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Diabetes-related wounds are a significant problem with serious consequences for both patients and health care systems. The aim of this study is to produce healing films that will expedite the healing of diabetic wounds in order to minimize the negative effects experienced by diabetic patients. For this purpose, films were produced by combining chitosan, which possesses the ability to accelerate wound healing, silver nanoparticles, well-known for their superior properties such as preventing the occurrence of microbiological activity and providing thermal stability, and ascorbic acid, also referred to as vitamin C, which the body requires during the treatment process. The films were evaluated by applying a series of characterization analyzes (XRD, FTIR, Transmission Electron Microscopy, DSC-TGA) to the produced films. In addition, the films were subjected to microbiological tests. Following that, the films’ swelling and ascorbic acid release behaviors were investigated in deionized water and a phosphate buffered saline solution with pH 7.4, respectively.
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1 INTRODUCTION
Diabetes is one of the most serious health problems in the modern era. Diabetes mellitus is a chronic disease that occurs as a result of the deficiency or ineffectiveness of the insulin hormone. Diabetes mellitus, which occurs due to factors such as poor eating habits, a more sedentary life as a result of technological advancements, and familial hereditary factors, has a rapidly increasing incidence. According to the Diabetes Atlas of the International Diabetes Federation (IDF), 1 in every 11 adults worldwide has diabetes. In addition, according to IDF data, 1 person dies every 6 s as a result of diabetes-related complications (Zimmet et al., 2014). Insulin deficiency as a result of diabetes has a direct effect on the blood and vessels, causing significant damage to the epithelial tissue and resulting in the formation of chronic wounds, one of the most serious complications of diabetes in the body. These chronic wounds become infected very quickly and, if left untreated, produce bone inflammation (osteomyelitis) in the wound. The primary methods used in the treatment of diabetes wounds are physical methods such as hyperbaric oxygen (HBO), negative pressure wound, ozone, tropical oxygen, electrical stimulation, electromagnetic current therapy, and phototherapy. Due to the inadequacies of therapeutic physical methods, diabetic patients face a variety of complications such as various disabilities, psychosocial traumas, and an inability to meet health care costs. Moreover, the progression of an infection that can occur as a result of untreated wounds to the bone may threaten the patient’s life. In order to eliminate this danger and prevent the infection from spreading throughout the body, the patient’s injured organ patient is cut off (amputation) (Greenhalgh, 2003). While amputation prevents the infection from spreading to the rest of the body, it has been observed that such an intervention can result in various traumas to develop in some patients. Different complications have also been shown to be triggered by the elevated stress experienced by patients as a result of traumas. Chitosan is an aminopolysaccharide produced by the conversion of acetylamino (-NH-CO-CH3) groups on chitin, a natural polysaccharide obtained from shellfish, to amino (-NH2) groups, that is, via deacetylation of chitin (Fu et al., 2018). In addition to its antimicrobial properties, chitosan is a non-toxic, biocompatible, and biodegradable substance. Due to these qualities, chitosan is frequently employed in the pharmaceutical industry and medical applications (Reddy et al., 2016; Jayaramudu et al., 2020). When chitosan is applied to the bleeding site, it acts as a coagulant by attracting erythrocyte cells to the wound via electrostatic interactions. For this reason, it is utilized to block the flow of blood in surgeries or military injuries. Besides having hemostatic properties, it exhibits antimicrobial capacity. Because of its polycationic nature, it binds to negatively charged bacterial surfaces, disrupts the integrity of the bacterial cell membrane, increases cell permeability, and neutralizes bacteria. In addition, chitosan inhibits the cell’s protein synthesis by altering the DNA of microorganisms (Goy et al., 2009). Nano-sized silver particles are widely used in medical applications and implants due to their broad-spectrum antimicrobial activity and non-toxicity to bacteria, fungi and viruses (Dakal et al., 2016; Fahmy et al., 2017; Taha et al., 2022; Yin et al., 2020; Bruna et al., 2021). Studies have demonstrated that silver alters and inhibits the effects of cellular enzymes and DNA. It has been determined that Ag (I) ions bind to and neutralize electron-carrying compounds such as thiols, carboxylates, amides and imidazoles found in the enzyme and DNA structures of microorganisms (Taha et al., 2022). Ascorbic acid (AA) is used as an antioxidant due to its ability to retain oxygen. Immunity is thought to weaken during infections due to the decrease in the level of AA in white blood cells (Carr and Maggini, 2017). AA also performs a variety of functions in the body’s operation (Yin et al., 2022). Recent studies have revealed that ascorbic acid is involved in the synthesis of collagen, a connective tissue. AA is also believed to play a role in strengthening blood vessels; in the lack of AA, blood vessels weaken and bleeding may occur with small strokes. In the literature, no published studies combining these three substances with superior properties were found. Therefore, the purpose of this study is to combine these three materials with favorable and attractive properties for diabetic wound healing. Thus, although chitosan films containing Ag nanoparticles (AgN) cover the wound and prevent biological activation, it is aimed that a wound healing effect will be observed via the release of AA. In this way, it will be ensured that the healing process of the wound is accelerated in the optimum environment and that the negative effects experienced by the patient are eliminated at the lowest cost. For this reason, chitosan films containing AgN and AA were prepared for this investigation. The produced films were then subjected to several characterization analyses (XRD, FTIR, TEM, TGA, DSC) and microbiological analyses, and their swelling and the films’ AA release behavior were investigated.
2 MATERIALS AND METHODS
2.1 Materials
Silver nitrate (AgNO3, Merck, extra pure) and trisodium citrate (C6H5Na3O7, Merck, %99) were utilized in the production of AgN. In the preparation of films, chitosan (Sigma Aldrich), glycerol (Sigma Aldrich), gelatin (Sigma Aldrich), and sodium bicarbonate (NaHCO3, Merck) were used. For the AA supply, Redox-C (500 mg/5 ml, Bayer) was used.
2.2 Production of Silver Nanoparticles (AgN)
The method developed by Turkevich et al. (1951) was used to synthesize AgN particles. While 60 ml of 1 mM silver nitrate solution was mixed using a magnetic stirrer, the solution was also heated. 6 ml of 10 mM trisodium citrate was added dropwise to the solution once it reached 90°C. Meanwhile, the solution was mixed and it was maintained at a constant temperature of 90°C. Following the completion of the addition process, the solution was briefly stirred and left to cool to room temperature. TEM analyses of the prepared samples were performed.
2.3 Production of Chitosan Films Loaded AgN and AA
Chitosan films were prepared by modifying the method devised by Moe et al. (Bruna et al., 2021). Chitosan (w/w, 1, 2.5 and 5%) was mixed for 1–2 h to dissolve in AA solution (1, 2.5, 5% etc.) (Liping et al., 2020). After the addition of 1 ml of the AgN solution, gelatin dissolved in 10 ml of warm water was added. While mixing continued, 7 ml of 5% aqueous sodium bicarbonate was added dropwise, and the pH was controlled during the process. It was ensured that the final solution had a pH of 6. The mixture was then added to with 2 g glycerol solution which was dissolved in 10 ml water and it was mixed for 5–10 min, after which the films were left to dry at ambient temperature. Dried films were stored at +4°C.
2.4 Characterization of Chitosan Films
Different analysis methods were used to characterize the chitosan films produced under three different conditions. X-Ray Diffraction (XRD) and Fourier Transform Infrared Spectroscopy (FTIR) analyzes were performed to examine the structural properties of the films, and morphological properties were determined using Transmission Electron Microscopy (TEM) for the grain size analysis of AgN particles. XRD analysis was performed using the Bruker Brand D 8 Advance instrument, FTIR analysis using a Perkin Elmer 400 spectrophotometer, and TEM analysis using the FEI Tecnai G2 Spirit Biotwin instrument. The temperature dependent behavior of the films was determined via Differential Scanning Calorimetry and Thermogravimetric Analysis (DSC/TGA, Netzsch STA 449 F3 Jupiter instrument). In addition, the antimicrobial properties of the films were examined via an antimicrobial test (Staphylococcus aureus/Escherichia coli) according to ISO 16649-2 and ISO 6888 standards. AA release studies were performed using a UV-Vis spectrophotometer (Shimadzu brand, UVmini-1240 model).
2.5 Swelling Behavior of Chitosan Films
The swelling behavior of the chitosan films was investigated using a pH 7.4 phosphate buffered saline (PBS) solution. For this, films of a certain mass were left in 50.0 ml of PBS solution and the mass of the film that was removed from the solution at certain intervals of time was measured. The % swelling values of the films were calculated using the following equation (Baş et al., 2014; Jayaramudu et al., 2017).
[image: image]
Where, Ws is the mass of the swollen film (g), W0 is the mass of the dry film (g).
2.6 AA Release of Films
Because skin wounds have a pH greater than 6 (Schneider et al., 2007), a phosphate buffered saline (PBS) solution with pH 7.4 was used for AA release studies. A certain amount of samples collected from the films were kept in PBS solution, and certain amounts of samples were removed from the solution at certain time intervals to determine the amount of AA passed into the solution using the UV-Vis spectrophotometric method. The data obtained were processed via calculating in terms of mass of AA released per unit mass of film (mg/g) as shown in the following equation (Şen and Yakar, 2001).
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Where; CAA is the AA concentration released (mg/L), W is the weight of the film (g), V is the volume of PBS (L).
3 RESULTS AND DISCUSSION
3.1 Production of Chitosan Films Loaded AgN and AA
Chitosan films were prepared by modifying the method devised by Moe and Khaing (2014). A series of experiments were carried out in order to optimize the preparation process of the chitosan films under laboratory conditions. 1.0, 2.5 and 5.0% chitosan concentrations were mixed for 1–2 h to dissolve in 1.0% (w/w) (2.5%, 5.0%, etc.) AA solution. However, 1.0, 2.5 and 5.0% AA solutions were observed to be insufficient to dissolve 2.5 and 5.0% (w/w) chitosan. For this reason, the percentage of chitosan was reduced to the lowest concentration available and the percentage of AA was increased. In the experiments, the rate of chitosan was kept at a constant of 1.0% (w/w) and the rate of AA varied between 5.0, 7.5, and 10.0% (w/w). In the initial studies, 1.0 ml of the AgN solution obtained was added to this solution, but it was observed that adding 1.0 ml of AgN solution did not prevent the films from developing bacterial formations. Because of that, the amount of AgN added to the chitosan films was gradually increased up to 16.0 ml. Since it was observed in the studies that the amount of gelatin added to the film was not sufficient to ensure film formation, 3.0 g of gelatin dissolved in 10.0 ml of warm water was added to the solution. During stirring, 7 ml of 5% aqueous sodium bicarbonate was added to the medium drop by drop to reduce the acidity of the solution and maintain a certain pH level. Thus, the pH of the final solution was ensured to be approximately 6.0. Then, 2.0 g glycerol solution diluted in 10.0 ml of water was added to the mixture to give the film flexibility. Following this addition, the mixture was stirred for an additional 5–10 min. The solution was transferred to Petri dishes and kept at +4°C.
3.2 Characterization Analyzes
3.2.1 Transmission Electron Microscopy Analysis of AgN
Image analysis of the produced AgN was performed by using TEM (Figure 1).
[image: Figure 1]FIGURE 1 | TEM images of AgN.
As seen in Figure 1, the sizes of AgN particles were less than 100 nm. In fact, it is demonstrated in the TEM image that the very small AgN particles grow in size as they agglomerate. The cause of this was interpreted as the particles in the sample interacting with one another and gradually increasing in size as a result (Fahmy et al., 2016; Fahmy et al., 2020). However, it was determined that the obtained silver particles were in nanoparticles.
3.2.2 X-Ray Diffraction Analysis of Chitosan Films
The XRD method was used in the structural analysis of chitosan films produced using three different AA compositions. The patterns obtained during the analysis are given in Figure 2.
[image: Figure 2]FIGURE 2 | XRD patterns of the films.
When Figure 2 is examined, it is seen that the XRD patterns of the three films, each with different AA concentrations, are quite similar to each other. The resulting image is an amorphous structure. However, it is seen in the literature that the severe broad peak between 20 and 30 thetas is attributed to chitosan (Chen et al., 2007; Akmaz et al., 2013). Additionally, the peaks of AgN are unfortunately not visible. This is viewed as a result of the extremely low amount of AgN used in the production of the films.
3.2.3 Fourier Transform Infrared Spectroscopy Analysis of Chitosan Films
FTIR analysis was performed to determine the functional structure of the produced films. The FTIR spectra of the films are given in Figure 3.
[image: Figure 3]FIGURE 3 | FTIR spectra of the chitosan films.
When Figure 3 is examined, the film with three different compositions can be observed to possess sharp peaks in the same regions. The flat peak observed at 3,295 cm−1 indicates the presence of -OH. In addition, the sharp peak observed at 1,645 cm−1 can be attributed to the -NH bending vibration band (Ahmad et al., 2011). In the wavelength range of 1,600–1,000 nm, as well as the N-H bending vibration of the primary amine, vibrations of OH, CH in the ring and C-O-C and C-O stretching vibrations, regarded as fingerprints for the saccharide structure of chitosan, were detected (Kumirska et al., 2010; Sailakshmi et al., 2013; Gharaie et al., 2018; Drabczyk et al., 2020). The peaks seen at 547 cm−1 belong to the Ag-O stretching vibration band (Yong et al., 2013).
3.2.4 TGA-DSC Analysis of Chitosan Films
In order to examine the behavior of three different AA-containing films under varying temperature conditions, analyses were performed via the TGA and DSC methods. Measurements were taken at a heating rate of 20°C/min and in an inert atmosphere. The obtained thermograms are given in Figure 4.
[image: Figure 4]FIGURE 4 | TG and DSC thermograms of the films (A) %5 AA, (B) %7,5 AA, (C) %10 AA
When Figure 4 is examined, it is seen that the three thermograms are very similar to each other. Only a change in the peak intensities was observed due to the alteration of the composition of the films. In the TG graph, the first mass loss started at approximately 160°C and a total mass loss of 10% occurred. According to the DSC graph, this loss is due to an endothermic reaction that causes the water molecules in the films to move away from the structure (Valencia et al., 2014; Metzler et al., 2015). As illustrated in Figure 4, the second degradation occurs gradually in the range of 240–400°C. The degradation reactions occurring here are exothermic. The graph indicates that the glycosidic bonds within the body of chitosan, a polysaccharide, are broken and the chain is reduced at temperatures in the range of 240–400°C (Valencia et al., 2014; Metzler et al., 2015). At temperatures above 400°C, the structure completely deteriorated. It is seen from the TG graph that the total mass loss was approximately 75% for all three films.
3.2.5 Microbiological Analyzes of Chitosan Films
Microbiological analyzes were performed for chitosan films containing three different amounts of AA by a provincial control accredited laboratory. Microbiological analyses for Escherichia coli (E. coli) and Staphylococcus aureus (Staph. aures), which are pathological bacteria particularly found in wounds, were performed according to ISO 16649-2 and ISO 6888 standards, respectively. The results for both bacteria were negative for all three samples. Chitosan is a potent antimicrobial agent due to its cationic characteristics and antimicrobial character (Goy et al., 2009; Ahmed and Ikram 2016). Chitosan is a substance that has been approved for antimicrobial activity with three antibacterial mechanisms having been identified. One is the interaction of the chitosan ionic groups with the bacteria cell wall. Another is chitosan’s ability to penetrate the nuclei of microorganisms, initiating the inhibition of the protein synthesis. The last one is its ability to form chelating metals, suppressing the intake of essential nutrients for microbial growth (Goy et al., 2009). On the other hand, the antimicrobial effects of silver nanoparticles have been defined in 7 different ways (Yin et al., 2020). First, silver nanoparticles can adhere to and can pass through the cell wall. Secondly, silver ions interact with ribosome, denaturing them and inhibiting protein synthesis. Thirdly, silver ions activate respiratory enzymes in the cytoplasmic membrane, stopping ATP synthesis. Fourth, the membrane is damaged by the resulting reactive oxygen species. Fifth, silver nanoparticles and reactive oxygen species bind to DNA and inhibit cell proliferation. Sixth, they accumulate on the cell wall, causing denaturation of the membrane. Seventh, they directly enter the cytoplasmic membrane (Durán et al., 2016; Noronha et al., 2017; Liao et al., 2019; Yin et al., 2020).
3.2.6 Swelling Behavior of Chitosan Films
The swelling behavior of the films containing three different amounts of AA in a PBS solution with a pH of 7.4 was examined over time. The obtained data are graphically presented in Table 1.
TABLE 1 | Swelling behavior of chitosan films.
[image: Table 1]The swelling behavior of the films is critical for determining the AA release behavior. This is because the more the film swells, the more likely it is that the AA it contains will be released. However, it is possible to see structural deterioration in films that absorb a large amount of water. When Table 1 is examined, the swelling of the films, that is, the diffusion of water into them, occurs quite rapidly during the first minutes. After a length of time, the amount of water absorbed by the films reached equilibrium. All films swelled by absorbing water molecules at a rate of approximately 400% of their mass in about 140 min. The structural integrity of the films was also seen to be preserved. Kim et al. (2003) conducted their study using semi-interpenetrating polymer network hydrogels consisting of chitosan and polyacrylonitrile. In this study, the swelling behavior of the hydrogels obtained by mixing chitosan and polyacrylonitrile in different proportions were investigated. From the experimental results, they found that the swelling behavior of the hydrogels increased with the increase of the chitosan ratio in the hydrogels. They assert that this is due to the large number of sites in chitosan capable of binding to water. Felinto et al. (2007) prepared hydrogels using polyethylene glycol (PEG 300 and 400) and chitosan under ultraviolet light (UV) and c-radiation curing, at room temperature. In their study, they investigated the swelling behavior of these hydrogels. They determined that the hydrogel made from chitosan–PEG 400 exhibited a maximum swelling of 530% within 120 min at a 9.0 pH value. Findings have been interpreted as indicating that ionized carboxylic acid groups repel each other electrostatically at higher pH levels, thus increasing the swelling ratio.
3.3 AA Release Studies
AA release studies were carried out using chitosan films containing three different amounts of AA in the PBS solutions of 7.4 pH, and the data obtained were graphed and presented in Figure 5.
[image: Figure 5]FIGURE 5 | Release kinetics of AA from chitosan films.
When Figure 5 is examined, it is seen that AA release increases with increasing AA content. At the same time, long-term release is a desirable property for controlled drug release. The polysaccharides in the chitosan structure can interact with and incorporate ascorbic acid into its structure with the help of hydrogen bonding (Ahmed and Ikram, 2016). It was determined that the amount of AA release increased over time and reached its equilibrium value (∼0.2 mg/g) in films in approximately 6 days. Desai and Park (2005) demonstrated that cross-linked chitosan microspheres exhibited nearly 96% AA release in 30 min. The obtained results will serve as a guide for future studies (Desai and Park, 2005). Kaczmarek et al. (2016) determined that the highest concentration of AA based on chitosan was released after 4 h of immersion in PBS.
4 CONCLUSION
In this study, preparation methods of chitosan films and their AA release behaviors were investigated. Firstly, films containing silver nanoparticles were produced to determine production conditions. Then, ascorbic acid, which was employed as a therapeutic agent in the study, was added to the films at various concentrations, and the films were characterized using different methods. Furthermore, microbiological analyzes of the films revealed that they were antibacterial against pathogenic bacteria. In the release studies, it was observed that the release kinetics occurred in a regulated manner and that drug delivery reached equilibrium in 6 days. The release investigations indicate that one of the fundamental parameters affecting the release behavior of chitosan films is their AA content. According to the experimental results, chitosan films containing silver nanoparticles loaded with AA are suitable for use as a bandage in the treatment of diabetes. To conclude, the films prepared in this study can be considered as potential healing materials for diabetic wounds and may be employed especially for local therapeutic transdermal applications.
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