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Abstract

:

The current study aimed to produce a material that has dual effects of healing and anti-inflammatory activity. For this purpose, a κ-carrageenan/polyacrylamide film loaded with cetrimide (κ-CAR/PAAm/CI) was developed using the manual casting technique. Definite concentrations of κ-CAR and AAm were heated at 80 °C for 2 h, and CI and glycerol were added. The solution was cast without using an initiator or crosslinker. The reaction of the sulfonic acid group -SO3H of κ-CAR with the –CONH2 group of PAAm lead to the formation of a sulfonamide (–SO2NH–) group. The characteristics of the produced films were investigated based on FT-IR, TGA, the contact angle, and mechanical properties. An improvement in the thermal stability of the κ-CAR/PAAm/CI2 film containing 1.5% CI was achieved, compared to the film with 0.5% CI (κ-CAR/PAAm/CI1). The contact angle measurement proved that the films were hydrophobic, enhanced by increasing the CI content. The tensile strength and elongation percent values are considered adequate for materials used in wound care. The κ-CAR/PAAm/CI2 (1.5% CI) film showed superior antimicrobial activity against P. aeruginosa, moderate activity against S. aureus, and low activity against E. coli. The κ-CAR/PAAm/CI2 film effectively inhibited heat-induced hemolysis and showed wound contraction activity at a level of 100% after 19 days of excision wound treatment. The prepared films may offer a promising approach for the development of effective wound dressings.
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1. Introduction


Wound healing criteria are affected by a variety of variables like the type of wound, the amount of fluid produced by the wound, and the patient’s overall health status [1]. The use of an appropriate wound dressing is essential for preventing complications such as infection and promoting optimal wound healing [2]. Because of their excellent properties, biopolymers are extensively used as wound care materials [3]. Biopolymers can aid in the recovery process by facilitating tissue regeneration, controlling inflammation, and acting as a scaffold for cellular growth and migration [4,5]. Carrageenan, α-(1–4)-3,6-anhydro-d-galactose and β-(1–3)-d-galactose, is a type of biopolymer derived from red seaweed that has been used in wound healing applications [6,7,8,9,10]. It is a polysaccharide formed from galactose and 3,6-anhydrogalactose repeating units, and its characteristics are determined by its molecular weight, degree of sulfation, and structure [11]. Carrageenan has antimicrobial properties against a variety of bacteria such as Staphylococcus aureus and Pseudomonas aeruginosa, both of which can infect wounds and slow healing [12]. However, more research is needed to fully understand its potential benefits and limitations in wound healing [13].



Polyacrylamide, poly-(2-propenamide), is a synthetic polymer that has been used in wound healing. It promotes wound healing by creating a moist environment. The moist environment assists in the prevention of wound desiccation, which can impede healing. Polyacrylamide protects the wound from external contaminants by maintaining the moist barrier while allowing oxygen and nutrients to reach the wound site [14,15,16,17]. It can also provide mechanical support to the wound site. The hydrogel can form a soft, conformable gel that can fill irregular wound shapes and provide a Cushing effect, which can reduce mechanical stress on the wound and minimize pain.



Cetrimide, or alkyltrimethylammonium bromide, is a quaternary ammonium compound with antiseptic properties [18]. It is commonly used as an ingredient in various pharmaceutical and personal care products [19]. Cetrimide is primarily used for its antimicrobial effects [20], helping to prevent or treat infections caused by bacteria and fungi [21].



The reaction of the sulfonic acid group (–SO3H) with the amide group (–CONH2) can lead to the formation of a sulfonamide (–SO2NH–) group. This reaction can occur in both organic and inorganic chemistry contexts. The resulting sulfonamide product can have a range of applications in organic synthesis, pharmaceuticals, and materials science. Sulfonamide compounds are often used as drugs for their antibacterial, antifungal, and diuretic properties [22]. It is well-known that sulfa drugs (sulfonamides) are a group of synthetic antimicrobial agents that have been widely used to treat bacterial infections. They work by inhibiting the growth and reproduction of bacteria, specifically by interfering with the biosynthesis of folic acid, which is essential for bacterial cell metabolism. Sulfonamides are bacteriostatic, meaning that they inhibit the growth of bacteria rather than directly killing them [23]. They interfere with PABA (p-aminobenzoic acid) in the biosynthesis of folic acid, leading to impaired DNA, RNA, and protein synthesis, and ultimately bacterial cell death.



Covalently crosslinked κ-carrageenan/polyacrylamide double network (DN) hydrogels were prepared using a UV initiator in the presence of KCl as an ionic charge carrier and N,N-methylenebisacrylamide as a crosslinker, intended to be used as self-healing materials [24,25]. Although DN hydrogels have excellent mechanical properties, most of them exhibit negligible fatigue resistance through the effect of irreversible covalent bonds [26].



Physical crosslinking methods such as ionic crosslinking represent an efficient route to prepare three-dimensional network polymers without using toxic chemical agents. The chemicals used in chemical crosslinking are often toxic, and the residual crosslinker must be removed before its use in biomedical applications [27].



In this study, a self-crosslinked κ-carrageenan/polyacrylamide hydrogel film was prepared successfully for the first time without using an initiator or crosslinker with the manual casting method. Cetrimide (CI) was added to the network structure to obtain a material that has dual healing and anti-inflammatory effects. The structures of the κ-CAR/PAAm/CI films were studied using FT-IR. The thermal and mechanical properties were investigated. Investigations of their antimicrobial, anti-inflammatory, and wound healing activities were also performed.




2. Materials and Methods


2.1. Materials


κ-Carrageenan (Gelcarin GP 812, Irish Moss–CAS:9000-07-1) was provided by Phytotechnology laboratories, (Lenexa, KS, USA) Prod No:C257, Lot: 04F25709B, and acrylamide was obtained from Sigma (St. Louis, MO, USA). Cetrimide (C17H38BrN) was provided by QualiChem’s Fine Chem Pvt. Ltd., Vadodara, India (Figure 1). The utilized chemicals and reagents were high-quality and used without other purification.




2.2. Preparation of κ-CAR/PAAm/CI Films


In this study, a straightforward methodology was employed to prepare healing films based on κ-carrageenan/polyacrylamide (PAAm). Initially, 2 g of κ-Carrageenan was dissolved in 100 mL of distilled water. Once fully dissolved, 5 g of acrylamide (AAm) was added and heated to 80 °C for 2 h, resulting in a viscous solution named κ-CAR/PAAm. Defined amounts of κ-CAR/PAAm were mixed with a 1% (w/w) aqueous solution of cetrimide, as specified in Table 1. Subsequently, 30 wt% of glycerol was introduced into the solution through 2 h of stirring. Following this, 15 mL of the solution was poured into 10 cm Petri dishes and kept in an oven at 40 °C for 24 h. Afterward, the films were immersed in distilled water at 60 degrees Celsius for 3 h. After that, the films were washed multiple times with hot water, soaked in water for 24 h, and then dried in an oven at 60 degrees Celsius. This treatment effectively eliminated any unreacted species. Furthermore, the degree of conversion, determined according to a reference method, was measured to be 90.1 ± 2.3%, contributing to the hydrophobic characteristics of the films [28].




2.3. Fourier Transform Infrared Spectroscopy (FT-IR)


The main functional groups present in the pure κ-carrageenan, κ-CAR/PAAm/CI0, and κ-CAR/PAAm/CI2 films were identified using FT-IR spectroscopy, performed with a Bruker Unicom infrared spectrophotometer (Rheinstetten, Germany), and the spectra were recorded within the 400–4000 cm−1 wavelength region.




2.4. Thermal Gravimetric Analysis (TGA)


The thermal stability of the pure κ-CAR, CAR/PAAm/CI0, κ-CAR/PAAm/CI1, and κ-CAR/PAAm/CI2 films around the sterilization temperature was investigated through thermal gravimetric analysis (TGA) using a Shimadzu TGA-30 instrument (Kyoto, Japan) in a nitrogen atmosphere. The analysis covered a temperature range from room temperature to 600 °C, with a heating rate of 10 °C/min.




2.5. Mechanical Properties


The mechanical properties of the κ-CAR/PAAm/CI0 and κ-CAR/PAAm/CI2 samples were assessed through tensile testing using Hounsfield tensile testing equipment (Haida Equipment Co. Ltd., Dongguan, China) (model H10 KS). Dumb-bell-shaped specimens measuring 50 mm in length with a 4 mm neck width were employed for the tests, which were conducted at room temperature. The stretching speed of the film was set at 10 mm/min, and a 20 kN load cell was utilized.




2.6. Contact Angle Measurements


The hydrophobicity or wettability of the κ-CAR/PAAm/CI0 and κ-CAR/PAAm/CI2 films was examined by measuring the contact angle at room temperature. A VCA Video Contact Angle System (model Krüss DSA25B, Nürnberg, Germany) was employed for this purpose. A digital micro-syringe was utilized to place a water droplet on the film surface, the film being fixed on a leveled, smooth platform [29]. To ensure accuracy, triple measurements were taken for each film at different locations.




2.7. Antimicrobial Activity


The antimicrobial activity of the κ-CAR/PAAm/CI2 films was investigated using the agar well diffusion method [30]. In this approach, a microbial inoculum volume was evenly spread across the surface of an agar medium. The antimicrobial efficacy of the films was evaluated against three strains of bacteria, including one Gram-positive type, Staphylococcus aureus (S. aureus), and two Gram-negative types, Pseudomonas aeruginosa (P. aeruginosa) and Escherichia coli (E. coli). This test allowed us to assess the ability of the κ-CAR/PAAm/CI2 films to inhibit the growth of both Gram-positive and Gram-negative bacteria, providing valuable insights into their potential as antimicrobial wound dressings.




2.8. Anti-Inflammatory Activity


The anti-inflammatory activity of κ-CAR/PAAm/CI0, κ-CAR/PAAm/CI1, and κ-CAR/PAAm/CI2 was investigated using the following protocol: Fresh blood collected from healthy volunteers was placed in heparinized tubes and centrifuged at 3000 rpm for 10 min. The red blood pellets were dissolved in normal saline, and the resulting volume was measured. A 40% w/w suspension was prepared by reconstituting the dissolved red blood pellets with an isotonic buffer solution (10 mM sodium phosphate buffer, pH 7.4) containing NaH2PO4, Na2HPO4, and NaCl. The samples were dissolved in distilled water to create a hypotonic solution. Duplicate pairs of centrifuge tubes were prepared for each dose of the extract (ranging from 100 to 1000 μg/mL) in both hypotonic and isotonic solutions. Control tubes containing distilled water or 200 μg/mL of indomethacin were also prepared. To each tube, we added 0.1 mL of erythrocyte suspension, which was mixed slowly. The mixture was incubated at 37 °C for an hour and then centrifuged for 3 min at 1300 rpm. The supernatant was estimated at 540 nm using a spectrophotometer (Milton Roy, Golden, CO, USA). The hemolysis percent was calculated considering the amount of hemolysis produced in the presence of distilled water to be 100%. The hemolysis inhibition percentage of the extract was calculated accordingly:


  I n h i b i t i o n   o f   h a e m o l y s i s     %   = 1 −     O D   2   −     O D   1       O D   3   −     O D   1     × 100  



(1)




where OD1 is the absorbance of the test sample in the isotonic solution, OD2 is the absorbance of the test sample in the hypotonic solution, and OD3 is the absorbance of the control sample in the hypotonic solution.




2.9. In Vivo Wound Healing


2.9.1. Excision Wound Mode


Animals were randomly assigned to groups for the evaluation of wound healing activity. Male mice weighing between 50 and 60 g were utilized to evaluate the effectiveness of the biofilms κ-CAR/PAAm/CI0 and κ-CAR/PAAm/CI2 in wound healing through in vivo testing in comparison to an untreated control group. The mice received standard pellet diets and water and were kept in carefully controlled environments with 12 h light and dark cycles. The mouse’s dorsal fur was shaved with an electric trimmer, and a wound with a diameter and depth of 100 mm2 and 1 mm was made with sterilized surgical scissors. Biofilms of 1.5 cm × 1.5 cm sheets were applied to the wounded areas. Wound healing progress was evaluated using naked eye observation of the wound’s contraction, epithelialization, and wound morphology. Photographs were taken at each measurement interval [31].




2.9.2. Measurement of Wound Contraction


Wound size was measured immediately and on the 7th, 14th, and 21st days post-operation. The evaluation of wound healing was performed using 12 mice, divided equally into three groups. The first group was used as a control, with shaving alone and no dressing. The second group was treated with κ-CAR/PAAm/CI0 films, while the third group was treated with κ-CAR/PAAm/CI2 films. The evaluated surface area was used to calculate the percentage of wound contraction, taking the initial size of the wound (100 mm2) as 100% as in the following Equation:


  P e r c e n t a g e   o f   w o u n d   r e d u c t i o n   % =   I n i t i a l   w o u n d   a r e a − w o u n d   a r e a   a f t e r   a   t i m e   i n t e r v a l s   I n i t i a l   w o u n d   a r e a   × 100  



(2)









2.10. Statistical Analysis


All results were statistically analyzed using one-way ANOVA. Differences among average values were analyzed with Duncan’s multiple range test using IBM SPSS software version 24 as a statistical resource at p < 0.05.





3. Results and Discussion


3.1. Synthetic Route of κ-CAR/PAAm/CI Films


A κ-CAR/PAAm double-network hydrogel system was effectively produced due to its distinctive properties [32]. Yu et al. prepared the system using Zr4+ ions to crosslink the first network under UV irradiation in the presence of an α-ketoglutaric acid photoinitiator and N,N′-methylene bis-acrylamide crosslinker [33]. Deng et al. prepared the system using K+ ions to crosslink the first network and an ammonium persulfate initiator [34]. In this study, κ-CAR/PAAm was prepared through a physical crosslinking method without using any initiator or crosslinker. When mixing carrageenan with acrylamide and heating the solution to 80 degrees Celsius, the thermal energy provided by the elevated temperature may be sufficient to initiate the polymerization of acrylamide without the need for a chemical initiator, as described in previous studies [35,36,37]. At 80 degrees Celsius, the acrylamide monomer can diffuse into the carrageenan solution and react with the carrageenan chains to form a copolymer. The carrageenan chains in the copolymer may be crosslinked with each other through the AAm. After casting and cooling, the carrageenan–acrylamide copolymer may be highly entangled, making it difficult for water molecules to penetrate the film. To ensure that no residue of AAm monomer remained in the copolymer matrix, the films were soaked for three hours in water at 60 °C, washed many times, and soaked overnight in water. Figure 2 shows the possible synthesis route for κ-CAR/PAAm/CI through the formation of a sulfonamide linkage and Michael addition between CAR and AAm. The same mechanism was reported in the polymerization route of chitosan/acrylic acid copolymer [27]. Moreover, cetrimide was linked with κ-CAR through electrostatic interaction between the positively charged amino group of cetrimide and the negatively charged sulfate group of κ-CAR. This mechanism is consistent with that previously explained by Cao et al., who synthesized complex hydrogel beads composed of hydrolyzed polyacrylamide (HPAM) and chitosan through an electrostatic interaction [28]. Moreover, the chitosan/κ-carrageenan hydrogel was greenly prepared through an electrostatic interaction between positively charged amino groups on chitosan with negatively charged sulfate groups on κ-CAR without any toxic agent [38].




3.2. Spectral Analysis


The FT-IR spectrum of the pure κ-carrageenan exhibited characteristic absorption peaks that included –OH stretching vibration at 3280 cm–1, –CH at 2920 cm–1, the polymer-bound water at 1624 cm–1, O=S=O at 1237 cm–1, glycoside bond at 1044 cm–1, ether group in the 3,6-anhydrogalactose of the carrageenan at 918 cm–1, and sulfate ester bonding in galactose at 849 cm–1 (Figure 3) [39]. The FT-IR spectrum of the pure AAm features a prominent strong peak at 1613 cm–1, attributed to the vibration of C=C in pure AAm. Additionally, the hydrogen (H) peaks associated with the C=C–H bonds at approximately 980 cm–1, which are clear in pure AAm, exhibited reduced intensity. The FT-IR spectra of both κ-CAR/PAAm/CI0 and κ-CAR/PAAm/CI2 are shown in Figure 3. Remarkably, the C=C peak at 1613 cm–1, indicative of AAm, is conspicuously absent in these spectra, strongly suggesting that the acrylamide (AAm) underwent full and successful polymerization into polyacrylamide (PAAm) in these samples. The FT-IR spectrum of κ-CAR/PAAm/CI0 showed a broad band of –OH centered at 3370 cm–1. It must be noted that the splitting of the –OH group may reflect the presence of two different types of hydrogen bonds: intramolecular and intermolecular hydrogen bonds [40]. Another reason for this splitting may correspond to the hydrogen bonded OH group and the non-hydrogen bonded OH group. The band of C=O of the amide group appears at 1672 cm–1 [41]. The peaks at 1222 and 1040 cm–1 are due to the sulfate group stretching vibrations and the anhydrogalactose unit in CAR, respectively. The pyranose ring peak appears at 603 cm–1. The effect of CI on the chemical structure of κ- CAR/PAAm/CI2 was obtained, as shown in Figure 3. A slight change in the spectrum of κ-CAR/PAAm/CI2 when compared to κ-CAR/AAm/CI0 indicated that there is no significant chemical interaction between CI and κ-CAR/PAAm. The peaks of the sulfate group, the anhydrogalactose unit, and pyranose ring stretching vibrations in κ-CAR were affected, which reflected the rearrangement of these groups through the effect of CI.




3.3. Thermogravimetric Analysis (TGA)


TGA and DTA thermograms of the pure κ-CAR, κ-CAR/PAAm/CI0, κ-CAR/PAAm/CI1, and κ-CAR/PAAm/CI2 are shown in Figure 4. For the pure κ-CAR, the first stage of decomposition occurred at 120 °C due to the loss of water and other volatile compounds. The main degradation of κ-CAR occurred in the range of 250 °C, where a rapid weight loss was observed, indicating the decomposition of the polysaccharide backbone [42]. In light of the results obtained in our study, it is evident that κ-CAR possesses impressive thermal stability characteristics, making it a valuable material for various industrial and food-related applications [43]. It can be observed that the thermogram of κ-CAR/PAAm/CI0 has three decomposition stages. The first stage occurred at around 100 °C, where a small amount of weight was lost owing to the loss of physically adsorbed water. The second stage, occurring at 186 °C, may be attributed to the elimination of the –OSO3– and –NH2 side groups and the carbohydrate backbone’s fragmentation. The third stage occurred at 330 °C due to the further decomposition of the backbone carbon chains. The charred residue of κ-CAR/PAAm/CI0 is much less than that of pure κ-CAR, which explains the high level of crosslink formation between κ-CAR and AAm. It can be noted that a decrease in thermal stability was obtained with the incorporation of CI into κ-CAR/PAAm/CI1. The first stage occurred at 133 °C, and the second and third stages occurred at 220 °C and 392 °C. An improvement in the thermal stability of κ-CAR/PAAm/CI2 was obtained, as compared to κ-CAR/PAAm/CI1. The first stage occurred at 112 °C, and the second and third stages occurred at 231 °C and 421 °C.




3.4. Contact Angle


The water contact angle for κ-CAR/PAAm/CI0, κ-CAR/PAAm/CI1, and κ-CAR/PAAm/CI2 was measured as seen in Figure 5. The contact angle of κ-CAR/PAAm/CI0 is 117.95°, indicating that the κ-CAR/PAAm/CI0 is hydrophobic. It must be pointed out that κ-CAR and AAm are hydrophilic materials; however, the κ-CAR/PAAm/CI0 substrate prevents water from spreading or wetting the surface. This confirmed the unique structural and chemical properties of κ-CAR/PAAm/CI0. The excessive chemical and physical bonds which are formed create a more highly crosslinked structure. This structure may create a hydrophobic barrier that prevents water or other liquids from penetrating the κ-CAR/PAAm/CI0 film. It can be also noted that the contact angles of κ-CAR/PAAm/CI1 and κ-CAR/PAAm/CI2 are 126.60° and 139.30° due to the increasing hydrophobicity as a result of including CI in the film substrate. The same angle was obtained for an alkali cellulose/polyvinyl alcohol biofilm [44].



The increased hydrophobicity of the prepared κ-CAR/PAAm/CI0 films after the addition of cetrimide (κ-CAR/PAAm/CI1 and κ-CAR/PAAm/CI2 films), as indicated by the contact angle results, is a key characteristic essential for their role as wound dressings. This controlled hydrophobicity serves multiple purposes, including effective exudate management to maintain an optimal wound healing environment, the prevention of dressing dissolution upon contact with moisture or bodily fluids, and the provision of water-resistant qualities. The level of hydrophobicity is carefully controlled during the film preparation process to strike the right balance between moisture management and patient comfort, ensuring the films’ durability and effectiveness in managing wound exudates without dissolution, making them well-suited for their intended application as wound dressings.




3.5. Mechanical Properties


The mechanical properties of the κ-CAR/PAAm/CI2 film were thoroughly examined and compared with those of the κ-CAR/PAAm/CI0 film, as visually depicted in Figure 6a–c. The mechanical characteristics of wound dressings are of paramount importance due to their direct influence on wound healing outcomes. Among these properties, a high tensile strength and Young’s modulus (MPa) are particularly desirable, as they confer robustness and durability to the film. Notably, κ-CAR/PAAm/CI2 displayed a significantly higher Young’s modulus (MPa) of 25.47 MPa, while κ-CAR/PAAm/CI0 registered at 16.45 MPa. This discrepancy underscores the pivotal role of CI in enhancing the crosslinking and mechanical strength of κ-CAR/PAAm/CI2. Conversely, the κ-CAR/PAAm/CI2 film exhibited a percentage of elongation at a break of 15.89%, a measure of flexibility. It is crucial to recognize that the specific wound type and stage of healing can influence the ideal mechanical properties of wound dressings, and a 15.89% elongation at break may be considered suitable for wound healing and various applications in the field of wound care. These mechanical properties are vital in tailoring wound dressings to balance protection, comfort, and wound healing requirements, emphasizing the material’s suitability for various wound care applications.




3.6. Antimicrobial Activity


The antimicrobial activity of the κ-CAR/PAAm/CI2 films against Staphylococcus aureus (S. aureus), a Gram-positive bacteria, and Pseudomonas aeruginosa (P. aeruginosa) and Escherichia coli (E. coli), Gram-negative bacteria, was studied, as shown in Figure 7. It is clear that the κ-CAR/PAAm/CI2 films showed potent antibacterial properties against the investigated pathogens. The inhibition zones of S. aureus, P. aeruginosa, and E. coli were found to be 15, 31, and 13 mm, respectively. This means the κ-CAR/PAAm/CI2 films have superior antimicrobial activity against P. aeruginosa and moderate antimicrobial activity against S. aureus, while they have low antimicrobial activity against E. coli. The results of the present study are consistent with the literature. The results regarding the antibacterial properties of the κ-CAR/PAAm/CI2 films showed considerable antimicrobial activity. This remarkable antibacterial performance can be attributed, in part, to the properties of cetrimide (CI), which serves as an essential component of the film’s formulation. Cetrimide is known for its inherent antimicrobial activity and has been widely utilized for its ability to inhibit the growth of both Gram-positive and Gram-negative bacteria [45]. The antimicrobial mechanism of cetrimide often involves disrupting the integrity of bacterial cell membranes, thereby compromising their structural and functional integrity. The incorporation of CI into κ-CAR/PAAm films likely enhances their antimicrobial efficacy, making them promising candidates for applications where infection control and wound protection are critical.




3.7. Anti-Inflammatory Activity


The anti-inflammatory activity of the κ-CAR/PAAm/CI0, κ-CAR/PAAm/CI1, and κ-CAR/PAAm/CI2 films were investigated, as shown in Figure 8. The hemolysis curve shows that the hemolysis assay yielded good results and met our expectations. The hemolysis inhibition percent at a concentration 1000 µg/mL was found to be 97.9, 70.7, and 65.4% for the κ-CAR/PAAm/CI2, κ-CAR/PAAm/CI1, and κ-CAR/PAAm/CI0 films, respectively. It can be observed that the κ-CAR/PAAm/CI2 film exhibited the highest edema inhibition percent, followed by κ-CAR/PAAm/CI1, and the lowest one was the κ-CAR/AAm/CI0 film. It must be noted that the κ-CAR/PAAm/CI2 film effectively inhibited heat-induced hemolysis [46].




3.8. Wound Healing Activity of the Films


The wound contraction reflects the wound healing progress on the 7th, 14th, and 21st days, comparing the groups treated with the κ-CAR/PAAm/CI0 and κ-CAR/PAAm/CI2 films to an untreated control (Table 2, Figure 9). The results obtained reveal a significant enhancement in wound closure. After 7 days of treatment, the wound closure percentages were 71%, 53%, and 51% for the groups treated with κ-CAR/PAAm/CI2 and κ-CAR/PAAm/CI0 and the untreated control, respectively. By day 14, the wound closure percentages had improved to 98%, 90%, and 73% for the groups treated with κ-CAR/PAAm/CI2 and κ-CAR/PAAm/CI0 and the untreated control, respectively. Impressively, on day 21, the groups treated with the κ-CAR/PAAm/CI2 and κ-CAR/PAAm/CI0 films exhibited rapid healing, achieving nearly 100% wound closure, while the untreated control reached 82%. These results underscore the substantial reduction in the wound area facilitated by the κ-CAR/PAAm/CI2 film. The incorporation of cetrimide improved the film potential to expedite wound healing and shorten the epithelialization period to 19 days and 22 days in the groups treated with the κ-CAR/PAAm/CI2 and κ-CAR/PAAm/CI0 films, respectively, while in the control group, it was 26 days. The presence of κ-CAR in the film, with its sulfur groups, may contribute to this effect by promoting keratosis and histological changes and offering immunomodulatory properties [47].





4. Conclusions


In this study, a κ-carrageenan/polyacrylamide/cetrimide (κ-CAR/PAAm/CI) film was prepared successfully for the first time without using an initiator or crosslinkers with the manual casting method. The properties of the κ-CAR/PAAm/CI films were studied in order to determine their applicability for use as wound healing materials. An improvement in the thermal stability of the κ-CAR/PAAm/CI2 (CI: 1.5%) film was achieved, compared to κ-CAR/PAAm/CI1 (CI: 0.5%). It was found that the κ-CAR/PAAm/CI0 film is hydrophobic, where the contact angle is 117.95°. The contact angle increased to 126.60° and 139.30° for κ-CAR/PAAm/CI1 and κ-CAR/PAAm/CI2, respectively, through the effect of CI. The tensile strength and elongation percent values are considered adequate for materials used in wound care. The κ-CAR/PAAm/CI2 film showed antibacterial activity against S. aureus, P. aeruginosa, and E. coli. The hemolysis inhibition percent at a concentration of 1000 µg/mL was found to be 97.9, 70.7, and 65.4% for the κ-CAR/PAAm/CI2, κ-CAR/PAAm/CI1, and κ-CAR/PAAm/CI0 films, respectively. The in vivo wound healing study indicated that the incorporation of cetrimide into a κ-CAR/PAAm film has a beneficial impact on the wound healing process and may offer a promising approach for the development of effective wound dressings. The κ-CAR/PAAm/CI2 film showed higher healing activity with a wound contraction percentage of 98% after 14 days of wound treatment.
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Figure 1. The 3D structures of κ-carrageenan, acrylamide, and cetrimide, respectively. 
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Figure 2. The synthesis route for κ-CAR/PAAm/CI preparation. Red triangle is the symbol of heating. 
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Figure 3. FT-IR spectra of pure κ-CAR, pure AAm, κ-CAR/PAAm/CI0, and κ-CAR/PAAm/CI2 films. 
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Figure 4. TGA (a) and DTA (b) thermograms of pure κ-CAR κ-CAR/PAAm/CI0, κ-CAR/PAAm/CI1, and κ-CAR/PAAm/CI2 films. 
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Figure 5. The contact angles (a) and the time-dependent change (b) of the water contact angle for κ-CAR/PAAm/CI0, κ-CAR/PAAm/CI1, and κ-CAR/PAAm/CI2 films. 
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Figure 6. The mechanical properties of κ-CAR/PAAm/CI0 and κ-CAR/PAAm/CI2 films: (a) stress/strain, (b) Young’s modulus (MPa), and (c) elongation at break (%). 
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Figure 7. Antimicrobial activity of κ-CAR/PAAm/CI2 films. 
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Figure 8. Anti-inflammatory activity graph of κ-CAR/PAAm/CI0, κ-CAR/PAAm/CI1, and κ-CAR/PAAm/CI2 films. 
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Figure 9. Wound healing appearance during 21-day study period in different treatment groups: (A) control untreated, (B) treated with κ-CAR/PAAm/CI0, and (C) treated with κ-CAR/PAAm/CI2 films. 
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Table 1. Composition of the CI-reinforced κ-CAR/PAAm films.
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	Code
	κ-CAR/PAAm (mL)
	Cetrimide (mL)





	κ-CAR/PAAm/CI0
	15.0
	0.0



	κ-CAR/PAAm/CI1
	14.5
	0.5



	κ-CAR/PAAm/CI2
	13.5
	1.5










 





Table 2. Effect of κ-CAR/PAAm/CI0 and κ-CAR/PAAm/CI2 films on excision wound contraction.
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Group (Treatment)

	
Wound Area (mm2) on Post-Wounding Days




	
Day 7

	
Day 14

	
Day 21




	

	
Wound Area (mm2)

	
% Wound Contraction *

	
Wound Area (mm2)

	
% Wound Contraction *

	
Wound Area (mm2)

	
% Wound Contraction *






	
Control

	
49 ± 2.4

	
51

	
27 ± 1.3

	
73

	
18 ± 0.1

	
82




	
Treated with κ-CAR/PAAm/CI0

	
47 ± 1.6

	
53

	
10 ± 2.06

	
90

	
3 ± 0.31

	
97




	
Treated with κ-CAR/PAAm/CI2

	
29 ± 2.7

	
71

	
2 ± 1.11

	
98

	
0

	
100








Notes: Wound areas are expressed as mean ± SEM (n = 4). * % wound contraction is from the initial wound area (100 mm2).
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