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Abstract

:

Biomedical industries are attempting to utilize natural materials, as they are bio-compatible, non-toxic, and show bioactive properties, like antimicrobial activity. In this study, natural polyelectrolyte complexed chitosan/alginate films (PECs) were prepared via a casting/solvent evaporation technique, and their characteristics and drug release properties were investigated. PEC films made with two different overall polymer contents, 0.4 and 1 w/v%, were loaded with thyme oil nanoemulsion as drug carrier. The structure of the films was studied by FTIR and optical and scanning electron microscopy. Prepared PEC films had good mechanical and water vapor permeability properties. Release of the thyme oil from the pH-sensitive PEC films (TM-PEC) was detected and followed by UV spectroscopy. The results indicated that the drug release rate of TM-PEC films was the fastest when the chitosan content was 1 %w/v, and various mathematical models were analyzed for investigating the drug release mechanism. Antibacterial tests were performed by counting the number of surviving gram-negative and gram-positive bacteria. The in vitro test indicated the limitation Escherichia coli (E. coli) and Staphylococcus aureus (S.aureus) growth in the presence of TM-PEC films. The MTT test showed more cell viability of the TM-PEC film in comparison with that of the PEC film without TM. Based on the measured physical and antibacterial properties, the chitosan–alginate PEC films loaded with antibacterial essential oils can be considered for biomedical applications, such as wound dressings or controlled release systems.
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1. Introduction


The neutralization and bridging produced by electrostatic forces is the major mechanism for the formation of polyanion–polycation polyelectrolyte complexes (PEC). There are several factors that affect PEC formation, such as degree of ionization or charge density, position of ionic groups on the polyionic chains, concentration, molecular weight, composition, and mixing order. PH and temperature of the medium are also important [1]. PECs have unique physicochemical properties, which are different from those of their individual components, with a wide range of applications as membranes [2,3], scaffolds [4,5], fibers [6,7], and microcapsules [1,8]. Alginate and chitosan are interesting biopolymers because they are cheap and well tolerated by the immune system [9,10]. Their use in PECs is widely reported [11,12,13]. Moreover, alginate–chitosan PECs have an impressive effect of limiting the release of encapsulated materials compared to either charged polymer alone [11].



Alginate is derived from seaweed and is an anionic block copolymer of α-(1-4)-L-guluronic (G) and β-(1-4)-D-mannuronic acid (M), which is usually present as the sodium salt. Alginate, an acidic linear polysaccharide, is chemically stable at pH values between 5 and 10. It can be converted into a hydrophilic gel which provides a moist wound environment and promotes healing process and epidermal regeneration [2]. The generic term “chitosan”, which is the deacetylated form of chitin, describes a range of presumably pure poly-(beta-1-4) N-acetyl-D-glucosamine materials. Chitosan is synthesized by various number of living organisms, such as insect cuticles and crustacean skeletons, e.g., crab, shrimp and lobster, and fungi [12]. Chitosan with excellent cell-adhesive properties and bacteriostatic effects can accelerate wound healing process [13].



Chitosan and alginate polysaccharides are both biocompatible and nontoxic materials (Figure 1), so their PEC films are non-cytotoxic towards human fibroblasts. Lee et al. [14] showed that human fibroblast cells on the PEC of sodium alginate and Chitosan retained more than 91% viability over a 4-day period of exposure. Chitosan–alginate membranes have been studied for low molecular weight drug delivery in a wound dressing. A 1:1 ratio of chitosan and alginate gives the greatest viscosity and a high porosity structure, and because of the complete pairing effect of ionic materials, less functional groups are accessible for reacting with drugs [15].



Because of the high antimicrobial, antioxidant, and antifungal activities of essential oils, their use in different fields, like the food, cosmetic, and pharmaceutical industries, has been increasing recently [16]. Thyme oil extracted from Thymus vulgaris has shown inhibitory activities against different bacteria and yeasts [17,18]. The major constituents of thyme essential oil, which is rich in phenolic phytochemicals, have been reported to be thymol, carvacrol, and γ-terpinene [19,20]. Antimicrobial activity of twenty plant oils and extracts against Candida albicans (C. albicans), Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli) was investigated by Hammer et al. [21]. The lowest minimum inhibitory concentration was obtained 0.03% (v/v) for thymol against C. albicans and E. coli. In a case study done by Nardelli et al. [22], different topical pharmaceutical products marketed in Belgium containing fragrances were tested on 18,960 patients to investigate their allergic contact effects. In this study, products with thyme oil or thymol showed the lowest allergic effects, which is also confirmed by Schilcher [23]. Encapsulation of essential oils in nanoemulsions has proved a new strategy for improving their efficacy, stability, and utilization [24]. Nanoemulsions are categorized as nanosized delivery systems for lipophilic compounds, such as flavors [25], vitamins [26], and antimicrobials [27]. Owing to their smaller particle sizes, nanoemulsions are much more stable against flocculation, coalescence, and creaming [28], which makes them an excellent candidate for food industries and as delivery agents for pharmaceuticals and drugs.



To the best of our knowledge, loading of essential oils in alginate–chitosan PEC films has not been studied previously. There are some studies about loading essential oils in chitosan–alginate beads or capsules which have different structures from that of film. In this study, thyme oil nanoemulsion (TM-nanoemulsion) has been successfully loaded in polyelectrolyte complexes of chitosan and alginate as a drug carrier. Prepared films were characterized using FTIR, SEM, swelling ratio, pH sensitivity, gel fraction, MTT assay and antibacterial activity against E.coli and S.aureus. In addition, release studies of thyme oil from the films and release mechanisms were investigated in detail to find the best controlled released system. The results of this research have important applications for the design and use of PEC films loaded with TM nanoemulsions for pharmaceutical applications, such as wound dressings and drug delivery systems.




2. Material and Methods


2.1. Material


Medium molecular weight chitosan (Natural Biopolymer Inc., MW = 7.4 × 105 g/mol, DD = 95.3) alginic acid sodium salt (Sigma, medium viscosity, A-2033), thyme oil (Spectrum Chemical MFG Corp T1047), tween 80 (Merck KGa, density = 1.06–1.090 at 20 °C/4 °C), buffer solutions at pH = 4, 7, and 10 (Dow Chemical company), phosphate buffered saline (Sigma Aldrich Chemical Company), Tryptic Soy Agar (TSA, BD, USA) and BactoTM Tryptic Soy Broth (TSB, BD, USA) were purchased and used without further purification.




2.2. Nanoemulsion Preparation


At ambient temperature, 2 %v/v Tween 80 was solved in distilled water and shook with a magnetic type stirrer at 500 rpm for 5 min. Then thyme oil was added slowly to reach desired concentrations (1, 2, and 3 %v/v). The resulting crude emulsion was sonicated using a Misonix Sonicator XL 2020 homogenizer. The sonication time was 30 min for all cases. Sonication applies ultrasonic frequencies to agitate particles in a sample to speed up dissolution by breaking intermolecular interactions and preventing aggregation of particles. Ultrasonication generates intensive and disruptive forces in order to minimize the size of nanoemulsion droplets [29]. Al-Kaysi et al. [30] demonstrated that sonication provides an approach to exert control over particle size, morphology, and colloidal stability. Sonicators are commonly used for dispersing, deagglomeration, reducing particle sizes, precipitation, and surface functionalization [31]. The resultant nanoemulsions were stored in the laboratory condition (25 °C).




2.3. Polyelectrolyte Complex Preparation


Chitosan powder was dissolved in 2 %v/v aqueous acetic acid and acetone to yield concentrations of 0.4 and 1 %w/v [2,32,33]. Sodium alginate was dissolved in distilled water to form homogeneous solutions of 0.4 and 1 %w/v. To a 25 mL of equivalent concentration of sodium alginate solution, 25 mL of each chitosan solution was added drop wise (1 mL/min by NE-1010 Syringe Pump) and stirred with a high speed mechanical mixer for 20 min. TM-nanoemulsion of 1 v/v% was selected as the best prepared solution. Therefore, 50 mL of the TM-nanoemulsion was added to the 50 ml chitosan–alginate solution to reach a final concentration of 0.5 %v/v and mixed for 10 min. The resultant suspension was cast onto a polyethylene petri dish and dried overnight at ambient temperature (25 °C) to yield a homogeneous PEC film. The final prepared films were named TM-PEC %1 and TM-PEC %0.4 based on their polymer content (1 and 0.4 %w/v respectively).





3. Characterization


3.1. Entrapment Efficiency (EE) and Drug Loading (DL)


The amount of thyme essential oil encapsulated in the nanoemulsion solution was calculated spectrophotometrically (Lambda 25, PerkinElmer) at 274 nm. In 5 mL of 95 mL/100 mL acetonitrile/water solution, 500 μL nanoemulsions were solved and blended for 48 h to make sure that all the entrapped active compounds were released into the solution. The EEs and DLs of the TM-nanoemulsions were calculated by the Equations (1) and (2) [34,35].




   EE   =      Amount   of   active   compound   entrapped     Initial   amount   of   thyme   oil      ×   100   



(1)






   DL   =      Amount   of   active   compound   entrapped     Initial   amount   of   nanoemulsion   solution      ×   100   



(2)






3.2. Particle Size and Charge Measurements


The dynamic light scattering experiments (DLS) were conducted using a DLS, Zetasizer Nano (Malvern, UK) instrument. The nanoemulsions were diluted with distilled water to a suitable concentration (1:10) at room temperature before analysis to prevent influence of multiple scattering.




3.3. Morphology Studies


Surface morphology of the PEC films was examined with a Nikon Eclipse 50i-POL optical microscope equipped with a Nikon DSFi1 camera. Internal surface and cross-section structure of the PEC films were also examined by a scanning electron microscope (Seron Technologies, AIS2100). To do this, films were frozen in liquid nitrogen for 5 min and then fractured for drug loading observation.




3.4. Fourier Transform Infrared Spectroscopy (FTIR)


FTIR spectra were used to confirm the formation of PEC and TM-PEC films [2,36]. Analysis was carried out by using a Nicolet iS10 (ThermoFisher, United State) spectrophotometer in the range from 600–4000 cm−1 at resolution of 4 cm−1. All films were analyzed in the absorbance mode.




3.5. PEC Swelling Ratio


The PEC films were soaked in distilled water at ambient temperature until reached a constant weight. At specified time intervals, the hydrogel was removed, and the excess water on the surface was dried by filter paper and weighed. The swelling ratio was calculated according to Equation (3):


%SR = [(Wwet − Wdry)/Wdry] × 100



(3)




where, Wwet and Wdry represent the weight of wet and dried films, respectively.




3.6. Water Vapor Transmission Rate


The water vapor transmission tests were performed according to the ASTM standard. A round piece of PEC film was placed on the top of a cup (36 mm diameter) containing 10 mL of distilled water and put in an incubator of 35% relative humidity at 37 °C. The films were fastened using Teflon tape across the edges to prevent any water vapor loss. The cups were weighed at specific time intervals, and WVTR was determined by Equation (4):


WVTR (g/m2/day) = [s × 24]/B



(4)




where s is the slope of weight loss versus time plot, and B is the area of cup mouth in m2.




3.7. pH Sensitivity


The pH-sensitivity behaviors of PEC films were studied in different phosphate buffer solutions with various pH values (pH = 4, 7, and 10) [37]. The dried hydrogels were soaked in buffer solution until reached the equilibrium state of swelling. The hydrogel was removed and the excess buffer solution on the surfaces was dried by filter paper and weighed. Values of the swelling ratio were then calculated according to the Equation (3).




3.8. Mechanical Test


Tensile strength of the PEC films was determined using a Z010 Zwick/Roell Universal apparatus. PEC films (Slab shaped) with 10 mm width and 20 mm length were cut and thickness determined using a caliper (thickness was in the range of 1–2 mm). The tension and elongation at break were measured at a speed of 10 mm/min at room temperature. The elastic modulus was then calculated from the observed stress–strain behavior. Each test was repeated at least 3 times, and the averages were reported as the final values.




3.9. Cytotoxicity Test


The toxicity of the PEC extracts was quantitatively evaluated by MTT assay on L929 cells. The method was described previously [38]. Briefly, alginate–chitosan solutions containing TM-nanoemulsion were prepared, poured into a 96-well plate and dried overnight. When TM-PEC films were prepared and sterilized under UV exposure for 30 min, then 200 µL of sterile normal saline was added to each well and incubated at 37 °C for 24 h. About 50 µL of each extract and 50 µL of nanoemulsion was added separately to each 24-well plate containing 450 µL of cell suspension (104 cells/mL) in RPMI-1640 media supplemented with 10% fetal bovine serum (FBS) in triplicate. Negative control wells were considered as cell suspension without extracts. Plates were incubated for 24 and 48 h in a CO2 incubator at 37 °C with 5% CO2 and 85% humidity. After each period of incubation, 100 µL MTT (5 mg/mL) solutions were added to each of the wells and incubated for an extra 4 hours. Cells were washed with phosphate buffer saline (PBS). To each well, 0.5 mL DMSO was then added, and final optical densities were measured at 570 nm.




3.10. In Vitro Test


The antibacterial activities of the PEC films against E. coli, Gram-negative bacteria, ATCC# 25922) and S.aureus, Gram-positive bacteria, ATCC# 33591) were evaluated by using the viable cell counting method, which was described previously [38]. Each bacteria was cultivated in a Tryptic Soy broth medium separately (17 g/L Casein, 3 g/L Soybean Peptone, 2.5 g/L Dextrose, 5 g/L Sodium Chloride, and 2.5 g/L Dipotassium Phosphate) to obtain an optical density of 0.2 (about 2 × 107 CFU/mL). PEC films (with or without thyme oil nanoemulsion) with an average weight of 30 mg and 100 μL of TM-nanoemulsion were soaked (or mixed) separately with 1 ml bacteria/TSB solution and incubated for 24 hours in a shaker at 37 °C. For preparing decimal dilutions, 100 μL of the bacteria/TSB solution was mixed with 900 μL of broth medium. On an agar plate, 10 μL of the diluted bacteria/TSB solution was slowly spread (15 g/L Pancreatic Digest of Casein, 5 g/L Papaic Digest of Soybean, 5 g/L Sodium Chloride, and 15 g/L Agar). Plates were incubated for 24 hours at 37 °C and then the number of bacteria was counted. A blank PEC film without TM-nanoemulsion and nanoemulsion without thyme oil was used as the control.




3.11. Drug Release


Each of the PEC films loaded with TM-nanoemulsion (TM-PEC) was immersed in 10 mL of phosphate buffer solution at 37 °C in a Thermo-Fisher shaker (pH 7.4). At regular time, 3 mL of the solution were removed, and the same volume of buffer solution was added to keep the volume at a constant level. The amount of the released thyme oil was calculated at a wavelength of 274 nm using a Lambda 25, PerkinElmer spectrophotometer. A blank PEC film without TM-nanoemulsion was used as the control.




3.12. Drug Release Kinetics


To realize the release mechanism of thyme oil from the PEC films into Buffer solution, the release rate was modeled by the semi-empirical Korsmeyer–Peppas equation (Equation (5)) [39].


Mt/M0 = k.tn



(5)




where Mt/M0 is the fraction of drug released at time t and k and n are constant values describing the macromolecular network system and transport mechanism. The parameter n is dependent on the geometry of the structure and the physical transport mechanism of solute [40]. As the k value increases, the drug releases faster [41]. Detailed interpretations of the release parameters n and k are given in Table S1 [42].



Different kinetics models, explained as follows (Equations (6)–(9)) [43,44], were also employed to understand the kinetics of drug release from the film network:


Zero-order: Ct = C0 + k0.t



(6)








First-order: log Ct = log C0 − k1.t/2.303



(7)






Higuchi: Ct = kH.t 1/2



(8)






Hixson-Crowell: C0HC1/3 − CtHC1/3 = kHC.t



(9)





Ct is the concentration of drug at time t, C0 is the concentration of drug at time = 0 (usually, C0 = 0), k0 is the zero-order constant, k1 is the first-order constant, kH is the Higuchi constant, C0HC is the initial concentration of the drug in film, CtHC is the remaining concentration of drug in dosage form at time t, and kHC is Hixson–Crowell constant.




3.13. Drug Release Method Validation


The method validation was performed by ICH guidelines [45]. The limits of quantification (LOQ) and detection (LOD) were calculated based on the relationship between the standard deviation (SD) of the calibration curve and its slope (S) using the following equations [46]: LOD = (3SD/S) and LOQ = (10SD/S). Linearity was calculated by the determination of regression coefficient (r2).




3.14. Statistical Analysis


Microsoft Excel software was applied to calculate p values by t test and analysis of variance (ANOVA). Values of p < 0.05 were considered statistically significant.





4. Results and Discussion


4.1. Entrapment Efficiency and Drug Loading


Entrapment efficiency is the percentage of drug which is entrapped into the nanoparticles. The calculated EE for TM-nanoemulsion was 71 g/100 g meaning that the 70% of the thyme oil is entrapped into the nanoemulsions, which indicates good entrapment. Loss of 30% of the thyme oil might be because of the evaporation of volatile components of thyme oil during the process of preparation of the nanoemulsion solutions.



Drug loading is the concentration of the loaded drug per unit weight of the nanoparticle, showing the percentage of mass of the nanoparticle that is owed to the encapsulated drug [38]. The DLs of the nanoemulsion was about 2.83 g/100 g meaning that 2.83% of the nanoemulsion weight is composed of the thyme oil.




4.2. Hydrodynamic Emulsion Particle Diameters and Particle Charge Measurements


Mean particle diameters of the TM-nanoemulsions were measured by the DLS method, and the results are compiled in Table 1. Solutions with 1 and 2 %v/v essential oil had diameters below 100 nm demonstrating formation of nanoemulsion. However, emulsion prepared with 3 %v/v essential oil had diameter of 165 nm, which is in the range of microemulsions. By increasing the concentration of nanoemulsion from 1 to 3 %v/v, the particle size increased from 50 to 165 nm (p > 0.05). Because of the higher number of particle collisions and coalescence during emulsification, increasing thyme oil concentration led to increased mean droplets sizes. Because of the lower particle size of the 1 %v/v nanoemulsion, it was used as the drug model in this study.



Polydispersity index (PDI) values are also given in Table 1. PDI shows the uniformity of particle diameter in an emulsion. By increasing the value of polydispersity, the uniformity of nanoemulsion particle size decreases [47]. PDI is defined as the ratio of the standard deviation from the mean particle diameter to the mean particle diameter [47]. PDI is dimensionless, and values smaller than 0.07 are seldom observed except for highly monodisperse systems [48]. PDI values higher than 0.7 are assigned for samples with a very vast size distribution and are not appropriate for DLS analysis [49]. Polydispersity values near 1.0 indicate a polydisperse system [50]. TM-nanoemulsions had low PDI values which indicate their stability and uniformity.




4.3. Morphology


Microscopic examination of the TM-PEC films provided information about the homogeneity of the samples. Figure S1 presents the microscopic images of the TM-PEC films. Although both films appeared homogeneous, their comparison showed that TM-PEC %1 had a less dense structure than the more compact TM-PEC %0.4 film. Chitosan could decrease the network densities because it may induce relatively entangled porous sizes and perturb the stable three dimensional polymer networks [51].



The morphology of the films was investigated by SEM to observe film surface and cross section structures, homogeneity, and porosity of the composite PEC films. The SEM photos of the surface and cross section of the TM-PEC films incorporated with nanoemulsion are presented in Figure 2. The morphological structures of the PECs-TM were composed of a dense outer surface layer and a porous inner cross-section layer. TM-PEC films showed a relatively flat and smooth surface but irregular cross-sectional morphology. It was found that with increasing content of chitosan, structural irregularity and porosity increased.




4.4. FTIR Analysis


The FTIR spectrum of chitosan (Figure 3) displayed vibrational peaks at 3360 cm−1 (O–H and N–H stretch), 2877 cm−1 (C–H stretch), 1647 cm−1 (amide), 1561 cm−1 (N–H bending of amine), 1152 cm−1 (antisymmetric stretch C–O–C and C–N stretch), and 1032 cm−1 (skeletal vibration of C–O stretch) [52]. The alginate spectrum showed vibrations at 3600–3000 cm−1 (O–H stretch), 1600 cm−1 (COO−antisymmetric stretch), 1412 cm−1 (COO−symmetric stretch), 3000–2850 cm−1 (C–H stretching), and 1085–1032 cm−1 (C–O–C antisymmetric stretch). The peak at 1637 cm−1 for alginate and chitosan mixture (blank PEC film without TM-nanoemulsion) is assigned to the superposition of the carboxylate group on alginate and the amine/amide groups on chitosan. These results proved that the carboxylate groups (−COO) of alginate react with the protonated chitosan amino groups (−NH3+) by electrostatic attraction to form the polyelectrolyte complex. The interactions between amide bonds on chitosan and the protonated carboxylate groups on alginate could also form intermolecular hydrogen bonds between the polymers [53]. The FTIR band between 2955 and 2863 cm−1 is related to stretching of the thyme oil CH3 group. Peaks at 1350 and 1250 cm−1 are attributed to OH in-plane bending and C–O stretching vibrations from the thyme oil phenol group, respectively [54,55]. The band at 800 cm−1 is ascribed to out of plane aromatic C–H wagging vibrations [56].




4.5. Swelling Ratio


All of the PEC films showed a fast swelling rate (Figure 4) that can be attributed to their large capacity (macro pores in the film), which let the films absorb large amount of water [57]. TM-PEC %0.4 film had a final lower swelling ratio in comparison with that of TM-PEC %1. The reason may be because TM-PEC %1 has less crosslinked functional groups, so there is less resistance against expansion and penetration of water molecules into its structure. While TM-PEC %0.4 has more functional groups leading to a more confined structure and less swelling ratio. After 5 hours, the swelling ratio of both PEC films reached a relatively constant maximum value. Both structures had a gradual weight loss and deswelling. Due to the incomplete reaction, there are some unreacted alginate and chitosan molecules in the solution, which are solved from the membrane into water and can be responsible for some weight loss of the chitosan–alginate PEC membranes after swelling.




4.6. Water Vapor Transmission Rate (WVTR)


Controlling the water loss from wound surface in order to prevent excessive dehydration is an essential factor for an ideal wound dressing [58]. Lamke et al. [59] reported that the water vapor loss rates for normal skin, granulating wound, and first-degree burn are 204 ± 12, 5138 ± 202, and 279 ± 26 g/m2/day, respectively. A rate of 2000–2500 g/m2/day should maintain an appropriate moisture level without wound dehydration [60]. However, some commercial wound dressings, such as Geliperms (Geistlich Ltd., Switzerland) and Vigilons (Bard Ltd., Crawley, UK) have been reported to have a WVTR of 9009 ± 319 and 9360 ± 34 g/m2/day, respectively [61], which may dry the wound surface causing the dressing to adhere, requiring a secondary dressing to prevent water vapor loss. The calculated WVTR for the chitosan/alginate PEC films were in the range of 1900–2200 g/m2/day and in the ideal range for use as wound dressings (Table 2). WVTR values of TM-PEC %0.4 and TM-PEC %1 (p > 0.05) were very similar. Incorporating TM-nanoemulsion decreased the WVTR (p > 0.05). Regarding the data obtained, the prepared films have the potential capability to keep a sufficient level of moisture to build up exudates on the wound surface.




4.7. pH Sensitivity


The pH sensitivity of the PEC film is shown in Figure 5. When the buffer solution pH is low, the functional −NH2 groups of chitosan are protonated (−NH3+), and most of the carboxyl groups in alginate are in the form of −COOH. Therefore, in a solution with pH of 4 (Acidic medium), charged chitosan chains repulse each other, leading to the expansion of the films and increased swelling ratios. As the pH increased, the degree of ionization of chitosan decreased and the carboxylic acid groups in alginate became ionized. Electrostatic interactions between −NH3+ and −COO- became stronger step by step, and more compressed films with lower swelling ratios formed [32]. By increasing the pH value from 4 to 10, the swelling ratio decreased (p > 0.05). Because of the higher amount of chitosan in TM-PEC %1 film, its swelling ratio was much higher (about 800%) at pH = 4. However, by increasing the pH, it became denser and more compact leading to a low swelling value (37% for pH = 10). This decrease was less (p > 0.05) for the TM-PEC %0.4 film with a lower chitosan content (from 170% for pH = 4 to 24% for pH = 10).




4.8. Mechanical Tests


The mechanical properties of the PEC films in the form of their tensile strength, elongation at break, and Young’s modulus were calculated from their stress–strain observations and the results are shown in Table 3. Tensile strength evaluates the strength and elongation at break point indicating stretchability of the film before breakage. The maximum stress in TM-PEC %1 (2.24 Mpa) was higher than that of TM-PEC %0.4 (0.94 Mpa). This may be caused by increasing the amount of chitosan and alginate and interactions between functional groups leading to a more crosslinked and confined and less elastic structure.



The modulus of elasticity or Young’s modulus describes the stiffness of materials and is one of the most important properties of solid materials. From Hook’s law, the modulus of elasticity is defined as the ratio of the stress to the strain [62]. The Young’s modulus (stiffness) of the PEC film increased with increasing concentration of chitosan and alginate. Increase in film stiffness can be assigned to the formation of new functional groups which affect polymer interaction and orientation in the film [3].




4.9. Cytotoxicity Test


Evaluation of toxicity of the TM-PEC films and TM-nanoemulsion was performed by MTT assay, and the results are presented in Figure 6. After 24 h, extracts of both TM-PEC films and TM-nanoemulsion showed 102–104 and 84% metabolically active cells in comparison with cells without the medicine (71%–74%, negative controls), respectively. By increasing the contact time to 48 h, cell viability of TM-nanoemulsion reached 90% and remained relatively constant (103%) for TM-PEC %1 film. The TM-PEC %0.4 film had a lower level of cell viability after 48 hours. This can be explained by the effect of some thyme oil ingredient, such as thymol and carvacrol, on cell growth and proliferation [63,64]. Carvacrol is a new and natural anticancer drug for human OSCC (oral squamous cell carcinoma). It could suppress human OSCC cancer cells’ proliferation by a series of biological pathways including cell cycle regulation, apoptosis, tumorigenesis, adhesion, and invasion [63]. Additionally, the MTT assay and colony formation assays illustrated the function of carvacrol in cell growth and proliferation [63]. Thymol is considered as an oxygenated compound and the role of O2 in stimulating cell proliferation has been described in many literatures [65,66], this may explain the role of thymol in stimulating the growth of fibroblast [67]. It can be hypothesized that the incorporation of thymol into the dressings might have improved the collagenization by modulating fibroblasts growth [64].



It can be concluded from the results of MTT assay that the TM-PEC 1% was not cytotoxic and TM-nanoemulsion and TM-PEC 0.4% had low-toxicity in the term of fibroblast cells; therefore, the films could be a good candidate for in vivo assay.




4.10. Antibacterial Test


The antibacterial test of TM-PEC films and TM-nanoemulsion against E. coli and S.aureus were tested by using the viable cell-counting method. The antibacterial activities of thyme essential oil against E.coli and S.aureus have been investigated previously [65,66,67]. Figure 7 shows quantitative amounts of survival E. coli for PEC films (with and without drug) and TM-nanoemulsion. The number of bacteria in TM-nanoemulsion decreased in comparison with that without thyme oil. This decrease was significant for TM-nanoemulsion of 2 v/v% indicating the dependency of antibacterial activity on concentration of nanoemulsion, which can be related to the hydrophobicity of the thyme oil due to the hydrophobic phenolic constituents such as carvacrol and thymol. The hydrophobic thyme oil diffuses in the lipid layer of the cell membrane, which could lead to deterioration and increase permeability of the membrane [68]. It has been assumed that the phenolic components, such as thymol and carvacrol, suppress the calcium and potassium transport by partitioning in the lipid phase of the membrane and subsequently changing the local environment of calcium channels [69]. Calcium has an established role in the normal homeostasis of mammalian skin and serves as a modulator in keratinocyte proliferation and differentiation [70].



The number of E.coli in TM-PEC films also decreased in comparison with that of negative control but was comparable with the initial number of bacteria (inoculum) indicating that the TM-PEC films could limit the growth of bacteria (p < 0.05). Adding more chitosan did not have an obvious effect, which may be explained by the interaction between positively charged chitosan molecules and negatively charged microbial cell membranes. It has been shown that higher positive charge leads to the stronger antibacterial activity. The formation of polyelectrolyte complexes is mainly because of an electrostatic mechanism, so positive charge density on chitosan decreased. The electrostatic interactions between the polycationic structure and the anionic components of the microorganisms’ surfaces is a basic factor in the antibacterial activity of chitosan [42].



The quantitative amounts of survival S.aureus bacteria for PEC films (with and without drug) and TM-nanoemulsion are also shown in Figure 8. Same results were observed. The number of bacteria in TM-nanoemulsion decreased in comparison with that of without thyme oil. This reduction was significant for TM-nanoemulsion of 2 v/v% indicating the dependency of antibacterial activity on concentration of nanoemulsion (same as E.coli). The number of S.aureus in TM-PEC films also decreased in comparison with that of negative control but was comparable with the initial number of bacteria (inoculum) showing that the PEC films could limit the growth of bacteria. In all cases, a solution without any PEC film (containing only E.coli or S.aureus bacteria solution) was chosen as the negative control.



It should be mentioned that in the antibacterial tests, although the growth medium is not similar to the wound exudates, it simulates the worst condition where the number of bacteria is much higher than may present at a wound surface. The prepared growth culture provides the best conditions in terms of medium composition, pH, and temperature for the growth of test microorganisms, which leads to the maximum growth and activity of the microorganisms. Therefore, it can be concluded that higher activity is expected in real cases as wound surface and exudates do not maintain optimum growth conditions for the microorganisms. On the other hand, the natural defense mechanism during healing process also helps to prevent the growth of bacteria [71].




4.11. Drug Release


The main effective components of thyme oil are thymol and carvacrol. The UV spectrum of thymol and carvacrol showed maximum absorption at 274 nm [72], so the cumulative thyme oil release of PEC films was monitored at this wavelength. Values of thyme oil release for both TM-PEC films are presented in Figure 9. TM-PEC %1 and %.4 films had initial release of 60% and 15% in the first 6–7 hours, respectively. The first release phase may be related to the dissolution of drug adsorbed onto the surface of the films. During this time, the drug molecules are desorbed from the film surfaces and diffuse into the dissolution medium [42]. After this initial release, there was a long slow release period where a cumulative release of around 77% and 20% in TM-PEC %1 and %0.4 films was achieved during the next 100 h. By increasing the amount of chitosan from 0.4% to 1%, the porosity increased more, and the density of cross linking in the final network decreased, which resulted in an accelerated drug release.



Method validation was performed by calculating the LOD, LOQ, linearity, and accuracy for the loaded nanoemulsion-TM. The calculated LOD and LOQ values were 1.01 and 3.39 μg/L, respectively. The calibration curve equation was y = 0.0048x + 0.1031 with a regression coefficient of r² = 0.9968. Good linearity was calculated for TM-PEC films demonstrating the accuracy of the obtained calibration curve and drug release calculation.




4.12. Drug Release Mechanism and Kinetics


The drug release data were fitted to all mathematical models considered here over two different time ranges (0–6 and after 6 hours) [73]. The highest value of the regression coefficients was assumed to determine the best mathematical model of drug release kinetics [44]. Table 4 presents the results of n and k values for both films, which showed excellent linearity (r2 = 0.91–1.00). The values of n for both PEC films in the first 6 hours were 0.5 indicating that both films follow a Fickian model. After 6 hours, however, there was a statistically significant (p < 0.05) decrease (0.06 and 0.08 for TM-PEC %1 and TM-PEC %0.4, respectively), where the mechanism of drug release would be considered as a Pseudo–Fickian diffusion mechanism based on the Korsmeyer–Peppas equation [74]. By increasing the concentration of PEC from 0.4 to 1%, the kinetic constant k increased showing an increased drug release.



In the first-order model a constant fraction of drug in the body is eliminated per unit of time, while zero-order kinetics describes the process of constant drug release from a drug delivery system, and drug level in the blood remains constant during the delivery [38]. In both time ranges, the released drug data fitted the first-order model indicating that the release rates are directly related to the concentration of drug and do not follow the zero-order release kinetics due to their lower values of regression coefficient in comparison with that of first-order model (Table 4).



Higuchi describes the drug release as a diffusion process based on Fick’s law with a square root time dependence and hypothesizes that the swelling of matrix and dissolution are small or negligible [75]. The Hixson–Crowell cube root law describes the release from systems where there is a change in surface area and diameter of particles or tablets [76]. This model assumes that the release rate is limited by the dissolution rate of drug particles and not by drug diffusion [77] During the initial 0–6 h, the release data followed the Hixson–Crowell model closely, with high values of regression coefficients 0.93–0.97. This supports drug dissolution as the main kinetic barrier to drug release due to changing polyelectrolyte structure. After 6 h, the drug release became stable, and by comparison between the fitted release data, it can be observed that there is little difference between the Higuchi and Hixson–Crowell models (0.83–0.87 in comparison with 0.84–0.89). Actually, after 6 h, drug diffusion through the PEC matrices becomes more effective (Table 4).





5. Conclusions


Polyelectrolyte complexes of chitosan and alginate loaded with TM-nanoemulsion as a medicine model were prepared by a casting/solvent evaporation method. FTIR spectra indicated formation of alginate–chitosan PEC films loaded with thyme oil. The homogeneity of the Thyme oil alginate–chitosan PEC films were confirmed by optical and scanning electron microscopy. The pH sensitivity test indicated that swelling ratio of both PEC films decreased as pH increased. The final PEC films had good mechanical properties, and the WVTR of the films were in the range of an ideal wound dressing. MTT assay showed lower toxicity of TM-PEC %1 in comparison with that of TM-PEC %0.4. TM-PEC films could limit the growth of both gram-negative E.coli and gram-positive S. aureus bacteria. Drug release from the TM-PEC %1 film was much faster than that of TM-PEC %0.4 film. It was understood that dissolution was the main factor in the drug release mechanism for all systems especially in the initial hours. Our results suggest that the prepared TM-PEC films may be appropriate for use in the controlled release of drugs or smart wound dressings when loaded with antibacterial essential oils like thyme oil.
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Figure 1. Structure of chitosan–alginate PEC. 
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Figure 2. SEM Photos of (a) TM-PEC %0.4 (b) TM-PEC %1: Surface (left) and cross section (right). 
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Figure 3. FTIR results. 
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Figure 4. Swelling ratio of PEC films. 
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Figure 5. pH Sensitivity of TM-PEC films. 
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Figure 6. Cell viability of the PEC films: (1) TM-nanoemulsion, (2) PEC 1, (3) PEC 0.4, (4) TM-PEC %0.4, (5) TM-PEC %1. 
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Figure 7. Antibacterial activities of TM-PEC films and TM-nanoemulsions against E.coli. 
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Figure 8. Antibacterial activities of TM-PEC films and TM-nanoemulsions against S.aureus. 
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Figure 9. Drug releases of TM-PEC films. 
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Table 1. Hydrodynamic diameter of emulsions.
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