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In this study, we prepared cellulose acetate membranes, by means of casting mold, incorporated with two additives, sodium carboxymethyl lignin and calcium glycerophosphate, in order to improve properties for periodontal applications. The membranes were characterized from the morphological, structural, thermal and mechanical point of view, as well as by physiological pH tests. The results showed that membranes with additives improve the physical-chemical and mechanical properties, especially when the two additives are present in the same membrane, which can be attributed to the important synergy between them. The most significant effects occur in increasing the thickness and decreasing the density, which reflects in the porosity of the membranes, although the added amounts do not exceed 1.4%. A 1% increase in lignin concentration does not change the thickness and density of the membrane, but that amount of lignin plus 0.4% calcium glycerophosphate increases the thickness of the membrane by 42% and decreases the density by about 6%. Although there is a decrease in mechanical properties, as observed in Young's modulus and crystallinity, the significant and intermittent increase in sample weight loss with both additives in physiological solution indicates that, in the long run, it can be used as a degradable barrier.
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INTRODUCTION

Periodontal disease is an infectious disease, induced by microorganisms present in the bacterial plaque, which attack the periodontal tissues, resulting in tooth loss (1, 2). The traditional procedure used to repair damaged tissues consists of surgical procedures and mechanical debridement (i.e., scaling and root planing), which allows the healing of periodontal defects (3, 4). However, depending on the size of the defect, complete regeneration of periodontal tissues becomes difficult [4]. Thus, regenerative approaches such as guided tissue/bone regeneration (GTR/GBR) have emerged as the most widely practiced periodontal regeneration procedure (4, 5). The principle of GTR/GBR consists in the use of a membrane that acts as a physical barrier, creating a suitable environment for regeneration, protected from the competitive invasion of less differentiated cells and highly proliferative cells of the surrounding tissue, mainly fibroblasts and epithelial cells. In addition, the original cell proliferation characteristics of the natural regeneration region should be promoted (6, 7).

Several factors should be considered when using membranes as a physical barrier, such as: biocompatibility, cellular occlusion (thus allowing selective cell migration), tissue integration, immunological neutrality, capacity to promote and maintain the space to allow a stable volume during the repair period and easy manipulation (4, 7). In addition, the membrane must withstand the forces exerted by the chewing process and the tissue flap tension, preventing membrane collapse and have a known degradation rate (7).

Commercial barrier membranes are produced out of materials which are either non-resorbable and require a second surgery for removal or made from resorbable materials (8). Among the materials used for the development of membranes used as a physical barrier in the GTR, cellulose acetate (CA) was the first non-absorbable material to be used (6) due to the following properties: is a neutral polymer, has the ability to form transparent films, is biocompatible, has a low cost and is obtained from cellulose, a natural and renewable polymer (9). In addition, the physical and chemical properties of the CA membranes can be altered adding to it beneficial functions for the regeneration process (10, 11).

Degradability is one of the most important aspects involved in the clinical success of GTR/GBR membranes and strongly depends on the type of polymeric system used, with hydrophobic systems exhibiting less degradability (7). Cellulose acetate is a polymer with known degradability and hydrophobic characteristics, and as one property influences the other, it has a low degradation rate (9). Studies use the strategy of mixing polymers with functional additives to ensure greater degradability and hydrophilicity, as well as favoring membrane interaction with the oral environment (12, 13).

In this study, we prepared three types of cellulose acetate membranes, one pure (CA). The second, incorporated with sodium carboxymethyl lignin (CA- NaCML), and the third with this additive plus calcium glycerophosphate (CA-NaCML-CaGP). The first (NaCML) is a macroelectrolyte derived from sugarcane bagasse lignin, soluble in water at pH > 4, the second one (CaGP), is an electrolyte containing Glycerol bound to calcium phosphate. Lignin is one of the components of superior vegetables that confer properties, among others, such as: antioxidant agent and nutrient propagation channels from the root to the leaves. The adoption of this component (NaCML) as one of the CA fillers should facilitate the transport of nutrients, which facilitates periodontal recomposition. Furthermore, modified (carboxymethylated) lignin, in turn, even in very small amounts, imposes an important reinforcement in the structure of cellulose acetate (11).

CaGP incorporation increases cell adhesion, proliferation, and metabolic activation since calcium phosphate (CaP) based materials are biocompatible, bioactive and osteoconductive (12, 14). Some studies have demonstrated bone regeneration (7, 15) and good control over the rate of membrane degradation (16) when CaP is incorporated into the polymeric material. Moreover, the incorporation of both additives gives greater hydrophilia to the membrane, favoring their interaction with the oral environment. The membranes have also been evaluated for their potential use as dental barrier device by their physical and chemical characteristics obtained from structural, morphological, thermal and mechanical characterization techniques and also by physiological pH tests.



MATERIALS AND METHODS


Materials

Cellulose acetate (CA, Mw = 30.000 g mol−1) and Calcium glycerophosphate (CaGP, Mw = 210.14 g mol−1) purchased from Sigma-Aldrich (St. Louis, MO, USA), Sodium carboxymethyl lignin (NaCML), produced, by a method developed in our laboratory-Industrial Crops and Products 36 (17) 108–115 and Acetone 99.5% (VETEC).

Phosphate-buffered saline solution (PBS) was prepared by mixing Sodium hydroxide (Vetec), Dihydrogen sodium phosphate (Carlo ErbaReagents) and Deionized water.



Preparation of the Membranes

The membranes were prepared by the casting method, developed in our laboratory (9), so that the final concentration of the membranes was 10% (w/v), with variation of the CA mass by incorporation of the additives, as shown in Table 1.


Table 1. Formulation used for the preparation of the membranes.
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The systems containing the formulations described in Table 1 were subjected to magnetic stirring for a period of 24 h for total solubilization. Then, the film-forming solutions obtained were dispersed, with the aid of an adjustable film spreader, inside a glass box, where they remained until total evaporation of the solvent. After drying, the formed membranes were stored in a desiccator.



Characterization
 
Measurement of Membranes Thickness and Density

The membranes were cut (area: 1 cm2) and then dried in an oven at 60°C for 2 h, for removal of any moisture and weighed on an analytical balance. Subsequently its thickness was determined in five different points, using a ZAAS digital micrometer.

The density (d) was calculated from Equation (1), where “m” is the mass of the film, “t” the thickness (cm) of the sample and “A” the area of the sample (18).
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Scanning Electron Microscopy

The morphology of the membranes was analyzed in relation to their surface and transversal section using the CARL ZEISS MOD EVO MA10 microscope, with an acceleration voltage of 5 kV. Prior to analysis, the samples were coated with an ultrathin gold layer in a sputter coating system.



X-Ray Diffraction

X-ray diffraction analysis was performed on a Shimadzu XRD-6000 apparatus (Shimadzu, Japan), operating at a power of 40 kV with 3 mA of current and Cu Kα radiation (1.5406 Ȧ). The 2θ scan data were collected from 5° to 37° at a scanning speed of 2.0° min−1.



Differential Scanning Calorimetry

The analyzes were performed on a Q-20 (TA Instruments, New Castle, DE, USA) apparatus using about 7 mg of sample at a heating rate of 10 °C min−1 from 25 °C to 400 °C, under nitrogen atmosphere with flow of 50 cm3 min−1.

The calculation of the degree of crystallinity was based on the melting enthalpy of 100% crystalline cellulose acetate, 58.8 J g−1, determined by Cerqueira et al. (19).



Mechanical Properties

The mechanical properties (i.e., tensile strength, Young's modulus, and elongation at break) of all the membranes were evaluated by uni-axial tensile testing using a universal Instron mechanical test machine model 5,982, with a 5.0 kN load cell. The membranes were cut into strips 0.5 cm wide by 2.6 cm long, fixed in the apparatus and subjected to stress and strain test with a velocity of 2.0 mm min-1 and distance between the claws of 1.6 cm. The sample thickness was determined by measuring with calipers at five locations. Mechanical parameters were obtained from the stress-strain measures of each sample and expressed in MPa. The results and standard mean deviation (SD) was reported.



Swelling and Degradation Studies at Physiological pH

The swelling and degradation studies were carried out under conditions that simulate the oral environment, obtained using a phosphate buffered saline solution (PBS), whose pH = 7.4 is similar to the physiological pH of the blood (pH = 7.35):

The swelling was evaluated in PBS medium by a gravimetric method (15). The membranes were weighed (Wd) and then immersed in 10 ml PBS at 36.5°C. At different times periods, the samples were removed from the PBS, gently wiped with filter paper to remove the surface liquid and immediately weighed (Ww). The dilation ratio of the membranes was calculated using Equation (2):
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For degradation studies, dry membranes samples were weighed (Wi), than then immersed in PBS and incubated in a bath at 36.5°C for several weeks. The PBS solution was renewed after every analyses and at each time interval samples were dried before weighing (Wf). Weight loss was calculated by using the Equation (2) (15):
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RESULTS


Preparation of the Membranes, Thickness and Density

The membranes were produced by the casting method, resulting in opaque, flexible samples without bubbles or fissures (Figure 1). The thickness and density data are presented in Table 2. It is interesting to note that despite the small amounts of additives in the membranes, its effect on these two properties was quite significant. Note that the NaCML additive did not cause any significant changes, whereas the addition of only 0.040 g of the CaGP additive in 9.860 g of cellulose acetate, about 0.4%, causes an increase in the membrane of about 43% in thickness and about 5% in the decrease in density.


[image: Figure 1]
FIGURE 1. Photo of membranes produced.



Table 2. Thickness and density of the membranes.
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Scanning Electron Microscopy

The morphological characteristics of the membranes were analyzed by SEM in order to investigate the general aspects of the surface and its transversal cross-section, as can be seen in Figure 2. From the micrographs it can be seen that the membranes shows pores on their surface and along its cross-section. Moreover, they reveal that the pores have irregular sizes and distribution in regions of different densities. When compared, the membranes with additives present an increase in porosity, best observed in micrographs of transversal cross sections, caused by its interaction in the cellulose acetate matrix. The average pore diameter, determined by the scale of the micrographs, increased from 1.50 ± 0.52 nm in the CA to 3.33 ± 1.07 in the CA-NaCML membrane and 3.83 ± 1.34 in the CA-NaCML- CaGP.


[image: Figure 2]
FIGURE 2. Microscopy images of (A) surface and (B) transversal cross-section of membrane.




X-Ray Diffraction Analysis

The diffractograms of the membranes are shown in Figure 3. The peaks seen in 2θ angles ≈ 8.5°; 10.5°; 13.5°; 17.5° and 22°, corresponding to the cellulose acetate structure (20). The incorporation of the additives to the membranes resulted in an increase in the structural order of the matrix, with intensification of the diffraction peaks, mainly in the simultaneous presence of the two additives. This effect should be the result of an increase in the crystallinity of the acetate matrix due to the presence of the additives. An estimate of the crystallinity indices (Icr) of the membranes, determined by the Lorentz equation, shows this effect, where the Icr varies from 1.17 for CA, to 1.50 for CA-NaCML, to 1.87 for CA-NaCML-CaGP in kcps * deg.


[image: Figure 3]
FIGURE 3. XRD patterns of membranes.




Differential Scanning Calorimetry

The DSC results of the membranes (Figure 4) were used to determine the differences in the thermal behavior of the materials. The two endothermic signals for all membranes are assigned the solvent output of the matrix structure, which occurs between 30 and 120°C, and to the melting followed by the degradation of cellulose acetate, which occurs at temperatures close to 235°C.


[image: Figure 4]
FIGURE 4. DSC curves for the membranes.


The melting enthalpy values (ΔHm), melt temperature (Tm) and percentage crystallinity of the membranes are given in Table 3. After incorporating the additives, there is a small increase in the enthalpy of melting and increase of the crystallinity index, corroborating with the gain of the structural order of the membranes favored by the additives


Table 3. Influence of the additives on the values of ΔHm, Tm and percentage of crystallinity for the membranes.
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Mechanical Properties

Figure 5 shows results of measurements of tensile strength, deformability and Young's modulus of the samples, which allows verifying the influence of additive incorporation. Membranes with additives, especially when incorporated with all (CA-NaCML-CaGP), showed a reduction in mechanical properties and an increase in stiffness (increase in Young's modulus) compared to pure membrane (CA).


[image: Figure 5]
FIGURE 5. Mechanical characteristics of the membranes (A) tensile strength, in MPa; (B) Young's modulus, in MPa; and (C) elongation at break, in %.




Swelling and Degradation Studies

The swelling rate of the membranes for a period of up to 96 h is shown in Figure 6A. As can be seen, the incorporation of the additives does not alter the kinetics of swelling, its only increases the swelling ability.


[image: Figure 6]
FIGURE 6. (A) Swelling of the membranes over a period of 96 h and (B) Degradation profile in percent of weight loss of the membranes.





DISCUSSION

The casting method is a simple and attractive technique for the development of membranes that could be used as physical barriers in periodontal regenerative processes. We have shown that CA membranes with appropriate additives can be easily obtained using a mixture of solvents, such as acetone and water, resulting in homogeneous samples with flexibility that allows easy handling. The membrane added with CML-Na showed small changes in thickness or density. On the other hand, the doubly additive membrane showed a very different behavior, with a significant increase in thickness and reduction in density. The increase in thickness (and apparently the crystallinity) can be explained by the insertion of calcium glycerophosphate between the polymer chains, increasing its porosity, as seen in the cross sections (SEM) of Figure 2. On the other hand, despite the large increase in membrane thickness and porosity, the 5% decrease in density is considerable. One possible explanation for this is that there is an incompatibility between calcium glycerophosphate (and sodium carboxymethylignin) with cellulose acetate, which separates the polymer chains.

Both NaCML and CaGP increase the porosity of the CA membrane. These two additives are highly hygroscopic, unlike the CA matrix. The insertion of them in the CA matrix must, in a first effect, move away and reorganize the CA matrix in a new structure that supports these additives. The interaction of the organic parts of the additives with the matrix is an important factor. The increase in crystallinity observed by X-ray diffraction corroborates this effect.

The water present in the solvent (acetone) facilitates the solubilization of glycerophosphate and carboxymethylignin in the polymer, but after the evaporation of the solvent mixture, it creates the pores seen in the micrographs of the fractures of the film. A confirmation of the structural alteration of cellulose acetate in the presence of the additives is the TG and DTA data shown in Supplementary Figure 1. In these data the changes caused by the addition of sodium carboxymethyl lignin and then by the addition of calcium glycerophosphate can be clearly seen.

Regarding the SEM images, the membranes show the presence of unevenly distributed non-uniform pores, which classify it as asymmetrical. These morphological observations are due to the type of processing used to develop the membranes, which involves the use of two solvents, which evaporate at different rates. In this case, acetone evaporates more rapidly than water promoting two effects: an increase in membrane coalescence time, leading to phase separation and increasing the concentration of water in the polymer structure, initially forming a gel phase. After the gelation process has taken place, the reduction of the volume of the solution is hampered by the more rigid structure formed by the gel. Thus, with the total evaporation of acetone, a porous membrane is obtained (21). In this case, due to the homogeneity of the mixture, a membrane with homogeneous porosity is formed. Unlike the pure membrane, when the additives are incorporated into the polymer matrix, there is an increase in porosity as a consequence of the different interactions between the membrane components and the solvent mixture. The NaCML interacts very strongly with water at pH above 4 which favors the formation of larger pores in the membrane, since water is the less volatile solvent and should last evaporate. However, CaGP has a strong attraction to both water and NaCML due to its polar structure, which greatly facilitates the formation of pores and explains the decrease in density observed in the membrane with two additives.

Still in relation to the SEM micrographs, we can say that the porosity is an important characteristic for use in regenerative processes, since the existence of pores in the structure of the membranes facilitate the diffusion of fluids, oxygen, nutrients, and bioactive substances for cell growth, which is vital for bone and soft-tissue regeneration (22). The pore size is closely related to the tissue's occlusion property and has a major influence on the invasion of soft tissue cells. Very large pores can negatively affect this membrane property, allowing undesirable soft tissue cells to migrate through it, overpopulate the defect site and inhibit the infiltration and activity of bone-forming cells (23, 24). As reported by Bartee (25), the presence of 5-30 μm pores in the expanded polytetrafluoroethylene (e-PTFE) membrane facilitates bacterial contamination and strong local soft tissue fixation. Considering that the pores of our cellulose acetate devices measure less than 4 μm, it can be concluded that its have a capacity for exclusion. The membranes diffractograms showed that the presence of additives did not significantly alter the diffraction profile of CA. But it favored the reorganization of the polymer chains of cellulose acetate, which somehow increased the crystallinity and decrease the density of the material. Despite the low concentration used of the additives, an important structural change in the membranes occurs.

Regarding the thermal behavior of the membranes, the incorporation of the additives did not promote significant changes in the measured melting temperature. Another notable fact is the increase in enthalpy of membrane fusion. Incorporating just 1% NaCML into the membrane increases the heat of fusion by 16%. In the incorporation of 0.41% of the calcium glycerophosphate the increase in the heat of fusion increases by 6.5%. The addition of both simultaneously causes an increase of 21% in the heat of fusion. Despite the apparent incompatibility of the two organic salts with the cellulose acetate structure, its presence in the membrane matrix favors the increase in porosity, melt energy and crystallinity. Probably the organic part of the salts should favor its interactions with the matrix.

The results of the mechanical test show that membranes with additives show a reduction in properties such as tensile strength and deformation capacity when compared to pure membrane. This is due to the increase in the number and size of the pores, which is in accordance with the small variation in the density of these samples. We also observed an increase in Young's modulus, indicating an increase in membrane stiffness, corroborating the increase in sample crystallinity and greater porosity. In this case, as previously mentioned, the incorporation of NaCML and subsequent addition of CaGP seems to promote an increase in the stiffness between the cellulose acetate chains forming a structure less resistant to traction and deformation. As the biggest difference between the two organic salts is the ion charge (Na + and Ca ++), an attractive interaction between them can be predicted, due to the membrane having been elaborated in solvent with 20% water. The attractive interaction between the phosphate group and sodium carboxymethyl lignin and sodium carboxymethyl cellulose, has already been demonstrated by us in a previous publication, biomass and bioenergy 35 (26) 3913-3919). The anionic organic portion of the two molecules has mainly phenolic and aliphatic OH groups in NaCML, and aliphatic groups in CaGP. Despite being two organic salts, due to these structures, there is a compatibility between it and with the cellulose acetate matrix. It can further be said that the mechanical properties of the membranes with both additives are influenced not only by the higher porosity but also by the presence of larger portions of crystalline regions in the membrane structure resulted from the combination of the additives as shown by percentage values of crystallinity (Table 3).

The insertion of fillers NaCML and CaGP clearly increases the porosity of the CA matrix. The increase in porosity, however, is accompanied by a significant increase in crystallinity and heat of fusion, as seen in Table 3. In our studies (11, 27) we found that glycerol, organic part of CaGP, added to CA has an ambiguous behavior, depending on concentration. At low concentrations, it acts as a crosslinking agent, interacting to decrease the material's density. At high concentrations, however, it acts as a solvent, dissolving the acetate.

It is important to remember that an “ideal” periodontal membrane should balance two material properties, such as stiffness and elasticity, to support its own weight and resist the pressure exerted by the overlying tissue and external forces such as chewing without collapsing the membrane, in addition to maintaining a space suitable for regeneration. Considering that the force exerted by the teeth in the chewing process promotes a tension of 0.7 to 1.7 MPa (28), we can consider that the membranes developed are strong enough to resist masticatory forces, maintaining the regenerative space.

The swelling rate is an important parameter in studies of polymer matrices, since it evaluates its capacity of absorption and retention of liquids. The swelling ability of membranes occurs by the spacing between the CA chains due to the retention of the molecules of the PBS solvent, which reduces the intermolecular attraction forces and increases the mobility of the chains. As the additives are incorporated, the swelling capacity increases, since it gives a certain hydrophilicity to the membrane, favoring a greater interaction between the membrane and PBS, which is largely composed of water. In addition, another aspect that affects swelling is the greater porosity of the additive membranes, which allows for increased swelling because it allows the trapping of more water molecules. On the other hand, this leads to a greater degradation process, as shown in Figure 6B.

In the mass loss study, used to evaluate the degradation profile of the samples, it was found that the presence of additives, while increasing the hydrophilicity of the membrane, did not induce a significant change in the rate of degradation, since during the analysis period the mass loss kinetics of the membranes was not very significant. Initially, during the first 15 minutes, the swelling rate increases rapidly for the 3 samples, but more markedly for the samples with the additives. In the sequence, the absorption kinetics is lower, tending to a plateau. Samples with additives reach a steady state after 30 minutes, with a swelling of approximately 198% for CA-NaCML and 238% for CA-NaCML-CaGP. While the CA sample continues to grow, it only reaches a plateau in 24 h with 170%.

The membrane degradation profile at physiological pH is shown in Figure 6B. We can see a small initial weight loss, even in the presence of additives in the membrane. This fact is associated with the low water solubility of the AC used (due to its degree of substitution), which is the basis of the polymeric matrix of the elaborated membranes. However, after 4 weeks, the membrane with the 2 additives, starts to degrade more sharply, showing a constant linear kinetics above to 6 weeks. Because it is the application in periodontal regenerative treatments, the rate of degradation is an essential parameter, since when playing the role of physical barrier, the membrane must remain intact separating the bone tissue from the connective tissue, for 3 to 4 weeks, period this is necessary for a complete regeneration (29). Considering that the materials commonly suggested for this application are degraded by the hydrolysis process and are disturbed by the oral environment, the verification of a degradation process that does not promote tissue damage during treatment is one of the first characteristics required for these materials. In this way, the membranes produced meet the requirements to be used as a little physical barrier, or nonabsorbable, since they have a degradation process at long term.



CONCLUSION

This study demonstrated that cellulose acetate porous membranes can be developed by the casting method using a combination of two solvents and that the incorporating a low amount of NaCML and CaGP, combined or not, can improve membrane interaction with the oral environment. Although the membranes have differentiated characteristics through a combination of the additives, its biocompatibility, mechanical properties, controllable degradation rate, make it an attractive material for use as a dental barrier membrane.
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