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Abstract

:

The 3D polymeric network structure of hydrogels imitates the extracellular matrix, thereby facilitating cell growth and differentiation. In the current study, chitosan/hyaluronic acid/honey coacervate hydrogels were produced without any chemicals or crosslinking agents and investigated for their wound-healing abilities. Chitosan/hyaluronic acid/honey hydrogels were characterized by FTIR, SEM, and rheology analysis. Moreover, their water content, water uptake capacities, and porosity were investigated. In FT-IR spectra, it was discovered that the characteristic band placement of chitosan with hyaluronic acid changed upon interacting with honey. The porosity of the honey-containing hydrogels (12%) decreased compared to those without honey (17%). Additionally, the water-uptake capacity of honey-containing hydrogels slightly decreased. Also, it was observed that hydrogels’ viscosity increased with the increased hyaluronic acid amount and decreased with the amount of honey. The adhesion and proliferation of fibroblast cells on the surface of hydrogel formulations were highest in honey-containing hydrogels (144%). In in vivo studies, wound healing was accelerated by honey addition. It has been demonstrated for the first time that honey-loaded chitosan-hyaluronic acid hydrogels, prepared without the use of toxic covalent crosslinkers, have potential for use in wound healing applications.
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1. Introduction


Biodegradable polymers attract attention in tissue regeneration applications. For instance, natural polymers, including chitosan and hyaluronic acid, are frequently used in regenerative medicine and tissue engineering owing to their ability to form biocompatible hydrogels [1]. Hydrogels have matchless properties, such as high water-uptake capacity mechanically. Hydrogels composed of substances derived from the extracellular matrix (ECM) are used to engineer damaged tissues [2]. Hyaluronic acid (HA) is a polyanionic polysaccharide composed of repeated units of β-1,4-glucoronic acid and β-1,3 N-acetyl-d-glucosamine. HA promotes cell proliferation, adhesion, and differentiation as an important basic component of the ECM. Due to hyaluronidase enzyme activity, its half-life in tissues varies from a few hours to a couple of days [3]. Especially high-molecular-weight HA has high mucoadhesion properties in an acidic environment [4].



As a result of its good gelling properties, superior biodegradability, and biocompatibility, HA is widely used in wound healing. However, HA hydrogels degrade rapidly and have poor physical and mechanical properties. Therefore, it can be combined with polycationic chitosan to prolong the residence time of poly-anionic hyaluronic acid in the tissue and improve its physical properties [5]. Chitosan is a natural cationic polymer. The properties of chitosan depend on the deacetylation degrees and consist of glucosamine and N-acetyl-glucosamine units [6]. In tissue engineering, physically cross-linked chitosan hydrogels are prepared by the neutralization of chitosan. Chitosan hydrogels prepared using NaOH were stable at room temperature, biocompatible, and non-cytotoxic [7,8,9]. Studies have been conducted on various cell types, including stem cells, human endothelial cells, osteoblasts, keratinocytes, fibroblasts, and neuronal cells, to assess the biological properties of crosslinked chitosan hydrogels by neutralization [10]. Chitosan/HA hydrogels have been prepared using a complex coacervation method that utilizes non-specific electrostatic interactions between oppositely charged chitosan and hyaluronic acid polymers [11,12]. Chitosan is known to be an effective wound dressing material in a wound treatment approach [13]. The incorporation of various polymers, such as alginate, gelatin, and hyaluronic acid, has been found to augment the wound-healing characteristics of chitosan [14,15,16]. Chitosan/HA hydrogels protect wounds by creating a moist healing environment. Chitosan/HA hydrogels have been found to be particularly useful in cartilage treatment [17]. When chitosan and HA were combined, the resulting formulation increased cell proliferation and extracellular matrix production in chondrocyte encapsulation [18]. The number of publications on the use of HA in excisional wounds is limited. It was reported that HA with a high molecular weight induces angiogenesis and increases the rate of wound healing by protecting tissue integrity [4,19].



Commercial wound dressing materials containing high amounts of antimicrobial agents may delay wound healing due to their cytotoxic effects, especially in long-term treatments. In addition, their adhesion to the wound surface reduces the moisture level and damages the newly formed epithelium [20]. These problems can be overcome by using natural products that are effective in wound healing. Honey has been used effectively in traditional medicine for thousands of years for its antibacterial, anti-parasitic, and pain-relieving effects. Honey contains high concentrations of glycine, methionine, arginine, and proline, which are indispensable amino acids that facilitate collagen synthesis and the deposition of fibroblasts, especially during the wound healing process. Additionally, honey accelerates wound healing by creating a moist environment [21]. Therefore, it has been shown that hydrogels containing honey accelerate the wound healing process by supporting the humidification of the environment and contributing directly to tissue regeneration [22]. The antibacterial effect of honey, an essential parameter in wound healing, is due to its high osmolarity and low pH. Lower pH creates an environment that prevents bacterial growth, and the resulting acidic environment maximizes the oxygen required for wound repair [23]. Effective wound treatment can be provided with hydrogels prepared close to or similar to the skin pH.



Although chitosan and HA hydrogels in wound healing have been reported before, there are not any studies for the chitosan/HA hydrogels containing honey. Another important aspect of this work is preparing hydrogels without using chemical crosslinkers. Chemical crosslinkers are commonly used to prepare biopolymeric hydrogels; however, chemically crosslinked hydrogels’ toxicity is a significant problem, limiting the biological applications of hydrogels [8,10]. Therefore, in this study, CS/HA/Honey hydrogel formulations were developed, and in vitro characterization and cell-culture studies were performed to evaluate the effects of chitosan/HA/honey coacervate hydrogels produced without the use of any chemical agent. In addition, its effects on wound healing were examined in detail in a rat wound model.




2. Results and Discussion


2.1. In Vitro Characterization of Chitosan/HA/Honey Hydrogels


2.1.1. Viscosity


The chitosan/HA/honey formulations were visually examined for their color, integrity, and homogeneity (Figure 1a). It was observed that hydrogels have an opaque and homogeneous structure. Hydrogel-loaded eppendorf tubes were turned upside down to observe their flow against gravity. All formulations except CHB4, with the highest honey content, remained steady against gravity. CH3 and CHB3 formulations were ideal in terms of color, integrity, homogeneity, and spreadability (Figure 1c).



The viscosity of the hydrogels affects the penetration of active ingredients through the skin. It was observed that viscosity increased with enhanced HA amount in the formulation composed of chitosan and HA (from 25,301 to 75,804 cP), while honey addition to the formulation decreased viscosity (from 49,709 to 10,219 cP) (Figure 1d). El Kased et al. [22] showed that the viscosity of hydrogels decreases with increasing concentrations of honey in the honey-chitosan or honey-carbopol 934 formulations. This shows that hydrogel formulations can flow easily from containers, and furthermore, the diffusion of honey within the hydrogel network would increase, resulting in a more effortless flow. Asfour et al. [24] reported that the positive correlation between viscosity and chitosan concentration led to an acceleration of the wound healing process due to the high viscosity of the formulation, resulting in sustained drug release with enhanced remains on the wound.




2.1.2. Morphology and Porosity


The scanning electron microscopy (SEM) technique was used to analyze the morphology of lyophilized hydrogels. The hydrogels that only consisted of chitosan exhibited a consistent pore structure, whereas the hydrogels that only consisted of HA displayed an irregular pore geometry, as depicted in Figure 2A(a,b). Chitosan/HA hydrogels at a 1/0.5 ratio (CH1) did not exhibit homogeneous pore structure due to the presence of HA. A flat surface morphology was observed in chitosan/HA/Honey (CHB1) hydrogels (Figure 2A(c,d)). In hydrogels with 1/2 (CH3) and 1/2/2 (CHB3) ratios, an increase in pore structure was observed with the increase in HA, as depicted in Figure 2A(e,f). Correia et al. [25] discovered chitosan scaffolds containing HA for cartilage tissue repair and showed that pore size increased with increasing HA concentrations. It has been observed that scaffolds consisting only of chitosan had a narrow pore configuration, and a broader pore structure was obtained with HA addition. Chitosan/HA scaffolds were reported to have high porosity and a regularly dispersed pore structure. Coimbra et al. [26] prepared HA/CS scaffolds by a polyelectrolyte complexation method, which showed a porous structure and interconnected pores. However, as HA increased, it was found that there was a closed and collapsed pore structure where the pores became irregular. As shown in Figure 2A, chitosan hydrogels were observed to form regular porous structures, while the addition of HA and Honey caused irregularities in the porous structure. However, for CHB3 formulations, it was observed that the porous structure was significantly preserved.



Porous structures of hydrogels and scaffolds are essential for cell proliferation because they promote cell migration and the effective transport of nutrients and metabolic wastes [15]. In our study, the porosity value obtained by the solvent replacement method of the hydrogel formulations was found to be compatible with the SEM images (Figure 2). It was observed that the porosity in formulations containing honey was lower than in those without honey (Figure 2B). An increase in porosity was observed with the increase in HA concentration in the formulations (13–16%). It was determined that the porosity decreased with the addition of honey to the hydrogel formulation (1% 0). Dhasmana et al. [27] prepared a cell-free dermal matrix incorporating honey and showed that as the honey concentration increased, the pore size decreased in porosity measurements.




2.1.3. Swelling Ratio


The porous structure of hydrogels and a proper swelling ratio allow oxygen diffusion through the hydrogel matrix, eliminate wound exudates, and maintain the moisture of the wounded area to contribute to wound healing [15]. An ideal wound dressing material should keep water loss under control and prevent factors such as leakage and dehydration as much as possible [28]. Chitosan and HA have numerous hydrophilic groups, such as hydroxyl, amino, and carboxyl, which contribute to hydrogel’s water uptake [25]. In our study, it was observed that formulations containing HA had enhanced water uptake capacity. The ratio of chitosan to HA significantly affected the swelling properties of hydrogels (Figure 3a). It was observed that the swelling ratio was decreased by honey addition to chitosan/HA formulations (Figure 3b). Zhu et al. [29] designed chitosan/HA hydrogels crosslinked with glycerol phosphate and observed that the swelling ratio increased in parallel with the amount of HA in the formulation. El-Kased et al. [22] reported that the swelling ratio of hydrogels varied inversely with the concentration of honey added to the formulation.



In formulations containing chitosan/HA and chitosan/HA/honey, it was observed that the swelling ratio of the hydrogels changed depending on the pH (Figure 3c). The highest swelling ratio in honey-containing formulations was observed at pH 7. In formulations containing chitosan/HA, the swelling ratio increased at pH 8. In hydrogels, the swelling rate increased as the ambient pH increased. The pH-sensitive swelling of hydrogels varies depending on the pH of the swelling medium, polymer concentration, hydrophilicity, ionizable groups, and the positive and negative charge-bearing groups of cationic and anionic polymers. The swelling of chitosan at an acidic pH is attributed to the protonation of its amino groups. Chitosan hydrogel swells as protonated, positively charged groups of the polymer chain cause repulsion. Anionic hydrogels based on hyaluronic acid swell at a higher pH because of the ionization of acidic groups. Ionized, negatively charged carboxyl groups in the polymer chain cause electrostatic repulsion and swelling [30].



The addition of HMW-HA (High Molecular Weight Hyaluronic Acid) to chitosan has increased viscosity, and the non-proportional nature of this increase indicates that HMW-HA exhibits non-Newtonian flow behavior. Furthermore, the addition of honey to the formulations has reduced viscosity in all groups. When examining the rheological properties of chitosan/HA and chitosan/HA/honey hydrogels prepared with high-molecular-weight hyaluronic acid, it is observed that the relationship between shear stress and shear rate conforms to a non-Newtonian flow model. As shown in Figure 3d, viscosity versus shear rate curves have been plotted for non-Newtonian flow-observed hydrogels. It is evident that as the shear rate increases, the viscosity of the hydrogels decreases, indicative of shear-thinning behavior.




2.1.4. FT-IR Analyses


FTIR spectroscopy was performed for the identification of intermolecular interactions in chitosan/HA and chitosan/HA/honey hydrogels (Figure 4). Functional groups of MMW chitosan, HMW HA, and coacervate hydrogels are characterized. The characteristic peaks of chitosan were in the amide I band at 1647 cm−1, -NH2 bending vibrations at 1595 cm−1, and the amide III band at 1377 cm−1. The characteristic peak of hyaluronic acid is the C=O stretching vibration at 1640 cm−1 due to the carbonyl group. In chitosan/HA hydrogel formation, -NH2 bending vibrations at 1595 cm−1, an amide III band at 1377 cm−1 of chitosan, and C=O peaks at 1640 cm−1 of HA were observed. The characteristic peaks of honey (caused by glucose and fructose) are C-H and C=O, with C-O stretching bands at 2910 cm−1,1650 cm−1, and 1054 cm−1, respectively. The broad band at 3300 cm−1 comprises O-H stretching vibrations caused by sugars bonded with water. The FTIR spectrum of honey-containing formulations revealed band profiles similar to the spectrum of honey.




2.1.5. Cell Attachment of Hydrogels, Cell Viability, and Proliferation


The adhesion and growth of fibroblast cells to the hydrogel surface were examined by reversed-phase microscopy. In all groups, it was determined that fibroblast cells adhered to the hydrogel surface and increased cell proliferation after 72 h (Figure 5). The cells continued to grow on and around the hydrogel, and no signs of cell damage, such as cell fragmentation, were observed. Thus, it was observed that hydrogels did not show any cytotoxic effect on the cells (Figure 5A,B). Although the cells grew toward direct contact with dense hydrogel sites, they did not migrate to these sites. Cells migrated to areas where the hydrogel was thin. It is difficult to identify proliferating cells in hydrogels because the cells do not have enough space to spread, so they grow into the hydrogel (Figure 5A). In a study, fibroblastic cells were implanted on hydrogels prepared with chitosan/β-GP/HA and similar results were observed. In that study, it was reported that, owing to the high density of hydrogels, the cells grew around the hydrogel and did not show any toxic effects [31].



The effects of hydrogels on cell viability were evaluated in all groups, and it was observed that hydrogels were non-toxic and increased cell proliferation (Figure 5B). Cell proliferation was higher in chitosan/HA/honey hydrogels applied well than in control ones. The proliferation of fibroblast cells on the surface of hydrogels was highest in honey-containing hydrogels (144%). In a study designed by Al-Jadi et al. [32], cell viability in groups containing honey showed a 35% increase, depending on the concentration, compared to the control group.




2.1.6. In Vivo Wound Healing


The process of wound healing is a multifaceted and systematically ordered phenomenon that involves several stages, including homeostasis, inflammation, cell migration and proliferation, and remodeling [33]. Macroscopic analysis of wound healing was shown in Figure 6. It was observed that CS/HA/Honey hydrogel application accelerated wound healing on the 7th day more than other groups. Complete closure of the wound occurred on the 21st day in all groups. Histopathological examinations were performed on days 7, 14, and 21 to evaluate the wound healing process (Figure 7). Interactions between keratinocytes and other cell types during wound healing are essential for complete wound closure. An imbalance in cellular or molecular mechanisms leads to fibrosis [34]. In our study, cellular content was found to be high in the groups where honey and honey-containing hydrogels were applied (Figure 7). Honey influences cellular responses such as cell migration and proliferation, collagen matrix production, and the chemotaxis of keratinocytes, fibroblasts, and endothelial cells. Therefore, honey may accelerate wound closure with re-epithelialization [35]. Chitosan has been shown to increase cell migration and cellular content in honey-containing wound care formulations [36].



In this study, wound samples were evaluated in terms of inflammation, and it was observed that the inflammation was relatively high in the group where only honey was applied on the 7th day. In the hydrogel-treated groups, inflammation was significantly higher on day 7 and decreased on day 14. Honey induces leukocytes for cytokine release, providing rapid autolytic debridement, and may increase the wound healing rate by suppressing inflammation [21,35].



The acidic composition of honey triggers the stimulation of fibroblasts and the expression of vascular endothelial growth factor (VEGF) [21]. In our study, we observed that hydrogel formulations containing honey significantly increased neovascularization on day 7 and decreased neovascularization on day 14 compared to other groups (Figure 7). Generally, endothelial cells participate in angiogenesis in tissue regeneration, and tissue repair facilitates the formation of new tissue and vessels. Deng et al. [34] reported that fibroblasts and endothelial cells increased in wounds treated with chitosan/HA hydrogels, resulting in faster tissue formation.



Honey increases re-epithelialization, one of the most critical phases of wound healing [21]. In our study, epithelialization started on the 7th day, and it was observed that it was higher in the honey-containing hydrogel group compared to the other groups (Figure 7). Honey has been reported to accelerate epithelialization in wounds treated with chitosan/honey hydrogels [22]. Hydrogels cross-linked with PVP/PEG/honey have been shown to significantly accelerate dermal repair and increase re-epithelialization when used as a burn wound dressing [23]. Pectin-honey hydrogels significantly increased angiogenesis, matrix formation, granulation tissue formation, and re-epithelialization [37]. It seems that previous research supports the findings of our study.



Hydrogels mimic natural tissue, or ECM, and promote angiogenesis. Chitosan/HA hydrogels were reported to be beneficial in the distribution of vascularization [34]. In our study, vascularization increased in the hydrogel-treated groups on day 7, while it decreased on day 14. On the 21st day, vascularization continued in the control and other groups. While granulation tissue formation increased on the 7th and 14th days in the hydrogel-applied groups and decreased after the 14th day, it continued to increase on the 14th day only in the chitosan and HA-applied groups and the control group (Figure 7).



In the final phase of the repair process, fibroblasts continue to produce collagen and other ECM components, enabling the immature collagen matrix to be remodeled into mature scar tissue [34]. Insufficient accumulation of collagen leads to a weakening of the tissue structure. In our study, collagen synthesis in hydrogel groups continued until day 21.






3. Conclusions


When honey is applied topically to the wound site, its rapid clearance is observed as a result of flowing from the wound site, which prevents it from reaching the therapeutic concentration by staying in the wound area for a long time. The chitosan/hyaluronic acid/honey hydrogels ensured that honey stayed longer in the wound area and showed its effect for a longer time. Effective wound healing has been achieved with the synergistic effects of chitosan, hyaluronic acid, and honey. We suggest that chitosan/hyaluronic acid/honey coacervate hydrogel formulations could be used as a potential therapeutic strategy for tissue regeneration.




4. Materials and Methods


4.1. Materials


Chitosan M (Medium molecular weight with 190–310 kDa, 200–800 cP viscosity values with 75–85% deacetylated, Sigma, Tokyo, Japan), HA (high molecular weight with 1800 kDa, cosmetic grade, China), and honey (Balparmak, Türkiye) were used. Dulbecco’s modified eagle’s medium (DMEM), Fetal bovine serum (FBS), Trypsin-EDTA solution, and Dulbecco’s phosphate buffered saline (DPBS) were purchased from Gibco. MTS was purchased from Promega.




4.2. Methods


4.2.1. Preparation of Chitosan-Hyaluronic Acid-Honey Hydrogels


Chitosan/Hyaluronic acid/Honey coacervate hydrogels were prepared with high molecular weight hyaluronic acid and honey in different ratios (Table 1, Figure 8). Two percent medium molecular weight chitosan (MMW) was dissolved in 1% acetic acid (pH 3.5–4). NaOH was added to the chitosan solution drop by drop using a magnetic stirrer to raise the pH of the solution to 8–9 in order to precipitate chitosan. The resultant hydrogel was then centrifuged to remove excess NaOH and washed three times with distilled water. Aqueous solutions of high molecular weight hyaluronic acid were added to the precipitate at different concentrations (1%, 2%, 4%, and 6%) and mixed for one hour in a magnetic stirrer to form chitosan-hyaluronic acid hydrogel (pH 7.5–8.0) [2,38]. Honey (1%, 2%, 4%, and 6%) was added to this hydrogel in the same weight ratio as hyaluronic acid, and stirring the hydrogel continued (pH 6.5–7.0).




4.2.2. Viscosity Study


Viscosity determination of Chitosan/HA and Chitosan/HA/Honey hydrogels was performed at 25 °C at a shear rate from 1 to 100 rpm (Rheocalc TV1.0.1, Brookfield). Viscosity values were read after 2 min. Viscosity measurements (n = 6) were averaged and recorded.




4.2.3. Morphology Study


Lyophilized hydrogel samples were coated onto aluminum grids coated with carbon film for scanning electron microscopy (SEM, Jeol, Tokyo, Japan), and the SEM samples prepared in this way were magnified at ×200–500 ratios with an accelerating voltage of 20 kV.




4.2.4. Porosity Measurements of Hydrogels


A solvent replacement method was used to define the porosity of hydrogels [39]. One gram of the hydrogel was weighed in small plastic petri dishes. The weighed hydrogels were dried until they reached a constant weight in an oven at 37 °C, and porosity tests were performed. The dry formulas were soaked in absolute ethanol overnight, and the next day, excess ethanol was removed from the environment by absorbent paper and weighed. Porosity was calculated according to the following formula.



Porosity = [(A2 − A1)/(p.V)] × 100 A1 = Weight of hydrogel after immersion in absolute ethanol; A2 = Weight of hydrogel before immersion in absolute ethanol; p = Density of absolute ethanol; V = Volume of hydrogel.




4.2.5. Determination of Water Content


To determine the water content of the prepared hydrogels, 1 g of each hydrogel was carefully weighed in small plastic petri dishes. The weighed samples were dried until they reached a constant weight in the oven at 37 °C. The dried hydrogels were weighed using a precision balance. They were then submerged in PBS until they reached equilibrium, and the swollen hydrogels were weighed after removing the excess with a filter paper. The swelling ratio and equilibrium water content were calculated using the following equations [40]:


Water content (%) = (Wwet – Wdry)/Wwet × 100










Swelling ratio (%) = (Wwet – Wdry)/Wdry × 100











Wdry is the weight of dried hydrogel, and Wwet is the weight of fully swollen hydrogel after reaching equilibrium. The degree of swelling and water content were calculated by taking an average of three measurements.




4.2.6. Swelling Control


One gram of each hydrogel formulation was weighed in a small plastic petri dish. The weighed hydrogels were dried in the oven at 37 °C until they reached a constant weight, and then swelling experiments were performed. Approximately 0.5 mL of PBS buffer was added to the hydrogels at 15 min intervals. At the end, excess buffer was removed from the environment with absorbent paper, and the hydrogels were weighed. The water holding capacity (percentage of swelling) of the formulations was calculated according to the formula below [41]:


% Swelling Ratio = (Wn – W0)/Wn × 100











Wn = n. weight of hydrogel sample per minute



W0 = Weight of the hydrogel sample at 0 min (start point).




4.2.7. Ph Sensitivity Study


The Ph sensitivity of hydrogels was studied using PBS at different Ph levels (Ph 5–8) [42]. A total of 1 g of each hydrogel formulation was weighed in a small plastic petri dish. The weighed hydrogels were dried in the oven at 37 °C until they reached a constant weight, and then pH sensitivity tests were performed. In this study, 0.5 mL of PBS buffer was added to the hydrogels at 15 min intervals. At the end of the period, excess PBS was removed with absorbent paper, and the hydrogels were weighed. Dried hydrogels continued to be weighed at certain time intervals until swelling reached an equilibrium state. Swelling rates were calculated according to the formula shown below:


Swelling ratio = (Wn − W0)/W0











Wn = n. weight of hydrogel sample per minute,



W0 = Weight of the hydrogel sample at 0 min (start point).




4.2.8. Characterization of Hydrogels by Fourier Transform Infrared Spectroscopy


In order to investigate the bonding between polymer hydrogel formulations, hydrogel samples were lyophilized by freezing at −80 °C and analyzed using a Fourier Transform Infrared Spectroscopy method. Lyophilized hydrogel sample spectra were taken using a Perkin Elmer 1600 FT-IR device.




4.2.9. Adhesion of Cells to Hydrogels and the Effect on Proliferation


The NIH-3T3 cell line, which is a mouse fibroblast cell, was utilized in the cell-culture investigations of hydrogel formulations. The cells were cultured in a DMEM medium that was supplemented with 10% fetal bovine serum, 100 mM L-glutamine, and 100 mM antibiotic solution. Hydrogels were produced using aseptic techniques for the purpose of adhesion analysis. These hydrogels were subsequently placed in 12-well culture plates within laminar flow cabinets, sterilized using UV light, and left to dry overnight. On the subsequent day, NIH-3T3 fibroblast cells were seeded onto hydrogels at a density of 1 × 105 cells per well, and the adhesion of the cells to the surface was evaluated.



The MTS assay was conducted to investigate the impact of hydrogels on cellular proliferation and cytotoxicity. DMEM with 10% FBS was added to the hydrogels that were sterilized and dried in 96 well-plates. To determine cell viability, 1 × 104 NIH-3T3 cells per well were added to hydrogels. After 72 h, cell viability was examined by the MTS method. The MTS method was carried out according to the manufacturer‘s protocol. At the end of the incubation period, 20 μL of MTS agent was added to the wells and incubated in the cell culture incubator for three hours. Cell viability was quantified by measuring absorbance at 490 nm using a Synergy plate reader (BioTek, Charlotte, VT, USA).




4.2.10. In vivo studies


Twelve-week-old Sprague Dawley rats (280–300 g) were supplied from the Inonu University Experimental Animals Laboratory. In vivo studies were performed in accordance with institutional regulations and the ethics committee for the use of laboratory animals (Inonu University, Malatya, Türkiye, 2019/A-28).



After general anesthesia, the back hair of the rats was shaved and wiped with povidone. A full-thickness wound (containing the epidermis and dermis) using a biopsy instrument with a 6 mm diameter was inflicted on each side of the animals’ dorsal region. The rats were divided into five groups, with six rats in each group: control (saline), chitosan, honey, HA, chitosan/HA (1/2, CH3), and chitosan/HA/honey (1/2/2, CHB3) hydrogel groups. After wound formation, hydrogels and honey were applied to the wounds every three days. The wound healing effect of chitosan/HA/honey hydrogels was measured histopathologically on days 7, 14, and 21. A piece of skin up to the muscle layer covering the wound and an area of 5–10 mm2 from the uninjured part around the wound were removed. Afterwards, a histopathological examination of skin tissues was performed. The effects of the formulations on wound healing were evaluated by examining parameters such as inflammatory cells, fibroblasts, epithelial migration, re-epithelialization, new capillary formation, and collagen fiber deposition [43].




4.2.11. Statistical Analysis


All data are expressed as mean ± standard deviation. A student’s t test and one-way ANOVA were applied to calculate p-values and examine significant differences between experimental data, and p < 0.05 was considered significant. Statistical analysis was performed with SPSS version 12.0.
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Figure 1. The viscosity and structure of hydrogel formulations. (a). Macroscopic images of different hydrogel formulations (b). Liyophilized hydrogels (c). Inversion test (d). Viscosity measurement values. 
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Figure 2. (A). SEM images of hydrogels. (a). Hyaluronic acid (b). Chitosan, (c). CH1, (d). CHB1, (e). CH3, (f). CHB3 hidrojelleri, (B). Porosity determination of CH and CHB formulations (** p = 0.002). 
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Figure 3. (a). % swelling ratios of hydrogels; (b). % water content and equilibrium swelling ratio; (c). % swelling ratios of hydrogels at different pHs; (d). Rheologic properties of CH3 and CHB3 formulations. 
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Figure 4. FT-IR measurements of hydrogels. 






Figure 4. FT-IR measurements of hydrogels.



[image: Gels 09 00856 g004]







[image: Gels 09 00856 g005] 





Figure 5. (A). Microscopic images of NIH-3T3 cells seeded on hydrogels (a–d: CH1, CH2, CH3, CH4; e–h: CHB1, CHB2, CHB3, CHB4 (20x magnification). (B). Cell viability by MTS test. 
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Figure 6. Macroscopic images of wound healing in all groups on days 0, 3, 7, and 14. Complete healing and wound closure occurred on the 21st day. Therefore, it is not included in the figure (six rats from each group were sacrificed on days 7, 14, and 21). 
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Figure 7. Histomorphological analysis of wound healing study. Microscopic examination of rat wound sites by H&E staining. 
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Figure 8. Chemical structures and interactions of chitosan and hyaluronic acid. 
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Table 1. The composition of hydrogel formulations.
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Formulations

	
HMW

Hyaluronic Acid

	
MMW

Chitosan

	
Honey

	
CS/HA

CS/HA/Honey

(w/w)






	
CH1

	
1%

	
2%

	

	
1/0.5




	
CH2

	
2%

	

	
1/1




	
CH3

	
4%

	

	
1/2




	
CH4

	
6%

	

	
1/3




	
CHB1

	
1%

	
1%

	
1/0.5/0.5




	
CHB2

	
2%

	
2%

	
1/1/1




	
CHB3

	
4%

	
4%

	
1/2/2




	
CHB4

	
6%

	
6%

	
1/3/3
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