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Skin photoaging, caused by prolonged exposure to ultraviolet (UV) radiation, manifests as intricate biological transformations, encompassing oxidative damage and structural alterations. Despite a growing need for effective interventions, the existing therapeutic repertoire for treating skin photoaging remains constrained. Recent investigations have shifted focus towards the application of hydrogels as a novel avenue for addressing this concern. Various active substances can be combined with hydrogels for transdermal delivery, including compounds from the ocean, plants, cell active substances, which can promote skin UV damage repair mainly through antioxidant, anti-inflammatory and promote collagen production. This review seeks to offer a thorough summary of recent progress in employing hydrogels for addressing skin photoaging. Topics covered include the mechanism of skin photoaging, and emerging trends in hydrogel-based therapies for skin rejuvenation. The discussion also explores challenges and outlines potential future directions in leveraging hydrogels as therapeutic agents to address skin photoaging.
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1 INTRODUCTION
The skin, our body’s largest protective organ, is prone to injuries from genetic factors, lifestyle choices, diet, sunlight, and the environment (Hubbard et al., 2014; Belkaid and Segre, 2014). The consequences of skin aging and diseases go beyond physical implications, impacting individuals, families, and society at large in terms of mental, social, and financial aspects (Rittié and Fisher, 2015; Gu et al., 2020; Sreedhar et al., 2020). Notably, skin photoaging, a prominent sign of skin aging, mainly results from prolonged UV radiation exposure (Fisher et al., 2002; Battie et al., 2014). This type of aging is marked by fine lines, wrinkles, uneven pigmentation, and decreased skin elasticity (Cao et al., 2020; Zhang and Duan, 2018; Letsiou, 2021). Structural changes in photoaged skin involve collagen fiber breakdown, abnormal elastic fiber buildup, and disruption of the epidermal barrier (Papaccio et al., 2022; Schuch et al., 2017; Nakanishi et al., 2009). Skin photoaging, characterized by the premature aging of the skin due to chronic exposure to UV radiation, is a significant dermatological concern. Unlike intrinsic aging, which occurs naturally over time, photoaging is primarily induced by external environmental factors, particularly UV radiation from the sun. This process involves a complex interplay of molecular and cellular mechanisms, leading to visible changes such as wrinkles, loss of elasticity, and hyperpigmentation (Chaudhary et al., 2020; Zhao Y. et al., 2021a; Sales et al., 2022). The pathophysiology of skin photoaging is primarily driven by DNA damage and collagen degradation. UV radiation penetrates the skin and generates reactive oxygen species (ROS), which in turn cause oxidative stress (Kim et al., 2022). This oxidative stress results in direct damage to cellular DNA, leading to mutations and impaired cellular functions (Schuch et al., 2017; Poon et al., 2015). Moreover, UV radiation disrupts the extracellular matrix by accelerating the degradation of collagen, the protein responsible for maintaining skin structure and elasticity (Battie et al., 2014). The combination of these effects results in the characteristic signs of photoaged skin.
Current treatment methods for skin photoaging include topical antioxidants, laser therapy, and chemical peels (Poon et al., 2015). Topical antioxidants, such as vitamins C and E, aim to neutralize ROS and reduce oxidative stress (Tran et al., 2023). However, their efficacy is often limited by poor skin penetration and stability issues. Laser therapy and chemical peels, while effective in promoting skin renewal and collagen production, can be associated with side effects such as redness, swelling, and risk of infection (Hamilton and Kao, 2020; Sharad, 2013). Additionally, these treatments often require multiple sessions and maintenance, posing a challenge for long-term management of photoaging. Given these limitations, there is an urgent need for innovative and effective approaches to prevent and treat skin photoaging. Current research aims to address these gaps by exploring novel therapeutic strategies that target the underlying mechanisms of photoaging. By focusing on enhancing skin repair and protection at the molecular level, we hope to develop treatments that offer more sustained and comprehensive benefits for aging skin.
Recently, hydrogel materials, renowned for their exceptional water retention capabilities and biocompatibility, have emerged as versatile substances with vast applications (Cao H. et al., 2021a; Ho et al., 2022; Zhao et al., 2020). Their unique properties make them well-suited for creating conducive environments that promote various biological processes, particularly in the realms of wound healing and skin injury repair (Kim et al., 2023; Xiong et al., 2022; Wang et al., 2021). In the context of wound healing, hydrogel materials play a pivotal role in maintaining a moist and supportive milieu at the wound site (Cortes et al., 2020; Wang Y. et al., 2024a). This environment accelerates the healing process by facilitating cell migration, proliferation, and tissue regeneration (Mast et al., 1991). The inherent softness and permeability of hydrogels distinguish them from traditional dressings, providing a more favorable substrate for wound recovery (Francesko et al., 2018). The synergy of hydrogel materials with stem cells has garnered significant attention in advancing wound healing and skin injury repair (Fu et al., 2023). The combination capitalizes on the regenerative potential of stem cells, further enhancing tissue repair mechanisms. Studies have demonstrated promising outcomes in burn injuries, ulcers, and various skin lesions, showcasing the considerable potential of hydrogel-stem cell combinations as innovative therapeutic strategies (Li et al., 2021; Khayambashi et al., 2021). Skin photoaging is essentially a form of skin damage. Hydrogels can also serve as a drug delivery tool for treating skin photoaging damage, facilitating the administration of drugs to rejuvenate the skin, promoting a more youthful appearance (Zhao X. et al., 2021b; Li et al., 2023). Additionally, hydrogels can be combined with manufacturing technologies such as 3D printing to create more efficient transdermal drug delivery systems, including innovations like microneedle patch (Vijayavenkataraman et al., 2018; Huang et al., 2023; Cassano et al., 2023).
This review offers a detailed look at the recent advancements in using hydrogels as carriers for therapeutic agents or bioactive molecules to treat skin aging. Hydrogels, primarily composed of diverse polymeric materials, are employed to deliver a variety of substances, including natural products, stem cell extracts, extracellular vesicles, and growth factors, to address skin damage caused by UVA/UVB and facilitate skin rejuvenation. Additionally, we explore how hydrogels can enhance the loading efficiency of these bioactive substances and facilitate effective transdermal delivery for therapeutic interventions. In conclusion, we address the challenges and outline future directions for utilizing hydrogels in the treatment of skin photoaging.
2 ATTRIBUTES OF SKIN PHOTOAGING
Skin photoaging is a complex biological process marked by premature aging and damage due to extended exposure to sunlight’s ultraviolet (UV) radiation (Wang et al., 2019). This issue has worldwide ramifications for individuals’ looks, health, and general welfare. This section offers a thorough overview of the mechanisms behind skin photoaging, encompassing molecular and cellular changes induced by UV exposure (Battie et al., 2014). The exploration expands to cover the clinical signs of photoaged skin, including wrinkles, pigmentation changes, and decreased elasticity (Pourang et al., 2022; Fitsiou et al., 2021). Many studies have shown that skin photoaging mainly involves epidermal fibroblasts, keratinocytes and mesenchymal dermal cells.
UV radiation initiates a sequence of molecular and cellular processes that contribute to accelerated skin aging as depicted in Figure 1 (Kim et al., 2022). These processes result in the production of reactive oxygen species (ROS), leading to oxidative stress and DNA damage (Tan et al., 2022). Ferritin is an important marker of antioxidant activity, and its elevation proves that UV radiation induces oxidative stress. Activation of inflammatory pathways, such as NF-kB signaling, they increased expression of matrix metalloproteinases (MMPs), heme oxygenase-1, superoxide dismutase-2 and interference with collagen and elastin synthesis contribute to skin degradation and reduced elasticity (Kim et al., 2022). Additionally, UVA radiation also induced a significant increase in the expression of tenascin, a protein closely associated with skin cancer lesions, and UVA radiation induced significant lysozyme deposition. In the skin, lysozyme deposits are seen on elastic fibers in sunburned areas, and the number of lysozyme-containing elastin fibers appears to correlate with the degree of sunburn (Lim et al., 2008; Ortonne, 1990).
[image: Figure 1]FIGURE 1 | Schematic illustration of the mechanism of photoaging.
A variety of therapeutic strategies are employed to prevent and treat skin aging. Key preventive measures include the use of broad-spectrum sunscreens and other photoprotective practices such as minimizing sun exposure and wearing protective clothing (Poon et al., 2015). Topical antioxidants like vitamins C and E have shown potential in mitigating oxidative stress and protecting against UV-induced damage (Greul et al., 2002; Gaspar and Campos, 2007; Steenvoorden and Beijersbergen van Henegouwen, 1999). Retinoids, which are vitamin A derivatives, have been proven effective in enhancing skin texture, boosting collagen production, and reducing pigmentation (Mukherjee et al., 2006; Riahi et al., 2016). The TGF signaling pathway is the most common therapeutic target for skin photoaging because it is closely related to collagen degradation caused by metalloproteinases and skin inflammation caused by UV (Li et al., 2024). Advanced technologies, such as laser therapy, intense pulsed light (IPL), and photodynamic therapy (PDT) provide targeted methods to address specific signs of photoaging (Sales et al., 2022; Wang Y. et al., 2023a). Furthermore, new approaches such as regenerative medicine, which use stem cells, growth factors, and tissue engineering, offer potential for skin rejuvenation and repair (Yan et al., 2023; Zhang et al., 2022; Zhang et al., 2020). Hydrogels can be formulated for antioxidant properties or as carriers for drugs or cytokines with photoaging repair effects.
3 HYDROGEL FOR SKIN PHOTOAGING DAMAGE REPAIR
Hydrogels, composed of natural or synthetic polymers like proteins and polysaccharides, form three-dimensional networks with high water content (Ho et al., 2022; Francesko et al., 2018). Notably, these hydrogels find significant application in tissue damage repair, creating a conducive environment for cell proliferation and migration, preventing infections, and allowing controlled release of bioactive compounds (Hu et al., 2022; Chawla et al., 2011; Xia et al., 2022). Looking ahead, their versatile and customizable nature positions bio-based hydrogels for promising roles in drug delivery, tissue engineering, and various medical innovations, including wearable sensors (Du et al., 2023; Luo et al., 2023; Rahmani and Shojaei, 2021) and regenerative medicine (Brown and Anseth, 2017; Chyzy and Plonska-Brzezinska, 2020), marking a dynamic trajectory in biomedical research with implications for personalized medicine and diverse clinical applications (Xu et al., 2021; Burdick and Prestwich, 2011; Chen et al., 2023). Here we would like to introduce some of the latest research on the application of hydrogels to skin photoaging damage.
3.1 Hydrogels derived from marine organisms resist photoaging
The use of marine resources can reduce the reliance on chemically synthesized materials in medical applications. Currently, many marine-derived biomaterials, such as sodium alginate, fish collagen, and chitosan, are commonly found in everyday life. In recent years, these materials have been extensively researched and applied in the field of hydrogels (Lewicka et al., 2024; Amnuaykan et al., 2024; Rahman et al., 2024; Guo et al., 2024). Their unique biocompatibility, degradability, and processability make them ideal choices not only for biomedical and tissue engineering applications but also for anti-aging skincare products. This is due to their ability to provide moisturizing, anti-inflammatory, and antioxidant benefits. Additionally, through certain modifications, they can become solutions for drug delivery and tissue regeneration. Recently, A team utilized marine algae extract, including sulfated galactofucan polysaccharides and alginate oligosaccharides as active ingredients, with modified polyacrylonitrile κ-carrageenan serving as the substrate, to develop a multifunctional composite hydrogel (FACP5) (Wu et al., 2023). Animal experiments assessing anti-photoaging properties showed that after FACP5 treatment, there was an increase in skin water content, a reduction in epidermal and dermal thickness, an increase in the activities of catalase and superoxide dismutase, among other effects (Wu et al., 2023). These results suggest that FACP5 has skin barrier repair, antioxidant, anti-inflammatory, and collagen degradation inhibition activities, positioning it as a skincare product for protecting against photoaging (Wu et al., 2023). And extract from fish scales of marine fish was also used to prepare a natural composite hydrogel known as SE-gel (Figure 2B) (Liu et al., 2023). This hydrogel, rich in glycine and proline, exhibits excellent ultraviolet absorption, water absorption, moisturizing, and free radical scavenging abilities (Liu et al., 2023). SE glue can effectively increase the ability of antioxidant and reduce ROS damage in L929 cells under UV irradiation (Liu et al., 2023). Some materials like chitosan can also be processed into drug delivery carriers to enhance the transdermal delivery efficiency of certain anti-photoaging drugs. For instance, carboxymethyl-modified chitosan/hyaluronic acid (CMC/HA, CMH) thermosensitive hydrogel can be used for the sustained transdermal delivery of exosomes (Figures 2A–C) (Wu et al., 2024). Its thermosensitive property allows it to quickly gel on the skin surface, delaying the release of liposomes. The release rate of ascorbyl glucoside (AA2G) over 24 h ranges from 33.92% to 49.35% (Wu et al., 2024). This system achieves the long-term release of bioactive ingredients and promotes the anti-photoaging effects of AA2G on the skin, reducing epidermal thickness, melanin deposition, and lipid oxidative damage while increasing collagen density (Figure 2D) (Wu et al., 2024).
[image: Figure 2]FIGURE 2 | The preparation and skin photoaging therapy of thermosensitive hydrogels. (A) Chitosan carboxylation modification. (B) Schematic diagram of hydrogel synthesis. (C) Observation of the hydrogel. (D) Skin photoaging treatment experiment on Guinea pig. Reproduced with permission of Wu et al. (2024).
In addition to directly using marine extracts for the preparation of related hydrogels, some scholars have also engaged in biomimetic design, drawing inspiration from sea anemones. From the 1,262 adhesive-related proteins found in sea anemones, they identified the cysteine-rich thrombospondin-1 type I repeat-like (TSRL) protein, which is a biocompatible protein with excellent antioxidative properties (Wang et al., 2022). They prepared TSRL recombinant protein based on this protein sequence, and the produced TSRL recombinant protein can self-assemble into a gel (Figure 2C), exhibiting antioxidant effects in L929 cells, a kind of mouse fibroblast (Wang et al., 2022). Animal experiments have demonstrated that this hydrogel can effectively prevent photoaging of the skin (Wang et al., 2022). The above research demonstrates that the ocean is a rich resource treasure trove with many substances suitable for clinical therapeutic applications, addressing challenges in treating skin photoaging (Table 1). In practical life, these marine-derived biomaterials already have a wide range of applications, including clinical settings and skincare products. Therefore, some of their new application forms should also be quickly utilized in actual treatments. This is also due to the fact that their processing methods and side effects have been thoroughly explored and understood. However, within the plant kingdom on land, there are also numerous medicinal components worthy of exploration.
TABLE 1 | Hydrogels prepared from ingredients of marine origin.
[image: Table 1]3.2 Hydrogels derived from plants resist photoaging
There are numerous natural active substances in plants, many of which possess antioxidant properties and even medicinal value. For instance, certain traditional Chinese medicinal herbs contain these properties. Due to the antioxidant effects found in plants, many plant-based ingredients are now incorporated into anti-aging skincare products. And there are plant extracts such as dried fruits of European blueberry (Vaccinium myrtillus) or blueberry (Vaccinium corymbosum). Extracts from these fruits, along with chitosan, are jointly used to prepare antioxidant hydrogels (Studzińska-Sroka et al., 2024). These hydrogels are employed for protecting the skin against UV damage and have been proven to exhibit excellent biocompatibility through relevant HaCaT cell experiments (Studzińska-Sroka et al., 2024). Additionally, other tests have confirmed their antioxidant, anti-hyaluronidase, and anti-tyrosinase activities (Studzińska-Sroka et al., 2024). Scientists have also achieved controlled release of anti-photoaging agents by preparing specialized hydrogels to enhance their efficacy against photodamage. They utilized hyaluronic acid to create a novel hydrogel crosslinked with boronate esters (de Oliveira et al., 2020). The release of the anti-photoaging agent dihydrocaffeic acid (DHCA) from this dynamic covalent hydrogel (HG) is controlled through the dynamic properties of complexes between phenylboronic acid and diol-containing molecules, as well as the pH dependence (de Oliveira et al., 2020). The hydrogel, formed through reversible drug complexation/decomplexation, extends the release of DHCA at pH 7.4, with the fastest release rate observed under acidic (skin) conditions (de Oliveira et al., 2020). Interestingly, incorporating DHCA into the network enhances its protective effect against UVB-induced L929 fibroblast death. Unlike extracting natural compounds from plants, experts have directly extracted exosome-like nanovesicles from Olea europaea leaves (OLELNVs) and enhanced them into a potent core biomaterial with high-dose effects that are skin-friendly and non-cytotoxic, inhibiting cell aging (Wang Z. et al., 2024b). These nanovesicles were incorporated into a cross-linked hyaluronic acid (HA) and tannic acid (TA) hydrogel with strong UV-absorbing properties, creating the OLELNVs@HA/TA hydrogel system as shown in Figure 3A. In vitro and in vivo experiments demonstrated that the OLELNVs@HA/TA hydrogel can effectively reduce UV-induced skin damage and promote skin repair and regeneration (Figure 3B) (Wang Z. et al., 2024b). Additionally, RNA-seq and clustering analysis of miR168a-5p predicted targets revealed significant downregulation of the NF-κB signaling pathway, mediating inflammatory aging responses (Wang Z. et al., 2024b). Overall, the OLELNVs@HA/TA hydrogel represents a novel dual-strategy approach for clinical application in treating photoaging.
[image: Figure 3]FIGURE 3 | The preparation and skin photoaging therapy of OLELNVs@HA/TA hydrogel system. (A) Schematic diagram of exosome-like nanovesicles extraction and hydrogel synthesis. (B) Animal experiment on skin photoaging treatment using the OLELNVs@HA/TA hydrogel system. Reproduced with permission of Wang Z. et al. (2024).
In addition, there are other special plant extracts used in the preparation research of hydrogels for anti-photoaging, such as Lycium barbarum fruit polysaccharides, olive leaf extracts, and hesperetin. Researchers prepared a hydrogel named LBP from polysaccharides extracted from Lycium barbarum fruits (Neves et al., 2020). Their study revealed that this hydrogel, in combination with red light laser treatment, could inhibit UVR-induced skin thickening, decreasing the expression of c-Fos, c-Jun, MMP-1, -2, and -9, while simultaneously increasing the levels of collagen I, III, and FGF2. The combined treatment of PBM (Photobiomodulation) and LBP holds potential clinical applications in skin rejuvenation (Neves et al., 2020). Giglio et al. utilized olive leaf extracts (OLEs) combined with gellan gum and sodium alginate to prepare a hydrogel crosslinked with tartaric acid (Busto et al., 2023). This hydrogel demonstrated excellent antioxidant properties and effectively protected human dermal fibroblasts under UVA exposure (Busto et al., 2023). Furthermore, some researchers incorporated hesperetin into an AAMVPC hydrogel, achieving significant anti-UV effects by visibly reducing redness and skin aging caused by UV irradiation (de Araújo Andrade et al., 2022). The above hydrogels exhibit excellent anti-photoaging effects. However, directly incorporating relevant components into hydrogels may still face challenges such as uncontrolled release and poor transdermal efficacy.
Therefore, scientists have further explored combining other technologies, such as nanoparticles and liposomes, to enhance the controlled release of active ingredients within hydrogels and even improve the transdermal drug delivery effects. As early as 2015, a team undertook the nanocapsulation of rice bran oil, loading it into hydrogels to enhance its UV protective properties and more effectively reduce skin photoaging damage (Rigo et al., 2015). In this study, researchers initially prepared lipid-core nanocapsules containing rice bran oil with an average particle size of approximately 200 nm (Rigo et al., 2015). These nanocapsules were then incorporated into hydrogels made from acrylic acid polymers (Rigo et al., 2015). In animal experiments aimed at combating photoaging, the hydrogel containing nanocapsulated rice bran oil demonstrated a significant reduction in protein carbonylation levels (a biomarker of oxidative stress) and decrease in NF-κB nuclear translocation (a biomarker of pro-inflammatory and carcinogenic response). These in vivo experimental results substantiate the beneficial effects of nanocapsulation in enhancing the protective properties of rice bran oil against skin damage induced by UVB exposure (Rigo et al., 2015). As shown in Figure 4, another study discussed the preparation and evaluation of ligustrazine hydrochloride (TMPZ)-loaded liposome-hydrogel (TMPZ-LG) for its antioxidant properties and potential application in the treatment and prevention of ultraviolet (UV) radiation-induced skin damage (Liu et al., 2022). TMPZ-LG was prepared by the membrane dispersion method and natural swelling method using sodium carboxymethyl cellulose (2%, CMC-Na), achieving a transdermal release rate of 40% in vitro. The feasibility of TMPZ-LG in preventing and treating UV radiation-induced skin oxidation was demonstrated through DPPH and hydrogen peroxide (H2O2) scavenging experiments as well as malondialdehyde (MDA) and low-density lipoprotein (LDL) oxidation experiments (Liu et al., 2022). This indicates its potential as a novel antioxidant drug for transdermal delivery systems.
[image: Figure 4]FIGURE 4 | Hydrogel preparations (A) TMPZ-L; (B) TMPZ-G; (C) TMPZ-LG and the skin status of mice in each group after treatment 30 days. Reproduced with permission of Liu et al. (2022).
Oroxylin A (OA) is a flavonoid compound with excellent antioxidant activity and protective effects against photoaging induced by UV radiation. To enhance the transdermal delivery of OA, Nan Li and colleagues utilized nanostructured lipid carriers (NLC) to load OA, encapsulated it in a hydrogel composed of carbomer 940 as a gel matrix and hydroxypropyl methyl cellulose (HPMC) as a thickener (Zhu et al., 2022). In vitro studies revealed that OA-NLC exhibited superior therapeutic effects in a UVB radiation cell model compared to OA solution (OA-Sol) (Zhu et al., 2022). OA-Sol and OA-NLC were immobilized in a hydrogel matrix for topical application to the dorsal skin of mice. The results demonstrated that OA-NLC-gel, in comparison to OA-Sol-gel, exhibited significant antioxidant and anti-apoptotic activities, effectively protecting the skin from damage after UV radiation in mice (Zhu et al., 2022). The research findings indicate that OA-BLC-gel is a promising nanocarrier system for treating UV-induced skin oxidative stress damage (Zhu et al., 2022). However, further in-depth investigation is needed to study its long-term effects and potential side effects. To enhance the transdermal absorption of poorly soluble drugs for local use, researchers prepared nanocrystals of 18-β-glycyrrhetinic acid (NGAs) using high-pressure homogenization (Quan et al., 2023). These NGAs were combined with amphiphilic chitosan (ACS) to form ANGA composites through electrostatic adsorption (Quan et al., 2023). By incorporating glycerol, they prepared ANGA hydrogel. The ANGA hydrogel significantly improved the characteristics of photoaging in mouse skin under UV irradiation (Quan et al., 2023). It achieved this by inhibiting the abnormal expression of matrix metalloproteinase (MMP)-1 and MMP-3, thereby mitigating the damage caused by UV radiation to the collagen fiber structure (Quan et al., 2023). Therefore, with the advancement of nanotechnology, the transdermal delivery efficiency of certain ingredients has been enhanced, further promoting innovation in skincare product ingredients and the development of the industry.
From the above studies (Table 2), we can see that many plant ingredients have antioxidant and anti-inflammatory effects, which also makes them effective in treating skin damage caused by UV. And with the progress of nanotechnology, the transdermal effect of related drugs can also be further improved, the progress of these studies can also improve the progress of related skin care industry. Most plant-derived natural products are generally considered to have low physiological toxicity or side effects, making them relatively safe for use. However, extensive human trials are necessary to thoroughly investigate and validate their safety and efficacy for specific applications.
TABLE 2 | Hydrogels prepared from plant extracts and natural product.
[image: Table 2]3.3 A hydrogel composed of a special natural product
A team from China conducted a study on skin photoaging therapy using the natural compound selenomethionine (Se-Met), which presents an innovative approach to address the challenges of skin aging by targeting epidermal stem cells (EpiSCs) and their role in wound healing (Sun et al., 2024). By integrating transcriptomics and untargeted metabolomics, the research identifies age-dependent changes in the Gpx gene family and arachidonic acid (AA) metabolic pathways, which contribute to increased susceptibility to ferroptosis—a form of cell death driven by lipid peroxidation. The study proposes Se-Met as a potential therapeutic agent to counteract these effects. Se-Met is shown to enhance the expression of GPX4, a key enzyme involved in protecting cells from lipid peroxidation and ferroptosis (Sun et al., 2024). Furthermore, Se-Met exhibits antioxidative properties and effective absorption of ultraviolet (UV) radiation, making it suitable for addressing multiple aspects of skin aging, including oxidative stress and UV damage.
To facilitate controlled release of Se-Met, the researchers develop a novel delivery system by covalently grafting Se-Met onto UV-responsive GelMA hydrogels using AC-PEG-NHS tethers. This Se-Met@GelMA hydrogel is demonstrated to accelerate wound healing in aging mice models by inhibiting lipid peroxidation and ferroptosis while enhancing GPX4 expression. Additionally, in a photoaging model, the hydrogel reduces inflammatory responses, promotes extracellular matrix remodeling, and mitigates ferroptosis induced by UV exposure (Sun et al., 2024).
The findings suggest that Se-Met@GelMA hydrogel holds promise for practical clinical applications in addressing various aspects of skin aging, including wound healing and protection against UV-induced damage (Sun et al., 2024). The controlled release mechanism provided by the hydrogel system ensures sustained and localized delivery of Se-Met, enhancing its therapeutic efficacy.
4 HYDROGELS BASED ON MICRONEEDLE PATCHES PROMOTE SKIN PHOTOAGING DAMAGE REPAIR
Drug delivery systems have become a major focus of research in the biomedical field. Liposomes are a prominent area of study in drug delivery, and integrating liposomes into hydrogels enhances the development of more powerful multifunctional systems for achieving more efficient and sustained local drug delivery. Like the above-mentioned hydrogel system CMC/HA, CMH for the purpose of sustained transdermal delivery of AAG2 loaded liposomes (Wu et al., 2024), they serves as a multifunctional delivery system for sustained transdermal delivery. However, to achieve better delivery outcomes, some researchers have started using hydrogels to prepare more advanded delivery system—microneedle patches.
The research team led by Xiuli Wang investigated the utilization of roller microneedles (MN) to deliver adipose-derived stem cell-derived extracellular vesicles (ADSC-EVs) to the skin. ADSCs-EVs have been demonstrated to have immunomodulatory and anti-photoaging effects (Cao Z. et al., 2021b). The MN + EVs group exhibited the least wrinkles, the highest collagen density, and the most organized collagen fibers. Extensive research has confirmed the reparative effects of extracellular vesicles from adipose-derived stem cells (ADSCs-EVs) on skin photoaging. Some laboratories have focused on studying the extracellular matrix components of adipose tissue, such as purifying adipose collagen fragments (ACF) (Jin et al., 2022). In order to facilitate its clinical applications, researchers have designed a detachable ACF microneedle (ACF-MN) patch, where the needle tip and the patch backing can be separated (Jin et al., 2022). The research results indicate that ACF-MN exhibits excellent skin puncture performance and can release ACF components slowly. Moreover, this microneedle device carrying ACF shows therapeutic effects on skin photoaging in a mouse model (Jin et al., 2022). Its main anti-photoaging effect on the skin is that it prevents ROS accumulation and induces antioxidase production and induces neovascularization and reduction apoptosis (Jin et al., 2022).
Supplementing collagen in the skin is a reliable anti-aging method, but the effectiveness of some transdermal deliveries is hindered by the large molecular weight of collagen. Some researchers have attempted to address this issue through gene regulation, similar to the success of mRNA therapy, which largely depends on the safe, effective, and stable transformation of genetic material into functional proteins. Lee et al. combined extracellular vesicles (EVs) encapsulating mRNA encoding extracellular matrix α1 type-I collagen (COL1A1) with microneedle patches (You et al., 2023). Their EVs were primarily produced through cellular nanoporation of human dermal fibroblasts (You et al., 2023). Their results demonstrated that the microneedle patches could induce the formation of collagen-protein grafts and reduce wrinkle formation in the collagen-depleted dermal tissue of mice with photoaged skin (You et al., 2023). Injecting COL1A1 mRNA enclosed in extracellular vesicles (EVs) into the skin shows potential as a protein replacement therapy for treating photoaged skin (You et al., 2023). Currently, researchers are also incorporating certain cytokines into microneedle patch systems. For instance, Ke Cheng et al. loaded FGF-2 and FGF-21 into microneedle patches made from hyaluronic acid (HA) hydrogel for the treatment of skin photoaging. Significant improvement was observed after 4 weeks of treatment (Yang et al., 2023).
Microneedle patches, in addition to delivering common bioactive substances, can also be used to administer microalgae for treating skin photoaging (Wang Z. et al., 2023b). This is based on the principle previously demonstrated that dissolved oxygen could reverse photoaged skin (Shin et al., 2019). Researchers have developed microneedle patch systems carrying active microalgae (Figure 5), the patch use microalgae to generate reactive oxygen species under light, which helps reverse skin damage by reducing inflammation, promoting collagen regeneration, and diminishing wrinkles. This approach offers a novel method for skin oxygenation and photoaging reversal, laying a theoretical foundation for future clinical applications (Wang Z. et al., 2023b).
[image: Figure 5]FIGURE 5 | Living algae loading HA microneedle treat skin photoaging. Reproduced with permission of Wang Z. et al. (2023).
We have made a summary of the microneedle system that will be applied in skin photoaging treatment, as shown in Table 3. In addition to the different substances contained in each microneedle, their main solutions to the problems of skin photoaging are mainly aimed at solving the skin inflammation, oxidative stress and cell aging caused by UV. Moreover, HA is the most used polymer hydrogel material for MN production, which has been widely used in medical and cosmetic fields. Its biocompatibility has been extensively validated in clinical settings, proving to be very safe. Therefore, when considering the application of such microneedle patches, the primary focus should be on the safety and efficacy evaluation of the incorporated drugs.
TABLE 3 | Hydrogels prepared from bioactive ingredients such as cytokines and nucleic acids.
[image: Table 3]5 TIO2-BASED MATERIALS FOR UV RESISTANCE
TiO2 serves as an inorganic sunscreen and photocatalyst to protect the human body from environmental pollutants. Researchers, led by Jia-You Fang, incorporated TiO2 into mesoporous silica, where this material effectively filters environmental pollutants, shielding the skin from environmental harm (Lin et al., 2021). Additionally, the material exhibits excellent UV-blocking properties, and the inclusion of avobenzone further enhances its UV-blocking effectiveness (Lin et al., 2021). The combination of avobenzone and TiO2 in SBA-15 (TiO2/SBA) significantly alleviated skin cell death and neutrophil recruitment in photoaged mouse skin compared to the application of SBA-15 alone (Lin et al., 2021). The researchers also formulated avobenzone-loaded TiO2/SBA into a Carbopol 940 hydrogel, creating a sunscreen gel applicable to the skin. avobenzone-loaded TiO2/SBA-S hydrogel demonstrated greater improvement in skin barrier recovery and proinflammatory mediator mitigation compared to SBA-S hydrogel (without TiO2) (Alalaiwe et al., 2023). After avobenzone-loaded TiO2/SBA-S treatment, cytokines/chemokines in photoaged skin were reduced by two to three times compared to the untreated control group (Alalaiwe et al., 2023). The data suggests that mesoporous formulations with low porosity and specific surface area exhibit effective adsorption of environmental pollutants and UVA protective properties (Alalaiwe et al., 2023). This study provides valuable insights into the development of versatile mesoporous silica for safeguarding the skin from environmental stress.
6 DISCUSSION AND THE FUTURE PERSPECTIVES
As the quality of life in developed regions continues to improve year by year, people’s expectations for their own lives are also increasing, especially among some young women who place great emphasis on anti-aging. Ultraviolet radiation is a major factor causing skin aging, and beauty-conscious women always take measures to protect themselves from UV exposure during the summer. Therefore, there is an urgent need for the development of an effective, skin-applicable anti-aging gel product. In addition to providing basic protection against ultraviolet rays, it is preferable for these products to have a certain effect in promoting skin regeneration and repair, aiming to reduce the occurrence of wrinkles and signs of aging.
We discussed various hydrogels for the treatment of skin photoaging, including those containing components derived from Marine organisms, including components derived from plants, and cytokines and nucleic acids derived from some human stem cells. These studies have shown that they can repair the damage caused by photoaging of the skin, but these effects need to be further demonstrated through clinical trials. When hydrogels are used for treating photoaged skin, biocompatibility and non-toxicity are crucial considerations. Although non-toxicity is a key requirement, it alone is not sufficient to ensure the safety and efficacy of hydrogels. It is also necessary to consider degradability, mechanical properties, absorption and release performance, and moisturizing effects. If the hydrogel is degradable, its degradation products must also be non-toxic and capable of being safely metabolized or excreted by the body. The hydrogel should have appropriate mechanical properties to ensure it remains on the skin surface for a sufficient period. Additionally, hydrogels should have good drug loading and release characteristics to ensure that their active ingredients can be continuously and stably released into the skin. Furthermore, hydrogels usually should have moisturizing effects to help maintain the skin’s moisture balance. However, most of the current research on hydrogels primarily demonstrates their efficacy in treating photoaged skin, while other aspects have been less frequently tested, with only a few studies addressing them. Among these hydrogels, individuals prefer hydrogels from bioactive substances containing human self-cells, which do not have to worry about xenograft rejection and should have better effects, and other sources of hydrogels can play a greater role in the field of cosmetics.
From the current research progress, the application of natural product extracts is extensive, encompassing substances from natural sources such as the ocean and plants. On one hand, they serve as high-quality bioactive substances with specific anti-photoaging effects; on the other hand, during the development and industrialization of related products, they can be rapidly deployed for practical applications, providing consumers with efficient anti-photoaging products. Therefore, efforts should be intensified in the development of relevant components, allocating more resources to related research, and driving the development of associated industries. In addition, the functional effectiveness and side effects of some new ingredients must undergo clinical trials. As for research outcomes involving stem cells, extracellular vesicles, or even genetic engineering approaches in anti-photoaging, there are currently challenges in industrialization due to ethical and technological maturity issues. Nevertheless, in the near future, they still hold significant market prospects, as related research continues to mature, leading to more outstanding anti-photoaging effects. In summary, in the field of combating skin photoaging, it is anticipated that numerous innovations will emerge, further transforming skincare approaches and market dynamics.
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