopy (SEM) analysis was performed to 

evaluate the morphology of the barrier membrane's surface. The samples (6mm 

diameter x 0.2mm height; n = 1) were placed on stubs with carbon tape and gold-

coated for the analysis. An electron microscope (JEOL 6060)  was used to 

acquire the images in 1000x magnification at 10kV. 

2.5.3 Contact Angle 

The contact angle was measured on the samples' surface by the sessile 

drop method using distilled water. Both the top and the bottom of the samples 

were analyzed. The samples (6mm diameter x 0,2mm height; n = 3) were placed 

on top of glass slides, and one drop of water was poured on top of the membraned 

in an optical tensiometer (Theta Line, Biolin Scientific, Stockholm, Sweden). A 

high-resolution camera monitored the water's behavior on the material surface, 

and measurements of the contact angle were performed after 10 seconds by an 

image software (OneAttension - Biolin Scientific, Stockholm, Sweden). Three 

measurements were made in each sample.  

2.5.4 Profilometry 

 Optical profilometry measured the surface properties of the developed 

barrier membranes (Optical Profiler ContourGT – Bruker). The samples (6mm 

diameter x 0.2 mm height; n = 3) were fixed on glass slides and scanned with 5x 

monochromatic light by vertical scanning interferometry. Both the top and the 

bottom of the samples were analyzed. The depth of the analysis ranged between 

20 and 2000 nm, and the scanned area was 1260 µm x 1260 µm. The Ra 

parameter was measured as the arithmetic average of the surface roughness 

profile in samples.  
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2.5.5 pH 

 For pH analysis a digital phmeter was used (DM-22. Digimed,Brazil). were 

immersed in deionized water for up to 28 days.  Membranes samples (6mm 

diameter x 0.2mm height; n = 3) were immersed in deionized water as previously 

described  [39]. Samples were maintained at 37ºC in between measurements.  

2.6 Cell behavior 

 The cell behavior analysis was performed with preosteoblastic 

MC3T3-E1 cell line Banco de Células do Rio de Janeiro, Rio de Janeiro, Brazil) 

The MC3T3-E1 cells were cultivated with α-MEM supplemented with 10% fetal 

bovine serum and 1% penicillin (Thermo Fischer Scientific, Waltham, 

Massachusets, EUA) at 37ºC at 5% CO2.  

2.6.1 Cell Proliferation 

 The cell proliferation was assessed by the sulphodhamine B (SRB) 

assay. Membrane specimens (6mm diameter x 0.2mm height; n = 3) were 

immersed in a culture medium for 24 hours prior to the analysis to produce a 

conditioned medium. The MC3T3-E1 cells were cultivated at 5x103 density in a 

96-well plate and treated with a conditioned medium for 72 hours. Wells, without 

conditioned medium, was cultivated and used as control. After treatment, cells 

were fixed and stained with 0.4% SRB solution. The amount of SRB dye was 

quantified at 560nm in a Microplate Spectrophotometer (Multiskan GO, Thermo 

Fisher Scientific, Waltham, Massachusets, USA). The results were normalized 

for the absorbance in wells without the conditioned medium.  
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2.6.2 Cell Mineralization  

 Cell mineralization was evaluated by the Alizarin S Red staining. 

Membrane specimens (12mm diameter x 0.2mm height; n = 3) were immersed 

in a culture medium for 24 hours prior to the analysis to produce a conditioned 

medium. Medium without membranes was used as well. The MC3T3-E1 were 

cultivated in osteogenic medium supplemented with 0.0023 g/mL β-

glycerophosphate, and 0.05 mg/mL L-ascorbate at 2 x 104 density in 24 well-

plates. The cell treatment was performed during 7, 14, and 21 days. After each 

time point, the wells were washed with PBS and stained with 2% Alizarin S Red 

solution (Sigma Aldrich, St, Louis, E.U.A.) for 20 minutes. Images were taken with 

a camera with 5x magnification and were analyzed in an image software (ImageJ 

National Institutes of Health, Bethesda, MD, USA). The % of the mineralized area 

in each well was calculated considering the measurement of the thresholded red 

intensity area. The same threshold was used for all images. The % of mineralized 

nodules in each well was normalized for the values found in wells treated with 

pure DMEM.  

2.7 Statistical Analysis 

 Descriptive analysis was performed for the FTIR, SEM, TGA, profilometry, 

and HE analysis. The normality of data was tested with Shapiro-Wilk. One-way 

analysis of variance (ANOVA) and Tukey were used to cell proliferation data 

analysis. Two-way ANOVA was used for contact angle, pH, surface roughness, 

ultimate tensile strength, young's module, elongation at break, and cell 

mineralization. 
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3. Results 

Figure 1 shows the results for the characterization of developed 

composites by FTIR and TGA. In FTIR analysis (Figure 1A) the PBAT group 

showed characteristic C-O bonding at 1105 cm-1 and 1270 cm-1 and C=O bonding 

at 720 cm-1 and 1710 cm-1. These structures were found in groups with BAGNb 

addition that presented Si-O-Si bonding at 450 cm-1 and 1050 cm-1.  Pure PBAT 

presented a single stage of thermal degradation between 370ºC and 420ºC 

(Figure 1B). In this case, more than 90% of the weight was lost in a single stage, 

with a rate of weight loss that reached 2.46% at 400ºC (Figure 1C). This profile 

was not modified for the pure PBAT over time (Figure 1B and 1C). The immediate 

analysis shows that the addition of BAGNb affected the thermal degradation of 

composites decreasing the maximum degradation temperature at ~310ºC (Figure 

1B).  
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Figure 1. Composite Characterization. (A) FTIR analysis of developed composites with the chemical bonding found for each 

group and (B) TGA results with weight loss after heating in an immediate analysis and up to 28 days of immersion in SBF. (C) DTG 

curves showing the rate of weight loss before and after immersion in SBF, showing differences in thermal behavior between pure 

PBAT and the developed composites.  
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Figure 2. Mechanical behavior of developed barrier membranes. The tensile test was used to assess the tensile strength 

(MPa), Young's module, and the elongation rate in dry as prepared membranes and after 28 days of immersion in SBF.  
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The mechanical behavior of developed barrier membranes is shown in 

Figure 2. The addition of BAGNb at 20wt% and 30wt% concentration reduced the 

barrier membrane tensile strength both in immediate analysis and after their 

degradation (Figure 2A). These two values were affected by the immersion in 

SBF, where lower GPa values were found for Young's module, and the elongation 

rate reached 2.65% and 2.16% for 20wt% and 30wt%, respectively. The 20wt% 

and 30wt% membranes presented higher immediate stiffness in the immediate 

analysis associated with a lower elongation rate, as shown in Figure 2C. 
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Figure 3. Barrier membrane surface characterization. (A) The SEM 

analysis of the top surface. (B) Representative images of profilometry analysis at 

the bottom and the surface of the membranes and (C) Contact angle (θ) and 

surface roughness (µm) results of the bottom and top surfaces of developed 

membranes.  

The SEM analysis is shown in Figure 3B. The barrier membrane's surface 

was shown with a smooth surface for the PBAT group, while the addition of 

BAGNb promoted an increase in the samples' roughness. Representative images 

of profilometry analysis show different color intensities along the membranes 

(Figure 3B). The red areas represent higher peaks on the membranes' surface, 

and green/blue areas represent reduced values. The contact angle shows 

statistically significant lower values for 20wt% and 30wt% groups on the 

membranes' bottom side, while no statistically significant difference was found on 

top (Figure 3C). The bottom side of membranes with 20wt% and 30wt% addition 

of BAGNb presented reduced contact angle values when compared to the top. 

The surface roughness values on the top surface presented no statistical 

difference between groups, while the bottom surface presented reduced values 

for the 20wt% and 30wt% groups (Figure 3C).  
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Figure 4. pH, cell viability, and mineralization results. (A) Increased pH 

was observed for all groups in water and maintained higher for BAGNb containing 

membranes up to 28 days. (B) cell viability was higher for barrier membranes with 

the addition of BAGNb, regardless of the concentration used. (C) representative 

images for alizarin s red staining after 7, 14, and 21 days. (D) mineralization was 

quantified, and increased values were found for 20wt% and 30wt% after 14 days.  

The immersion of barrier membrane specimens into water leads to an 

increase in pH values. A sharp increase was observed on the BAGNb-containing 

membranes, while environment modifications took place only after 2h for the 

control group. Barrier membranes with 10wt% and 20wt% reached 11.47 and 

11.34 after 24h, respectively. The viability of MC3T3-E1 cells is shown in Figure 

4B. Increased percentage values were found for barrier membranes with BAGNb 

(p < 0.05). Representative alizarin s red mineralization results show the 

differences in mineralization in different groups and culture times (Figure 4C). 

The % of the area covered by mineralized granules is observed in Figure 4D. 

Increased mineralization was observed for 20wt% and 30wt% groups after 14 

days. In the 21-day analysis, higher calcium deposits were observed for 10wt% 

and for the control group when compared to higher concentrations of BAGNb (P 

< 0.05). 

4. Discussion 

Guided bone regeneration is known as an effective approach for 

increasing bone regeneration for rehabilitation in craniofacial surgery [1,3,12,40]. 

Barrier membranes are used for keeping space for bone formation and preventing 

the infiltration of soft tissue, but they may also be used to contribute to the 
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formation of bone in the regeneration site [6,41]. In this study, bioactive composite 

membranes were produced with PBAT and BAGNb and were designed with 

adjusted stiffness and strength to facilitate their clinical performance and 

application. The developed composites presented chemical and mechanical 

stability, and the produced membranes were shown to present surface features 

and ion release that may contribute to the bone formation of the maintained 

space.  

  Melt-extrusion was used in this study to produce PBAT/BAGNb 

composites to guarantee the temperature-driven dispersion of inorganic 

components into the polymeric matrix. The composite characterization is shown 

in Figure 1A, where the maintenance of PBAT structure was observed even with 

30wt% of BAGNb. The maintenance of PBAT chemical structure was desired in 

the composites' design as the flexibility of PBAT could contribute to the handling 

in the application of the membranes in surgical sites as the random 

copolymerized structure is preserved [31]. The C-O-C bonding at 1160cm-1 and 

1270cm-1 that are observed in Figure 1 A are assigned to the aliphatic and 

aromatic esters, respectively [31]. Although the aromatic unit is prone to 

crystallization, all aliphatic portions present an amorphous structure [42]. The 

molecule organization maintains the deformation ability of PBAT, which is not 

usually observed in other bioresorbable polymers with higher crystallinity [28,43]. 

The addition of BAGNb in the melt-extrusion process did not modify the backbone 

structure of PBAT and promoted differences in the thermal behavior of developed 

composites, as seen in Figure 1B. The immediate analysis showed that an 

additional weight loss was found in BAGNb-containing membranes that may be 

related to the condensation of remaining silanol groups in the glasses (Figure 1B) 
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[44]. This was not observed over time in the TGA analysis as these structures 

may be lost upon immersion. The DTG peaks may present important insights 

about the effect of BAGNb in the thermal degradation of developed composites 

(Figure 1C).  In all groups, the maximum decomposition is found at ~420ºC where 

the ester bonding is broken (Figure 1C), but in BAGNb-containing groups, 

additional decomposition is observed. For the immediate analysis, the silanol 

decomposition is assigned to the peak at ~300ºC while the analysis after the 

immersion in SBF show a decomposition around 500ºC that may be related to 

the crystallization of hydroxyapatite, indicating that the immersion in SBF 

promoted the deposition of calcium phosphates in the membrane structure [45]. 

The degradation pattern found here is comparable to other studies' observations, 

showing that little effect of BAGNb is found [28,46,47]. The bioresorbability of 

barrier membranes is of major importance as non-resorbable membranes, such 

as the titanium ones, require additional interventions for their removal, increasing 

the need for surgical procedures and patients' morbidity [9,48]. The effect of 

degradation may be immediately observed on the pH and cell bevavior results 

(Figure 4)  due to BAGNb ion release and may be further addressed to 

understand the immune response in the future analysis [15,19,49] 

 The handling of commercially available barrier membranes presents wide 

variations [24]. Among the non-resorbable membranes, stiff titanium mashes are 

used as space maintainers. Their increased stiffness is known to favor lesions in 

the soft tissue, leading to membrane exposure and failure [9]. On the other hand, 

collagen resorbable membranes are soft materials with low resistance that may 

impair the space maintaining ability [50–52]. Several synthetic bioresorbable 

polymers, such as PLA, PCL, and PLGA have been used to balance resistance 
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and stiffness [17,18,53–55]. However, the addition of bioactive inorganic particles 

to these polymers leads to a significant increase in stiffness, and the resultant 

composites present high elastic module values [17,18,53–55]. The modifications 

in the polymeric structure after the addition of inorganic particles may impair the 

handling, making difficult their adaptation in different surgical site configurations 

and may lead to clinical drawbacks like the dehiscence of soft tissue [10,24]. In 

this sense, PBAT flexibility could be used to control the stiffness in these 

composites, even at high concentrations of bioactive inorganic particles (Figure 

2). Although a reduction in resistance and an increase in stiffness is observed as 

the BAGNb concentration increases, the obtained values are comparable to 

particle-free synthetic polymers [17,54].  

 An irregular surface is observed on the bottom of 20wt% and 30wt% 

BAGNb membranes, as shown in SEM (Figure 3A) and profilometry (Figure 3B) 

analysis and confirmed by contact angle (Figure 3C). By the membrane 

preparation, it was observed that the bottom surface presented increased 

roughness that was combined with a lower contact angle. This may be assigned 

to the combination of high hydrophilicity of BAGNb [56] and the obtained rough 

structure caused by particles, which could be mostly observed on the 30wt% 

group that achieved 34.45º at the contact angle analysis (Figure 3C). As a 

copolyester, PBAT presents a hydrophobic surface [57,58], and lowering the 

contact angle may contribute to the interaction between the polar groups on the 

surface material and the wet environment promoted by the presence of blood 

during the surgical procedure. This could promote a better adjustment of the 

membrane into the bone defects promoting a higher interaction of the membrane 

with the blood cloth and the cells surrounding this area [57]. Although the bottom 
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portion could be used for better interaction between the bone defect and the 

bioactive ions from the niobium-containing bioactive glasses, the top surface has 

an advantage since it can be applied directly in contact with soft tissues to prevent 

adhesion. As the guided bone regeneration aims to avoid the proliferation of cells 

and vascular tissue into the bone defect, the reduced roughness and increased 

contact angle could avoid the adhesion and proliferation of these cells over the 

membrane preventing the penetration [7,24]. 

 The ion release promoted by bioactive glasses is well described [59], and 

this behavior is responsible for their ability to induce bone regeneration [60]. In 

this particular case, niobium was used as an adjuvant ion to increase the 

nucleation of minerals, stimulating bone deposition. These glasses were 

previously studied in vitro [35] and in vivo [36] for their ability to enhance cell 

activity and tissue formation, respectively. Ion release was assessed by 

modifications of pH in the environment, showing that membranes with BAGNb 

are not only able to induce an increase in the pH due to ions exchange in the 

medium, but they were also able to maintain these increased values over time 

(Figure 4A). A drop in pH values is observed over time in all membranes and this 

was expected as ion release stabilizes over time leading to precipitation in the 

media [33,39]. The release may be responsible for cell viability results (Figure 

4B). The membranes with BAGNb addition promoted cell proliferation regardless 

of the concentration used (Figure 4), showing that these materials could favor the 

number of osteoblastic cells available for regeneration in the site after the guided 

bone regeneration procedure. More than that, the BAGNb modified these cells' 

responses regarding their ability to deposit minerals (Figure 4C and 4D). The 

presence of BAGNb increased the pre-osteoblastic differentiation that is 
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observed by their ability to deposit calcium-containing mineralized structures, as 

shown in the representative images in Figure 4C. Increased % of the mineralized 

area was observed for 20wt% and 30wt% membranes after 14 days. At 21 days, 

increased values are observed for the control group, followed by the 10wt%, while 

higher concentrations had reduced mineralized area. This may be assigned to 

saturation in the cell media with increased BAGNb concentrations that could lead 

to the lower content of minerals. Besides, it is known that MC3T3-E1 is able to 

differentiate after 21 days in osteogenic media and promote mineralization [61], 

as observed in this study (Figure 4D). However, loading BAGNb particles into 

PBAT membranes was shown to promote a faster differentiation and 

mineralization in cells in contact with these material products both at 7 and 14 

days of analysis. Within the in vitro analysis, it is possible to highlight the possible 

modulation of cell behavior by the developed materials, especially when 

30wt%BAGNb was used. GBR depends on the cell-to-cell interaction in the 

surgical site, and the use of PBAT/BAGNb membranes may contribute to the 

complex events related to bone repair during osteogenesis [62]. Further analysis 

may elucidate the role of degradation products of PBAT/BAGNb on the cell 

microenvironment, including the immune response and modulatory mechanisms 

that may affect bone tissue formation over time [63–65]. 

The development of materials that contribute as an additional bioactive 

surface for bone regeneration, with and without bone substitute materials, may 

contribute to a faster bone regeneration procedure facilitating the further steps in 

an implanted-supported tooth rehabilitation. In the present study, a novel 

composition for resorbable barrier membranes is shown with tailored mechanical 

properties in combination with potential bioactivity for the regeneration of bone 
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defects and augmentation of surgical sites. This could be translated as materials 

that are easy to handle and adapt into surgical defects with a reduced probability 

of soft tissue lesions while it provides support in the cell/material interaction by 

bioactive ion release for bone repair on the basis of guided bone regeneration.  

This in vitro analysis shows PBAT/BAGNb composites were shown for the fist 

time as an alternative to the commercially available membranes to provide 

resorbable, easily applicable and bioactive membranes for regenerative 

treatments.  

5. Conclusion 

The incorporation of up to 30wt% of BAGNb into PBAT barrier membranes 

maintained adequate chemical-mechanical properties leading to the production 

of materials with tailored surface properties and bioactivity that may increase 

bone formation in guided bone regeneration procedures. 
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4 CONSIDERAÇÕES FINAIS 
 

 Novos biomateriais são desenvolvidos diante das desvantagens e das 

lacunas deixadas pelas membranas disponíveis para regeneração óssea guiada. 

Enquanto membranas de colágeno apresentam taxa de degradação irregular, 

baixa resistência mecânica e difícil manipulação, membranas não reabsorvíveis, 

como de PTFE e de titânio, requerem intervenção cirúrgica adicional para sua 

remoção e podem aumentar a taxa de complicações pós-operatórias. Diferentes 

estratégias são utilizadas para produzir novas membranas com adequadas 

propriedades para impedir a proliferação de tecido epitelial e conjuntivo para o 

interior do defeito, conferir estabilidade à ferida cirúrgica e estimular a 

regeneração óssea. A produção de membranas compósitas permite a união de 

propriedades de diferentes materiais. O PBAT, um polímero biocompatível, 

reabsorvível, flexível e resistente confere uma matriz polimérica adequada para 

a aplicação como barreira. O vidro bioativo possui a capacidade de gerar 

respostas benéficas no organismo, estimulando o reparo ósseo a nível celular 

através do aumento da expressão de genes envolvidos no processo de 

ossificação. As metodologias empregadas neste estudo revelam que a 

incorporação de vidro bioativo ao PBAT resultou em uma membrana com 

adequada superfície, capaz de interagir com as células através da dissolução 

iônica e estimular sua proliferação, diferenciação e a produção de material 

mineralizado. O compósito também apresentou propriedades mecânicas 

satisfatórias, requisito importante para suportar o crescimento tecidual, evitar o 

colapso e facilitar o manuseio do material. Os resultados obtidos colaboram para 

a conclusão de que a membrana produzida tem potencial para ser empregada 

em procedimentos que utilizam os princípios da regeneração óssea guiada. 

Considera-se oportuno o avanço nos métodos de avaliação da membrana 

desenvolvida, como estudos em animais, para que novos dados sejam obtidos 

a respeito do comportamento do compósito e da sua interação com tecidos vivos. 
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