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Abstract

:

Wound healing is a biological process that involves a series of consecutive process, and its impairment can lead to chronic wounds and various complications. Recently, there has been a growing interest in employing nanotechnology to enhance wound healing. Silver nanoparticles (AgNPs) have expanded significant attention due to their wide range of applications in the medical field. The advantages of AgNPs include their easy synthesis, change their shape, and high surface area. Silver nanoparticles are very efficient for topical drug administration and wound healing because of their high ratio of surface area to volume. The efficiency of AgNPs depends on the synthesis method and the intended application. Green synthesis methods offer an eco-friendly approach by utilizing natural sources such as plant extracts and fungus. The characterization of nanoparticles plays an important character, and it is accomplished through the use of several characterization methods such as UV-Vis spectroscopy, Fourier transform infrared spectroscopy (FT-IR), scanning electron microscopy (SEM), transmission electron microscopy (TEM), and X-ray diffraction (XRD). These techniques are employed to confirm the specific characters of the prepared Silver Nanoparticles. Additionally, the review addresses the challenges and future perspectives of utilizing green-synthesized AgNPs loaded in Polyacrylamide hydrogel for wound healing applications, including the optimization of nanoparticle size, and release kinetics. Overall, this review highlights the potential of green-synthesized AgNPs loaded in Polyacrylamide hydrogel as promising for advanced wound healing therapies. There are different approaches of usage of AgNPs for wound healing such as polyacrylamide -hydrogels, and the mechanism after their antibacterial action, have been exposed.
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1. Introduction


Wounds contain a complex and serious hazard to the health and lives of patients. Among the common issues is the presence of chronic ulcers in diabetic patients, which involve deep tissue damage. This condition is associated with the abnormal growth of fibroblasts and impaired cell migration. These factors contribute to delayed diabetic wound healing [1]. The impact of infected wounds extends beyond diabetic wounds and includes leg ulcers, arterial insufficiency, and burns. These conditions significantly affect the quality of life and lead to high morbidity and mortality rates, as well as constitute a substantial economic problem [2]. Efficient wound management is crucial due to the persistent challenge posed by wound healing in clinical settings. Extensive efforts have been dedicated to advancing wound care that focus on novel therapeutic strategies and technological advancements for the treatment of acute and chronic wounds. The complex process of wound healing involves various cell types, the extracellular matrix, and the involvement of growth factors and cytokines as signaling molecules. Although healing occurs as a continuous process, it can be divided into distinct phases: (i) coagulation and hemostasis; (ii) inflammation; (iii) proliferation; and (iv) wound remodeling accompanied by the formation of scar tissue. The appropriate approach to wound management significantly influences the clinical outcome. This review examines wound classification, the physiological aspects of wound healing, and the methodologies employed in wound management [1]. Wounds can generally be categorized as acute and chronic [3].



Due to the presence of numerous bacterial species in wounds, there is a recognized need for new antimicrobial material to combat the universal rise in antibiotic resistance. The level of resistance is escalating, predominantly against predictable antibiotics such as methicillin-resistant Staphylococcus aureus (MRSA) [4] and multidrug-resistant Mycobacterium tuberculosis [5]. This increasing antimicrobial resistance among pathogenic bacteria poses a significant healthcare challenge for humanity [6]. Accordingly, alternative methods are being discovered to overcome bacterial resistance, including the utilization of plant extracts [7] or a combination of antibiotics and other antibacterial materials [8], particularly nanomaterials [9]. Nanotechnology, which is a flourishing scientific field, utilizes nanoparticles with remarkable properties that are size-dependent. Nanomaterials encompass various types of nanoparticles (NPs), which can be classified as inorganic or organic nanoparticles, as well as nanocomposites, including porous materials, colloids, copolymers, and gels. Ultimately, nanoparticles and nanocomposites find applications in supports and coatings, often in the form of hydrogels.



Silver nanoparticles have been extensively studied and demonstrated to possess antimicrobial properties both in (in vitro) and in living organisms (in vivo). Their potential applications include food packaging and materials used for dressing wounds [10]. There are numerous techniques available for testing the susceptibility of bacteria to antimicrobial agents, which can be categorized into diffusion methods and dilution methods [11]. The agar disk diffusion method and antimicrobial gradient method are commonly used diffusion methods, while the broth dilution method and agar dilution method are frequently employed dilution methods [12].
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The green synthesis of nanoparticles is a more efficient technique compared to other related methods of synthetization. Plants serve as valuable sources of various components and biochemicals that can function as stabilizing and reducing agents for the synthesis of green nanoparticles. The methods employed for green synthesis are environmentally friendly, non-toxic, cost-effective, and offer greater stability when compared to biological, physical, and chemical approaches [13]. Green-synthesized metal and metal oxide nanoparticles have gained significant applications in the biomedical field, including diagnostics, wound healing, tissue treatment, immunotherapy, regenerative medicine, dentistry, and biosensing. The production of metal nanoparticles using green synthesis involves extracting components from various parts of plants. These methods are environmentally friendly, safe, and cost-effective. In comparison to physical and chemical approaches, green-synthesized nanoparticles demonstrate higher efficiency in eliminating dyes, antibiotics, and metal ions [14]. Green synthesis is considered to be the optimal technique for nanoparticle preparation, as it reduces toxicity, enhances stability, and offers eco-friendly and cost-effective solutions. The use of green synthesis methods brings significant advantages in environmental and biomedical applications [15]. Green synthesis methods used for producing metal nanoparticles have gained recognition for their environmentally friendly nature, non-toxicity, and cost-effectiveness. Moreover, these methods have become increasingly important in the medical industry [16]. The widespread utilization of metallic nanoparticles in various fields, including biology, medicine, and pharmaceuticals, has generated a high demand for these nanoparticles. Accordingly, there is a significant need for improved nanoparticle production methods. The effectiveness of metallic nanoparticles in combating human pathogenic microbes has made them particularly appealing in biomedical applications [17]. Furthermore, the significance of this study is in providing an up-to-date, comprehensive literature review on advancements in the understanding of AgNP synthesis and characteristics, an examination of the various factors affecting silver nanoparticles synthesis, and an exploration of the various hydrogel scaffolds for delivering AgNPs.



Different methods of treating wounds using silver and silver nanoparticles (AgNPs) have been suggested. These treatments can be administered directly to the wound, either as powdered AgNPs or in solution form. Another approach involves utilizing non-compact materials such as water-soluble polymers and hydrogels for wound treatment. It is important to note that there have been reported cases of bacterial resistance to AgNPs, which poses a challenge. For example, clinical isolates of Klebsiella pneumoniae and Enterobacter cloacae from burn cases have exhibited resistance to AgNPs [18]. Therefore, it is crucial to continually develop new combinations of nanomaterials, antibiotics, polymers, methods of incorporation, and techniques for reducing silver to obtain different forms of nanoparticles.



This review paper provides an overview that is specifically focused on the green synthesis and characterization of silver nanoparticles. The applications of these nanoparticles are primarily targeted at antimicrobial treatment. Green-synthesized silver nanoparticles are characterized by their eco-friendliness, non-toxicity, cost-effectiveness, and improved stability. Additionally, these nanoparticles exhibit enhanced performance when compared to other approaches.




2. Results and Discussion


A total of 102 publications were initially identified, with the majority coming from the identified records. After removing duplicates, 102 articles remained for further examination. Following an initial screening, 83 papers were selected for a thorough examination of the full text. The eligibility of these papers was assessed based on predefined inclusion and exclusion criteria, which resulted in the final selection of 28 articles. Throughout the process, the focus remained on the green synthesis of silver nanoparticles and their antimicrobial activities. The selected systematic reviews specifically addressed the green biosynthesis of AgNPs using plants, as well as their antimicrobial spectrum. Some systematic reviews also explored the potential antimicrobial mechanisms of AgNPs loaded in hydrogel.



Figure 1 depicts the numerous metal nanoparticle synthesis methods. In top-down synthesis, nanoparticles are produced by reducing the size of a suitable starting material to create nanoparticles. This reduction in size can be accomplished through a variety of physical and chemical processes. In top-down approaches, it is found that the product’s surface structure is imprecise, which is a significant limitation, because the surface chemistry and other physical properties of the nanoparticles are largely dependent on the surface structure.



Green synthesis discusses the process of synthesizing AgNPs by using environmentally friendly methods and reducing agents derived from natural sources. It underlines the use of sustainable and non-toxic materials in the synthesis process. Green synthesis methods characteristically involve the utilization of plant extracts, fungi, bacteria, or other biological sources as reducing agents to adapt silver ions into silver nanoparticles. These reducing agents contain bioactive compounds that assist as stabilizers and reducers, thus facilitating the formation and growth of nanoparticles. One significant advantage of green synthesis is its eco-friendliness and reduced environmental impact compared to traditional chemical synthesis methods. Green synthesis techniques often require milder reaction conditions and avoid the use of harmful chemicals, which make them more sustainable and safer for both human health and the environment. Biosynthesis, on the other hand, refers to the production of AgNPs using living organisms themselves, such as bacteria, fungi, or plants. In biosynthesis, organisms are genetically engineered or manipulated to produce and accumulate silver nanoparticles within their cells or extracellularly. The organisms act as bioreactors, where the synthesis of nanoparticles happens naturally as part of their metabolic processes.



Certain papers underwent full-text screening to expedite decision making. For example, two studies [19,20] were promptly screened for eligibility analysis. The primary objective was to identify a methodology that could resolve any disagreements and facilitate consensus.



The findings of this research indicate that green-synthesized AgNPs created through environmentally friendly methods have received support from 28 primary studies and reviews. Out of these, seven studies focused on in vitro experimentation. The green synthesis of AgNPs utilized a range of biological sources, with plants being the most common (25 studies, accounting for 89% of cases). Bacteria (2 studies, 7.1%) and fungi (1 study, 3.5%) were also used, but the majority of studies (89.28%) employed an approach with plants to green synthesize AgNPs.



2.1. Green Synthesis of Silver Nanoparticles


The objective of this review is to summarize the latest detections regarding the antimicrobial properties of silver nanoparticles (AgNPs) in relation to their applications in wound dressings and the process of wound healing. The nanoparticles created using a biological system possess numerous benefits, such as being non-toxic, having a high production yield, and having a clearly defined shape. As a result, it has become a novel approach to produce nanoparticles. The green synthesis method has been developed for producing highly efficient nanoparticles. These nanoparticles synthesized through green synthesis are considered safe, environmentally friendly, and simple to work with [21,22]. Stereotypically, the green synthesize method involves combining a plant, fungus, or bacteria extract with a silver-ion-containing salt, typically silver nitrate [23], where bioactive compounds present in the extracts serve to reduce the silver ions into elemental silver. One significant advantage of utilizing plant extracts is that many plants contain beneficial compounds that are known for their medicinal properties in traditional medicine and their applications in the fields of biomedicine and agriculture. Following nucleation, the AgNPs can be precipitated using an alcohol [24], such as methanol, ethanol, or isopropyl alcohol. The schematic representation of this green synthesis process is represented in Figure 1. The reduction process of Ag+ to Ag0 using biomolecules is associated with the strong reduction capacity of the mixture of biomolecules. Depending on the composition of the extract, the stirring velocity, and the time of nucleation of the AgNPs, it is possible to obtain AgNPs with varying shapes (Figure 2).



Various plant components such as roots, leaves, and seeds are employed in the production of silver nanoparticles. Previous research has indicated that silver nanoparticles can be synthesized using plant extracts [25,26]. López-Miranda and colleagues [27] highlighted the synthesis of silver nanoparticles using the plant extract from French tamarisk (Tamarix gallica). Chinnappan and colleagues also conducted a study in 2018 on this topic [28]. Duran et al. conducted a study where they utilized Fusarium oxysporum to synthesize silver nanoparticles (AgNPs) [29]. These AgNPs were then embedded into clothing materials and assessed for their ability to combat bacterial infections caused by Staphylococcus aureus. The results showed that the AgNPs exhibited a remarkable 99% reduction in bacterial counts [29]. In a separate study, Sundaramoorthi et al. produced silver nanoparticles (AgNPs) using AgNO3 as a precursor, and they employed Aspergillus niger as the synthesis agent [30]. These AgNPs were incorporated into wound dressings and evaluated for their antibacterial properties against various strains of bacteria. The findings revealed that the AgNPs generated inhibition zones of 15 mm against S. aureus, 11 mm against Bacillus subtilis, 10 mm against Escherichia coli, and 14 mm against Pseudomonas aeruginosa [30].



Silver nanoparticles are extensively investigated within the size range of 1 to 100 nm. They serve as an alternative method to enhance various biomedical uses, including wound healing, drug delivery, tissue scaffolding, and protective coatings. Additionally, nanosilver possesses a significant exposed surface area, thus enabling the attachment of different ligands. Silver nitrate is commonly employed for its antimicrobial properties. The field of silver nanoparticles presents a distinct and emerging approach to combat detrimental micro-organisms [31]. The physical, chemical, and biological properties of nanoparticles are highly significant. Silver nanoparticles, in particular, have numerous positive effects such as a broad-spectrum antimicrobial response, non-toxicity, anticancer properties, and other therapeutic uses. They are also capable of forming unique and diverse nanostructures and can be produced at a low cost [22].



The mechanism behind the antibacterial action of AgNPs involves several processes that contribute to their effectiveness against micro-organisms. One of the main mechanisms is the interaction between silver nanoparticles and the cell wall of bacteria. AgNPs can attach to the cell wall, thereby causing damage and disruption. This interaction interrupts the structural integrity of the cell wall, which leads to the leakage of cellular components and, ultimately, to cell death. Moreover, AgNPs can penetrate the bacterial cell membrane and enter the cytoplasm. Once inside, they can interfere with numerous cellular processes and biomolecules. Nanoparticles have been found to interact with proteins, enzymes, and genetic material (DNA and RNA) within the bacterial cell, thus leading to the inhibition of essential metabolic and enzymatic activities. This disruption hinders bacterial growth and replication. Additionally, AGNPs possess inherent properties that enable them to generate reactive oxygen species (ROS) upon interaction with bacterial cells. ROS, such as superoxide radicals and hydrogen peroxide, are highly reactive molecules that can cause oxidative stress and damage to bacterial cells. The generation of ROS by AGNPs contributes to the antibacterial effect by inducing cellular oxidative damage and further disrupting bacterial metabolism. Overall, the antibacterial action of silver nanoparticles involves a combination of physical interaction with the cell wall, the disruption of cellular processes, and the generation of reactive oxygen species. These mechanisms collectively contribute to the effective elimination of micro-organisms and their potential application in wound healing and antimicrobial treatments [32]. Researchers have found that the bactericidal properties of silver nanoparticles depend on their size and shape. Decreasing or increasing the size range of the nanoparticles influences the antibacterial response. Additionally, silver nanoparticles can assume different shapes such as spherical, rod-shaped, and truncated triangular. Among these shapes, the truncated triangular silver nanoparticles exhibit particularly strong antibacterial effects against E. coli. This is attributed to their high contact area and surface reactivity. The extract derived from the leaves of the black pepper plant (scientifically known as Piper nigrum) has been used to produce silver nanoparticles. These nanoparticles exhibit a specific factor that inhibits the action of certain cytokines, such as IL-6. This information is supported by reference [13]. The study observed that extracts from the European cranberry (Viburnum opulus) bush fruit, when used to synthesize silver nanoparticles, demonstrated anti-inflammatory effects through both in vitro and in vivo methods. These silver nanoparticles were utilized to enhance the potential therapeutic analysis for treating inflammation. Silver nanoparticles have proven to be highly effective in various biomedical applications, including antimicrobial, antifungal, antiviral, catalysis, wound healing, dressing, implanted materials, tissue engineering, anticancer therapy, and medical devices such as catheters, prostheses, and vascular grafts. Furthermore, silver nanoparticles have been utilized in certain diagnostic processes, including antipermeability factors, biosensing, and dental preparations [33].



2.1.1. Bacteria-Facilitated Production of Silver Nanoparticles


Since the initial discovery by Tanja Klaus and colleagues in 1999, where they observed the clumping of silver nanoparticles (AgNPs) in Pseudomonas stutzeri AG259 [34], various types of bacteria, both Gram-negative and Gram-positive, have been investigated for their ability to synthesize AgNPs (Table 1). The survival capability of bacteria in environments rich in silver may contribute to the accumulation of AgNPs [34,35]. The synthesis of AgNPs can happen either within the bacterial cells or outside of them by utilizing different components such as cell-free extracts and derived substances from the bacteria. The extracellular method of synthesizing AgNPs is preferred over the intracellular method due to the ease of improving the nanoparticles. Different strains of bacteria employ distinct capabilities and mechanisms in the biosynthesis of AgNPs, which are primarily driven by organic substances. Various organic substances within bacteria can function as reducing agents, including exopolysaccharides, peptides, reductases, cofactors, and silver-resistant genes. Enzymes, such as lactate dehydrogenase, and peptides with specific amino acids, such as methionine, cysteine, lysine, and arginine, play roles in synthesizing AgNPs by attaching to the nuclei’s surface and acting as reducing agents [36]. Lactate dehydrogenase, an NADH-dependent enzyme, has gained significant attention in bacterial-mediated AgNP synthesis. It participates in the electron transport chain and creates a reducing environment by transferring hydrogen atoms. The enzyme accepts electrons from NADH, oxidizes it to NAD+, and reduces silver ions to AgNPs. Some organic substances also act as stabilizers and capping agents by preventing particle aggregation [37].




2.1.2. Fungi-Facilitated Production of Silver Nanoparticles


The use of fungi for synthesizing AgNPs is a straightforward and effective approach [40]. Depending on the location of the nanoparticles, fungi-mediated synthesis can yield intracellular AgNPs using extracellular AgNPs that use a fungal cell-free filtrate [41,42] (Table 2). Compared to intracellular synthesis, the extracellular method using fungi is preferred for its ease of collection and subsequent processing. Numerous fungi species are designated for AgNP biosynthesis due to their unique abilities in metal bioconcentration, high tolerance in metal-rich environments, secretion of various extracellular enzymes, and economic viability. Examples include Fusarium oxysporum [43] and Penicillium polonicum [44]. However, it is important to note that certain fungi, such as F. oxysporum [40], are known potential pathogens, which can pose health risks in subsequent applications. The extracellular synthesis of AgNPs using fungal extracts allows for purification through washing or precipitation to remove unnecessary fungal components. Different organic components of fungi play crucial roles in AgNP synthesis, such as nitrate-dependent reductase, naphthoquinones and anthraquinones, and quinine derivatives, which are involved in silver precursor reduction. Additionally, proteins secreted by fungi can act as capping agents that influence the shape of AgNPs.




2.1.3. Synthesis of Silver Nanoparticles Using Plants


In recent years, there has been significant interest in the plant-mediated synthesis of silver nanoparticles (AgNPs) as a promising approach(Table 3). This method comprises using extracts obtained from different parts of plants, such as bark, peel, callus, leaves, flowers, fruits, stems, seeds, and rhizomes, to synthesize AgNPs with varying sizes and shapes. These plant extracts contain organic components such as enzymes, alcohols, flavonoids, alkaloids, quinines, oils, terpenoids, and phenolic compounds. These organic components possess functional groups such as hydroxyl, carbonyl, and amidogen groups, which contribute to the reduction of silver ions (Ag+) to silver (Ag0). Furthermore, plant extracts and derivatives such as starch, cellulose, chitin, dextran, and alginates serve as both reducing agents and stabilizers during the synthesis process. The synthesis of AgNPs mediated by plants is influenced by various reaction parameters, including temperature, reaction time, pH, and the concentration of plant extracts and precursors. By manipulating these parameters, AgNPs with different sizes and shapes can be obtained. It is worth noting that different plant parts exhibit varying capabilities in the synthesis of AgNPs. Further examination is needed to understand the mechanisms underlying the plant-mediated synthesis of AgNPs [45].





2.2. Silver Nanoparticles–Polyacrylamide Hydrogel


In the study conducted by Haleem et al. [50], silver nanoparticles (AgNPs) were incorporated into a gel made of poly (N-isopropylacrylamide-co-acrylamido-2-methylpropane sulfonic acid) (NIPAMSA) to facilitate the reduction of 4-nitrophenol to 4-aminophenol. Similarly, the study conducted by [51] exhibited that chitosan-grafted polyvinyl alcohol that included AgNPs had excellent antibacterial activity against E. coli and S. aureus. The hydrogel exhibited a maximum adsorption capacity of 158.21 mg/g and 182.53 mg/g for Hg2+ ions at a pH of seven and six, respectively, in aqueous solutions [52]. Likewise, Dil [53] and Sadeghi 2018 [52] developed a hydrogel composed of nanosilver, gelatin, and poly (acrylic acid) (PAA) for the removal of Cu2+ ions. The hydrogel demonstrated an absorption capacity of 147.10 mg/g at a pH of 5.5 for a duration of 40 min, as measured by atomic absorption spectroscopy [52,53]. AgNPs–hydrogels were applied for wound treatment, as illustrated in Table 4.



The incorporation process involved loading in-situ-prepared silver nanoparticles (AgNPs) into a hydrogel composed of Carbopol. Chitosan was utilized as a capping and reducing agent. The optimized hydrogel exhibited enhanced antimicrobial activity and wound healing properties, as evidenced by its superior bactericidal effects and accelerated wound closure, which were confirmed by histopathological findings [54].



Chitosan polyacrylamide hydrogels were synthesized and exhibited significant efficacy against S. aureus and E. coli with a minimum of 99.7% inhibition of bacterial growth. Furthermore, hydrogels containing silver nanoparticles did not have any harmful effects on the skin cells that were directly cultured on them [55], as illustrated in Table 5.




2.3. Factors Affecting the Green Synthesis of Silver Nanoparticles


The characterization of the prepared silver nanoparticle morphology in green synthesis can be modified based on various specifications, including temperature, pH, and reaction time. These factors have been extensively acknowledged as important in the production of nanoparticles, and they may also play a crucial role in optimizing the synthesis of nanoparticles [59].



2.3.1. Temperature


Globally, scientists are conducting various research studies to understand how temperature affects prepared nanoparticles. Temperature greatly impacts the size, shape, and synthesis of nanoparticles. By adjusting the temperature, scientists can customize the shape and size of nanoparticles, such as triangles, octahedrals, spheres, and rods. Higher temperatures also lead to increased reaction rates and the formation of nucleation centers. Additionally, during the green synthesis of nanoparticles, the reaction time plays a crucial role in determining the shape, size, and yield of the synthesized nanoparticles [60].




2.3.2. The pH Value


The pH of a solution is vital for the structure and formation of nanoparticles. It affects the chemical setting and ionization of molecules, which influences how nanoparticles nucleate and grow. When the pH increases, the solution becomes more basic. This creates more nucleation centers, which are where nanoparticles begin to form. Higher pH levels result in more nucleation centers, thus promoting the formation of metal nanoparticles. Moreover, pH influences the shape and size of nanoparticles. Different pH conditions lead to variations in the arrangement and morphology of the nanoparticles. The pH affects reaction rates and intermediate stability during the formation process [38,61].




2.3.3. Reaction Time


The crucial factor governing the structure and shape of nanoparticles is the speed at which the reaction occurs, in addition to temperature and pH. According to [62], the duration of the reaction has a significant impact on the creation of magnetic nanoparticles [63].





2.4. Silver Nanomaterials Characterization


The classification of nanoparticle characterization can be determined based on the type of physical and chemical analysis instruments used. These instruments include UV-Vis spectroscopy, (FT-IR) Fourier transform infrared spectroscopy, scanning electron microscopes (SEMs), and X-ray diffraction (XRD) [64], as shown in Figure 3.



2.4.1. UV–Vis Spectrophotometry


UV-Vis absorption spectroscopy offers an advantage in nanoparticle characterization due to its capability to detect variations in silver nanoparticle size across different metals, with a size range typically ranging from 2 to 100 nm. Commonly, the analysis of nanoparticles confirmed using UV-Vis absorption spectroscopy comprises studying wavelengths within the range of 300 to 800 nm. Silver nanoparticles synthesized under specific salt conditions exhibit strong absorption that results in a distinctive spectrum within the visible region. Previous studies have demonstrated that the absorption of wavelengths ranging from 200 to 800 nm is suitable for categorizing nanoparticle sizes within the range of 2 to 100 nm [65].




2.4.2. (FT-IR) Fourier Transform Infrared Spectroscopy


In Fourier transform infrared (FT-IR) analysis, the sample is exposed to infrared rays. Some of these rays are absorbed by the sample, while the rest pass through it. By examining the spectrum, which shows the absorption or transmission of the rays at different wavelengths, one can identify the substances present in the sample [66]. FTIR analysis is a real, affordable, straightforward, and non-intrusive method to understand the role of biomolecules in reducing nanoparticles (specifically, silver nitrate to silver) [67].




2.4.3. Scanning Electron Microscopy (SEM)


Scanning electron microscopy (SEM) is a technique employed to analyze silver nanoparticles, and it allows the determination of their shape, size, morphology, and distribution [68]. By utilizing SEM analysis, changes in the structural characteristics of nanoparticles can be examined before and after treatment. Prior research has indicated that significant alterations in cell shape and the presence of perforations in the cell wall serve as indicators of the antimicrobial effects of nanoparticles [69]




2.4.4. Transmission Electron Microscopy (TEM)


Transmission electron microscopy (TEM) was used to classify and confirm the crystal structure and particle dimensions of a material on a nanoscale level [64].




2.4.5. X-ray Diffraction (XRD)


X-ray diffraction (XRD) is a technique commonly used to analyze the atomic structures of materials. This method is valuable for determining both the qualitative and quantitative aspects of materials. In the context of nanomaterials, XRD investigations were employed to identify and authorize the size and structure of crystalline materials [64]. To evaluate the particle dimensions of nanomaterials using XRD data, the Debye–Scherrer formula was utilized. This formula involves measuring the width of the Bragg reflection law and applying the equation: d = Kλ/β cosθ. In this equation, d represents the particle size in nanometers, K is the Scherrer constant, λ denotes the X-ray wavelength, β is the full width at half maximum, and θ represents the diffraction angle, which corresponds to half of the Bragg angle and relates to the lattice plane [70].





2.5. Silver Nanoparticles Hydrogel for Wound Healing


2.5.1. Silver Nanoparticles for Wound Healing


Experimental studies verifying the safety and efficacy of silver nanoparticle dressings swiftly led to a succession of clinical trials [71,72] that yielded on encouraging results. These studies yielded valuable information that enabled the commercialization of numerous dressings. Currently, they are used to treat venous ulcers, diabetic foot sores, burns, and surgical lesions [73].



However, several years after the first AgNP dressing was introduced to the market, the potential of silver nanoparticles in wound healing had not been completely exploited, which necessitated additional research on AgNP dressings. It is necessary to increase the analgesic and anti-inflammatory properties of the dressings, because silver does not possess them in sufficient quantities. Therefore, various varieties of biomaterials derived from natural sources were enriched with silver in order to discover the optimal dressing with all the required properties.



In 2017, Meekul et al. [74] evaluated the efficacy of an alginate silver dressing on patients with necrotizing fasciitis lesions in a clinical trial. The study examined four outcomes: wound bed preparation, hospital stay duration, pain experienced, and total hospital stay cost. The average preparation time for the wound bed was 10 days shorter in the Ag-dressing group compared to the standard treatment group (21.39 vs. 31.87 days). In addition, the length of hospitalization was shortened (20.99 versus 29.19 days). Importantly, the pain score of patients treated with alginate silver dressing was substantially lower than that of the control group, which is difficult to achieve with commercially available silver-based dressings [74].



Hahn et al. [75] investigated the effect of silver-impregnated negative pressure dressings on the number of micro-organisms in patients’ lower extremity open lesions. Participants were divided into two groups, with the control group receiving conventional negative pressure wound therapy (NPWT + polyurethane foam) and the research group receiving the same treatment, but with silver-coated polyurethane foam. Bacterial growth was reduced in the silver-treated group, and the difference between the groups widened over time. This conclusion was validated using both wound surface micro-organisms and tissue culture [75].



The team of JiHui Chen conducted an experiment in 2021 to determine the efficacy of silver-enriched dressings for treating lesions in patients with pemphigus vulgaris (PV) [76]. A total of 28 patients in the study group were treated with a dressing containing silver, whereas 30 patients in the control group were treated with gauze immersed in 0.5% povidone iodine solution. In the Ag group, the average duration of wound recovery was substantially shorter (43.72 vs. 55.00 days). Additionally, the length of hospitalization was abridged (33.72 vs. 43.64 days), and the average number of garment changes was reduced (from 43.5 to 18). Although the incidence of infection did not reach statistical significance, it is noteworthy that it was lower in the research group (1 vs. 3, p = 0.302). It is crucial because infection and sepsis are the leading causes of mortality among patients with PV [76]



Matilda Karlsson et al. [77] decided to conduct a prospective study comparing two treatments for partial thickness burns in children. A total of 58 children were separated into two groups, with one group receiving porcine xenografts and the other receiving a silver-foam dressing. The primary outcome was the healing time, while secondary outcomes included pain, the need for surgery, wound infection, hospitalization time, and dressing change frequency. The healing period of wounds covered with silver-based dressings was substantially shorter (15 days vs. 20.5 days). This distinction was observed in all lesions, including those that covered more than 20% of the total body surface. All other outcomes were comparable between groups, with the exception of the number and duration of dressing changes, which again favored the group treated with silver foam.



In 2022, Akin et al. [78] published the results of their study testing the efficacy of a silver dressing in reducing the risk of surgical site infection in patients following ostomy closure. It is well-known that the gastrointestinal tract is frequently colonized by multidrug-resistant bacterial strains, which makes it difficult to treat surgical site infections after colorectal surgeries. A total of 15 of the 31 participants in this study were treated with conventional gauze dressings for one to two days after the ostomy was closed. After cleansing the lesion with 10% povidone iodine, gauze dressings were applied and changed every day for five days. The lesions of the patients in the study group were treated with a silver-based dressing. The dressing was administered in the operating room and remained in place for five days following the procedure. During the 30-day period, it was observed that 26.7% of patients in the control group developed a surgical site infection, whereas no patient in the study group did. Asgari and his colleagues investigated the efficacy of silver nanoparticle dressings in the treatment of pressure ulcers in patients with spinal cord injuries in order to determine their efficacy. Seventy patients with spinal cord injuries were enlisted in the study and divided into two equal groups, one receiving a hydrocolloid bandage and the other receiving an AgNP-based dressing. The Bates–Jensen Wound Assessment Tool was used four times to evaluate the efficacy of the dressings. It was observed that ulcers resolved effectively as a result of both treatments. The relative reduction of the BWAT score for silver nanoparticles was greater, but the score was not statistically significant [78].




2.5.2. Ensuring the Well-Being of Silver Nanoparticles in the Context of Wound Healing


The issue of AgNPs’ possible toxicity has been widely discussed due to their capability to easily penetrate cell membranes and potentially harm human health [79]. Studies on mice have shown that AgNPs can cross the blood–brain and blood–testis barriers [80]. Higher concentrations of silver nanoparticles (AgNPs) (>44.0 µg/mL) have been found to induce cell necrosis and rupture cell membranes (Gopinath, P.; et al., 2008). When AgNPs pass through the blood–testis barrier, they can gather in the testes and have adverse effects on sperm cells [81]. AgNPs have also been found to impair other cell types, such as brain cells [82], liver cells [83], and stem cells [84]. However, many researchers have reported that the use of AgNPs as a topical antibacterial agent in wound healing is safe. AgNP-loaded polyacrylamide hydrogels, in particular, are considered excellent wound dressings [85]. When used in appropriate quantities, silver metal and silver dressings have no negative effects on human health [86,87]. For example, a study by [88] investigated the permeability of AgNPs in human skin and their cytotoxicity in human keratinocytes under ultraviolet B (UVB) irradiation was conducted. The results displayed that AgNPs did not penetrate intact human skin and had no detrimental properties on keratinocytes or increased cell death induced by UVB. AgNPs were effective at low concentrations, did not easily penetrate the skin barrier, and had no harmful effects on keratinocytes [88]. Therefore, AgNPs have great potential for use in wound dressing applications. Additionally, nanoparticles (NPs) in general are considered a promising alternative to antibiotics due to their bactericidal activity against a wide range of pathogens, without inducing microbial resistance [89].



AgNPs, in particular, have garnered significant attention for their inhibitory effects on approximately 650 microbial species and antibiotic-resistant bacteria [90]. The antimicrobial properties of silver nanoparticles (AgNPs) have been extensively researched. AgNPs can attach to and penetrate bacterial membranes, thus leading to the subsequent destruction of the cell membrane and the leakage of cellular contents. Additionally, AgNPs can interfere with vital intracellular processes, such as disrupting the respiratory chain, hindering DNA replication, and inhibiting cell division. Moreover, AgNPs exhibit significant antimicrobial effects against drug-resistant fungi by targeting cellular components that are involved in drug resistance and pathogenicity.
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AgNPs hinder bacterial reproduction by denaturing bacterial DNA, which leads to the alteration and subsequent death of bacterial cells [91]. Moreover, AgNPs can be operative therapeutic or prophylactic agents, as they prevent the colonization of wounds by antibiotic-resistant bacteria and other microbes that impede wound healing [92]. Studies using human keratinocytes and dermal fibroblasts have revealed that AgNPs significantly reduce levels of inflammatory cytokines and promote healing [93]. In vitro cell culture tests have confirmed no cytotoxicity in hydrogels containing AgNPs, and these hydrogels have shown non-adherent characteristics regarding dermal fibroblasts [94]. When associated with conventional topical agents, AgNPs can effectively prevent wound infections and enhance the healing process of injured tissues. AgNP-coated wound dressings exhibit strong antibacterial activity and promote faster and more efficient tissue repair [95]. The use of silver-modified nanoporous silica carriers loaded with sulfadiazine in place of silver sulfadiazine can overcome the poor aqueous solubility of the latter, which limits its antibacterial effect [96]. On the opposing side, some authors are concerned about the risks associated with AgNP usage. Several cases of argyria, a condition characterized by silver deposition, have been reported after treating burn wounds with dressings containing nanocrystalline silver [97,98]. The use of these dressings led to the deposition of silver particles in the mid and deep dermis. Silver itself has been found to have concentration-dependent cytotoxic properties in human dermal fibroblast cells [99]. Nevertheless, advancements in nanotechnology have reduced the minimum repressive concentration of silver and its toxicity to normal human cells [100], thus resulting in several brands of silver-containing wound dressings being approved by the U.S. Food authority.





2.6. Hydrogel


Due to the weak surface-binding affinity of AgNPs, hydrogel scaffolds have been proposed as an efficient vehicle for drug delivery. AgNPs are increasingly used in biomedicine for their antibacterial activity. In order for hydrogels to promote wound healing, they must maintain a balance between the exchange of hydration, oxygen, and chemicals. The cross-linked three-dimensional structure and hydrophilic polymer network of hydrogels allow them to function as water-retaining scaffolds, which have attracted interest in the medical field. The effectiveness of hydrogels in drug delivery, tissue engineering, and as antimicrobial agents has been demonstrated. Although a significant amount of research has been conducted on the efficacy of different hydrogel matrices, not enough has been done to compare the different varieties of hydrogel scaffolds in order to propose the most effective and stable environment for AgNP delivery [101,102].



Types of Hydrogel Used in Wound Healing


Polymers with zwitterionic structures that are used for AgNPs have garnered attention for their catalytic activities; however, aggregation, as with other metal nanoparticles, can drastically reduce their catalytic properties by altering their surface-to-volume ratio. The ability of zwitterionic polymers to bind water molecules and effectively reduce nonspecific protein adsorption confers antifouling properties on zwitterionic environments. This imparts hydrogel contamination resistance, which preserves the scaffold’s catalytic activity in protein-rich environments [103]. To resolve the immobilization challenges posed by AgNPs, the efficacy of zwitterionic hydrogels for preventing aggregation and increasing reusability has been investigated using polycarboxybetaine (PCB) as the zwitterionic hydrogel containing AgNPs.



The green method of 4-nitrophenol (4-NP) catalytic reduction to 4-aminophenol (4-AP) was used to observe the catalytic properties of zwitterionic hydrogels. After the homogenous distribution of AgNPs in a PCB hydrogel, the PCB–AgNPs exhibited the highest catalytic activity and reusability. This characteristic enables separation and recycling of the hydrogel via cyclic catalysis pathways. FITC-BSA was used to observe protein absorption by various hydrogel varieties. The fluorescence microscopy images obtained from the protein absorption test demonstrated results that were comparable to those of previous studies: no significant FITC-BSA attachment was observed on the surfaces of PCB, PSB, PCB–AgNP, or PSB–AgNP hydrogels [104,105]. This indicated that the catalytic activity of AgNP was not affected by the biofouling environment.



The equilibrium water content (EWC) of zwitterionic hydrogels was determined by measuring the UV-Vis absorption of the hydrogels. The high water content of hydrogels facilitates effective mass transfer. PCB–AgNP hydrogel had the maximum EWC among the AgNP hydrogels. Comparing the physical properties of AgNP-embedded hydrogels revealed that, not only did the addition of AgNPs to hydrogels not affect the compressive modulus or break strain, but the PCB–AgNP exhibited the highest physical strength [106], thus indicating a more stable matrix and greater reusability. In addition, the larger pore size of the PCB hydrogel may have enhanced its catalytic activity by facilitating greater mass transfer. The UV-Vis spectra also revealed no significant change in the AgNP concentration, thus indicating that there was no material leakage or aggregation. The research on the antibiofouling properties of PCB–AgNP has demonstrated the material’s sustained catalytic activity and recyclability, which indicates the possibility of utilizing zwitterionic hydrogels in wound-healing applications.



Nanofibrous membranes made of chitosan were created in in vivo research to evaluate the antibacterial and wound-healing efficacy of nanofibrous membranes derived from chitosan [107]. By examining the in vivo properties of AgNPs while evaluating their direct antibacterial properties, the researchers sought to fill in the voids left by previously established AgNP studies. The research was divided into in vitro and in vivo examinations of antibacterial properties, and it also involved in vivo examinations of wound-healing efficacy. Similar to the findings of a previous study, the results demonstrated that, while inorganic ions permitted the slow release of silver, proteins precluded silver release by forming a barrier [101]. Prior research investigated the effects of proteins and inorganic ions on the effectiveness of AgNP. In order to examine the effects of inorganic ions and proteins in the environment, a phosphate-buffered saline environment and fetal bovine serum (FBS) were prepared. AgNPs were immersed in both environments, and it was determined that the binding of inorganic ions to silver particles had no effect on their antibacterial properties.



In contrast, despite the fact that the FBS-immersed AgNP hydrogel exhibited a greater release rate, its antibacterial properties were not maintained in subsequent tests. The formation of a protein barrier in the FBS environment altered the hydrogel’s ability to release AgNPs. The results demonstrated the significance of investigating protein presence when determining in vitro hydrogel performance. Overall, chitosan-based nanofibrous hydrogels exhibited antibacterial properties and did not interfere with the wound-healing process. The antimicrobial properties of lignin-based hydrogels have been examined [102,108]. Previous research demonstrated that lignin, a natural lignocellulosic polymeric matrix, possesses antioxidant and antibacterial properties [103].






3. Conclusions


Nanomaterials have emerged as a highly promising approach for eradicating bacterial, fungal, and viral infections. In addition to their antibiotic, antifungal, and antiviral effects, they find utility as catalysts, bioremediation agents, and pseudoenzymes. This review showcases the successful outcomes achieved in the field of nanotechnology. Acute and chronic wounds pose significant challenges in terms of healing and often receive inadequate attention. Green synthesis offers a more environmentally friendly and user-friendly alternative by utilizing the natural sources of reduction agents. It enables the production of a diverse range of NPs. It is important to note that optimizing the production of uniformly synthesized green NPs can be a time-consuming process, as even slight and inadvertent changes in laboratory protocols can result in NPs with entirely distinct chemical and physical properties. Furthermore, a thorough characterization of plant or fungus extracts is necessary in green synthesis. Despite the multitude of publications in recent years, there remains a need to explore new polymers and synthesis techniques, not only for silver nanoparticles (AgNPs), but also for other types of NPs, due to the escalating bacterial resistance to metal NPs. The green synthesis method refers to an environmentally friendly, non-toxic, and cost-effective approach. In this review, we provided a summary of the green synthesis method, as well as its characterization techniques. These nanoparticles have been utilized for analyzing properties such as antibacterial, antifungal, and antioxidant properties. The findings of these studies strongly support the use of the green synthesis approach for the development of silver nanoparticles, which can have more beneficial effects in environmental and biomedical applications. In our future research, our group will focus on synthesizing different types of green nanoparticles to develop applications in various sectors, including pharmaceutical, medicine, environment, aquaculture, and agriculture sectors. The results of this study shed light on the direction of future research in the development of green nanoparticles for environmental and biomedical purposes.




4. Materials and Methodology


Numerous systemic reviews investigating the process of producing silver nanoparticles loaded in hydrogel with antimicrobial properties were conducted and gathered. Varieties of reports addressing this topic were discovered, and it was crucial to conduct a comprehensive review to combine the findings from these reports and reach a definite understanding while avoiding any inconsistent information or misunderstandings. This overview, with the specific goal of emphasizing the antibacterial effectiveness of biosilver nanoparticles (AgNPs) loaded in polyacrylamide hydrogel, exclusively focused on compiling all relevant systematic reviews, following the recommendations of Cooper and Koenka [20]. To document this summary, the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analysis) method was used (Figure 4).



4.1. Problem Formulation


The initial stage involved defining the issue concerning the evaluation and the establishment of AgNPs loaded in hydrogel during the investigation of their antimicrobial properties. This research question was then expanded to explore the potential of AgNP–polyacrylamide hydrogels as smart tools against many drug-resistant microorganisms, with the aim to substitute antibiotics. Furthermore, the possibility of utilizing AgNPs–polyacrylamide hydrogel as a viable treatment option and as a real antimicrobial agent was also examined.




4.2. Conducting Literature Searches to Gather Information for Research Syntheses


The second step involved conducting a systematic literature review in May 2023. Relevant literature was searched in three electronic databases: MEDLINE, ScienceDirect, and Scopus. Specific terms were used and taken from the title, abstract, and keywords, including terms such as “Green Synthesis of Silver Nanoparticles”, “silver nanoparticles-in Hydrogel”, “biosynthesis”, “green synthesis”, “antimicrobial resistance”, and “systematic review”. The search criteria were modified accordingly for each database, and operational definitions of keywords were obtained from selected articles. The analysis included articles containing factual information, summaries, and reviewers’ comments. Only English language articles were included in the literature search. Inclusion criteria for both phases of the search process were defined as follows: (a) articles related to green synthesis silver nanoparticles and their antimicrobial effects, (b) experimental study design, (c) in vitro studies, and (d) published in English. Exclusion criteria involved (1) reports that did not conduct a systematic search (literature review), (2) articles that were not peer-reviewed, (3) articles not focused on green synthesis, (4) articles not associated with antibacterial outcomes, and (5) articles not published in English. Duplicate papers were identified and removed prior to the selection process. Duplicate papers were defined as papers published in two journals with the same title, same first author, same study design, same sample size, and the same number of in-text citations or references. The principal author’s name was used for reviewing each retrieved research paper for inclusion or exclusion, and full texts were retrieved for all such papers until a decision was made. The included research papers were searched again to identify additional relevant articles, which then went through the same screening process to ensure the credibility and reliability of the research.




4.3. Extraction of the Data


A matrix table was utilized to present the selected papers, which allowed for an organized exhibition of information. A descriptive analysis was conducted to examine each article individually. Following the descriptive analysis, a comparison was made between the articles that followed the recommendations of Cooper and Koenka [20]. Relevant details such as the authors’ names, study objectives, the number of studies with feedback, identified criteria, and the results and feedback were extracted from the literature reviews. During the analysis, data were collected to verify and validate the findings and outcomes. This analysis involved identifying and describing the issues associated with each keyword.




4.4. Meta-Analysis Processing


The selected articles were categorized into specific domains related to AgNPs loaded in hydrogel, which included their sizes, shapes, applications, and compositions. Articles focusing on the synthesis and functions of green synthesized silver nanoparticles were grouped together. The selection process prioritized articles that specifically addressed the green synthesis of AgNPs and demonstrated effective antibacterial properties. Several steps were taken to analyze the antibacterial properties of the synthesized AgNPs. Initially, an electronic literature search was conducted to identify original research on silver nanoparticles. The selected articles were chosen based on their relevance, authenticity, recent publication, and focus on AgNP green biosynthesis with hydrogel. The corresponding or first author of the initial article was included, following the recommendation of Costas and Bordons [19], as they have been typically responsible for the report or the development of the idea. After completing five steps, the review involved integrating the results of the reviewed articles, particularly to identify any conflicting findings. A second-order meta-analysis would have been conducted if there were discordant results; however, no such discrepancies were found in the current study, thus rendering a meta-analysis unnecessary.
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Figure 1. Different techniques used for the synthesis of silver nanoparticles. 
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Figure 2. Schematic representation of the green synthesis production of silver nanoparticles (Ag NPs) using bacteria, fungus, and/or plants. 
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Figure 3. The summary of the characterization methods used for silver nanoparticles. 
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Figure 4. PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analysis). 
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Table 1. Synthesis of silver nanoparticles using bacteria.
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	Bacteria
	Precursor
	Functional Groups/Organic Components
	Condition
	Size by (nm)
	References





	Pseudomonas
	AgNO3
	Amines (Aromatic and Aliphatic)
	shaking 28 °C
	10–40
	[38]



	Streptomyces violaceus
	AgNO3
	Exopolysaccharide
	shaking; 37 °C

pH 7.0
	10–60
	[39]
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Table 2. Synthesis of silver nanoparticles using fungi.
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	Fungi
	Precursor
	Functional Groups/Organic Components
	Condition
	Size by (nm)
	References





	Penicillium polonicum
	AgNO3
	Proteins
	Shaking

Room temp.light
	10–15
	[44]



	Fusarium oxysporum
	AgNO3
	Proteins
	shaking 28 °C
	21.3–37.3
	[40]
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Table 3. Synthesis of silver nanoparticles using plants.
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	Bacteria
	Precursor
	Functional Groups/Organic Components
	Condition
	Size by (nm)
	References





	Aloe vera (leaf)
	AgNO3
	Hemicellulose, lignin, and pectin
	100 °C or 200 °C; shaking
	70.70 ± 22, 192.02 ± 53
	[46]



	Ocimum sanctum (leaf)
	AgNO3
	Quercetin
	–
	250–600
	[47]



	Gossypium hirsutum (shoot)
	AgNO3
	–
	Shaking

60 °C
	20–100
	[48]



	Coptis chinensis (leaf)
	AgNO3
	–
	Room temp.; dark 6–45
	Room temp.; dark 6–45
	[49]
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Table 4. Silver nanoparticles (AgNPs)–polyacrylamide hydrogel.
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	Preparation of AgNPs
	Size by (nm) for AgNPs
	Used Polymer
	Method of Incorporation
	Summary





	Green-Synthesized chitosan
	240–970
	Polyacrylamide (chitosan)
	The chitosan solution was mixed with the silver nanoparticles
	Hydrogel (S/C-SNPs G-1) demonstrated bactericidal activity [54]
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Table 5. Frequency of bacteria tested for wound treatment.






Table 5. Frequency of bacteria tested for wound treatment.





	Cell Species
	AA *
	RA (%) *
	References





	S. aureus
	24
	85.7
	[1,56,57]



	E. coli
	22
	78.6
	[1,56,57,58]







* AA—absolute abundance, RA—relative abundance.
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