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Abstract

:

Excessive ultraviolet (UV) exposure can lead to sunburn, characterized by skin barrier damage, inflammation, pain, and an increased risk of skin cancer. Recombinant collagens have gradually attracted attention due to their high purity, low immunogenicity, batch-to-batch consistency, and excellent solubility. Additionally, the type of dressing significantly affects wound repair. Gels are ideal for sunburn treatment because they maintain a moist environment, adhere firmly, and do not need to be removed. Herein, we have created bioactive triple-helical recombinant collagen (THRC) gels for improved healing of sunburned skin. The THRC gels remained stable after a three-month stability test, displaying a rheological behavior characteristic of non-Newtonian pseudoplastic fluids. In vivo skin irritation tests conducted on New Zealand rabbits demonstrated that THRC gels were safe for use. A sunburned mice model was established to study the biological effects of THRC gels. Non-invasive combo evaluations indicated that THRC gels exhibited an exceptional capability of recovering dermis density, erythema index (EI), hydration, and transepidermal water loss (TEWL) of sunburned skin to a healthy state. Histological observations revealed that THRC gels significantly enhanced the repair of damaged skin by accelerating the recovery process, promoting collagen deposition and regeneration. Molecular biological characterizations further demonstrated their remarkable antioxidant properties, including the inhibition of lipoperoxidation and the enhancement in superoxide dismutase (SOD) and glutathione (GSH) activities. These safe and bioactive recombinant collagen gels provide a novel approach for sunburn repair and show potential for long-term cosmetic benefits.
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1. Introduction


Exposure to UV radiation is a common threat to skin health, causing acute sunburn symptoms such as erythema, edema, and dryness [1,2]. Within the UV spectrum, UVA (wavelength: 320–400 nm) penetrates deeper into the skin, reaching the dermis, while UVB (wavelength: 280–320 nm) primarily affects the epidermis [3,4]. About 50% of the UVA can penetrate to the dermis, eliciting apoptosis in cells [5]. UVB is a minor component of UV radiation; however, it is more detrimental to the skin than UVA [6]. UVB not only directly causes DNA damage, but also triggers a cascade of pro-inflammatory and intracellular signals, resulting in inflammatory cell infiltration, epidermal thickening, and flattening of the dermo-epidermal junction [7]. Excessive UV exposure can lead to acute photodamage and, with long-term accumulation, significantly increases the risk of skin cancer, particularly in individuals residing in high-altitude and coastal areas [8,9,10]. Therefore, it will be of great significance to develop effective strategies for the treatment of sunburned skin.



Natural polymers with high bioactivity and biocompatibility have been extensively developed to treat sunburned skin [11,12,13]. Hyaluronic acid (HA), a macromolecule of the extracellular matrix, has been utilized to repair UV-damaged skin due to its efficacy in tissue remodeling, anti-inflammation, and antioxidant properties [14,15]. As the main dermal component in human skin, the damage of collagen has been widely known as a key feature of acute sunburn [16]. Recent research indicated that yak collagen, with its triple-helical structure, offers effective treatment for sunburn [17]. However, the animal-derived collagen suffers from allergic reactions and risks of disease transfer. Our previous study developed a type of triple-helical recombinant collagen that features high purity, low immunogenicity, consistent batch-to-batch quality, and excellent solubility [18]. This recombinant collagen has shown great promise in wound healing due to its high bioactivity and stability, attributes closely related to its triple-helical structure [19]. Consequently, THRC-based wound healing biocomposites remain a significant area of research.



Dressings have been designed to address skin damage promptly, providing effective care and promoting faster healing [20]. Based on the physical form, dressings are available in the types of ointment, film, foam, and gel, which can be applied to wounds with different characteristics [21]. A suitable type of wound dressing can provide a desirable environment for wound healing [22]. Gels offer several advantages over other dressings for treating sunburn, including protection from environmental contaminants, enhanced air exchange, antibacterial properties to combat microorganisms and infections, reduction in dead cells at the wound site, ease of replacement, and non-toxic and non-allergenic characteristics [21,23]. Additionally, gels are characterized by excellent sensory and rheological properties, such as a pleasing sensation when applied to the skin, and a low degree of viscosity [24]. Overall, gels are preferred by people for repairing sunburn wounds.



In this study, we developed a novel THRC gel and evaluated its stability, rheological properties, safety, efficacy, and antioxidant capabilities for repairing sunburned skin. The THRC gels, demonstrating favorable stability, excellent rheological behavior, and high safety, provide strong evidence supporting their potential for commercialization. We further established a sunburn animal model via UV irradiation and compared the healing effects of daily treatment over a 7-day period across different treatment groups. A non-invasive combo was applied to quantify changes in skin condition. A histological analysis and molecular biological methods were utilized to compare the effects of THRC gels and commercialized collagen dressings on sunburned skin. The THRC gels demonstrated superior safety and efficacy, highlighting their potential for applications in dermatology and skincare.




2. Materials and Methods


2.1. Materials


Glycerol, phenoxyethanol, methylparaben, and hydroxyphenylpropyl were purchased form Guangzhou Zhongguang Biotechnology Co., Ltd. (Guangzhou, China); HA with 120–160 w was purchased from Bloomage Biotechnology Co., Ltd. (Beijing, China); H&E, Masson, MDA, SOD, and GSH kits were all purchased from Beijing Solarbio Science & Technology Co., Ltd. (Beijing, China); Hydroxyproline (HYP) (CRM), Chloramine-T (AR), citric acid (AR), isopropyl alcohol (AR), para dimethylaminobenzaldehyde (PDAB) (AR), and 70% perchloric acid (AR) were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China).




2.2. Preparation of THRC Gel


THRC was expressed through the Escherichia coli (E. coli) BL21 strain, employing plasmid pColdIII-THRC in accordance with previous protocols [18,25]. The cells were cultured in 50 mL of a Luria–Bertani (LB) medium supplemented with 100 mg/L ampicillin overnight at 37 °C. Subsequently, the cells were transferred to 1 L of the LB medium and incubated at 37 °C. When the optical density at 600 nm (OD600) reached a range of 0.5–2.0, the temperature was reduced from 37 °C to 25 °C. Then, 1 mM isopropyl β-d-thiogalactopyranoside (IPTG) was introduced to induce protein expression. After 8–36 h of incubation, the cells were harvested and resuspended in a binding buffer (20 mM sodium phosphate buffer, pH 7.4; 500 mM NaCl; and 20 mM imidazole). The cells were lysed using a homogenizer, and the resulting supernatant fraction was collected. Raw proteins were purified through a Ni-NTA Sepharose column using an elution buffer (20 mM sodium phosphate buffer, pH 7.4; 500 mM NaCl; 500 mM imidazole). THRC was obtained through the trypsin digestion of the purified protein, enabling the removal of the folding domain as outlined in previous descriptions. The degraded fragments were eliminated through dialysis using 50 mM phosphate-buffered saline (PBS) at pH 7.4. The purified THRC was lyophilized for future applications and confirmed by SDS-PAGE.



The formula of the THRC gel was as follows: 0.35% THRC, 1.45% HA, 8% glycerol, and a few medical preservatives (phenoxyethanol, etc.). The phase A mixture (water, glycerol, HA, and preservatives) was heated to 85 °C and stirred until complete dissolution. The phase A mixture was then homogenized for 3 min and incubated for 15 min. When the temperature decreased to 30 °C, phase B (THRC solution) was added. Finally, the mixture kept being stirred to reach a transparent solution. The THRC gels were packaged into plastic bottles that had been pre-sterilized with Co-60 irradiation. Each plastic bottle of a 30 mL gel mixture was sealed and stored at 4 °C.




2.3. Stability Assessment of THRC Gel


The formulations had to pass the centrifugation test, the heat test, and the freeze test to evaluate stability [26]. The centrifugation test was performed with 5 mL of the formulation in a plastic tube and subjected to centrifugation at 3000 rpm for 3 cycles of 30 min each. The formulations were stored in glass containers with lids (20 mL for each formulation) at temperatures of 60 °C and −4 °C for 12 h. The parameters evaluated were pH values and organoleptic characteristics (color, odor, and appearance). The determination of the pH values was performed with the formulations diluted in distilled water in a 1:10 ratio, according to the methods in QB/T 2872-2017 [27] and GB/T 13531.1-2008 [28]. The evaluations were performed at the initial time (0 weeks, 0 w) and subsequently at 28 days (4 weeks, 4 w), 56 days (8 weeks, 8 w), and 84 days (12 weeks, 12 w).




2.4. Rheological Behavior of THRC Gel


The rheological behaviors of the THRC gel were evaluated. Rheological experiments were conducted at a constant temperature of 25 °C using an Anton Paar rheometer (MCR 302, Anton Paar, Germany). The fresh gel samples were positioned on the sample stage of a rheometer, and changes in viscosity were evaluated across shear rates ranging from 1 to 100 s−1. Then, we plotted a double logarithmic curve of shear stress versus shear rate. The flow and consistency index were obtained using the Ostwald–deWaele model, represented using the following equation where τ = shear stress (Pa); κ = consistency index (Pa.sn); γ = shear rate (s−1); and n = flow index (dimensionless) [29].


τ = κγn



(1)








2.5. Skin Irritation Test of THRC Gels on Rabbits


All animal experiments were conducted according to protocols approved by the ethics committee of the College of Chemistry and Chemical Engineering at Lanzhou University (No. G09, 20220711). All animals were fed with standard laboratory diets referring to the Code of Practice for the Housing and Care of Animals Used in Scientific Procedures. All animal research complied with the commonly accepted “3Rs”.



A skin irritation test was performed to evaluate the tolerance of rabbit skin to the THRC gels based on GB/T 16886.10-2017 (China) [30]. All rabbits weighed 2.0 ± 0.2 kg and were between 3 and 4 months of age. Three New Zealand white male rabbits with healthy skin were used. Three rabbits were fed in a single cage and adapted for 3 days. Then, 24 hrs before the experiment, fur from the backs of the three rabbits was removed and clipped into 10 cm × 15 cm areas with no damage to the epidermis. The shaved area was divided into four sections: control, normal (normal skin plastered with THRC gel), damage (damaged skin plastered with THRC gel), and positive control (normal skin plastered with methanol solution). First, the dressing is applied for 4 h, which constitutes the contact phase. Then, the dressing is removed, and any residual test material is gently cleaned off with warm water, followed by careful drying of the area. Finally, at different time intervals (1 h, 24 h, 48 h, and 72 h), the skin of the test and control areas was observed under natural light and quantitatively scored for erythema and edema according to the scoring standards for erythema and edema formation. According to the GB/T 16886.10-2017, the primary dermal irritation indices (PDIIs) were calculated according to the following formula. Mean scores of 0–0.4 were recorded as very mildly irritating, 0.5–1.9 as mildly irritating, 2.0–4.9 as moderately irritating, and 5.0–8.0 as severely irritating.


  P D I I =    S u m   e r y t h e m a   ( a l l   t i m e   p o i n t s ) + S u m   e d e m a   ( a l l   t i m e   p o i n t s )   n u m b e r   o f   i n t e r v a l s × n u m b e r   o f   a n i m a l s     



(2)








2.6. Animal Experiment of THRC Gels in Sunburn Skin Healing


The sunburned skin model was established by excessive UV exposure to study the repair efficiency of THRC gel for sunburn wounds. The 96 female Kunming mice were purchased from Lanzhou Animal Experiment Center. Before the test, all mice were depilated on the back in a 2 cm × 4 cm area. Firstly, 96 mice were assigned randomly into four groups with 24 mice in each group, as shown in Table 1. All mice except the blank group were irradiated with UVA (320–440 nm) and UVB (280–320 nm) lamps (Nanjing Huaqiang Electronics Co., Ltd., Nanjing, China) at 200 mJ cm−2 to induce acute skin inflammation [31]. One day after UV radiation, the THRC gel and product (medical recombinant collagen functional dressings (Gel Type), 30 g/bottle) were applied to repair the wound skin, respectively. Daily treatment of 15 min was applied at 24 h intervals. Six mice from each group were euthanized on days 1, 3, 5, and 7, respectively. Skin samples were then collected from the sunburned sites.




2.7. Non-Invasive Evaluation by Combo to Assess the Skin Condition


The DermaLab Combo analysis system was applied to evaluate the skin condition non-invasively. The five main parameters representing skin conditions, namely a dermatoscope, ultrasound, EI, hydration, and TEWL, were measured on day 1, day 3, day 5, and day 7 after UV irradiation. A dermatoscope uses positive or non-positive white light as a light source to magnify and image the surface of the skin. Meanwhile, Combo ultrasonic imaging relies on the properties of reflected sound waves through the tissue, which are highly correlated to the differences of collagen [32]. The increase in EI can be caused by sunburn, resulting in skin redness [32,33]. The hydration level of the skin surface can be accurately determined using Combo by measuring electrical capacity as the alternating voltage of SC. TEWL was particularly designed according to Nilsson’s Vapor Pressure Gradient theory, with an open chamber method that provides minimal impact on the skin being examined with low statistical bias. Three measure points evenly distributed on dorsal skin were selected and measured three times at each point to reduce the measurement error. The average values were calculated according to the measured data.




2.8. Histological Analysis


Skin from euthanized mice models of UV-mediated acute skin injury was harvested. The skin tissues were fixed in 4% paraformaldehyde for 24 h and embedded in paraffin. The tissues were sectioned to a 3.5 µm thickness on polylysine-treated glass slides. Sections were stained with hematoxylin and eosin (H&E) and Masson’s trichrome to evaluate epidermization, inflammation, cellular infiltration, dermal thickness, and collagen density/structure. The stained tissue sections were imaged on a metallurgical upright microscope.




2.9. Quantitative Analysis of Collagen Volume Fraction and Hydroxyproline


The collagen volume fraction was defined as the percent area fraction (%) = (area of collagen fibers/area of skin tissue) × 100%, and derived from Masson trichrome-stained histologic sections using Image J software (Fiji for macOS).



The concentration of hydroxyproline was determined in order to evaluate the gel’s efficacy in promoting collagen regeneration following previously described procedures [34,35]. Briefly, 20 mg of fat-removed skin tissues was minced, and incubated with 2 mL of 6 M HCl for 12 h at 85 °C. pH of the solution was then adjusted to 7.0 by adding 10 mol/L NaOH at room temperature. Standard solutions of hydroxyproline were prepared at concentrations of 5.0, 7.5, 10, 15, and 20 μg/mL. Chloramine-T was added to the solution, and incubated at room temperature for 20 min. Ehrlich’s reagent was then added, and incubated at 85 °C for 10 min. The mixture was cooled to room temperature and incubated for 30 min. The UV absorption at 560 nm was measured, and the concentrations of hydroxyproline in the hydrolytic samples were determined according to the standard curve. The concentrations of hydroxyproline in tissue homogenates were determined per milligram of dry tissue.




2.10. Effect of THRC Gels on MDA, SOD, and GSH Levels


Malondialdehyde (MDA), SOD, and GSH contents were determined using colorimetric assay kits. Skin tissues were initially weighed and placed into the extraction solution at a ratio of 0.1 g/mL, followed by homogenization in an ice bath. The homogenate was then centrifuged at 8 × 103× g for 10 min at 4 °C, and the resulting supernatant was collected. The supernatant was taken and measured using a microplate reader to determine MDA, SOD, and GSH content, respectively.




2.11. Statistics


All data were expressed as means ± standard deviation. The multiple independent groups were compared with a one-way analysis of variance (ANOVA) in the software SPSS ver.24. Statistical significance was defined as * p < 0.05, ** p < 0.01, and *** p < 0.001. GraphPad Prism8.0.2 software (San Diego, CA, USA) was used for charts.





3. Results


3.1. Stability Determination of THRC Gels


The stability of the THRC gels was assessed at the initial time (0 w) and subsequently at 28 days (4 w), 56 days (8 w), and 84 days (12 w). THRC gels were uniform, transparent, and not delaminated, and no water came out after centrifugation, heating, and freezing at different times (Table 2). In addition, the pH of THRC gels remained within the physiological skin range of QB/T 2872-2017. These results demonstrated the good stability of THRC gel. A longer-term storage test may need to be conducted to ensure the stability of the THRC gel before it is marketed [26].




3.2. The Rheological Behavior of THRC Gels


The rheological behaviors of THRC gels were investigated using an Anton Paar rheometer. Within the range of 1 to 100 s−1, the viscosity of the THRC gels gradually decreased with an increasing shear rate, indicating the presence of shear-thinning behavior (Figure 1a). A double logarithmic plot of the shear rate versus viscosity in the range of 1 s−1 to 100 s−1 approximated a straight line with the equation y = 0.2864x + 0.7033 (Figure 1b). According to Equation (1), we obtain n = 0.2846, which is less than 1. These results demonstrated that the THRC gel exhibited non-Newtonian pseudoplastic behavior.




3.3. Skin Irritation Evaluation of THRC Gels on Rabbits


The skin irritation by a single administration assessment was performed by an in vivo rabbit test to evaluate the safety of THRC gels applied to the skin. The shaved rabbit skin was first divided into four parts. The scores of skin edema and erythema for the normal/broken area where the gel was applied were both “0” in each rabbit at any time point. PDII was calculated as 0 according to the scores, indicating that the skin irritation caused by the THRC gels was negligible (Table 3). The results indicated that the THRC gels exhibited no skin irritation for either normal or damaged skin.




3.4. DermaLab Combo Evaluation of the Performance of THRC Gels on the Repair of Sunburned Skin


A UV-mediated acute sunburned skin model was established according to the method described in Section 2.6. The THRC gels and commercialized collagen dressings were applied to the severe sunburned sites, respectively. Meanwhile, the untreated group was the model group.



A Combo dermatoscope was utilized to evaluate the representative macroscopic appearance of sunburn at different points (Figure 2). At the first day after model preparation, all groups except the blank group exhibited typical sunburn reactions, including redness, swelling, scaling, and epidermal peeling, with no significant differences between these experimental groups. On day 3, the THRC gels group showed complete scabs on the sunburned sites, which began to fall off. The commercially available products group had scabs with slight epidermal damage. The redness and swelling of the treated group basically subsided. The model group skin cracked due to inflammation and dryness. On day 5, the scabs of the THRC gels group were completely removed, and skin essentially returned to normal but there was slight dryness. The skin of the commercially available products group crusted and quickly fell off. The model group skin was crusted completely with slight redness. On day 7, the skin with THRC gels returned to normal. The scabs of the commercially available product group were removed completely but slight dryness remained, while the scabs of the model group were not completely removed. The results demonstrated that the sunburn model was successfully constructed. Compared to the untreated group, the treated groups indicated much accelerated repair of the skin wounds. Notably, THRC gels showed superior efficacy in repairing sun-damaged skin compared to commercialized collagen dressings.



Using the DermaLab Combo skin analysis system, the dermis density, EI, hydration, and TEWL of the skin were measured. One day after UV radiation, no significant difference was observed among the different groups expect the blank group, no matter the dermis density, EI, hydration, or TEWL (Figure 3b–e). The representative ultrasound scanning images as well as dermis density were obtained by skin ultrasonic inspection at different time points (Figure 3a,b). In the treated group with THRC gels, the dermis density increased along with the extending of experiment time, increasing to 32.70 ± 3.39, 44.53 ± 4.19, and 57.81 ± 6.11, respectively, at 3, 5, and 7 days, while the dermis density in the commercially available product group increased to 30.63 ± 3.92, 38.91 ± 5.70, and 48.33 ± 3.29. The differences between these two groups were significant (p < 0.01) at 7 days. In the model group, the dermis density decreased to 22.36 ± 4.53, 23.99 ± 2.46, and 24.45 ± 3.49, respectively, at 3, 5, and 7 days. The result was consistent with the photodamaging descriptions reported in the literature, which indicated the successful establishment of the sunburned animal model [11,36]. Along with the extending of experiment time, the EI in the THRC gels decreased to 7.91 ± 0.97, 4.46 ± 0.60, and 3.34 ± 0.46, respectively, at 3, 5, and 7 days. Meanwhile, in the commercially available product group, the reduction in EI was 9.62 ± 0.56, 7.16 ± 0.33, and 3.95 ± 0.82 at 3, 5, and 7 days (Figure 3c). The differences between these two groups were significant at 3 days. The hydration had a similar trend to that of dermis density (Figure 3b). At 3, 5, and 7 days, the increment of hydration in the THRC gel group was 136.61 ± 14.34 μS, 198.81 ± 18.42 μS, and 290.07 ± 13.36 μS, respectively. The hydration of the commercially available product group decreased to 91.95 ± 16.43 μS because of cracking skin at 3 days, but increased to 156.37 ± 20.67 μS and 221.33 ± 23.95 μS at 5 and 7 days. The hydration of skin showed significance along with the experiment time between these two groups. The TEWL paralleled EI (Figure 3e). At 5 days postoperatively, the TEWL of the THRC gels group showed no significant difference from the blank group. The data attained by the DermaLab Combo skin analysis system indicated that UV radiation impacts skin parameters including the dermis density, EI, hydration, and TEWL. Additionally, the THRC gels enhanced the skin conditions, while the efficiency was better than the commercialized collagen dressings.




3.5. Histological Analysis to Investigate the Repair Ability of THRC Gels


H&E staining indicated the biocompatibility of the THRC gels, revealing no obvious inflammation or granuloma observed (Figure 4). Throughout the experiment, the blank group’s skin remained healthy, showing no inflammatory reactions. The epidermal layer remained continuous and intact, with cells arranged in an orderly fashion, and there were no spines at the epidermal–dermal junction. On the first day, the histopathological analysis revealed sunburn symptoms in all groups except the blank group. Keratinocytes were vacuolated, numerous sun-damaged cells were present in the stratum spinosum, spines were evident at the epidermal–dermal junction, and dermal edema along with inflammatory cell infiltration led to a blurred epidermal–dermal boundary. By day 3, notable epidermal changes occurred in the UV radiation groups. Increased melanocytes and inflammatory cells were evident in the epidermis, with the highest counts observed in the model group, followed by the commercially available product group, and then the THRC gels group. Keratinization was incomplete in the model group, whereas both the commercially available product and the THRC gels groups exhibited crusted keratinization. By day 5, minimal change was observed in the model group compared to day 3, except for the presence of scabs. The scabs of the commercially available product group began to fall off, accompanied by epidermis thinning, reduction in inflammatory cells, and subsiding dermal edema. The THRC gels group basically returned to a normal state. By day 7, the epidermis of the commercially available product group was slightly thickened compared to the blank group. The THRC gels group returned to normal. These results demonstrated that THRC gels displayed enhanced epithelization capability, accelerated wound healing, and improved healing efficacy, effectively reducing the risk of infection in sunburned skin.



Masson staining images of the untreated group showed abundant collagen debris and short aggregates, which could result from collagen polypeptide chain breakage and the degradation of collagen fibers due to severe UV irradiation (Figure 5a). In contrast, the treated groups both showed a significant increase in the amount of well-ordered dense collagen fibers with interspersing fibroblasts, which well resembled the normal dermis. Collagen volume fraction results further illustrated remarkable collagen deposition in the treated groups (Figure 5b). The results indicated that THRC gel promoted collagen deposition to accelerate sunburn wound healing.




3.6. Effect of THRC Gels on Hyp, MDA, SOD, and GSH Levels


Hyp, a characteristic amino acid in the collagen sequence, was measured to quantify collagen content. The content of Hyp in the blank group served as the standard. Compared to the blank group, the untreated group exhibited a significant reduction in Hyp content due to UV damage (Figure 6a). Following treatment with THRC gels, the Hyp content was increased, indicating collagen enrichment within 7 days. Similarly, treatment with the commercially available products also increased Hyp content. These results suggested that THRC gels possessed the power to accelerate the healing of severe UV-mediated skin injury by promoting the regeneration of dermal collagen. Additionally, the result was superior to those obtained with commercialized collagen dressings.



Exposure to UV radiation would generate large amounts of reactive oxygen species (ROS) and causes DNA damage in skin tissue, leading to oxidative stress [37,38]. MDA, a major product of lipid peroxidation, significantly increases due to UV radiation, resulting in the oxidation of macromolecules [39]. Thus, the MDA content was evaluated to discuss the degree of sunburn in skin tissue. Compared to the blank group, the model group showed a significant increase in MDA content (1.72 ± 0.14 nmol/g), suggesting that UV radiation induces lipid peroxidation in the skin (Figure 6b). Meanwhile, both of the two treated groups showed a significant decrease in MDA content, with the values of 1.22 ± 0.11 nmol/g (THRC gel) and 1.40 ± 0.05 nmol/g (product group). Notably, the MDA content in the THRC gel group was not significantly different from the blank group.



The activities of SOD and GSH were further investigated to study the effect of THRC gels on the repair of sunburned skin. Excessive UV radiation has also been reported to induce a decrease in SOD and GSH activity, disrupting the physiological equilibrium of the skin [11,39]. The activities of SOD and GSH decreased to 151.35 U/g and 74.67 ± 2.37 mg/g in the model group, respectively, displaying significant decreases compared to the blank group (Figure 6c,d). The SOD activity in the treated groups showed a significant difference compared to the model group. Specifically, the THRC gel group exhibited a SOD activity of 209.77 ± 5.07 U/g, while the product group showed an activity of 183.38 ± 2.39 U/g. The GSH activity significantly increased to 113.86 ± 3.02 (THRC gel) and 105.67 ± 4.67 (product). These findings suggest that THRC gels are more effective in revitalizing sunburned skin than the commercial product, likely by significantly increasing SOD and GSH levels while inhibiting MDA overexpression.





4. Discussion


Sunburn is arguably the most prevalent skin disease induced by UV irradiation particularly in high-latitude regions, and it has been considered as a crucial risk factor for skin cancer [10,40]. As the main component of the dermis, collagen degradation has been identified as a critical feature of acute sunburn. Consequently, THRC gels with high biocompatibility and bioactivity exhibit notable protective effects against UV-induced sunburn. Compared to traditional liquid dressings, gels treating sunburn wounds may offer enhanced efficiency. Initially, the gel forms a protective film on the wound surface, isolating it from bacterial contamination, preventing fluid loss, and fostering an optimal environment for cell proliferation, thereby accelerating tissue healing. Additionally, it adheres to the wound longer than a liquid dressing, facilitating healing. It maintains a moist environment on the wound surface and can be repeatedly administered in situ, avoiding new injuries due to dressing adhesion to the wound surface during dressing changes, and effectively alleviating patient discomfort [23]. Our results revealed that THRC gels represented a promising and more effective strategy for sunburn treatment.



We have reported the development of biocompatible and nonirritating gels composed of triple-helical recombinant collagen, HA, and glycerol for the accelerated healing of photodamaged acute skin wounds and use in cosmetics. The physicochemical evaluations of THRC gels over different time periods revealed their remarkable stability, attributed to the triple-helix conformation [19]. The skin irritation test of New Zealand rabbits further demonstrated that the THRC gels are highly safe and non-irritating.



The sunburn healing efficacy of THRC gels was examined using a UV-induced acute skin injury mice model, characterized by exfoliation, erythema, dryness, and epidermis damage. DermaLab Combo results demonstrated that the THRC gels may improve wound healing by accelerating inflammation [41]. Skin barrier damage is characterized by the diminishment of hydration and increment of TEWL, while the moisture content in the skin typically determines the health of skin [39]. THRC, HA, and glycerol are efficient moisturizers since the THRC gels can enhance the hydration of the stratum corneum, and film-forming properties contribute to mitigate TEWL. The histological analysis achieved a consistent result. H&E and Masson staining images indicated that the untreated group showed epidermal damage, cellular infiltration, and dermal inflammation. In contrast, 5 days of treatment with THRC gels resulted in the robust revitalization of sunburned mice skin, evidenced by the prominent acceleration of epithelization and collagen deposition, whereas the reported fish scale extract natural hydrogel showed persistent redness on day 5 [42]. Furthermore, THRC gels remarkably promoted the arrangement and deposition of collagen fibers, which could be accomplished by supplementing contact collagen, reducing denatured collagen, and stimulating collagen regeneration according to our previous research [31].



UV radiation causes the overexpression of ROS, which is a reduction product of oxygen in the body and could induce the activation of signaling molecules and pathways such as the nuclear factor-κB (NF-κB) and mitogen-activated protein kinase (MAPK) pathway [3]. As one of the main causes that could clear ROS generated by UV radiation, SOD is important in cellular overall defense mechanisms. GSH, a master antioxidant inside the cells, is essential for preventing oxidative cell damage, and could be detected and considered as an antioxidant activity index [39]. Additionally, long-term exposure to UV accelerates lipid peroxidation, resulting in increased MDA content. The THRC gels showed higher levels of SOD and GSH as well as lower MDA content, which meant the most potent antioxidant effect. Therefore, it could be deduced that THRC gels possessed a remarkable antioxidant performance, which was beneficial to prevent the photodamaging caused by UV radiation.




5. Conclusions


In conclusion, we have demonstrated a novel type of THRC gel for the enhanced healing of sunburned skin. The THRC gels displayed great stability and rheological behavior, showing no aggregation over a wide range of temperatures and time periods, with a pH that met the required standards. Non-invasive combo evaluations revealed that the THRC gels contributed to recovery of dermis density, EI, hydration, and TEWL values of sunburned skin to normal levels. The histological analysis further indicated that THRC gels significantly enhanced the repair of sunburned skin by preventing inflammatory reactions and promoting collagen regeneration. In addition, THRC gel demonstrated excellent resistance to oxidative stress, including the inhibition of lipid peroxidation and increased SOD and GSH activity. Notably, the THRC gels demonstrated a faster recovery rate compared to commercial collagen dressings, highlighting their superior efficacy in treating sunburn wounds. These highly biocompatible and bioactive THRC gels offer an effective treatment strategy for sunburn and daily skincare, with broad applications in cosmetics and dermatology.
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Figure 1. The rheological behavior of the THRC gel. (a) The viscosity measurement; (b) a double logarithmic plot of the shear rate versus viscosity. 
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Figure 2. Combo dermatoscope images of the skin in blank, model, product, and THRC gel groups on days 1, 3, 5, and 7 at the magnification of 50×. 
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Figure 3. The Combo non-invasive evaluation of the performance of THRC gels on the repair of sunburned skin. (a) Ultrasonic image; (b) dermis density; (c) EI; (d) hydration; and (e) TEWL of mice skin in different groups including blank, model (untreated), and two treatment groups (product and THRC gels) on days 1, 3, 5, and 7. * p < 0.05, ** p < 0.01, *** p < 0.001, ns > 0.05, n = 6. 
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Figure 4. H&E staining to evaluate the repair ability of THRC gels on days 1, 3, 5, and 7. Green circles (apoptotic keratinocytes or sunburned cells); blue double arrows (the thickness of epidermis). Scale bar: 70 µm. 
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Figure 5. Masson staining evaluation of the ability of THRC gel to promote collagen regeneration. Masson staining images (a) and collagen fraction volume (b) of the blank, model, product, and THRC gel groups on days 1, 3, 5, and 7. Yellow arrows (collagen fiber breakage). Scale bar: 40 µm. * p < 0.05, ** p < 0.01, *** p < 0.001, ns > 0.05, n = 3. 
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Figure 6. The quantitative analysis of the effect of THRC gels on the repair of sunburned skin. The content of Hyp (a), MDA (b), SOD (c), and GSH (d) of the blank, model, product, and THRC gel groups on day 7. * p < 0.05, ** p < 0.01, *** p < 0.001, ns > 0.05, n = 3. 
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Table 1. The main information of experimental groups.
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	Group
	UV Radiation
	Treatment





	blank
	-
	-



	model
	+
	-



	product
	+
	0.1 g/day



	THRC gel
	+
	0.1 g/day










 





Table 2. The stability of THRC gels at different times (n = 3).
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	Time
	pH (25 °C)
	Centrifugation Test
	Heat Test
	Freeze Test





	0 w
	6.43 ± 0.03
	no significant

difference
	no significant

difference
