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Abstract

:

The wound healing process is often slowed down as a result of complications from bacterial infections and inflammatory reactions. Therefore, it is necessary to develop dressings with fast antibacterial and anti-inflammatory activity that shorten the wound healing period by promoting cell migration and proliferation. Chitosan (CS)-based hydrogels have been widely studied for their antibacterial and wound healing capabilities. Herein, we developed a composite hydrogel based on CS and PVA embedding silver nanoparticles (AgNPs) with antibacterial properties and ibuprofen (Ib) as an anti-inflammatory agent. The hydrogel prepared by double physical cross-linking, with oxalic acid and by freeze–thawing, loaded with 0.225 wt.% AgNPs and 0.264 wt.% Ib, displayed good mechanical properties (compressive modulus = 132 kPa), a high swelling degree and sustained drug delivery (in simulated skin conditions). Moreover, the hydrogel showed strong antibacterial activity against S. aureus and K. pneumoniae due to the embedded AgNPs. In vivo, this hydrogel accelerated the wound regeneration process through the enhanced expression of TNF alpha IP8, by activating downstream cascades and supporting the healing process of inflammation; Cox2, which enhances the migration and proliferation of cells involved in re-epithelization and angiogenesis; MHCII, which promotes immune cooperation between local cells, eliminating dead tissue and controlling infection; the intense expression of Col I as a major marker in the tissue granulation process; and αSMA, which marks the presence of myofibroblasts involved in wound closure and indicates ongoing re-epithelization. The results reveal the potential healing effect of CS/PVA/AgNPs/Ib hydrogels and suggest their potential use as wound dressings.
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1. Introduction


The field of wound management poses challenges to both clinicians and researchers within various aspects of medicine. Recent advancements in this area involve incorporating innovative technologies that target wounds at a cellular level, moving beyond mere moisture reduction. Successful wound healing involves the complex orchestration of biological and molecular events, including cell migration, cell proliferation and extracellular matrix deposition. For cutaneous injuries that heal without underlying pathophysiological issues (acute wounds), the body’s primary goal is rapid repair with minimal energy expenditure. Consequently, such wounds typically heal with scars and lack regeneration [1]. However, wounds with underlying pathophysiological abnormalities, such as venous leg ulcers, diabetic foot ulcers and full-thickness burn injuries, experience impaired healing due to a lack of evolutionary adaptations. The process of wound healing comprises several interconnected elements, mainly inferred from experimental animal wounds. These elements cannot be distinctly separated and classified. Instead, it is helpful to understand the repair process as four overlapping phases: coagulation, inflammation, proliferation (including matrix deposition) and remodeling [1]. Each phase is influenced by different cytokines and growth factors. Inflammation has a positive role in the healing process, but a disproportionate or prolonged inflammatory response is undesirable because it interferes with the other stages of the healing process, causing an increase in the wound size and excessive scarring. Different strategies can be used to prevent an acute inflammatory phase, including the use of non-steroidal anti-inflammatory drugs (NSAID) or phyto-modulators [2]. Modern interactive dressings play a vital role in facilitating wound healing. They actively modify the wound’s environment and interact with its surface to optimize the healing process. These dressings possess the capability to work effectively with wound components such as exudate, tissues, cells and growth factors to enhance the healing process. However, selecting the most appropriate dressing for a particular wound can be challenging. Successful wound management requires a deep understanding of the tissue repair process and knowledge about the available properties of dressings [3].



Hydrogels obtained by the chemical or covalent cross-linking of polymers are known for their applications as wound dressing materials due to their biocompatibility, non-toxicity and high water swelling capacity, which allow the absorption of exudate, as well as gas permeability and good mechanical properties [4]. Their ability to act as controlled drug delivery systems, or the per se bioactivity of the hydrogel components, represents an advantage in the wound healing process [5]. Natural polymers such as chitosan, alginate and collagen are the most frequently used in wound dressing and tissue engineering; however, synthetic polymers, even if they do not actively participate in the wound healing process, are used in combination with natural polymers to obtain the desired properties of the material [5,6]. Chitosan (CS), a biocompatible cationic polysaccharide, is known for its hemostatic, anti-inflammatory and antimicrobial activity and its important role in skin wound healing [7,8]. On the other hand, polyvinyl alcohol (PVA) is known to be used in wound dressing, especially in combination with polysaccharides to improve the physical properties of the material [9]. Physically cross-linked PVA hydrogels obtained by the freeze–thawing procedure are candidates for diverse biomedical applications due to their gelation under mild conditions, lack of low molecular impurities, high porosity and good mechanical strength [10]. The incorporation of CS in a high amount into PVA freeze–thawed hydrogels leads to the formation of materials with a non-regular structure, weak mechanical properties and low stability in aqueous environments [11,12]. This is why additional cross-linking of the polysaccharide is required to obtain PVA/CS hydrogels with increased content of CS [13]. In a previous paper, we proved that oxalic acid can be used as an excellent cross-linker to improve the gel fraction and the mechanical properties of PVA/CS hydrogels [14]. The lack of toxic cross-linkers and the tailored porosity of these hydrogels represent the first indications of their potential use as wound dressing materials. Metallic nanoparticles (silver, gold, zinc oxide, copper), known for their biological activity, can be used as adjuvants in the treatment of wounds, reducing infections and accelerating the healing process [15,16]. Due to their low cost and chemical stability, but especially to their high antibacterial activity with great efficiency toward drug-resistant pathogens from chronic wounds, silver nanoparticles (AgNPs) are considered good candidates in this field [17]. Their incorporation into polymeric matrices leads to the obtaining of new composite materials, extensively studied due to their biomedical applications [18,19,20,21,22]. Apart from the antimicrobial activity of a wound dressing, its ability to deliver drugs capable of preventing excess inflammation and reducing pain would represent an advantage. Ibuprofen, a non-steroidal anti-inflammatory drug, is often used in medicines due to its analgesic and antipyretic effects, being well tolerated. The anti-inflammatory effect of ibuprofen arises from its interaction with the cyclooxygenase-2 enzyme [23]. Although NSAIDs can have a negative effect on wound healing, their short-term use in the first stage affects the cytokine response, decreases inflammation and accelerates healing [24]. Thus, it was demonstrated that dressings containing ibuprofen improve skin wound healing [25,26]. Despite its anti-inflammatory potency, the limitations of ibuprofen use in the therapy of skin lesions are due to its low solubility, short biological half-life and rapid clearance after oral administration [27,28,29]. To overcome these limitations and to enable long-term and sustained drug delivery, researchers have turned to the transdermal drug delivery system [30,31]. This system offers advantages such as the avoidance of first-path metabolism, stable and controlled blood levels, easy cessation of drug action, extended duration of effects and a lack of interference with gastric and intestinal fluids [32,33,34,35,36]. However, creating effective transdermal formulations for ibuprofen presents challenges because of the above. Nevertheless, there is significant interest in developing novel transdermal formulations to reduce dose wastage and side effects [37,38,39]. Researchers are actively investigating various techniques and materials to address these issues and improve the efficacy of ibuprofen delivery through the transdermal route. Potential approaches include the use of polymeric aerogels as promising materials for transdermal delivery systems [27,40,41]. The novelty of the present work results from the loading of the hydrogels with AgNPs as an antibacterial agent, in addition to ibuprofen as an anti-inflammatory drug, for application on the surface of damaged skin.



In a previous paper, we demonstrated that CS acts as a reducing and stabilizing agent in the synthesis of AgNPs. Covering the surface of the metallic nanoparticles, CS can be further involved in the physical cross-linking [14]. Thus, PVA/CS/AgNPs composite hydrogels can be obtained by double cross-linked procedures: freeze–thawing and the physical cross-linking of CS with oxalic acid. These methods allow the introduction of the desired amount of AgNPs uniformly distributed in the hydrogel. In the present work, PVA/CS/AgNPs composite hydrogels were first obtained and then loaded with ibuprofen. The hydrogels were characterized from the point of view of their composition, porosity, swelling, mechanical properties and drug release mechanism. The influence of the AgNPs and ibuprofen addition on the antibacterial activity of the new materials against Staphylococcus aureus and Klebsiella pneumoniae was investigated by the disc diffusion method.



Rabbits were frequently used many years ago as a model for wound healing. Wounds can be induced through various means, including biopsy, and may involve lesions affecting the epidermis, dermis and cartilage [42]. The healing process in this model occurs from the wound’s inner edges, and, unlike murine models, there is no shrinkage observed. A significant advantage of this model is that wounds heal through re-epithelization [43,44,45]. Moreover, it allows for the use of a small number of animals while still providing sufficient data for within-animal replications, with the possibility of creating up to six wounds [44]. In general, in vivo wound models offer several benefits. They enable the examination of interactions between multiple cell populations and body systems during the repair process. Additionally, these models allow for the investigation of various aspects of wound healing, including the selective reduction of specific genes to assess their impact on the process. They also provide opportunities to study the reactivity of the immune system during healing. Within a single animal, researchers can create multiple wounds, and the models can be adapted to study different wound healing patterns, such as burns, surgery-induced wounds, crush injuries and more [43,46,47].



Therefore, the aim of the present study was to demonstrate the wound dressing power of composite hydrogels with antibacterial properties containing a well-defined amount of AgNPs and ibuprofen. The aims of this work were (i) determining the direct interaction of the composite hydrogel with the wound through its physico-chemical properties; (ii) the use of composite hydrogels as antimicrobial agents in vitro; and (iii) the use of composite hydrogels as a stimulant for wound healing in vivo.




2. Results and Discussion


2.1. Preparation and Characterization of the Composite Hydrogels with and without Ibuprofen


In order to obtain composite hydrogels with appropriate properties (swelling ratio, porosity, mechanical strength) to be applied as materials for wound healing, hydrogels containing AgNPs and loaded with an anti-inflammatory drug were obtained by a method previously described by Popescu et al. [14]. The hydrogels were obtained by the freeze–thawing technique, a method that led to the formation of hydrogen bonds especially between PVA macromolecules, but also between CS chains, between CS and PVA and between oxalic acid and CS or PVA. In addition to the hydrogen bonds, electrostatic interactions between oxalic acid and chitosan took place in the hydrogels (Figure 1). On the other hand, the CS that generated and covered the AgNPs was also involved in the physical interactions, leading to the entrapment of the nanoparticles in the polymeric matrix. The free remaining amine groups from CS in the hydrogel were used in the electrostatic interactions with the anionic drug, ibuprofen. The presence of all these components in the hydrogels, as well as their interactions, were first demonstrated by FT-IR spectroscopy.



The FT-IR spectra of the hydrogels together with the parent polymers and the pure drug are presented in Figure 2. In the spectrum of PVA, we can observe the peaks related to the hydroxyl (3450 cm−1) and acetate groups left in the polymeric chains (1637 cm−1). The spectrum of CS presents the characteristic bands from 3460 cm−1 (-OH and -NH2 groups), 1641 cm−1 (amide I), and 1560 cm−1—shoulder (NH2 band). In the spectrum of the hydrogel A0, obtained from PVA, CS and oxalic acid, a shoulder appears at 1520 cm−1 due to the ionization of the amine groups of CS (-NH3+), and the amide band moves from 1641 in CS to 1638 cm−1 in the hydrogel due to the interaction with di-carboxylic acid [48,49]. The presence of oxalic acid is evidenced by the shoulder from 1720 cm−1 (COOH groups). A peak from 2925 cm−1, attributed to the methylene groups from PVA and from the pyranose ring of CS, is also found in the spectrum of the A0 hydrogel.



When CS-AgNPs were introduced in the hydrogel—the A2 sample—the amide I band was observed at 1632 cm−1, compared to 1638 cm−1 in the A0 sample. This blue shift can be explained by the interaction between nitrogen atoms from amide groups and the silver nanoparticles [31]. When ibuprofen was loaded in the composite hydrogel (A2Ib sample), some of the characteristic peaks from the drug were observed: 2952 cm−1 (CH3 asymmetric stretching), 1413 cm−1 (CH-CO deformation), and 787 cm−1 (CH2 rocking) [50]. The bands from the carboxylic acid (1700 cm−1) and carboxylate ions (1550 cm−1) in sodium ibuprofen were overlapped by the bands of the hydrogel.



The exact amount of CS and silver in the hydrogels was determined by a ninhydrin assay and AAS, respectively, and the results are presented in Table 1. The theoretical content of CS was 33 wt.% in the samples without the drug (A0 and A2) and around 26 wt.% in the drug-loaded hydrogels (A0Ib and A2Ib). The values determined experimentally were higher than the theoretical ones due to the leakage of the excess of the oxalic acid and of the uncross-linked polymers during the purification step. The content of silver in the A2 and A2Ib samples was slightly smaller compared to the theoretical composition (3.0 mg silver/g). The drug loading in the hydrogels was relatively high (260 mg/g), and the value for A0Ib was close to the value obtained for the A2Ib sample, as expected. The presence of the AgNPs in the purified hydrogels was also demonstrated by the brown-yellow color of the A2 sample, compared with the A0 sample, which was white (Figure 3).



The morphology of the composite hydrogels before and after the absorption of ibuprofen was studied by SEM and the images are presented in Figure 4A,B. The hydrogel A2 showed a porous structure with interconnected pores produced by the ice crystals usually obtained during the freeze–thawing process [51]. The absorption of the drug led to a decrease in the average diameter of pores from 27 µm in the A2 sample to 22 µm in the A2Ib hydrogel, due to the folding/collapse of the CS chains after the association with ibuprofen.



The swelling kinetics of the hydrogels in PB with pH = 5.5 are presented in Figure 4C. Due to the presence of large pores, the solvent diffused easily and the hydrogels showed high rates of swelling in the first hour. The swelling capacity was lower for the drug-loaded hydrogel (A2Ib) compared with the un-loaded hydrogel. This can be explained by the lower porosity of the A2Ib sample (see Figure 4B) and probably by the hydrophobicity brought by the ibuprofen molecules.



The spatial distribution of silver within the hydrogels was investigated by energy-dispersive X-ray (EDX) spectroscopy (Figure 5). The elemental mapping images for silver (Figure 5B,E) showed that AgNPs were uniformly distributed in both samples. This was a result of the homogenous distribution of AgNps coated with CS in the initial polymeric solution subjected to freeze–thawing. Moreover, since the CS-covered AgNPs were involved in physical cross-linking with OA, they remained stable in the matrix after the freeze–thawing, lyophilization, and washing steps. The EDX analysis also confirmed the good stability of the AgNPs even after the drug loading process (sample A2Ib, Figure 5F).



The hydrogels in the swollen state were relatively soft and elastic, with compression moduli between 80 and 140 kPa (Table 1). Wound dressings have to mimic the mechanical properties of the skin but also tolerate external stress. Compressive moduli in the range of 100 kPa were proven to be advantageous for keratinocyte adhesion and proliferation [52,53]. Here, the addition of AgNPs and Ib in hydrogels determined a small increase in the elastic modulus, without a significant difference between the values.



The release profile of ibuprofen in phosphate buffer solution (pH = 5.5) is presented in Figure 6. The composite hydrogel showed a sustained release profile of Ib. In the first 60 min, 48 wt.% of the anti-inflammatory drug was released from the hydrogel, and, after 8 h, almost the entire amount of loaded drug was released. In fact, the Ib release kinetics were influenced by the drug interactions with the polymeric matrix by electrostatic interactions and then by drug diffusion through the polymeric network. The diffusion rate was influenced by steric interactions between the drug and polymeric lattice. Therefore, the higher the swelling degree, the faster the diffusion. In PB at pH = 5.5, the electrostatic interactions between the anionic drug and CS were weakened by the presence of salts from the buffer solution, so the ibuprofen was easily released by diffusion through the porous matrix. The release results are in agreement with the high swelling ratio of the hydrogel, with the swelling equilibrium being attained in the first 2 h (see Figure 4C). The release rate of ibuprofen was higher compared to chitosan–ibuprofen aerogels, where the drug was introduced before the freezing and lyophilization of the chitosan solution [54].



In order to establish the mechanism of ibuprofen release from the hydrogels, the first 60% experimental release data were fitted to zero-order (Equation (1)), Higuchi (Equation (2)) and Korsmeyer–Peppas models (Equation (3)) [55]:
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where     M   t     is the amount of drug released at time t,     M   ∞     is the total amount of drug contained in the hydrogel, k are the kinetic constants (k0—zero-order constant, kH—Higuchi constant, kKP—Korsmeyer–Peppas constant) and n is the exponent of release (related to the drug release mechanism).



The results are presented in Table 2. From the correlation coefficients (R2), it is evident that ibuprofen release does not follow zero-order kinetics, but the experimental data can be fitted to the Higuchi model and even better to the Kosmeyer–Peppas model. The value of the exponential coefficient (n) is slightly higher than 0.5 but lower than 1, indicating anomalous transport, meaning that the mechanism of drug release is governed by the diffusion and swelling of the polymeric matrix. In order to approximate the two contribution mechanisms, the Peppas–Sahlin model (Equation (4)) can be applied [55]:
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where k1 is a constant that relates to the release rate due to diffusion, k2 is a constant that corresponds to the release rate due to the relaxation of the polymeric matrix and m is a diffusional coefficient in relation to the release system (polymeric matrix and device). The fitting of the experimental data to this equation (Table 2) showed that k2 had a much lower value than k1, meaning that the relaxation of the polymeric chains in the hydrogel matrix had an insignificant effect compared to the solvent Fickian diffusion. Considering the final application of the hydrogel for wound dressing, this effect is desirable. The initial pain relief and diminishing of the acute inflammatory response in the early stages of healing will be provided by Ib released in the first hours. Additionally, the hydrogel will maintain controlled moisture at the wound site along with the antibacterial protection assured by the Ag ions.




2.2. Evaluation of Antibacterial Activity


Generally, an increase in the amount of AgNPs amplifies the antimicrobial activity but inherently increases the cytotoxic effect of the materials [14,22,56], so a good balance between these two effects is required. This is the reason for entrapping a relatively small amount of AgNPs in hydrogels (0.3% by weight). The antimicrobial activity of the drug-loaded hydrogels with and without AgNPs was evaluated by the agar disc diffusion method. The diameter of the inhibition zones was used as a measure of the antimicrobial activity. Figure 7 presents the results obtained for the hydrogels tested against two strains: S. aureus, known as the predominant species of Gram-positive bacteria found in infected wounds, and K. pneumoniae, one of the Gram-negative bacteria isolated from these wounds [57]. No inhibition zones were observed around the A0 sample. The loading of ibuprofen determined activity against S. aureus: the diameter of the inhibition zone for sample A0Ib was 32.4 ± 1.2 mm, but this zone was not sufficiently clear (Figure 7). This was not an unexpected result because ibuprofen is known in the literature to have an antimicrobial effect against some microorganisms, including S. aureus [58,59].



The entrapment of AgNPs into hydrogels led to the appearance of a clear inhibition zone with a diameter of 24.8 ± 0.4 mm for the A2 sample placed on the agar plate inoculated with S. aureus. The composite hydrogel loaded with ibuprofen—the A2Ib sample—showed an improved antibacterial effect (inhibition diameter = 32.6 ± 1.3 mm) due to the presence of both nanoparticles and the drug. The Gram-negative bacterium K. pneumoniae was less sensitive to the presence of AgNPs in this low amount, so both the A2 and A2Ib samples determined an inhibition area of only 12 mm in diameter.




2.3. In Vivo Stimulant for Wound Healing


At 24 h, the evolution of the lesions was favorable as the healing process had already begun. By 72 h, most of the lesions showed significant improvements, except for group A2, which did not receive the irritant. Notably, the lesions treated with PC+irritant, A0+irritant, A0Ib+irritant, A2+irritant and A2Ib+irritant displayed better progress compared to those without irritants. The most impressive healing results were observed seven days after the rabbits were scarified in groups A2, A2Ib and A2Ib+irritant agent, where the epidermis and hairs had completely recovered, resulting in a fully restored appearance. The subjects in the other groups showed also almost complete recovery, except that small scabs could still be observed (Figure 8). Wound healing is a multifaceted and constantly evolving biological process that involves a coordinated series of cellular and biochemical events, ultimately aiming to restore the structural and functional integrity of damaged tissue [60]. This intricate process comprises four distinct yet interconnected phases, which occur in a temporal and spatial overlap. The initial phase focuses on stopping bleeding and involves the formation of a blood clot to seal the wound. Following hemostasis, the wound site becomes inflamed, involving the activation of immune cells to remove debris and protect against infection. In the proliferation phase, new tissue formation occurs through cell proliferation and migration, which helps to rebuild the damaged tissue. The final phase involves the restructuring and strengthening of the new tissue through the reorganization of collagen fibers and other extracellular matrix components. The hemostasis, inflammation, proliferation and remodeling phases work harmoniously together, ensuring an effective and coordinated process of wound healing [61].



In response to skin injury, pro-inflammatory cytokines play a crucial role by being among the first factors produced and regulating immune cell functions during epithelialization. These cytokines, tumor necrosis factor (TNF) and interleukins IL-6, IL-1 and IL-17, primarily contribute to the inflammatory phase by activating downstream cascades in the wound healing process [62].



The intense positivity of TNF alpha IP8 was observed in groups PC, A0, A2+irritant and A2Ib+irritant, with labeling detected in keratinocytes, dermal cells and fibers surrounding developing hair follicles (Figure 9). Furthermore, TNF alpha IP8 is involved in the epithelization phase of wound healing, where it facilitates the mobilization of resident stem/progenitor cells and stimulates cell proliferation and differentiation [63]. TNF-α plays a vital role in regulating wound healing, with its inhibition causing delayed skin regeneration in patients and chronic over-expression negatively impacting skin regeneration [64]. During the inflammatory phase, TNF-α plays a crucial role in synthesizing cell surface adhesion molecules on endothelial cells, facilitating the migration and adhesion of neutrophils to the endothelium. As the wound enters the proliferative phase, TNF-α promotes keratinocyte proliferation and upregulates the expression of intracellular adhesion molecule-1 [65]. Additionally, other cytokines with pro-inflammatory effects also significantly contribute to the wound healing process by recruiting immune cells and stimulating the proliferation and migration of keratinocytes and fibroblasts. IL-1, which is produced by keratinocytes, macrophages and neutrophils, plays a crucial role in preventing wound infection and induces fibroblasts to secrete various factors, including keratinocyte growth factor, fibroblast growth factor-7, granulocyte-macrophage colony-stimulating factor, IL-6 and hepatocyte growth factor [66]. These interactions between fibroblasts and keratinocytes produce a paracrine loop that supports wound healing. Inadequate IL-1 production can lead to the delayed epithelialization of skin lesions [64]. In addition, through autocrine mechanisms, TNF-α stimulates keratinocyte migration and, through paracrine mechanisms, it activates fibroblasts to secrete the FGF family [64]. Moreover, TNF-α-induced apoptosis, whether dependent on or independent of TNFR1, can hinder the production of inflammatory cytokines in keratinocytes, ultimately impeding epidermal differentiation [67]. Lastly, pro-inflammatory cytokines such as TNF, IL-1 and IL-17 play roles in promoting hair follicle regeneration and epithelization during wound healing. IL-17 and IL-1 have the capacity to increase the active γδT cell population, thus boosting the mobilization and proliferation of hair follicle stem cells (hSCs) [68].



During the inflammatory phase of wound healing, the wound is initially sealed by the formation of a fibrin clot, which acts as a temporary matrix. This blood clot provides a skeleton for the migration of immune cells: macrophages, neutrophils, monocytes, mast cells and lymphocytes. These immune cells infiltrate the wound site, removing dead tissue and controlling infection [69]. Keratinocytes in the epidermis, including those in the basal layer and parabasal layer and stem cells associated with developing hair follicles, as well as perivascular stem cells, express MHCII markers. These markers were detected in all experimental groups. It is noteworthy that a higher frequency of MHCII positivity was observed in batches PC, A0 and A2 (Figure 9), which were associated with the irritant agent.



Following cell proliferation, the wound undergoes remodeling. Fibroblasts are recruited to the wound site, where they play a crucial role in the synthesis and secretion of collagen, a key component in the formation of granulation tissue. The formation of granulation tissue is essential for angiogenesis, which facilitates the transportation of fluids, oxygen, nutrients and immune cells [70]. In the scarified areas covered by hydrogels, a slight increase in collagen deposition was observed. This finding is significant as collagen biosynthesis, deposition and maturation are essential for the wound repair process. Moreover, collagen deposition in wounds contributes to the tensile strength of the resulting scars [71]. Collagen I was detected in all experimental groups, with higher levels of positivity observed in the following, in descending order: PC, A0, A0+irritant, A0Ib+irritant, A2+irritant, A2, A2Ib+irritant (Figure 9). In the basal and parabasal layers, collagen fibers and a small number of fibroblasts and keratinocytes were labeled.



COX-2 plays a significant role in various responses to skin injuries, including those caused by injury. Strong positivity of Cox2 was observed in groups PC+irritant, A0+irritant, A0, A0Ib and A2Ib (Figure 9). After injury, COX-2 and COX-2 mRNA were mainly expressed in the basal and upper layers of the injured epidermis, which consist of proliferative and migratory cells [72]. Previous studies have also demonstrated the presence of COX-2 immunolabeling after the application of an irritant in the basal layer of the mouse epidermis, whereas normal mouse skin did not show COX-2 immunolabeling [73,74]. The presence of COX-2 and COX-2 mRNA in the endothelial cells of small blood vessels and fibroblast-like cells in granulation tissue were also observed. Moreover, Western blot analysis also confirmed the marked induction of the COX-2 protein at 12 h post-injury, with a continuous rise in concentration from day 1 to day 7. This period is characterized by the significant migration and proliferation of epidermal cells at the wound margins and granulation tissue formation [75]. Especially in the early acute phase, this increased expression of COX-2 may enhance the proliferation and migration of cells involved in re-epithelization and angiogenesis. However, these cells, which proliferate in response to lesions, can also generate migrating epidermal cells. In addition, stem cells are found in the basal layer of the epidermis and are responsible for epidermal maintenance and repair [76]. Therefore, the distinct expression model of the COX-2 protein may be associated with the pattern of epidermal and follicular stem cell distribution. In human non-lesional skin, COX-2 protein expression has been reported in individual epidermal keratinocytes and hair follicles [74].



The process of re-epithelization in wound healing relies on coordinated interactions between inflammatory cells, immune cells, vascular endothelial cells, fibroblasts, keratinocytes and the local microenvironment. The migration and proliferation of keratinocytes are influenced by their interactions with fibroblasts, the extracellular matrix (ECM) and various paracrine factors present at the wound site [77]. During re-epithelization, endogenous epithelial stem cells (EpSCs) that differentiate into epithelial cells play a role in epithelial tissue regeneration. Moreover, keratinocytes at the base of the wound margins migrate under the fibrin clot to actively take part in the re-epithelization process [78].



Epithelialization, which is crucial for wound healing, is achieved through the activation, migration and proliferation of epidermal stem cells, leading to the restoration of a functional layer of keratinocytes [79]. Additionally, the remodeling phase involves the restructuring of the extracellular matrix, which can result in scar formation [80]. Stem cells have a unique ability to renew and differentiate into different cell types [81]. In the context of cutaneous wound healing, these stem cells play a vital role by repairing damaged tissue, enhancing the migration of fibroblasts and keratinocytes, promoting angiogenesis and facilitating the production of collagen and elastin [82]. Keratinocytes are the primary cellular components of the epidermis and originate from epithelial stem cells. EpSCs are located mainly in the basal layer of the interfollicular epidermis and the bulb of the hair follicle [83,84]. Following the formation of an epidermal lesion, epithelial stem cells in both deposits give rise to migrating keratinocytes that contribute to the re-epithelization of the wound [85,86]. Studies have shown that EpSCs in the interfollicular epidermis are significant contributors to long-term epidermal repair [87]. Although stem cells from the hair bulb initially migrate into the interfollicular epidermis to regenerate the epidermis following injury, this effect is temporary, indicating that hair follicles and EpSCs primarily facilitate the early stages of healing in superficial epidermal wounds, while their contribution may be less prominent in larger or more challenging-to-heal wounds where spontaneous re-epithelization is compromised [88,89]. Overall, the process of re-epithelization involves the activation, proliferation, migration and differentiation of keratinocytes to form a new epithelium and restore the integrity of the underlying dermal structures [90].



Upon complete coverage of the wound area, contact inhibition mechanisms halt the migration of keratinocytes and initiate their differentiation into keratinizing squamous epidermal stratified cells [91]. In the experimental groups observed at 7 days after scarification, granulation tissue was observed in the A0+irritant and A2 batches (Figure 9). The granulation tissue was only covered by thin epithelial lamellae in the peripheral transition zones. In the other batches, partial regeneration of the epithelium was observed in the lesion area, characterized by flattened cells arranged in one to three rows, but without the presence of hair follicles. The surrounding skin displayed a normal appearance, with mature hair follicles interspersed with developing ones in the dermis. Type I collagen fibers in the papillary layer of the dermis were oriented parallel to the skin surface. The use of the irritant agent had a stimulating effect, as indicated by the more intense expression of all the markers used in these groups.



During the re-epithelization process, keratinocytes play a crucial role in restoring the epidermis by increasing their migration and undergoing mitosis at the edges of the wound, ultimately integrating into the epidermal layer. Furthermore, myofibroblasts migrate beneath the wound site to facilitate wound closure [92]. The evaluation of the repair process involved the examination of myofibrillar populations using an alpha SMA antibody. Smooth muscle fibers of the arrector pili muscle stained positive for SMA in all groups (Figure 9). In certain groups, such as A2Ib, A2Ib+irritant, A0Ib, A0Ib+irritant, PC and PC+irritant, a small number of myofibroblasts were observed. The intense expression of myofibroblasts suggests that the injured margins were in close proximity, indicating ongoing re-epithelization.



In summary, the healing process involves a complex interplay of cellular and molecular events, involving the temporary formation of a wound bed matrix, the proliferation and migration of keratinocytes, the reconstitution of the DEJ, collagen deposition and the formation of a functional epidermis. Various factors, including growth factors, cytokines and matrix metalloproteinases, contribute to the successful completion of re-epithelization. Keratinocyte activation, migration and differentiation are orchestrated by a range of signals and interactions with neighboring cells. Fibroblasts play a role in wound closure, and collagen deposition provides strength to the resulting scars. Prostaglandin biosynthesis mediated by COX-2 is crucial for skin wound healing. Overall, the intricate cellular and molecular processes involved in epithelialization are essential for the successful closure of wounds.





3. Conclusions


The healing of skin wounds in mammals is an intricate journey comprising several interconnected phases. These include the formation of blood clots, the initiation of an inflammatory response, the re-establishment of a new layer of epithelium on the wound surface (known as re-epithelization), granulation tissue formation, neovascularization and further remodeling of the tissue. These stages rely on a complex interplay of cellular and molecular processes, where various factors such as growth factors, cytokines, matrix metalloproteinases, cellular receptors and components of the extracellular matrix act as important regulators. The orchestrated coordination of these processes is essential for the effective closure of wounds.



The results clearly demonstrate the potential of composite hydrogels with embedded silver nanoparticles and ibuprofen to be used for wound dressing. First, the hydrogel showed relevant antibacterial activity against relevant pathogens (S. aureus and K. pneumoniae); second, it acted as a stimulus in the healing process, supporting the healing process of inflammation, the proliferative process and finally the reshaping of the damaged tissue. Following macroscopic and microscopic examination, the A2 and A2Ib products yielded the best healing results.




4. Materials and Methods


4.1. Materials


Chitosan (CS, Mv = 240,000 g/mol, deacetylation degree = 80%), poly(vinyl alcohol) (PVA, Mowiol® 20–98, 98–98.8 mol% hydrolysis, Mw ~ 125,000 g/mol) and ibuprofen sodium salt (Ib, 98% purity) were purchased from Sigma Aldrich Co. (St. Louis, MO, USA).



CS-capped AgNPs (CS-AgNPs), containing 18 wt% Ag and with a size between 4 and 22 nm, were obtained according to our previous method [14].



Oxalic acid (OA, anhydrous 98%) was from Alfa Aesar—ThermoFisher (Kandel, Germany). Distilled water (4 µS/cm conductivity) was used for all the experiments.




4.2. Preparation of Hydrogels with or without AgNPs


Exact amounts of CS, CS-AgNPs, oxalic acid and water were mixed in order to obtain a solution containing 3.84 wt.% CS, 0.126 wt.% CS-AgNPs and 3.94 wt.% oxalic acid. The mixture was stirred for 20 h at room temperature and then heated at 60 °C for 30 min in order to ensure the breaking of hydrogen bonds and complete dissolution of CS. Separately, a 10 wt.% PVA solution was obtained by solving PVA in water at 80 °C for 2 h. After cooling, the CS and PVA solutions were mixed in a 2.6:1 gravimetric ratio. The obtained mixture, containing 5.6 wt.% polymer and a gravimetric ratio of 1:1 between CS and PVA, was stirred for 4 h, degassed and then poured onto Petri dishes (5 cm diameter) in order to obtain hydrogels in form of films with 2 mm height. The samples were subjected to 7 freeze–thawing cycles, with one cycle consisting of 18 h at −20 °C and 6 h at room temperature. After the last freezing step, the samples were dried by lyophilization for 48 h at −57 °C and 0.05 mbar, with an Alpha 1-2 LD Martin Christ freeze-dryer (Osterode am Harz, Germany).



The hydrogel samples without AgNPs were prepared using the same procedure, except that the content of CS and oxalic acid in the first solution was 3.94 wt.% for each one. All hydrogel samples were extensively washed with distilled water for 3 days, replacing the water every day, in order to remove the leachable polymeric chains and oxalic acid that were not involved in the physical cross-linking; then, they were dried again by freeze-drying. The hydrogels without AgNPs were named A0, and the samples with embedded metallic nanoparticles were coded A2.




4.3. Preparation of Ibuprofen-Loaded Hydrogels


The ibuprofen-loaded hydrogels were prepared by the immersion of the dried hydrogel into a 4 mg/mL Ib solution (0.5:1 gravimetric ratio between Ib and hydrogel) for 48 h. At the end of the experiment, the hydrogel was taken out from the drug solution, washed with water in order to remove the excess ibuprofen and then dried by freeze-drying. The drug loading amount was calculated from the concentrations of the drug solution before and after absorption into the hydrogel. The ibuprofen concentration was determined by UV spectroscopy using an Evolution 201 UV–Visible Spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). The calibration curve of Ib was previously constructed at λ = 264 nm. The drug-loaded hydrogels were coded A0Ib (hydrogels without AgNPs) and A2Ib (hydrogels with AgNPs).




4.4. Physico-Chemical Characterization of the Hydrogels


The Fourier transform infrared spectroscopy (FT-IR) analysis of samples was performed on a VERTEX 70 FT-IR spectrometer (Bruker, Ettlingen, Germany) in the range of 4000 and 400 cm−1 at a resolution of 4 cm−1. The freeze-dried hydrogels were ground and mixed with KBr for the obtaining of the tablets used in FT-IR spectroscopy.



The morphology of the hydrogels was evaluated by scanning electron microscopy (SEM) with a Quanta 200 electron microscope (FEI Company, Brno, Czech Republic).



The energy-dispersive X-ray analysis (EDX) was performed using a Verious G4 UC scanning electron microscope (Thermo Scientific, Brno-Černovice, Czech Republic) equipped with an EDX analyzer, the Octane Elect Super SDD detector. A cross-section of the composite hydrogel was coated with 6 nm platinum before the examination, and the investigations were performed in high vacuum mode at an accelerating voltage of 10 kV.



The content of CS in hydrogels was determined by the ninhydrin assay [93,94]. Briefly, 5 mL ninhydrin reactive (0.8 g ninhydrin, 0.12 g hydrindantin, 10 mL of 4M lithium acetate buffer with pH = 5.2, and 30 mL DMSO) was added to 5 mg hydrogel swollen in 5 mL acetic acid 0.5%. The mixture was heated in boiling water for 30 min. The obtained blue solution was cooled down and diluted with ethanol:water (1:1), and the UV–Vis spectra were recorded. The CS concentration was determined from the absorbance at 570 nm, using a previously obtained calibration curve.



The silver content in the hydrogels was determined by atomic absorption spectroscopy. The hydrogel was first digested in 65% HNO3 for 24 h. The obtained solution was diluted with water and the exact silver concentration was measured with a ContrAA 800 spectrometer (Analytik Jena, Jena, Germany) in an air/acetylene flame at 328 nm.




4.5. Swelling Ratio


The swelling behavior of the hydrogels was analyzed in simulated skin condition media, phosphate buffer (PB), pH = 5.5. The dried hydrogels were weighed (    w   d    ), introduced into the buffer solution and, after different time intervals, withdrawn, blotted with filter paper and weighed again (    w   t    ). The swelling ratio (SR) was calculated according to Equation (5):


  S R =     w   t   −   w   d       w   d      



(5)








4.6. Mechanical Properties


The mechanical properties of the hydrogels in the swollen state were studied by compression tests using a Brookfield Texture PRO CT3 texture analyzer (Brookfield Engineering Laboratories Inc., Middleborough, MA, USA). The hydrogel samples were prepared especially for these measurements (around 16 mm diameter, 6 mm high) and the exact dimensions were measured with a digital caliper. The compression tests were performed with a speed of 0.2 mm/s. The elastic modulus was calculated from the slope of the straight-line portion of the stress–strain curve (between 3 and 20% deformation).




4.7. In Vitro Drug Release Studies


The drug release performance of the ibuprofen-loaded hydrogels was examined in phosphate buffer pH = 5.5 at 32 °C (simulated skin conditions) using a static experimental model [22]. The drug-loaded hydrogel samples (20 mg) were immersed in 3 mL PB solution and, at different time intervals, 2 mL of the release medium was removed and replaced with the same volume of fresh buffer. The concentration of ibuprofen in the collected solutions was measured by UV–Vis spectrophotometry.




4.8. In Vitro Antimicrobial Assay


The antimicrobial activity of the hydrogels with and without AgNPs loaded or not with Ib was tested by the Kirby–Bauer disc diffusion susceptibility method [95]. The effect of the hydrogels against two pathogens was tested: Staphylococcus aureus ATCC 25923 and Klebsiella pneumoniae ATCC BAA-1705. The hydrogel discs (10 mm diameter) were hydrated and then placed on agar plates previously seeded with each strain. After incubation for 24 h at 37 °C, the diameter of the inhibition zone was measured. Three parallel samples were adopted for each experiment.




4.9. Animal Experiment


In vivo testing was performed at Iasi University of Life Sciences “Ion Ionescu de la Brad”, Faculty of Veterinary Medicine Iasi, in the Histology and Embryology Laboratory and at the biobasis. The aim of the study was to investigate both the compatibility of the new drug products (A0, A0Ib, A2, A2Ib) and the therapeutic healing effect in rabbit skin.



The biological material consisted of 16 rabbits, of common breed, with an average age of 1 year, divided into 2 large groups: a group without treatment applied to a single rabbit (PC and PC+irritant) and a second large group consisting of 5 smaller groups of 3 animals each, a control group (A0) and four experimental groups (A0+irritant, A0Ib, A2+irritant, A2Ib). In the rabbit without treatment, the left side was scarified and then covered with a sterile dressing, and the right side was scarified and treated with irritant solution only on the first day and covered with a sterile dressing as well. Animals were housed and handled in accordance with the European Animal Welfare Act under the supervision of veterinarians and monitored for any clinical, attitudinal or behavioral changes that would indicate disease. The ethical clearance of the present study was granted under no. 181/01.03.2021.



The animals in the experiment were analogous in terms of age, breed, body weight and state of health. They were housed under similar conditions of temperature, humidity, lighting and care. Animals were then placed under sedation by the intramuscular injection of xylazine and ketamine. Two areas of 1.5/1.5 cm each on the dorsal thoracic side were obtained by scarification for each animal. On one of the areas, the healing effect of the complex was monitored. The other area was treated with 0.5 mL of 95% ethyl alcohol for irritation and acceleration of the healing effect. The used dressings were changed every 1 day (24 h) and 3 days (72 h). During the whole experiment, rabbits were closely monitored and evaluated. Seven days after scarification, rabbits were sedated with xylazine and ketamine by intramuscular injection and then sacrificed. Skin samples were then taken and fixed with 10% formalin solution for 24 h. After one day, samples were dehydrated with ethyl alcohol, clarified with xylene and embedded in paraffin. Samples were sectioned at 4 µm and subjected to HE and IHC staining with the following markers: tumor necrosis factor-α-induced protein-8 (TNFIP8), COX-2, MHC II, collagen I (Col I) and α-SMA.
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Figure 1. Preparation process of hydrogels containing AgNPs and ibuprofen. 
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Figure 2. FT-IR spectra of PVA, CS, hydrogels without AgNPs (A0) and with embedded AgNPs (A2), hydrogel containing both AgNPs and ibuprofen (A2Ib) and ibuprofen sodium salt (Ib). 
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Figure 3. Optical images of A0 and A2 samples in dried (left panel) and swollen state (right panel). 
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Figure 4. SEM images of A2 (A) and A2Ib (B) hydrogels, and the swelling ratio of the hydrogels in buffer pH = 5.5 vs. time (C). 
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Figure 5. SEM images (A,D), EDX mapping of Ag (B,E) and EDX spectra (C,F) for A2 and A2Ib samples. 
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Figure 6. Drug release kinetics from the ibuprofen-loaded composite hydrogel (A2 sample) in buffer solution pH = 5.5, at 32 °C. 
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Figure 7. Antimicrobial activity against S. aureus and K. pneumoniae of ibuprofen-loaded CS/PVA hydrogels without and with AgNPs. 
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Figure 8. Macroscopic evolution of scarified skin lesions after exposure to different healing hydrogel formulations. Red circles indicate the area of wound healing. White arrows mark the skin lesions and their progressive healing. Blue lines mark the dimensions of lesions and is equal of 1 cm. 
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Figure 9. Evolution of markers in scarified skin exposed to different healing gels. IHC staining with anti-CMH II, anti-Col I, anti-TNFIP8, anti-Cox2, anti-SMA; PC—positive control. 
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Table 1. The chemical composition of the hydrogels and their compression modulus.
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Sample Code

	
CS Content,

wt.%

	
Ag Content,

mg/g

	
Ibuprofen Loading,

mg/g

	
Compression Modulus,

kPa




	
Theoretical

	
Ninhydrin Assay

	
Theoretical

	
AAS






	
A0

	
33

	
45.2 ± 1.6

	
-

	
-

	

	
91 ± 2




	
A0Ib

	
26

	
n.d.

	
-

	
-

	
270.5 ± 3.5

	
n.d.




	
A2

	
33

	
n.d.

	
3.0

	
2.98 ± 0.03

	
-

	
117 ± 3




	
A2Ib

	
26.1

	
36.4 ± 0.4

	
2.37

	
2.25 ± 0.06

	
264 ± 2

	
132 ± 6








n.d.—not determined.













 





Table 2. Parameters and correlation coefficients (R2) for different release models.
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Zero Order

	
Higuchi

	
Kosmeyer–Pepp