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Abstract

:

Alginate is a naturally derived polysaccharide widely applied in drug delivery, as well as regenerative medicine, tissue engineering and wound care. Due to its excellent biocompatibility, low toxicity, and the ability to absorb a high amount of exudate, it is widely used in modern wound dressings. Numerous studies indicate that alginate applied in wound care can be enhanced with the incorporation of nanoparticles, revealing additional properties beneficial in the healing process. Among the most extensively explored materials, composite dressings with alginate loaded with antimicrobial inorganic nanoparticles can be mentioned. However, other types of nanoparticles with antibiotics, growth factors, and other active ingredients are also investigated. This review article focuses on the most recent findings regarding novel alginate-based materials loaded with nanoparticles and their applicability as wound dressings, with special attention paid to the materials of potential use in the treatment of chronic wounds.
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1. Introduction


Wounds are considered as an injury of external body barriers, e.g., skin or mucous membranes, as well as deeper tissues, upon the impact of external factors, including heat, aggressive chemicals, or mechanical damage. Depending on the clinical characteristics, wounds can be classified as acute or chronic, and each type demands particular management. Acute wounds can occur as a result of surgical intervention or an injury, while chronic ones are usually associated with comorbidities, including diabetes, vascular disease and infections. An important type of chronic wound is pressure ulcer, occurring in elderly patients with physical impairments and confined to bed or chair, which results in prolonged pressure [1]. In elderly hospitalized patients, it is associated with 25–33% higher mortality rate [2]. It is noteworthy that chronic wounds in particular significantly affect the quality of life, being a cause of physical pain and numerous psychological difficulties related to distress, depression, anxiety, and social withdrawal [3,4,5]. Moreover, without proper management, they can increase in size and lead to severe bacterial infections, being also a cause of amputation [6], sepsis development or premature death [7]. On the other hand, wound management is an important socioeconomic issue, especially when chronic conditions are taken into consideration. It is estimated that in the United States, open wounds affect about 3% of patients over 65 years of age, and approximately 2% of the total population suffer from chronic wounds [6,8]. The data estimated with the use of the Medicare system [9] indicate that the costs related to wound management are enormous and, in 2014, could reach approximately USD 100 billion. The largest part of the costs related to wound treatment seems to be associated with hospitalization [10], which is necessary whenever serious complications occur and a surgical intervention is needed. An appropriate therapeutic approach in wound management is crucial to avoid bacterial infection and the development of further problems, which is particularly challenging in patients suffering from diabetes and obesity, as well as in elderly population more frequently revealing poor nutritional status or impaired immunological response.



Depending on the type of wound, overall patient health and occurring comorbidities, an appropriate therapeutic strategy should be selected to provide the conditions needed for a fast and efficient healing process. For chronic wounds, the TIME approach for the evaluation of a wound condition is applied. In the first step, the tissue (T) assessment and debridement must be performed; next, infection and inflammation (I) are evaluated, followed by moisture (M) checking and management of wound exudate. Finally, the edge (E) of the wound is checked [11]. However, wound healing requires a complex approach involving a careful consideration of other health factors, including the management of comorbidities influencing the process or the general nutritional status of the patient. One of the important elements of proper wound care is wound dressing selection, which should be performed based on the wound type, depth, location, and the presence or absence of exudate and infection symptoms. In order to provide a good environment for wound healing, the dressing material should display a few important features, with the ability to maintain a moist environment as one of the necessary ones. Moreover, good dressing materials should also absorb the excessive amount of exudate, allow gas transmission, and provide the protection from external forces that could damage newly formed tissue, as well as from microorganisms that could colonize the wound. All materials contacting the wound should be biocompatible and nontoxic. Finally, other properties, such as cost-effectiveness and easy handling, should be taken into consideration [12].



It is noteworthy that the application of traditional cotton-based dressings usually led to excessive drying and the adherence of the dressing material to the wound. Currently, a large number of alternatives to traditionally applied materials are available. It must be also emphasized that apart from the products successfully marketed and widely applied in clinical practice, the development of novel materials with improved properties is a subject of extensive scientific investigations. Modern wound dressings can have a form of a film, foam, or gel, depending on the depth of the wound, the amount of exudate, and the features of the wound bed. In the case of non-complicated surgical wounds, usually the dressing requirements are different from chronic or non-healing wounds [13]. The dressings widely applied in a contemporary medicine can be obtained from different materials, depending on the desired properties and potential applications. The classification of wound dressings based on the applied material source is presented in Figure 1. Taking into consideration the fact that the proper moisture level is crucial for wound healing, most of the modern dressings contain hydrogel-forming materials as basic components. This approach allows for absorbing the excessive amounts of discharge without drying the wound bed.



Alginate is a polysaccharide widely recognized as safe, biocompatible, and biodegradable material applied in numerous areas, including food manufacturing [14], drug delivery systems [15], cosmetic industry [16], tissue engineering [17] and the manufacturing of the materials useful in wound management. It is noteworthy that the idea of alginate application in wound dressings is not new. Alginate-based dressings have been successfully marketed and utilized in wound management since the 1980s, when Sorbsan was introduced as a treatment in diabetic and trophic ulcers [18,19]. Since then, numerous different dressing brands have been manufactured and commercialized. The available products are manufactured in different shapes and sizes, in order to fit any individual needs. Alginate dressings can be used to treat superficial wounds and lacerations but also to feel the cavities frequently occurring in the development of pressure ulcers. It is important to note that as strongly absorbent material, alginate is recommended in the management of wounds with moderate to high amount of the exudate. Currently available products can also differ in terms of composition and properties, as combinations with other polymers or silver are applied. A few examples of the commercially available alginate-based products are presented in Table 1.



Alginate materials in wound management are also a subject of extensive research. As the polymer reveals many advantageous properties in terms biomedical applications, including also excellent biocompatibility and nontoxic character, its potential is still receiving a lot of interest and novel composite materials are investigated and developed. One of the most interesting and intensively explored options is the enrichment of alginate dressings with nanoparticles applied as carriers to therapeutic agents. In this way, the properties of the original dressing can be significantly modified and novel materials displaying interesting therapeutic features can be obtained, depending on the type of nanoparticles applied. So far, several silver-enhanced dressings with antibacterial properties have been introduced to the pharmaceutical market, including also alginate-based materials, as shown in Table 1. However, most of the commercially available products contain silver in an ionic form and there are only a few dressings with nanocrystalline silver, such as collagen-based Acticoat® (Smith & Nephew; London, UK) [28]. Wound healing materials with incorporated nanoparticles offer some important advantages, including the possibility to extend the drug release process which, in turn, may result in reduced dressing change frequency. Moreover, in the case of active agents susceptible to degradation, the entrapment in nanoparticles may improve the stability. On the other hand, the development of nanomedicines is still challenging and concerns related to nanoparticle safety and accumulation in the body are frequently mentioned [29,30,31].



The aim of this review is to summarize and present the most important research directions, focusing on the design and characterization of novel alginate-based materials enriched with therapeutic nanoparticles. As it was already mentioned, wound management is an important healthcare issue, considering the fact that the number of patients suffering from chronic conditions associated with impaired wound healing is increasing worldwide. The development of novel, safe, and effective therapeutic strategies, as well as innovative materials supporting wound management, especially in patients with existing comorbidities, is an important challenge of contemporary medicine. Among numerous innovatory approaches towards more efficient wound management, dressings with embedded therapeutic nanoparticles seem to be the most promising one, as demonstrated by the commercial success of dressing materials with nanocrystalline silver. In this article, the most extensively explored research directions involving alginate dressings with solid nanoparticles are presented and discussed.




2. Wounds: Pathophysiology, Classification, Therapeutic Approaches


According to the definition, a wound is an anatomical interruption of the continuity of external layers (skin, mucous membrane) and deeper tissues under the influence of a damaging physical, chemical, or biological factor [32]. The classic characteristics of a wound include pain, bleeding, and dripping [33]. Opening of the wound edges depends on its size, elasticity, and the direction of their separation [34]. In general, two types of wound are distinguished, superficial, whose depth does not exceed the subcutaneous tissue, and deep wounds, which go beyond. Further differentiation depends on the way the force works, the mechanism of its action [35]. Abrasions and scratches are usually caused by not very strong pressure of a hard, blunt tool, falling, or hitting a hard and rough surface. These wounds are shallow; only the epidermis and superficial layers of the skin are damaged [36]. Puncture wounds are caused by a long, narrow, and sharp object (e.g., nail, needle, pitchfork, bayonet) and can drill into body cavities, causing the damage of internal organs. These wounds do not gape, and their edges heal quickly. Depending on the depth, they can lead to internal bleeding [37]. Cut wounds are caused by sharp objects (e.g., a knife or glass). The edges and walls are even, and they usually bleed profusely [38]. Bruised wounds arise as a result of breaking the skin and deeper tissues as a result of the action of a blunt object, e.g., as a result of being hit with a hammer or a stone. The edges of the wound are then uneven, crushed, and swollen; there are bruises around the wound. Bleeding is much less than in cut wounds due to damage to the blood vessels. Broken tissues die quickly and then necrosis occurs [39,40]. Laceration arises as a result of violent contact with a curved tool, e.g., a hook. Its edges are uneven and jagged, and at the bottom, you can see jagged fat and muscle. Skin and deeper tissue loss is common [41]. Bite wounds are wounds inflicted by the teeth of domestic or wild animals. They have the character of bruised or lacerated wounds. Tissue damage is greater than just perforating the skin. These wounds heal poorly and are easily infected. If bitten by an animal, there is a risk of infection with the bacterial flora in the animal’s mouth. These wounds also carry the risk of rabies infection [42,43].



Healing is the biological process that takes place in a wound to close it and form a scar. The time and course of the wound healing process depend on many factors. The characteristics of the wound, i.e., its size, shape, type, amount of damaged tissues, foreign bodies, and secretion outflow conditions, have a large impact on the course of the wound healing process. An extremely important factor is also the blood supply to the wound area [44,45,46].



There are two main ways of wound healing. The most beneficial, immediate (primary, temporary) healing is when the edges of the wound are brought together and fuse, and a linear scar is formed. The delayed or secondary healing is called granulation, a longer process that occurs when the primary closure of the wound was not completed for various reasons. In such cases, granulation tissue is formed at the bottom of the wound, which is the basis for the regeneration of the superficial layers of the skin and epidermis. Such healing requires proper care and regular dressing changes. The scar resulting from healing by granulation is thicker and more visible [47,48,49].



Analyzing in more detail the course of wound healing, two successive and partially overlapping stages can be distinguished. The first is referred to as cleansing phase, during which the wound edges are swollen, red, and warm. The area is painful, and the wound is initially filled with clotted blood and liquid secretion. Over time, dead tissue separates from healthy one and is excreted from the wound. During the next stage, called recovery phase, swelling and redness gradually disappear and soreness decreases. The walls and bottom of the wound are gradually covered with granulation tissue, which over time fills the entire wound. The deeper layers of granulation tissue shrink, and the wound surface gradually decreases. The granulation tissue gradually becomes fibrotic, hardens, and shrinks many times and transforms into a scar [44,48]. A necessary condition for the proper healing of damaged skin is the appropriate course of each of the following stages: hemostasis, inflammation, proliferation, and remodeling [50]. As described in more detail, the following steps can be listed in the complete recovery process: rapid hemostasis → appropriate inflammation → mesenchymal cell differentiation, proliferation, and migration → suitable angiogenesis → prompt re-epithelialization → synthesis, cross-linking and alignment of collagen [51,52,53].



In the case of acute wounds, first, it is recommended to wash with water, and then disinfect it with an appropriate germicide, without iodine or alcohol content. The wound should be cleaned gently to avoid further tissue damage [54]. When the bleeding has stopped, the wound should be covered with sterile gauze or a special dressing. The dressing should be changed regularly, but not too often, as this may impede healing [13]. A moisturizing agent that supports healing and protects against infection can be used under the dressing. Proper and regular wound cleansing is the first most important rule in the treatment of acute wounds. The purpose is primarily to remove factors that may adversely affect the healing process or increase the risk of infection, and should be carried out gently and as accurately as possible. In order to clean the wound, the patient can use enzyme ointments, active gels, or rinsing and cleansing dressings [55,56]. Another important aspect is decontamination and infection prevention. Direct use of such agents as hydrogen peroxide [57], ethacridine lactate [58], ethanol [59], or gentian violet is not recommended, as it can lead to serious irritation. It is worth choosing an agent that is safe, stimulates healing, and does not destroy the forming granulation tissue and, at the same time, is effective, killing bacteria, viruses, and fungi [60]. Both at the beginning and throughout the healing process, the wound should be properly moisturized, as it enables migration of fibroblasts and proper reconstruction of the wound. It is stated that a wound in a moist environment heals up to twice as fast, and the risk of scarring is reduced [45,61,62].



It has to be taken into account that any wound, even superficial, can become chronic if it is not properly treated. In addition, malfunctions of the body, such as diabetes or obesity, have an impact on the wound healing process [63,64]. Therefore, in the case of any damage to the skin, it is important not to underestimate it and take care of proper hygiene. Otherwise, infection can easily set in. Moreover, even the best dressing and therapeutic agents will not ensure effectiveness if the basic conditions that ensure the body’s ability to regenerate are not met. Only proper treatment and ongoing monitoring of the wound condition can shorten the healing time. Leaving skin damage unattended or failing to provide appropriate conditions for healing means that any wound can become chronic [65]. The healing of such wounds is a complicated and time-consuming process, often requiring hospitalization or constant nursing care [66].



Skin recovery may be disturbed by a number of pathological factors, which are generally classified as local and systemic [67,68]. The first group includes: oxygen level [69], infection [70,71], or foreign body. The next includes factors such as age [72], gender [73], sex hormones [74], stress [75,76], ischemia [49], diseases (diabetes, keloids, fibrosis, hereditary healing disorders, jaundice, uremia) [77], obesity [78], pharmacotherapy (steroids, nonsteroidal anti-inflammatory drugs, chemotherapeutic agents) [79,80], alcohol abuse [81], smoking [82], and conditions with reduced immunity (cancer, radiation therapy, AIDS), and nutrition habits [83,84].



The most common types of chronic wounds include: chronic post-traumatic, radiation and cancer wounds, diabetic ulcers (diabetic foot), leg ulcers, bedsores, and burns. Especially, bedsores, diabetic foot syndrome, and venous leg ulcers are very embarrassing and painful and sometimes exclude the patient from society.



In conclusion, it is necessary to refer to the general scheme of wound treatment, referred to by the acronym TIME, the individual stages of which include: T—tissue debridement (cleansing), which assumes careful inspection of the wound with subsequent removal of necrotic tissue along with all debris; I—infection and inflammation control, which includes the use of topical antiseptics with antimicrobial, antiviral, and anti-inflammatory effects; M—moisture balance; and E—edges, based on observation of the wound edges and stimulation of epidermal formation [85,86,87].




3. Alginate: Structure, Properties, and Biomedical Applications


Alginate is a polysaccharide occurring naturally in cell walls of brown marine algae and also synthesized by bacteria belonging to Pseudomonas and Azotobacter genera. The term is usually used in the descriptions referring to alginic acid and its salts [17].



The molecule of alginate (Figure 2) is linear and consist of two types of monosaccharide moieties, i.e., D-mannuronic (M) and L-guluronic (G) acids connected with 1,4-glycosidic bonds. Both residue types are organized in homopolymeric blocks consisting of M or G units. In alginate structure, there are also heteropolymeric blocks containing both M and G residues scattered randomly. It is noteworthy that the structure of the polysaccharide may depend on its source [88]. For example, in alginate obtained from Azotobacter, higher content of blocks composed of guluronic acid is observed, while the polymer derived from Pseudomonas contains no G-blocks [89]. Structural differences are associated also with different physicochemical properties. Guluronic acid residues are responsible for the interaction with divalent ions and crosslink formation. Therefore, the compounds without G-blocks form softer, less stiff gels compared with those with higher guluronic acid content [90]. Among other factors affecting the properties of alginate, acetylation degree and molecular mass should be mentioned. Alginic acid is water insoluble, while its salts with monovalent cations reveal good solubility and form stable solutions. Upon the addition of di- or trivalent cation solution, alginates form gels in a process known as ionotropic gelation. Cations interact with guluronic residues located in homopolymeric blocks and crosslink the polymer into the so-called egg-box model (Figure 3). In the case of divalent cations, each cation is connected to four G residues. The process requires no harsh conditions or potentially toxic reagents, which is an important advantage in pharmaceutical and biomedical areas. However, the obtained physical gels display relatively weak mechanical durability, and the crosslinking cations can diffuse to the surrounding media, which may lead to physical matrix erosion. In some applications, this effect is a serious drawback. Calcium alginate is a main component of currently available wound dressings [91].



Another option is strong covalent crosslinking, mostly involving carboxylate and hydroxyl residues of the polymer. The most frequently utilized crosslinking agents comprise glutaraldehyde; however, other reagents such as poly(ethylene glycol)-diamine (PEG-diamine) and adipic acid hydrazide can be used [91]. Alginate can be also crosslinked with photoinitiated reaction or enzymatically. Photoinitiators applied in the first process may also be toxic. However, with proper design, this technique is minimally invasive and can also be applied for in situ crosslinking injectable gels [93]. The products of covalent crosslinking are usually more stable and elastic, and their swelling ability can be easily tuned with the crosslinking density.



The wide spectrum of biomedical applications of alginate results from its numerous features that make this polymer an excellent material for drug and protein delivery systems, tissue regeneration, or wound healing. It is all due to versatile and biological properties, such as biocompatibility, nonimmunogenicity, low cost, chelating ability, water solubility, and flexibility, as its properties can be easily modified by blending with other materials, crosslinking or grafting with other polymers. So far, alginate is frequently applied and investigated as a potential excipient in drug delivery, mainly in sustained-release oral dosage forms. This is related to the swelling ability displayed by the polymer, allowing for the formation of a hydrogel matrix upon contact with gastrointestinal fluids and gradual drug release as a result of diffusion and matrix erosion. It is important to note that the process is pH dependent, and alginate-based matrices can be used to deliver the active ingredients to the distal parts of the gastrointestinal tract without releasing them in the stomach. The observed effect is related to the polymer structure and the presence of acidic groups, which become ionized at pH above 4.4. As a result of electrostatic repulsion, the matrix swells and releases the drug [94]. Moreover, alginate is explored as mucoadhesive excipient, allowing for close interaction between the surface of mucous membranes and dosage forms and extended drug residence time at the administration site. This effect is also associated with the presence of negatively charged carboxylate groups and hydroxyl moieties interacting with sialic acid and sulfate residues in the mucus [15].



As it was already mentioned, alginate displays excellent biocompatibility and can be used as a vehicle for cell delivery in tissue engineering and regenerative medicine, serving as matrix-forming material to obtain three-dimensional scaffolds, supporting cell growth and slowing down their immune clearance [95]. Moreover, alginate gels can be effectively used to deliver growth factors (e.g., vascular endothelial growth factor, VEGF, or basic fibroblast growth factor, bFGF) to improve angiogenesis in the engineered construct after the implantation [96]. A quick formation of a vascular network is crucial for the delivery of oxygen and nutrients to the implanted cells and for their survival rate. Both mentioned growth factors have limited stability and short biological half-life. The application of the appropriate carrier can improve their efficiency. It is also noteworthy that alginate can be applied to obtain injectable in situ gelling systems [97] or can be utilized as a bioink component in 3D printing with embedded cells [98].



Alginate has also been found useful for delivering bone-forming cells or osteoinductive factors, as well as their combinations. Despite undisputable advantages of using alginate matrices in this area, including their ability to fill irregularly shaped defects, minimally invasive manner, and ease of chemical modification for ensuring controlled release, some disadvantages should be also pointed out. First, the structure formed with the use of alginate is too mechanically weak to allow load bearing in the initial stages of regeneration without fixation. Moreover, the matrix degradation must be carefully controlled in case of enabling proper tissue regeneration. In order to improve the mechanical and bioactive properties of the implant, alginate is combined with hydroxyapatite [99]. Alginate is also investigated as a scaffold-forming material in the cartilage [100], nervous system [101] and other soft tissues regeneration [102].




4. Alginate in Wound Dressings


Modern wound dressings have been developed to provide optimal conditions for wound healing instead of just covering the wound surface and acting as a mechanical barrier protecting it from contamination. The most important function of the dressing is absorbing the excessive amount of exudate without significant drying of the wound bed. Among numerous currently applied dressings, a few types can be distinguished (Table 2). Taking the physicochemical nature of particular wound dressing systems into consideration, it may be assumed that some of them are similar to each other. However, an exceptional feature of commercially available alginate dressings is their extremely high absorbing efficiency, allowing for the removal of even high amounts of exudate. In alginate dressings, usually calcium alginate in its dry form is applied, and upon contact with the wet wound bed, the fibrous matrix is rehydrated. The resulting gel matrix provides a moist environment for wound healing. An important advantage of alginate dressings is their low adherence to the wound bed and easy removal. Moreover, this type of material can be used in both clean and infected wounds. To prevent dehydration of the occurring gel, usually a secondary dressing covering alginate is necessary, and in infected wounds, the external layer should be non-occlusive [12]. Alginate presents also high biocompatibility and nontoxic character, which is particularly important in the materials applied to damaged skin. An important advantage of this polymer is its versatility, as it can be used to form many different kinds of dressing materials, including nonporous films, porous foams [103], wafers [104], nanofibers [105], micro- and nanoparticles [106,107], and hydrogels [108]. Each of the mentioned forms can display different properties and can be applied for different purposes. For example, foams have high exudate absorption capacity compared to films, while nanofibers contribute to the formation of the environment similar to the extracellular matrix, which enhances the tissue regeneration process. Moreover, foam dressings can protect the wound from maceration and provide prolonged hydration time [109]. An important advantage of alginate in general is its ability to undergo ionotropic gelation occurring in the presence of di- or trivalent cations without any harsh conditions, which is beneficial for sensitive actives incorporation. Due to its anionic character, it can also form polyelectrolyte complexes with cationic polymers, such as chitosan, which can also be employed in wound management [110].



Alginate can be combined also with a variety of other materials, including polymers [112], herbal extracts [113], and antimicrobials [114]. Additional polymers usually are applied in order to improve its mechanical characteristics. So far, among the marketed products, combinations with carboxymethyl cellulose are available. However, many other polymers are being investigated, as well as other various modification options, such as grafting or different crosslinking procedures. Taking into consideration the possible applications of the products obtained as a result of these modifications, it must be emphasized that blending seems to be the safest approach. In the case of any procedure involving harsh conditions and potentially harmful reagents that may stay in the product as an impurity, the potential toxicity of the obtained material should be carefully investigated. Similar concerns may arise in the case of newly synthesized compounds, such as graft copolymers.




5. Alginate Wound Dressings Loaded with Inorganic Particles


Metal and metal oxide nanoparticles as antimicrobial agents in recent years have garnered increasing attention for various biomedical applications, including the prevention of wound infections. In the alarming context of growing antibiotic resistance, nanoparticles of silver, zinc, copper, gold, and their oxides, as well as titanium, magnesium, cerium oxides, are seen as a potential tool to avoid this problem [115]. In this way, they have been applied in various biopolymeric hydrogel matrices [116,117,118], including alginate materials for wound healing. Although several metal compounds can be used, research on alginate-based dressings has focused on two types of inorganic antimicrobial nanoparticles: nanocrystalline silver (further referred to as AgNP) and zinc oxide (ZnO NP).



5.1. Nanocrystalline Silver (AgNP)


Silver has been used as an antiseptic for centuries and is considered to be one of the oldest drugs known to humankind. Its antimicrobial application has mostly relied on ionic forms (silver salt solutions, colloidal silver), as it is the Ag+ ion that exerts bactericidal action. By interaction with negatively charged protein sites (sulfur- and phosphorus-containing groups), it disrupts the bacterial cell membrane, resulting in its death, comparatively more effective in the case of Gram-negative strains. Moreover, Ag+ is further capable of binding with nucleic acids, ribosome denaturation, or cytochrome inhibition once inside the cell. What is more, the generation of reactive oxygen species (ROS) can cause further damage [115,116]. A multidirectional mechanism of antibacterial activity is presented in Figure 4. Apart from bactericidal effects, silver has also been found to modulate immunological response in the wound healing process [116].



There are several commercially available alginate hydrogel dressings incorporating ionic silver (e.g., Algicell, Silvercel), which have been clinically confirmed to reduce the incidence of wound infections and improve the healing process [119,120]. However, the achievable concentration of ionic silver in wound dressing is limited by its cytotoxicity to mammalian cells. Due to this, silver nanoparticles (AgNP) are gaining popularity in various applications as an alternative, because they ensure extended, sustained release of Ag+ over longer periods of time without exceeding the toxic concentrations. Owing to the particle size below 100 nm, AgNP are characterized by a high surface area, which improves their contact with bacterial cell membranes. Because of this, nanocrystalline silver displays higher antimicrobial efficacy when compared with ionic forms, also in the case of wound dressings [121].



To the authors’ knowledge, there are no commercially available alginate-based wound healing materials that would incorporate AgNP, but research work in this field has been intensive in the last decade. It is noteworthy that Acticoat (Smith & Nephew), a nanocrystalline silver-based synthetic wound dressing, is successfully applied in wound management.



5.1.1. AgNP in Alginate-Only Matrices


Wound healing materials where alginate is the only polymeric base have been described in scientific literature, but they appear less often than alginate combinations with other polymers. One early example is a composite sponge, where AgNP were developed in situ in sodium alginate solution (by reduction with sodium borohydride), which was subsequently freeze-dried in two cycles interrupted by ionotropic Ca2+ crosslinking. Although the Ag-incorporating sponge successfully reduced the colonies of S. aureus and K. pneumoniae and reduced the levels proinflammatory cytokines on murine macrophage cells in vitro, it also negatively affected the viability of human fibroblasts. It must be noted, however, that the study authors did not compare different AgNP concentrations in the biocompatibility test [122].



Wet-spun calcium alginate fibers appear to be a relatively popular form for the incorporation of silver nanoparticles. Neibert et al. spun alginate solution into a calcium chloride gelling bath, followed by additional glutaraldehyde crosslinking, which permitted 20-fold hydrogel swelling (compared with 3-fold after ionotropic gelation only). The resulting fibers were immersed in AgNO3 solution to carry out ionic exchange between Ca2+ and Ag+ cations. With the addition of sodium borohydride, they were reduced on the fiber surface to silver nanoparticles (~10 nm). An incision wound healing study was performed on hairless mice, where AgNP-incorporating fibers at two concentrations (0.033% vs. 0.383% w/w) were compared against silver nanosuspension and blank alginate fiber. Quite surprisingly, pure AgNP suspension proved more effective in reducing inflammatory response (as determined by macrophage and neutrophil infiltration in histology samples) and ensured thicker epithelium in wound healing. Moreover, in an in vitro scratch test on 3T3 mouse fibroblast culture, AgNP alone promoted fibroblast migration and wound closure without cytotoxic effects. Therefore, in this case, alginate served only as a support and delivery platform for silver nanoparticles without observed benefits towards wound healing. The authors speculated that this could be caused by delayed Ag+ release from the fiber, but this was not verified experimentally [123]. Alginate microfiber was also used as a carrier by Stojkovska et al. Silver nanoparticles (10–30 nm) were synthesized electrochemically and added to sodium alginate solution, which was then extruded through a needle into a calcium chloride gelling bath. The resulting AgNP microfibers were compared against AgNP suspension in alginate solution, commercial sulfadiazine cream, and commercial calcium alginate hydrogel dressing with ionic silver. In a burn wound study on rats, all the hydrogel dressings ensured complete healing in 19 days vs. 21 days after the application of suspension or cream, which the authors attributed to the beneficial effect of Ca2+ ions. The nanocrystalline silver was confirmed to be more effective in wound management than the ionic form, since the same result was achieved with 2-fold lower AgNP concentration when compared with Ag+ in the commercial dressing [124].



An alternative microfluidic spinning process of calcium alginate fiber dressing was presented by Cai et al. AgNP were dispersed in sodium alginate solution, which was mixed in a microfluidic channel reactor with CaCl2 solution. A fibrous scaffold was then obtained by centrifugation and freeze-drying (Figure 5). Microbial growth tested with S. aureus and E. coli was successfully inhibited without cytotoxic effects towards L929 fibroblasts [125].



As Cai et al. pointed out, the developed microfluidic spinning method was considered as a feasible alternative to alginate electrospinning, where an addition of a suitable polymer is required for a stable fiber [125]. Indeed, nanocrystalline silver alginate dressings electrospun with polycaprolactone (PCL) or polyethylene oxide (PEO) have also been described. Hu and Lin recently developed a complex, multifunctional dressing incorporating not only silver nanoparticles, but also the gene encoding platelet-derived growth factor B (PDGF-B) to promote the wound healing process. AgNP were dispersed in PCL and PEO solution, which was then coelectrospun via a dual jet system with sodium alginate–PEO solution; the resulting fiber was ionically crosslinked with Ca2+. As a final step, a DNA–polyethylene imine complex was adsorbed by immersion, taking advantage of electrostatic interaction between the positively charged polyplex and negatively charged alginate. Therefore, in this dressing, AgNP were homogenously attached directly to the PCL fiber component. Silver ions were released in two stages: a quick burst in 24 h, followed by continuous, slow release over 120 h. According to the authors, such release profile is highly beneficial, ensuring a quick bactericidal effect in the initial stages of wound healing and sustained balanced exposition to Ag+ without cytotoxic effects. At a successful AgNP concentration of 30 mM, the proliferation of 3T3 fibroblasts was not affected. The developed dressing, which displayed antibacterial and hemostatic activity in vitro, was tested in vivo on a mouse wound model. Compared with control (gauze), alginate–PCL dressing incorporating AgNP significantly improved the wound closure rate by up to 67% in 11 days. The addition of the PDGF-B gene gave even better results, ensuring almost full wound closure (95%) at the same time point, as well as higher deposition and remodeling of collagen [126].



However, simpler AgNP–alginate dressing materials obtained with electrospinning have also been described. In a work by Mokhena and Luyt, AgNP were synthesized by simultaneous reduction and nanoparticle stabilization by chitosan. In this solution, an electrospun alginate (with PEO) fiber was next immersed, resulting in the fiber coating by AgNP–chitosan particles according the mechanism of polyelectrolyte complexation between alginate and chitosan. Increasing the immersion time reduced the fiber porosity and swelling capacity, on the one hand, but, on the other hand, increased the inhibition zone of G(+) and G(−) bacteria cultures. Based on the observed conductivity changes, silver was released from the dressing in a burst manner within 1 h, followed by a plateau. This behavior was sufficient to eradicate 98% and 72% of Gram-positive and Gram-negative bacterial colonies, respectively. Despite the lack of further sustained release of silver ions, no microbial growth was observed after 24 h. However, the material’s water vapor permeability of ~1500 g/m2/day was below the recommended values for wound dressing materials, limiting its potential use to certain types of injuries [127].



A very interesting recent application of alginate fiber electrospinning with silver loading was described by Huang et al. as an example of combining AgNP with another inorganic nanoparticular system, namely, vanadium oxide (VOx) nanowires. Previously synthesized VOx quantum dots were used in a reaction with AgNO3 as both a reducer and stabilizing agent. The resulting composite nanowires were intended to both ensure homogenous, effective binding of AgNP to the dressing and to increase the antibacterial effect while reducing the total silver content. The vanadium oxide nanowires were approximately 200 nm in length and 10 nm in width, with spherical silver nanoparticles evenly attached to the surface (Figure 6). Compared with ionic silver (AgNO3 solution), the AgNP/VOx composite nanowires displayed higher antibacterial activity against S. aureus and E. coli at the corresponding concentrations, and their ability to damage microbial cell membranes was confirmed microscopically (Figure 6). This action was due to the composition of metal compounds, as the vanadium oxide quantum dots by themselves were not bactericidal. At the effective inhibitory concentration, the AgNP/VOx nanowires were not cytotoxic towards HUVEC or HeLa cell lines.



The prepared AgNP/VOx nanowires were added to alginate solution for electrospinning (with PEO); they did not alter the fiber morphology and were homogenously distributed. The nanowire-loaded fibers were then compared in vivo against blank alginate electrospun fibers and gauze as control in a full thickness wound model on rats, infected with S. aureus or E. coli. The healing process with the developed dressing was significantly faster, and the bacterial viability dropped to less than 20% (compared with 60% after the application of blank alginate and 90% in the control group). In the AgNP/VOx alginate dressing treatment group, no edema was observed, and epithelium was significantly thicker, with a reduced number of inflammatory cells and more fibroblasts. However, the authors did not compare in vivo the developed material with the treatment with any other silver form [128].



Apart from the abovementioned work employing vanadium oxide, other inorganic nanoparticles have also been used recently as carriers to immobilize nanocrystalline silver in alginate dressing matrices. An innovative work in this topic was presented by Linhart et al. Silver ions were reduced photochemically on the surface of titanium dioxide nanoparticles, forming composite core/shell Ag/TiO2 nanoparticles. These were subsequently dispersed in sodium alginate solution, containing glucono-δ-lactone (GDL), calcium chloride, and one of three amino acids: glycine, serine, and arginine. Films were cast, frozen and dried. One of the study aims was to evaluate the influence of these biomimetic additives (intended to support skin regeneration) on alginate hydrogel properties. GDL served as additional a crosslinker, and amino acids chelated the Ca2+ ions, modifying their interaction with polymer chains. A relationship was found between hydrogen bond donor/acceptor capacity and gel packing density, its initial mass, and swelling properties. In contrast to Ag+ ions, the Ag/TiO2 loaded hydrogels did not display activity against E. coli in a Kirby–Bauer disc diffusion test. On the other hand, a test on a single bacterial cell confirmed its death upon contact with Ag/TiO2 hydrogel, with the fastest progress in the samples from which ionic silver had been removed by dialysis. It is a noteworthy experimental verification of the bactericidal mechanism of metal nanoparticles, as it was confirmed that it is due to the direct contact of the cell membrane with nanosilver, instead of Ag+ ions release and diffusion. Furthermore, wound healing was simulated in vitro in a scratch test on human dermal fibroblast culture (HDFa)—faster proliferation was noted in hydrogels with biomimetic additives, in positive correlation with hydrogen bonding sites [129]. A similar work was carried out by Ambrogi et al., where silver–silica composite nanoparticles were synthesized by solid-state pyrolysis from Cab-O-Sil and silver acetate. The aim of this immobilization was to avoid AgNP dispersion beyond the site of dressing application and achieve localized prolonged release of Ag+ for increased antibacterial activity and decreased cytotoxicity. The composite nanoparticles were dispersed in sodium alginate and glycerol solution from which a film was cast, dried, and crosslinked with calcium chloride. The presence of Ag/Cab-O-Sil increased the hydration properties of the film in simulated wound fluid. Silver ions were released from the dressing according to Higuchi kinetics, with initial burst followed by slow release to 3% in 24 h without reaching a plateau. Due to low levels of Ag+, the microbial growth was inhibited only in the area of direct contact with the hydrogel film. Unfortunately, the alginate hydrogels with composite silver–silica nanoparticles were found to reduce cell viability in fibroblast and keratinocyte cultures [130].



Apart from silver nanocomposites with other inorganic materials, AgNP have been immobilized on organic carriers in alginate wound dressings. Shin et al. partially oxidized surface hydroxyl groups to carboxyl ones in cellulose nanofibers, where Ag+ ions were subsequently adsorbed and reduced in situ. After the addition to sodium alginate solution, initial loose crosslinking of the polymer was performed with calcium sulfate in order to prepare an injectable hydrogel. In the next step, the material was injected to form a patch shape, with final ionic crosslinking by calcium chloride. The oxidation of cellulose nanofibers enabled higher silver loading via electrostatic adsorption, while reduction to metal nanoparticles ensured biocompatibility with 3T3 cells, in contrast to corresponding nanofibers with Ag+ ions. The Ag release from the dressing was slow and sustained (15% over 1 week) [131]. Another example of AgNP immobilization in nanomaterials is a study by Liang et al. on silver–polydopamine (PDA) nanocomposites in an oxidized alginate hydrogel. First, an oxidized alginate sponge was prepared by freeze-drying. Next, simultaneous dopamine polymerization and PDA adsorption on the sponge was performed, with PDA acting as a crosslinking agent. Finally, the hydrogel was immersed in silver nitrate solution, resulting in adsorption and reduction in situ to AgNP. The dressing successfully inhibited bacterial growth without hemolysis or cytotoxicity to L929 mouse fibroblasts up to 400 µg/mL, as well as shortened blood clotting time [132].



In the field of organic silver nanocomposites in alginate dressings, the most extensive work was presented by Zhou et al. Ag+ ions were reduced in situ and incorporated on the prepared copolymer CMC–PAMAM (carboxymethyl chitosan–grafted–polyamideamine). The composite nanoparticles were added to sodium alginate solution along with platelet-rich plasma to improve healing properties; the dressing was vacuum-dried and crosslinked with Ca2+. The prepared hydrogel had a homogenous, interconnected porous structure with Ag@CMC–PAMAM nanoparticles (~158 nm) adsorbed on the surface (Figure 7). Raising the nanocomposite loading in the matrix resulted in higher alginate crosslinking density, which translated to a lower swelling degree and better tensile strength and elongation properties (elasticity) of the hydrogel. The dressing proved biocompatible with L929 fibroblasts and nonhemolytic, with a water vapor transmission rate in the range of 2000–2500 g/m2, considered to be optimal for wound dressings. Finally, the prepared material was tested in vivo (with or without the incorporation of platelet-rich plasma) in rat wounds infected with E. coli and S. aureus. The healing rate was close between the composite dressings and commercial Aquacel Ag and better than a blank alginate hydrogel or gauze. However, based on the colony count in samples taken from the wounds, the developed Ag@CMC–PAMAM alginate dressings displayed a superior antibacterial effect over the marketed silver dressing (Figure 7, bottom). Histological analysis and the determination of factors’ expression (e.g., CD31, TNF-α, IL-6) further proved the successful healing improvement by the new materials (both for the hydrogels with and without plasma), as they ensured a lower inflammatory response, faster epithelization, and thicker epidermis with tighter connections to the dermis. Therefore, the developed Ag@CMC–PAMAM alginate dressing provided an overall multidirectionally better performance in an infected wound than an existing marketed ionic silver product [133].




5.1.2. AgNP in Hydrogels Composed of Alginate and Other Polymers


Several wound dressings incorporating nanocrystalline silver have been prepared from blends of alginate with biopolymers (polysaccharides such as chitosan, hyaluronic acid; proteins) or synthetic polymers.



Of the biopolymers used in blends with alginate, chitosan has proved to be the most popular one, e.g. in a freeze-dried matrix impregnated with aloe gel and AgNP [134]. Gordienko et al. developed an alginate–chitosan composite sponge incorporating silver nanoparticles (80–120 nm) synthesized from AgNO3 in fungal cultures, stabilized by their proteins. The dressing was prepared in several stages, starting from freezing the AgNP-containing alginate solution as an initial template. Chitosan solutions with or without CaCl2 were subsequently added and after a couple of thawing cycles the hydrogel was finally freeze-dried. The sponge consisted of lamellar alginate structures with tightly packed granular sites of chitosan, with the water sorption capacity increasing with the increase in alginate content. S. aureus and B. cereus growth was successfully inhibited; however, the dressing was less effective against P. aeruginosa [135]. In another study, hydrogel films were cast from alginate and modified hydroxytehylacryl chitosan, with or without additional ionic crosslinking by Ca2+. Silver particles were formed by in situ reduction in the ready film. The material was biocompatible with a Vero cell line, active against S. aureus and E. coli, and its mechanical properties were considered ‘suitable for artificial skin application’ [136].



An atypical combination of alginate and chitosan in wound dressing was presented by Choudhary et al., who prepared an extrudable, semisolid hydrogel on a chitosan matrix, incorporating both alginate-stabilized AgNP (20–35 nm) and nanoparticles of calcium alginate as a hemostatic agent (mean size of 1037 nm). A sustained release of silver over 24 h and activity against G(+) and G(−) bacteria was confirmed. The dressing was tested in vivo on full thickness excision wounds in a diabetic rat model. In comparison with a commercial hydrogel ointment with colloidal silver (Silverex) as positive control, the developed dressing ensured a significantly faster wound contraction rate over the whole treatment period. Collagen and tissue granulation markers (hydroxyproline and hexosamine) were also significantly elevated; revascularization and formation of homogenous and regularly distributed collagen fibers was observed as well [107].



Another complex multicomponent injectable hydrogel dressing based on oxidized alginate, and carboxymethylated chitosan was presented by Ma et al. Composite nanoparticles of epigallocatechin gallate (EGCG) with immobilized silver were first synthesized in a green manner from AgNO3 solution, with the polyphenol simultaneously serving as a reducer, AgNP carrier, antibacterial agent, and free radical scavenger. The developed Ag–EGCG composite nanoparticles were dispersed in oxidized alginate solution, together with nanoparticles of keratin, incorporated in the dressing to promote epithelialization, revascularization, and collagen deposition. Upon adding this mixture to carboxymethyl chitosan solution, Schiff reaction between the two polymers took place, crosslinking into an injectable hydrogel, to be gelled in situ upon application on wound. The formulation was subjected to extensive rheological testing, indicating self-healing gel properties; it was also confirmed to swell by 155% and retain 73% of moisture over 48 h. The hydrogel, biocompatible with L929 fibroblasts, was tested in vivo on rat wounds. However, since the authors compared the results only with saline as a negative control, and not with any alternative treatment options, it is impossible to draw conclusions on the relative efficacy of the developed dressing on wound healing [137].



Another popular polysaccharide used together with alginate in AgNP-containing wound dressings is hyaluronic acid. For example, sodium alginate and hyaluronic acid films were cast, dried, and gelled ionotropically (with the evaluation of different divalent cations), incorporating AgNP alone or with sulfadiazine. The hydrogels with silver nanoparticles performed better against E. coli and S. aureus than the antibiotic-loaded ones. The dressing was compared against blank sodium alginate, alginate, and hyaluronic acid hydrogels in a rat excision wound model. While there were no differences in wound area at days 7 and 21 of the treatment (full healing), the wound reduction with the dressing incorporating both AgNP and sulfadiazine was significantly higher after 14 days [138].



In a work by Tarusha et al., a composite porous membrane incorporated AgNP stabilized by Chitlac (lactose-modified chitosan). The nanoparticles were dispersed in a mixture of sodium alginate, hyaluronic acid, hypromellose (as a foaming agent), and glycerol. In situ gelling was then performed with calcium carbonate and glucono-δ-lactone, followed by 30 s of foaming, further gelling, and final lyophilization. As a result, a flexible membrane was obtained (Figure 8) with a smooth surface and highly porous cross section. The dressing displayed quick swelling and very slow silver release (0.9% in 1 week), with AgNP remaining in hydrogel reservoir. The incorporation of nanoparticles did not affect the dressing’s mechanical properties or its optimal water vapor transmission rate (1920 g/m2/day). It is noteworthy that bactericidal activity against S. aureus, S. epidermidis, and P. aeruginosa was confirmed both in plankton culture and on biofilm. The dressing was also cytocompatible with human primary fibroblasts (HDFa) and keratinocytes (HaCaT). In an in vitro scratch test on monolayers of these cells cultures, wound closure was significantly improved. Moreover, in comparison with blank foam dressing, the incorporation of AgNP decreased the activity of matrix metalloproteinase (MMP), a proteolytic enzyme hindering the wound healing process. The study, therefore, confirmed the positive role of silver nanoparticles, not only for the prevention of infection, but also in supporting the wound healing process [139].



A very noteworthy and interesting study from the practical point of view was carried out by Catanzano et al. Ultrasmall (<1 nm) silver nanoparticles were added to a solution containing sodium alginate, hyaluronic acid, and calcium carbonate with glucono-δ-lactone, which was then cast into plates. The authors stressed that this internal gelation by CaCO3 and GDL of precursor hydrocolloid solution is a simple method to obtain transparent, mechanically resistant hydrogels suitable for cutting or packaging and with such simplicity can be employed in a hospital pharmacy setting. In a rarely seen angle in the literature on metal nanoparticles in alginate dressings, the researchers also discussed the different possible modes of AgNP generation or incorporation in hydrogels, indicating that the addition of previously synthesized nanoparticles is optimal, as it does not affect the gelling process and the dressing’s mechanical properties. The hydrogel’s stability was tested with the use of a modified Enslin apparatus, simulating the application on wound by wetting one side of the dressing with PBS. It was found that degradation was quicker in the presence of hyaluronic acid; the incorporation of AgNP did not affect this behavior. Another interesting, novel, and clinically relevant aspect of this work is the evaluation of the hydrogel’s antibacterial activity on real clinical isolates of multi-drug-resistant bacterial strains: methicillin-resistant S. aureus (MRSA), P. aeruginosa, E. coli, A. baumannii, and K. pneumoniae. It was found that the dressing was more efficient against Gram-negative bacteria, presumably due to lack of a cell wall hindering Ag+ diffusion towards the membrane. However, the silver nanoparticles loaded into the matrix were less effective than the corresponding concentration of pure ultrasmall AgNP, and moreover, the reduction in CFU was successful after 24 h, but not after 48 h. The authors explained this phenomenon with the influence of the hydrogel matrix: with progress in its dissolution, the interactions of Ag+ ions with polymer chains increase and medium viscosity is raised. According to this, they highlighted the importance of proper frequency in dressing change. Apart from antibacterial activity, the potential adsorption of human serum proteins (albumin, fibrinogen) to hydrogel matrix was also evaluated, as it could lead to the biofouling of the dressing and inflammatory reaction. The presence of hyaluronic acid reduced the adsorption, in correlation with reduced swelling. Finally, cytocompatibility and simulated healing in a scratch test were evaluated on human adipose mesenchymal stem cells. With dressings containing 10 and 50 µg of AgNP, cell viability was unaffected, while mobility and wound closure were improved [140].



Proteins have also been combined with alginate in nanocrystalline silver wound dressings. Undoubtedly, gelatin is the most popular biopolymer of this group. For instance, AgNP-loaded alginate beads were electrosprayed into a calcium chloride bath, added to gelatin solution, crosslinked with genipin, and the whole scaffold was freeze-dried. According to the authors, the developed material could be applied for wound treatment due to nontoxicity to human dermal fibroblasts and high swelling (900%) [141]. In another work, AgNP were synthesized in situ in alginate and gelatin solution by UV irradiation of AgNO3. Subsequently, gelatin crosslinking with glutaraldehyde was performed, followed by casting and ionotropic gelation with CaCl2. Silver ions were released from the hydrogel first in burst, then in a sustained manner up to 40%, depending on the calcium chloride concentration in an unexpected manner, with higher release from a more densely crosslinked matrix. The preparation was confirmed to be effective against G(+) and G(−) bacteria and biocompatible with human fibroblasts [142]. In yet another work, no additional gelling agent was used. Instead, a hydrogel was formed by mixing sodium alginate and gelatin, followed by in situ silver reduction to AgNP. The most favorable dressing with respect to consistency and flexibility was obtained from 80% alginate and 20% gelatin. In a rat excision wound study, the prepared AgNP dressing significantly reduced the wound area compared with a blank alginate–gelatin hydrogel, and provided more mature granulation tissue and reduced inflammatory response after 7 days [143].



Of proteins, collagen has also been used with alginate, based on the provision that it is the main component of the extracellular matrix, promotes cell proliferation and attachment, and acts hemostatically. PVP-stabilized AgNP were added to sodium alginate solution, mixed with collagen, cast into a mold, and crosslinked with calcium chloride. The antibacterial activity of the dressing against S. aureus and E. coli was confirmed with a minimal inhibitory concentration of 25 µM AgNP, well below its tested cytotoxicity threshold (50 µM) to mouse fibroblasts L929 [144].



Of silver-containing alginate dressings with proteins, the most noteworthy work employed silkworm-originated sericin with beneficial effects on keratinocyte and fibroblast proliferation. By forming a semi-interpenetrating gel network (semi-IPN) of alginate with this protein, Tao et al. intended to improve the hydrogel’s adhesiveness to cells. Sodium alginate, silver nitrate, and calcium gluconate solution were prepared. Then, the addition of sericin enabled the “green” reduction of silver ions with simultaneous AgNP stabilization (15–19 nm). The resulting semi-IPN was crosslinked with Ca2+. The resulting hydrogel was easily injectable and moldable (Figure 9), with the swelling degree unaffected by the presence of AgNP. Silver release from the dressing was extended over 60 h without reaching a plateau. Significant activity against E. coli, S. aureus, and P. aeruginosa was observed with microscopically confirmed bacterial cell damage as the main mechanism. In rat wounds infected with S. aureus, the AgNP-loaded hydrogel resulted in significantly faster healing, achieving wound contraction of 99% vs. 81% in a blank matrix and 59% in a control group after 12 days. Moreover, only this dressing prevented the appearance of pus and inflammation symptoms, as well as promoted denser keratinocytes and angiogenesis [145].



Of the synthetic polymers used in silver-loaded alginate dressings, polyvinyl alcohol (PVA) appears to be applied most often. For example, its addition to extruded alginate (micro)fibers incorporating AgNP enhanced their swelling and mechanical properties (Young’s modulus, tensile stress) after rehydration [146]. In another study, Chen et al. used sodium alginate to reduce silver nitrate and stabilize the resulting AgNP, which were then mixed with alginate, carboxymethyl chitosan, and PVA solution. Hydrogel was formed by freezing and thawing, with final ionic crosslinking by Ca2+. In a rare approach among the reviewed studies, focus was placed on evaluating the influence of different AgNP concentrations on the composite hydrogel properties. For instance, it was found to affect the dressing’s porosity and swelling, although with no clear trend. The nanocrystalline silver also promoted PVA crystallization, resulting in better mechanical and rheological properties of the hydrogel. The dressing was favorably flexible, pliable into various forms, and resistant to strain. With an increase in AgNP content, tensile strength initially improved, but with further increase, it dropped, as the nanoparticles tended to agglomerate and hindered the formation of a hydrogel structure. The dressing displayed higher activity against E. coli than S. aureus and was cytocompatible with NIH 3T3 cells [147].



In another study on the improvement of mechanical properties of the dressing by combining alginate with PVA, synthesized AgNP were added to the polymers’ solution, which was freeze-thawed and gelled with calcium chloride. Moreover, 5-hydroxymethylfurfural (5-HMF) as an antioxidant and anti-inflammatory compound was added to the dressing by soaking. Increasing the proportion of alginate to PVA increased the hydrogel’s porosity, swelling, and water content, and the dressing’s compression module indicated that its mechanical stability was imparted by polyvinyl alcohol. The growth of S. aureus and P. aeruginosa was successfully inhibited, and no cytotoxicity towards L929 mouse fibroblasts was observed. In addition, pure 5-HMF was confirmed to stimulate fibroblast proliferation, migration, and collagen synthesis. The developed dressing containing AgNP and 5-HMF, either used as single components or in combination, was tested in rat wounds against a blank hydrogel. The fastest healing was observed in the AgNP+5-HMF hydrogel. Additionally, regardless of the presence of silver, the 5-hydroxymethylfurfural dressings ensured faster revascularization and formation of the epidermis [148].



Of synthetic polymers combined with alginate, polyvinylpyrrolidone (PVP) was also used in a dressing where both AgNO3 reduction to nanoparticles and polymer crosslinking were performed by gamma irradiation. The composite hydrogel was transparent and mechanically robust, with a simulated wound fluid absorption capacity of ~2000% and a water vapor transmission rate in the ideal range for wound dressings (88–278 g/m2/h). Even a blank alginate–PVP hydrogel was confirmed to be impermeable to bacteria and C. albicans, and a complete fungicidal and bactericidal effect was found to take place at a concentration of AgNP of 30 and 70–100 ppm, respectively [149].





5.2. Zinc Oxide Nanoparticles (ZnO NP)


Similar to other metal and metal oxide nanoparticles, the antimicrobial activity of ZnO is considered to rely on several mechanisms (see Figure 4): binding to cell membrane lipids and proteins, photocatalytic generation of reactive oxygen species, and possibly the release of Zn2+ ions and metabolism disruption inside the cell [150]. In the form of nanoparticles, bactericidal and fungicidal effects are augmented owing to the increased surface area and contact with cell membranes. Although ZnO NP are used less frequently in wound management than nanocrystalline silver [117], some research work has been carried out on its incorporation in alginate dressings, in either single or hybrid hydrogel matrices.



Interestingly, examples of ZnO NP loaded into alginate-only dressings are scarce. However, a vital clinical work in this field was recently presented by Loera-Valencia et al. Human volunteers suffering from diabetic foot ulcer were treated either with pure calcium alginate dressing (Cutimed commercial patch) or with the same type of patch impregnated with ZnO NP. Although no significant differences were found with respect to the final assessed wound area (characterized by high variability), the difference in healing degree in favor of ZnO NP alginate dressing (75% vs. 71%) was statistically significant. The studied dressing promoted epithelialization and healthy tissue granulation. In conclusion, the clinical study demonstrated the safety and efficacy of alginate dressings loaded with zinc oxide nanoparticles [151].



In another study where alginate as the only matrix was used, Cleetus et al. developed a hydrogel with ZnO NP and compared it with an alginate hydrogel containing another type of inorganic nanoparticles, i.e., TiO2. Moreover, one of the research aims was to compare two methods of hydrogel production: manual casting and 3D printing, followed by ionotropic gelation by calcium chloride. The more sophisticated method ensured a more homogenous lattice structure (Figure 10) and smaller, more evenly distributed pores. This also provided better hydrogel stability owing to reduced ion diffusion through smaller pores. Three-dimensionally-printed dressings also displayed higher swelling capacity, while rheological analysis revealed that manually cast hydrogels had a significantly higher elastic modulus and were stiffer. Moreover, the incorporation of ZnO NP was observed to modify the rheological and mechanical properties as well. In contrast to a blank sample and 3D-printed alginate hydrogel with titanium dioxide, the zinc oxide nanoparticles imparted better stability to the dressing, which did not degrade in PBS over 28 days, most likely because Zn2+ ions had contributed to crosslinking. The alginate matrix with 0.5–1% ZnO NP showed higher activity against S. epidermidis not only over TiO2 hydrogel, but also over erythromycin. At the same time, there were no cytotoxic effects towards fibroblasts [152].



ZnO NP were also used together with another type of inorganic nanoparticles, namely, calcium phosphate (CaP), in a study by Rahman et al., where the dressing’s matrix was formed from alginate and chitosan (1:2). The synthesized nanoparticles were dispersed in alginate–chitosan solution, and subsequently, sodium tripolyphosphate as a crosslinker was added. The composite blend was finally precipitated by NaOH and freeze-dried. The dressing was active against E. coli and less against S. enterica. Not only did it prove biocompatible with baby hamster kidney fibroblasts (BHK-21) and Vero cell lines, but also in the former culture it enhanced viability when compared with the control, demonstrating the beneficial effect on fibroblast proliferation. In full thickness excision wound on mice, the biocomposite dressing markedly improved the closure rate over gauze as control, with full healing after 10 days and visible reepithelization and collagen deposition. Nevertheless, the authors did not carry out in vivo comparison with any other more advanced treatment option [153].



As evidenced by the abovementioned work, and similar to nanocrystalline silver dressings, chitosan is a popular complimentary polymer in alginate hydrogels incorporating ZnO NP. In a study by Nozari et al., ZnO NP-loaded film dressings were prepared based on chitosan and a gelatin matrix with the addition of either alginate or bentonite, without crosslinking agents. This difference in composition translated to several differences in the physicochemical properties of the material. The hydrogels prepared with alginate were more porous, more fragile, and less flexible, with a lower swelling capacity. While all the dressings incorporating zinc oxide were antibacterial, the alginate sample performed better against S. aureus, while bentonite against P. aeruginosa. Both were biocompatible with L929 fibroblasts, but in a burn wound study on rats, the chitosan–gelatin–bentonite composite provided better healing, ensuring complete coverage with new epithelium and hair follicle formation [154].



Mohandas et al. added reprecipitated chitosan “pellet” to sodium alginate solution as a crosslinker for alginate hydrogel strengthening. The sample was then loaded with zinc oxide nanoparticles and freeze-dried to obtain a porous, flexible composite bandage (Figure 11). At a loading above 0.5%, ZnO NP were found to significantly decrease the swelling degree without affecting the dressing degradation kinetics in PBS containing lysozyme. At 0.75%–1% loading, the ZnO NP dressing was more effective at inhibiting the growth of S. aureus, E. coli, and C. albicans than a blank hydrogel and commercial alginate dressing (Kaltostat). Moreover, above 5%, the developed composite bandage was also bactericidal towards MRSA. Despite this antimicrobial potential, its applicability would clearly be limited by the observed cytotoxicity against human dermal fibroblasts (HDF), as even above a relatively low threshold concentration of 0.25%, ZnO NP cell viability was decreased to 40%–60%. Cell attachment to a nanoparticle-containing composite bandage was also reduced in comparison with a blank hydrogel. Nevertheless, in an ex vivo test on porcine ear skin, the developed dressing improved keratinocyte migration and proliferation with better epithelialization. At the same time, in a blood clotting test, the ZnO NP bandages provided better hemostasis than a blank hydrogel and commercial alginate dressing [155].



Alginate dressings containing zinc oxide nanoparticles have also been developed with chitosan derivatives. Zhang et al. dispersed synthesized ZnO NP in oxidized alginate solution, which was then crosslinked based on Schiff reaction with chitosan oligosaccharide. As the authors point out, the oligosaccharide has antimicrobial and wound healing properties, but does not form a hydrogel on its own, and due to this, supporting it with alginate is necessary. The incorporation of ZnO NP improved the mechanical properties of the dressing without affecting swelling or degradation; the water vapor transmission rate was similar to the value characterizing a commercial alginate dressing (Coloplast). An extended release of Zn2+ ions ensured the long-term antimicrobial effect of the developed dressing, which was efficient against G(+), G(−) bacteria and yeast. The hydrogel was biocompatible with blood (no hemolysis), NIH 3T3 fibroblasts, and human kidney epithelial cells 293T. In second-degree scald wound on rats, the healing rate after the treatment with the developed alginate–oligosaccharide–ZnO NP dressing was significantly higher than for a blank hydrogel and silver sulfadiazine. Histological evaluation revealed increased fibroblast proliferation and collagen deposition, as well as the formation of vessels, hair follicles, and sebaceous glands [156].



Arshad et al. compared a ZnO NP–loaded chitosan–alginate porous bandage with the version of the dressing prepared from modified, thiolated chitosan (TCS) with alginate. The polymer thiolation favorably changed several characteristics of the material. While both bandages presented a ‘fibrous, sheet-like structure’, the TCS one was more flexible with higher tensile strength. Simultaneously, the porosity and swelling degree were also elevated. Zinc oxide nanoparticles released from the thiolated bandage were slower and more sustained, reaching 70% after 72 h, with a difference in process kinetics (Korsmeyer–Peppas model, as opposed to first-order release from unmodified chitosan–alginate dressing). In a test of human blood coagulation, the TCS demonstrated better hemostatic properties. The authors also used a custom method to evaluate the mucoadhesive potential of both bandages, which were applied to the surface of goat skin samples attached to a disintegration tester assembly rack. During the dipping in simulated wound fluid (pH 7.4), the regular chitosan–alginate bandage remained in place for 6 h, while the superior swelling of the thiolated version ensured mucoadhesiveness for 72 h. The wound healing rate in mice was markedly improved not only over a commercial bandage, but also the chitosan–alginate–ZnO NP dressing, ensuring faster epidermal regeneration [157].



An interesting work in this area was presented by Zhu et al., who applied composite nanoparticles of metallic zinc-doped bioactive glass (Zn-BG) instead of the typical nanosized zinc oxide. As a material known from tissue engineering, bioactive glass was considered in the study to provide antibacterial synergy and stimulate the production of growth factors. The composite Zn-BG nanoparticles were obtained by microemulsion templating, and they were characterized by a regular, spherical porous structure with a size of 50–100 nm. They were dispersed in the solution of succinylated chitosan, which then formed an injectable hydrogel upon the addition of oxidized alginate. The rheological analysis revealed an elastic behavior of the hydrogel, increased with the incorporation of Zn-BG; on the other hand, the nanoparticles did not affect the swelling or pH-dependent hydrogel degradation. The developed formulation was effective against E. coli and S. aureus, with 100% bactericidal effect after 2 h. The composite hydrogel was not only biocompatible with L929 fibroblasts, but it also promoted cell adhesion and proliferation on the gel surface and in free spaces, confirming the rationale for the use of bioactive glass. In an in vivo test of full thickness wound healing on rats, four treatments were compared: blank succinyl chitosan-oxidized alginate hydrogel, hydrogel with the addition of the epidermal growth factor (EGF) without nanoparticles, Zn-BG hydrogel, and finally, Zn-BG hydrogel with EGF. No signs of wound infection were observed with any of the dressings, and after 6 days, fibroblasts appeared, as opposed to gauze control. Regarding the wound closure rate, the Zn-BG loaded hydrogel performed better than the EGF-loaded one, but a fastest healing was recorded for the synergistic composite dressing with both the nanoparticles and EGF (95% in 12 days). This was confirmed by histological and immunohistochemical analysis: the Zn BG-EGF hydrogel provided angiogenesis after 6 days, as well as increased collagen and myofibril deposition and reduced IL-6 level and gland formation after 12 days [158].



Of natural polymers other than chitosan and its modifications, gum acacia has also been used in alginate dressing containing zinc oxide nanoparticles. For example, in one study, ovoid hydrogel nanoparticles (95 nm) loaded with ZnO NP (5%) were prepared from alginate and gum acacia by crosslinking with glutaraldehyde and pelleting by centrifugation. Compared with pure zinc oxide nanoparticles, they were capable of better inhibition of B. cereus, but not of P. aeruginosa. On the other hand, the hydrogel promoted cell proliferation and monolayer confluency in a scratch test on fibroblast culture [159]. The ZnO NP–loaded alginate–gum acacia hydrogels were tested in vivo in a follow-up study on full thickness excision wounds in rabbits. Both the composite hydrogel and pure ZnO NP accelerated healing when compared with a commercial topical ointment in a concentration-dependent manner. The dressing promoted the formation of granulation tissue, collagen deposition, and re-epithelialization. Zinc oxide nanoparticles were observed to surround fibroblasts in the dermis, but not epidermis. Moreover, their capability to penetrate into the cytoplasm was noted [160].



The use of synthetic polymers in alginate dressings containing ZnO NP is less common than in dressings with nanocrystalline silver. One such example is poloxamer, which was applied in an antibacterial and hemostatic alginate gel loaded with zinc oxide nanoparticles, norfloxacin, and thymol [161]. In another study, the polymers’ combination was further enriched with mastic gum and crosslinked with calcium chloride, followed by freeze-drying. Different antimicrobial agents were incorporated either alone or at selected combinations: ZnO NP, AgNP, ciprofloxacin, or ampicillin. The main finding of the study was the observation that only the combination of zinc oxide nanoparticles and ciprofloxacin was effective against various strains of G(+) and G(−) bacteria (E. faecalis, P. mirabilis, P. vulgaris, S. aureus), while the incorporation of ZnO NP together with ampicillin did not improve the antimicrobial action. Interestingly, the joint use of zinc oxide and silver nanoparticles in the dressing did not provide significant bactericidal activity, which prompted the authors to conclude that metal nanoparticles may be antagonistic [162].



Apart from this, synthetic polymers have been used for electrospun dressings incorporating ZnO NP. In one of the earlier works, PVA and alginate (1:1) solution loaded with zinc oxide nanoparticles was electrospun without additional polymers and crosslinked with glutaraldehyde and calcium chloride. The antibacterial effect was concentration dependent. Up to 2% of nanoparticles, L929 fibroblasts displayed good adhesion and spreading on the electrospun mat, but cytotoxicity was noted above this value [163]. Electrospun nonwoven mats or membranes were also the subject of a work by Dodero et al., who remarked that while such research is abundant for silver nanoparticles, it is a less explored area for zinc oxide nanoparticles [164]. In this way, ZnO NP–loaded fiber membranes were prepared from alginate and PEO and crosslinked with strontium ions. Compared with blank mats, the incorporation of homogenously dispersed nanoparticles did not alter the uniform morphology of the nanofibers and, moreover, endowed them with better mechanical properties. The authors also remarked that the electrospun mat’s Young’s modulus, tensile strength, and storage modulus were close to those characterizing the skin. The addition of hydrophobic ZnO NP also decreased the dressing’s vapor permeability. Compared with a commercial collagen matrix, the electrospun alginate–PEO mat with nanoparticles promoted L929 fibroblast adhesion to a lesser degree but, in turn, better cell adhesion of HaCaT keratinocytes. Therefore, despite the use of Sr2+ ions for crosslinking, the dressing proved biocompatible. Moreover, an advantage over a collagen matrix was demonstrated, since the patch did not adsorb serum proteins [164]. As the developed alginate mat was found to be insufficiently thick and excessively prone to water uptake, the process was further modified by the addition of an electrospun polycaprolactone (PCL) layer, enabling low moisture content with simultaneous high vapor transmission [165].




5.3. Other Inorganic Nanoparticles


Although various metals and metal oxides may be used for antimicrobial action, in alginate dressings, nanocrystalline silver and zinc oxide have decidedly dominated. Other types of inorganic nanoparticles have been used in a supporting role, often forming nanocomposites with Ag or ZnO, as reviewed in previous sections: vanadium oxide [128], titanium dioxide [129,152], silica [130], and calcium phosphate [153].



One recent exception employing other metal nanoparticles is the work by Gutierrez et al. on 3D-printed alginate hydrogels loaded with copper nanoparticles (Cu NP). Various crosslinking and copper nitrate reduction modes were tested. The optimal method consisted of the preparation of alginate solution with cellulose nanofibers (30%), followed by initial crosslinking with Ca2+. Ionic exchange with Cu2+ was then performed by the addition of copper nitrate. The hydrogel was subjected to 3D printing into a patch shape, and finally, the reduction of copper ions into Cu NP took place with sodium borohydride. The addition of cellulose nanofibers was proved to improve printing resolution, enable the crosslinking of the ready scaffold (instead of each layer), and prevent its shrinkage. The effects of concentrations of alginate, copper nitrate, and reducing agent were evaluated in terms of patch morphology, with 4% of the polymer required for a stable structure and 5 mM of sodium borohydride necessary to avoid collapse while maintaining complete Cu NP generation. The antibacterial effect against E. coli and S. aureus was found to increase with copper concentration [166].





6. Alginate Wound Dressings with Antibiotic and Antiseptic-Loaded Nanoparticles


Wound healing is a complex and multistage process affected by numerous factors, including underlying diseases, the nature and size of the wound, blood supply, immune response, nutritional state, and also temperature, moisture, and sustained pressure. The most common challenge associated with abnormalities in the wound healing process is infection. Pathological microbial growth can occur particularly in immunocompromised patients with comorbidities, such as diabetes or peripheral vascular disease, and is one of the causes of impaired healing and chronic wound development [45,167,168]. It is obvious that both infection prevention and treatment are important to avoid complications related to chronic wound development. Taking into consideration modern wound dressings, different antimicrobial agents can be applied as additional components of wound management materials, in order to improve and modify the properties of the matrix polymer. So far, the most popularly utilized material is silver, known for its excellent antibacterial potential. Usually, the materials are impregnated with inorganic salts; however, as it was already demonstrated, the possibility to apply various silver nanoforms is extensively investigated. Among other antimicrobial agents, organic antiseptics and antibiotics can be listed. The first class is characterized by a wide spectrum of activity; however, usually, antiseptic agents can reveal some toxicity to host tissues. Antibiotics usually target specific microorganisms, but their application may be associated with the development of bacterial resistance. It must be also emphasized that the recommendations regarding antibiotic use are restricted only to infected wounds [45]. Nevertheless, studies regarding the development of novel wound dressings with enhanced antimicrobial properties are ongoing, even though the interest in the materials loaded with antibiotics is not as intense as in the case of silver nanoparticles.



Alzarea et al. [169] proposed wound dressing composed by arabinoxylan (AX) and sodium alginate (SA) loaded with gentamicin sulfate (GS). Films for the investigation were prepared by the solvent casting technique, and different amounts of AX and SA were used with glycerol added as the plasticizer. The presence of the glycerol was significant, and films without this ingredient could not be used because of insufficient flexibility. All prepared films were transparent, smooth, flexible, and free from air bubbles. There was also no significant difference in physical appearance between gentamycin sulfate-loaded and blank films of the same concentration. The study of the mechanical properties showed that tensile strengths (TS) of the films ranged between 2.31 and 2.75 MPa, while the percent elongations at break (% EAB) varied from 54% to 67%. Additionally, the TS of the films increased, and EAB decreased with increasing arabinoxylan concentration in the films [169]. Moreover, the tensile strengths of the GS-loaded films were slightly higher than that of blank films. Authors concluded that intermolecular interactions between AX and SA resulted in the increased stiffness of the films and decreased flexibility. In order to evaluate the possibility of film application in wound management, an environment similar to exuding wounds was employed. Gelatin solution was allowed to solidify on the plate, pieces of films were placed over solidified gelatin, and the expansion of the films was measured. The expansion profile of blank films showed that during the first hour of contact with solidified gelatin, films hydrated (uptake water) and expanded rapidly. After that, the expansion of the blank films slowed down. A similar observation was performed for the expansion of gentamycin-loaded films. Moreover, all blank films maintained their shape after 24 h, and a higher expansion was observed for the film with the greater SA content. In the release study, approximately 40% of drug was released during the first hour of the investigation, and the GS release became slower after that. The equilibrium was reached by 24 h. Finally, the antibacterial effect of the films was investigated. It was demonstrated that GS-loaded films exhibited significant antibacterial effects against both Gram-positive (S. aureus) and Gram-negative (E. coli and P. aeruginosa) bacteria. The areas of growth of inhibition zones for investigated films were slightly higher than for the positive control [169].



Shahzad et al. [170] prepared alginate and pectin films loaded with cefazolin nanoparticles. Nanoparticles were prepared with the use of chitosan, and the main aim for antibiotic encapsulation was to prevent the burst drug release effect. The polymer matrix composed of alginate and pectin was obtained in the ionotropic crosslinking process. As a result, flexible mucoadhesive films, swelling upon contact with simulated wound fluid, were obtained. It was found that the crosslinking density decreased the swelling ability of the product. The drug was released from nanoparticle-based formulation in a sustained manner compared with free cefazolin. The analyzed products were also tested for S. aureus growth inhibition. Interestingly, it was shown that nanoparticles with antibiotic embedded in a polymer matrix were more efficient than nanoparticles alone.



An interesting study was proposed by Reczyńska-Kolman et al. [171], who used antibacterial peptides as a promising alternative for traditional antibiotics in the composition of a polysaccharide film. The aim of the research was to develop a composite wound dressing based on gellan gum (GG) and a mixture of gellan gum and alginate (GG/Alg), containing lipid nanoparticles (NP) loaded with the antibacterial peptide nisin (NSN). Stearic acid was used as the lipid ingredient for the lipid nanoparticle formulation, the double emulsification/solvent evaporation method was applied, and received nanoparticles were spherical in shape with an average particle size of around 300 nm. Additionally, the presence of NSN did not influence the particle shape. Neither irregular particles nor nisin crystals were observed. Nisin-loaded nanoparticles (NP-NSN) were further used for the fabrication of wound dressings. Gellan gum and a mixture of GG and alginate at a 1:1 mass ratio (GG/Alg) were used as a composite matrix, while NSN or NP-NSN were added to append antibacterial properties. All prepared wound dressings were highly porous with a high swelling capacity. They were evaluated for the absorption of wound exudate in a simulated environment. The swelling capacity of the samples was evaluated via immersion in PBS at 37 °C for up to 48 h. As it was demonstrated, GG/Alg-based materials were able to absorb higher amount of buffer within the first 30 min of incubation than GG alone. The swelling capacity of GG–nisine and GG–nisine nanoparticles remained at roughly the same level throughout the whole experiment, while a significant decrease in swelling was observed for GG/Alg–nisine and GG/Alg–nisine nanoparticles. Additionally, the cytotoxic experiment showed that NSN-loaded stearic-acid-based nanoparticles were cytocompatible with L929 fibroblasts. Significant differences in nisine release profiles were observed between GG and GG/Alg dressings. In the case of GG, more than 50% of NSN was released from the system in the first 30 min of incubation, while it was only 30% for GG/Alg. More than 80% of NSN was released within 8 h for GG composites, while for GG/Alg, the amount did not reach 40%. The release study showed that the encapsulation of NSN within lipid nanoparticles significantly slowed down nisine release from GG-based samples for up to 24 h. No significant differences in NSN release profiles were observed between GG/Alg–nisine and GG/Alg–nisine nanoparticles. The antibacterial efficacy of prepared composite wound dressings was tested in contact with S. pyogenes. The results showed that the most effective antimicrobial activity against Gram-positive bacteria was observed for GG–nisine nanoparticles, while in GG/Alg dressing, it was decreased by interactions between nisine and alginate, leading to NSN retention within the hydrogel matrix.




7. Alginate Wound Dressings with Other Nanoparticles


Apart from inorganic nanoparticles introducing antibacterial features to the dressing material and organic particles loaded with antibiotic and antiseptic agents, there are also studies involving other nanoparticulate systems embedded in alginate matrices that can be useful in wound management. As can be concluded from the following examples, most of them employ different polymers as nanoparticle-matrix-forming agents; however, the active ingredient can also have a nanocrystalline form. Among the applied polymers, both biodegradable and nondegradable ones are used. Taking into consideration the active ingredients incorporated in nanoparticles, the most interesting research directions include growth factors, antioxidants, and anti-inflammatory agents as potential wound healing enhancers.



Fan et al. [172], in their studies, emphasized the role of reactive oxygen species (ROS) in wound healing. An excessive and sustained amount of ROS impairs the process of repairing the tissue; on the other hand, ROS act as a healing promoter and, in small amounts, play a role in the physiological response. The aim of the study was to accelerate wound healing by the manipulation of the ROS level, using a topical antioxidant. The drug employed in this task was edaravone (EDA), a free radical scavenger currently used in the treatment of cerebral infarction. Due to the drug’s poor solubility and stability, edaravone-loaded Eudragit® nanoparticles (EDA-NP) were obtained to minimize these limitations. Nanoparticles were made using a solvent displacement and evaporation method, and then incorporated to an alginate hydrogel matrix (EDA-NP-gel). In vitro studies showed sustained release of the drug from both EDA-NP and EDA-NP-gel formulations. In vivo tests were performed on diabetic mice with round wounds on the back. The investigated formulations were applied on the wounds for 6 days, and the healing was observed for 13 days. The study showed that low-dose EDA-NP-gel is able to promote wound healing in diabetic mice, leading to similar healing as in healthy mice. The mechanism of that action is probably downregulating of the ROS level. However, another outcome is that a high dose of EDA in alginate gel impairs repairing the tissue because of very low ROS amount. Interestingly, EDA-NP-gel used in normal mice resulted in impeded healing.



Another approach to diabetic wound was presented by Atia et al. [173]. Alginate–gelatin wafers loaded with diosmin nanocrystals were prepared, and later tested on an animal model compared with other formulations. Diosmin is a flavonoid with antiulcer and antioxidant properties, and the form of wafer was chosen to provide longer residence on the wound. In vivo studies included 12 diabetic rats, each with three ulcers on the back, divided into groups and treated with previously selected formulations comprising differently prepared diosmin-loaded wafer and gel, as well as corresponding placebo formulations. The animals were being observed for 10 days, during which wound closure and ulcer area were evaluated. The study showed that the wound closure was higher in the formulations with nanocrystals. This leads to the conclusion that reducing the size of the diosmin particles may improve the efficiency of treatment. Moreover, wound healing was more effective in case of wafers than in gels. Wafers were able to stay on the ulcer for a longer time due to its better adherence, porosity, and mucoadhesive properties, while the main inconvenience connected with the gel was fast absorbing the exudation from the wound and losing rheological properties, which led to the detachment. Additionally, the physiological process of crust formation on the wound was hindering the gel penetration. Worth mentioning is that all diosmin wafer formulations showed better healing properties compared with placebo wafer [173].



Both studies of Fan et al. and Atia et al. emphasize that alginate-based materials loaded with drugs in nanoscale may improve wound healing in diabetic animals after topical administration.



Alginate wound dressing made by using a modern manufacturing technique was presented by Monou et al. [174]. Dressings contained nanoparticles loaded with cannabinoids, such as cannabidiol (CBD) and cannabigerol (CBG). Both cannabinoids demonstrate anti-inflammatory and antioxidative effects but also have low solubility in water and display instability issues caused by light and temperature. Due to the aforementioned limitations, nanoparticles with poloxamer F127 (PF127) were developed by two methods based on sonication to allow the topical administration of cannabinoids. 3D-printable inks were obtained by mixing nanoparticle suspensions with sodium alginate solution and calcium chloride solution. Printed films were also consolidated using calcium chloride solution. An in vitro study showed sustained release from formulations containing 4, 8, and 12 mg/mL CBD or CBG particles. Interestingly, it resulted with different release profiles. In the case of CBG, zero order profile was observed, while CBD profile was fitted to the Korsmeyer–Peppas model. The influence of cannabinoids’ particles on cell viability was investigated during the MTT assay. It turned out that an ether concentration of 1 mg/mL or 5 mg/mL exerted an adverse effect on cell viability. Additionally, the time of exposition was an important factor. Although CBD and CBG particles at a concentration of 0.1 mg/mL were found to be nontoxic after 24 h, the cytotoxic effect was noticed in CBD after 48 h of exposure. This indicates a dependence of cytotoxicity on both the time of the exposure and the concentration of the nanoparticles. Furthermore, that result is in agreement with the cell scratch assay performed for the same concentrations as in the MTT assay (Figure 12).



The wounds simulated on HaCaT cells were being observed for 12 h, with 6 h intervals, and the % of wound closure was calculated. After 6 h, the wound area decreased in all samples with CBG nanoparticles and in two samples with lower CBD concentration. It is worth mentioning that none of formulations provided a significant decrease in the wound area compared with the control. Additionally, in both groups after 12 h the wound surface extended compared with 6 h exposition. Although the desired sustained release profiles were observed and antibacterial activity on selected bacterial strains were confirmed, both formulations did not demonstrate a strong wound healing effect, whereas CBG formulation seemed to be more safe for tested cells [174].



Another natural compound for wound dressing was employed by Guadarrama et al. [175]. Curcumin is known as an antimicrobial, antifungal, and anti-inflammatory ingredient. The abovementioned properties make it suitable for promoting wound healing. According to the low solubility of the active ingredient, polycaprolactone nanoparticles containing curcumin were obtained, using the emulsification–diffusion method. Subsequently, different film formulations were prepared by a solvent casting method. Sodium alginate was mixed with either polyvinyl alcohol (PVA) or polyvinylpyrrolidone (PVP), as well as plasticizers. The membrane containing sodium alginate, PVP, and propylene glycol showed the best mechanical and swelling properties and was selected to develop further film with curcumin nanoparticles. An in vitro release study of curcumin dispersion, curcumin nanoparticles (CNp), and alginate CNp matrix (CNp-M4) showed gradual release for both CNp and CNp-M4 samples. Interestingly, CNp formulation released up to 60% of drug in 48 h, with one low burst effect, while the membrane provided higher, 80% release in the same time and no significant burst effect. According to the authors, this may be explained by the interactions between nanoparticles and other matrix ingredients. The distribution of the drug and CNp was investigated ex vivo on porcine skin. Due to its low solubility in water, the drug was found mostly in superficial layers. CNp noticeably promoted reaching deeper layers of the skin. CNp released from the matrix were less likely to reach the systemic (receptor compartment), probably due to the absence of liquid medium, while in CNp dispersion, water was present. This may change in the presence of exudate from the ulcer. An in vivo permeation assay was performed on volunteers using a tape-stripping technique for all three abovementioned formulations. Cumulative concentrations from 15 tapes for each formulation after 6 h treatment were investigated. Drug released from dispersion presented the highest permeation, which is expected according to a previous ex vivo study, as the tape-stripping test refers to a superficial layer of the skin. Comparing CNp and CNp-M4, curcumin concentration in tapes was lower for film formulation, because CNp had to be released from the matrix first [175]. The investigated film formulation demonstrated promising release and permeation properties. Further studies are needed to assess the healing effect on the wound.



Alginate materials might be employed not only in reducing wound surface, but also in tissue engineering. There are examples of using the growth factor to enrich an alginate dressing’s properties in this regard. Saygili et al. [176] introduced a polyacrylamide (PAAm)–alginate (Alg) double network (DN) hydrogel loaded with poly(lactic-co-glycolide) (PLGA) nanoparticles containing transforming growth factor beta-3 (TGF-β3). The aim was to provide the release of growing factor in situ in the damaged cartilage. A nanoprecipitation method was used to produce proper nanoparticles, while the hydrogels were obtained by mixing the ingredients and two-step crosslinking. The in vitro release profile for TGF-β3 nanoparticles showed biphasic course initial burst, and then sustained release of the growth factor, with over a half of drug loading released during 24 h, and over 70% during 60 days of the study. Subsequently, the prepared PAAm-Alg matrix and matrices loaded with nanoparticles (PAAm-Alg-NP and PAAm-Alg-NP- TGF-β3), did not present a cytotoxic effect on cell viability in the MTT assay, proving the biocompatibility of formulations. Additionally, the incorporation of nanoparticles to a hydrogel resulted in increased protein adsorption, which may lead to further cell attachment and promote growth. In vitro release from PAAm-Alg-NP- TGF-β3 showed a sustained release profile with a slower onset and plateau by day 21. Cumulative release of TGF- β3 reached over 50% during 60 days of the study. An in vivo study was also conducted on rats with a trochlear groove defect. The PAAm-Alg and PAAm-Alg-NP- TGF-β3 hydrogels were implanted and left for 12 weeks. Microscopic assessment showed an improvement in tissue regeneration, especially in the PAAm-Alg-NP- TGF-β3 group, and no excessive inflammation, suggesting a potential use of hydrogel as a healing-promoting implant [176].



Lin et al. [177] employed the growth factor to develop a composite hydrogel for wound healing, and enriched it with the addition of an anti-inflammatory drug. The alginate matrix was loaded with previously prepared a poly(N-isopropylacrylamide) nanogel (pNIPAM NG) carrying basic fibroblast growth factor (bFGF) and a p(N-isopropylacrylamide-co-acrylic acid) nanogel [p(NIPAM-co-AA NG)] containing diclofenac sodium (DS). The thermosensitive properties of obtained nanogels were utilized to control drug release. Diclofenac sodium was released faster at a higher temperature, because of pushing the drug outward from shrunk p(NIPAM-co-AA), while at 37 °C, diffusion was slower, over 72 h. On the other hand, at 37 °C, only a small percentage of bFGF could be released from bFGF@pNIPAM during 14 h due to the seizing action of the nanogel. On the contrary, at a lower temperature, such limitation did not appear. An MTT Assay carried out before a study on an animal model did not show toxicity of the SA/pNIPAM/p(NIPAM-co-AA) hydrogel, so it was suitable for further research. A 14-day in vivo study with a rat model was performed using the SA/bFGF@pNIPAM/DS@p(NIPAM-co-AA) hydrogel and no treatment, SA/pNIPAM/p(NIPAM-co-AA) hydrogel, and SA/DS/bFGF hydrogel as three control groups. Treated wounds were created by burning a piece of skin on the rat dorsum and removing burned tissue with surgical tools. During the first 3 days of the experiment, dressings were rewetted using warm PBS solution (37 °C). Subsequently, from fourth day, cold PBS (4 °C) was used. This procedure was intended to initiate a two-step action of dressing, stimulating SD and then bFGF delivery. The SA/bFGF@pNIPAM/DS@p(NIPAM-co-AA) hydrogel produced the best result compared to the controls. The presented hydrogel seems to be an interesting example of more complex wound dressing and stepwise delivery of two substances to promote wound healing and exert an anti-inflammatory effect [177].



Another approach was demonstrated by Vijayan et al. [104]. This study also focused on the delivery of two substances in one formulation, but in the form of a wafer. Basic fibroblast growth factor (bFGF) and vascular endothelial growth factor (VEGF) were applied together in one dressing to obtain synergistic action in wound healing. PLGA was employed to synthesize growth-factor-loaded nanoparticles by a modified solvent diffusion technique. Subsequently, a wafer was obtained by dispersing nanoparticles in sodium alginate solution, freeze-drying, and then crosslinking and once more freeze-drying the scaffold (Figure 13).



During the release studies, a two-step release process was observed. In the first 24 h, the process was faster and corresponded to the release of the actives from the surface of the scaffold, and in the next 24 days, a sustained release was observed. In the MTT assay, all investigated formulations showed a proliferative effect on the HaCaT cell line compared with the control. Interestingly, not only a growth-factor-loaded wafer improved cell proliferation. This indicates that blank formulation is also able to provide conditions suitable for healing due to enhanced biocompatibility. To investigate wound healing properties in vivo, a study on an animal model was performed. Three groups of rats were treated with a placebo wafer, a wafer containing nanoparticles loaded with the growth factor, and PBS as the control group. The wounds were created surgically at the dorsum of the animal. Observation was carried out during 21 days, and the wound contraction was assessed. No significant difference between all groups was reported after 7 days of treatment, whereas after 14 and 21 days, it was noticeable that the wafer containing the growth factor improved healing compared with the control. According to the authors, that might be caused by increasing the concentration of the growth factor in the wound. Interestingly, in the group treated with a placebo wafer, an enhanced healing process compared with the control was also observed. This may indicate the ability of creating a proper healing environment and is in agreement with a previous MTT assay, which showed improved cell proliferation in both the placebo wafer and the loaded wafer. Although the wound healing rate for both wafers is similar, the histological examination revealed a higher amount of collagen and a higher thickness of the stratified epithelial layer in the group treated by the growth-factor-loaded wafer [104].




8. Wound Healing Materials with Alginate Nanoparticles


In general, nanoparticles used for wound healing can improve the distribution of the administered drug and improve its solubility. This, in turn, gives the opportunity to reduce doses, which results in the improved safety and minimized toxicity of the drug. Taking it under consideration, it can be stated that nanocomposites can be used as delivery agents and help in wound healing [178]. On the other hand, the alginate matrix may prolong the release of the incorporated active agents. Alginate nanoparticles can also be a carrier to sensitive ingredients, such as growth factors, or can act as physical stabilizers in emulsions. Alginate is one of the polymers that gain much interest in that field in recent years. Such nanomaterials can be obtained by various methods, e.g., complexation, alginate in oil emulsification, self-assembly, and complexation, complexation on the interface of emulsion droplets, and water-in-oil emulsions [179]. Apart from the previously presented examples of alginate matrices with embedded particles prepared with some other materials, alginates can also be used to form nanoparticles, alone or in blends with other polymers. Recently, Del Gaudio et al. [180] proposed a material prepared by blending high amidated pectin and high mannuronic content alginate particles for wound dressing. Particles were loaded with Ac2-26 peptide (N-terminal-derived peptide of annexin A1) using a nanospray technique. The polymeric blend enhanced the stability of the peptide and increased the release capability toward the wound cavity. Additionally, high encapsulation efficiency was achieved in that formulation (~83%). In vitro studies revealed the improvement of cell migration for blend particles, making it a suitable material for wound healing. Oliveira et al. [181] prepared a double-layer membrane for dual drug delivery to be used for wound treatment. The membrane was composed of chitosan, hydroxypropyl methylcellulose and lidocaine chloride in the first layer and of sodium alginate–polymyxin B sulfate nanoparticles in the other layer. It was characterized by a thickness of 0.01–0.02 mm and satisfying mechanical properties for potential application to the lesion. During the in vitro analytical process, an activity against S. aureus and P. aeruginosa strains and low cytotoxicity were revealed. An in vivo assay allowed visualizing the healing potential by calculating the wound retraction index and by histological analysis. The obtained results can confirm the effectiveness of the developed innovative biomaterial for tissue repair and regeneration in an animal model.



In a study presented by Wu et al. [182], composite hydrogels based on Pickering emulsions stabilized with carboxymethyl chitosan–sodium alginate (CMCS-SA) nanoparticles (NPs). Apart from the emulsion, the obtained systems contained poloxamer 407 and curcumin. The performed analyses revealed that the stability of emulsion improved with the increasing amount of NP while remaining stable at various temperatures. Furthermore, the prepared formulation showed a controlled release of incorporated curcumin. The obtained composite material exhibited activity against S. aureus and E. coli and improved the wound healing process, making it a suitable bioactive component for wound care management.



Alginate-based nanoparticles can also be a suitable platform for diabetic and nondiabetic wound healing. Such a platform based on chitosan–alginate NP for pressure ulcer healing was proposed by Sheir et al. [183]. The authors combined the two mentioned polymers into drug-free nanosystems with positive and negative surface charges. Such nanoparticles were prepared by an ionic gelation method. NP with satisfying properties were chosen for in vivo experiments with the use of diabetic and nondiabetic rats to heal pressure ulcers. In this experiment, the rate of wound closure, histological examination, and histomorphometric assessment were used to evaluate the NP wound healing potential. Both positively and negatively charged NP exhibited a significant enhancement in wound closure rates in comparison with the control group. Furthermore, a higher quality and maturation of formed new tissue, less inflammation, and higher collagen content were also revealed.



Another work that targeted diabetic wounds was published by Montaser et al. [184]. They prepared silver/alginate/nicotinamide nanoparticle composite for wound dressing. Sodium alginate (ALG) was used as a reducing and stabilizing agent for the preparation of silver nanoparticles (Ag-NPs). Antibacterial activity was evaluated against Gram-positive and Gram-negative bacteria and wound healing potential was evaluated with the use of burn diabetic rats. As a result, authors obtained a formulation that promoted an antibacterial effect on both Gram-positive and Gram-negative bacteria at the higher loading percent of silver colloid nanoparticles, showing the normalization of the epidermal layer in thickness and in the arrangement of cells if compared with that on both sides of the wound and also providing a fast healing character demonstrated in the histological examinations.



Maatouk et al. [185], in their work, targeted limited matrix deposition and poor tissue repair caused by the lack of connective tissue growth factor (CTGF) and insulin-like growth factor, which can lead to the worsening of diabetic foot ulcers and results in partial or complete limb amputation. To enhance growth factor availability, they developed heparin-mimetic alginate sulfate/polycaprolactone double-emulsion nanoparticles. Such formulation was characterized by high affinity and sustained release of growth factors. The manufacturing process based on sonication resulted in the formation of particles with a size of 236 nm. Furthermore, the experiment assessing wound healing capacity in immortalized primary human adult epidermal cells showed a noncytotoxic effect after 72 h. NP containing CTGF revealed the most rapid wound enclosure compared with controls.




9. Conclusions and Future Directions


Appropriate wound management is an important and challenging problem in contemporary medical care, especially in the case of chronic conditions with underlying chronic diseases. The statistics show that the need for novel, efficient, and cost-effective materials for wound healing will increase in the future with the increase in elderly population or the number of patients suffering from diabetes and other conditions, increasing the risk of non-healing wound development. On the other hand, reports referring to the efficacy of particular antimicrobials widely applied in wound management are alarming and indicate that the problem with pathogenic strain eradication may become even more challenging in the future. According to the currently available data, apart from the well-known problem of antimicrobial resistance to antibiotics, there is also evidence of resistance to silver [186,187]. Even though this issue still seems to have little clinical importance, it may be assumed that the overuse of silver-based products may result in increasing problems with non-healing wounds in the future. Moreover, the demand for novel therapeutic approaches and novel strategies for the elimination of pathogenic bacteria will most probably increase, too.



It must be emphasized that wound healing, as a complex process with numerous different factors involved, may require individualized treatment. Different types of wounds associated with different comorbidities require different management, which is reflected by the huge variety of commercially available products. However, the research studies presented in this review indicate that this area can still be explored and novel strategies for efficient wound management can be investigated. Wound dressings can be modified in terms of polymer matrix structure and also in terms of incorporated active ingredients, accelerating the healing process. The summarized literature reports show that alginate can be easily modified by blending with other materials and incorporating various nanomedicines, including nanoparticles. It is noteworthy that its nontoxicity and biocompatible character are important advantages in biomolecule and cell delivery, which can be investigated in the development of innovative wound dressings. Alginate can also be modified chemically by crosslinking or grafting; however, in the case of newly synthesized materials, detailed toxicity studies are necessary.



Taking into consideration the general research directions explored in wound healing, growth factors and stem cell delivery seem to be among the most promising ones. It is noteworthy that there are marketed topical products with growth factors intended for the management of chronic wounds [188]. However, the available literature describing alginate-based systems loaded with nanoparticles and combined with the mentioned factors is quite scarce, and most of the studies refer to the materials with growth factors directly incorporated in the alginate matrix [189,190,191]. The published results indicate that alginate is a good material for the delivery of sensitive active agents, and the ability to form a gel in mild conditions is considered an important advantage. On the other hand, as indicated by Catanzano et al. [188], growth factors may require some additional approach to improve their stability and extend the drug release process. Therefore, alginate wound dressings with nanoparticles can be useful carriers, and it may be expected that this research direction will be further developed.



It is noteworthy that alginate-based materials are not free from disadvantages, when wound dressing formulation is taken into consideration. Among the challenges important for the wound healing process, the low adherence of alginate is mentioned. Usually, alginate-based materials are not applied alone but are either supported by a secondary dressing, or alginate fibers are enhanced with some other material. Moreover, some side effects, including allergies, were reported in the case of an insufficient amount of moisture in the wound bed [192]. The mechanical strength of alginate can also be insufficient for the formulation of materials other than flat dressings, as more complex constructs and scaffolds can collapse [193,194]. Finally, the sterilization of alginate-based dressings can be also challenging, as literature reports indicate loss of mechanical properties and decreased swelling ability upon steam sterilization [195], impaired swelling and chemical degradation upon irradiation [196,197], and changes in mechanical characteristics as a result of supercritical carbon dioxide sterilization [198]. It is obvious that an additional nanoparticle component can potentially further complicate the process. In the context of the future application of composite alginate dressings, the selection of a proper sterilization technique and its optimization seems to be an important research direction.



The presented nanoparticle-related studies show the enormous potential of composite materials in the development of novel wound dressings. Even though most of the studies focus on silver-loaded nanoparticles, it is obvious that these systems can be also employed to deliver many different compounds, potentially advantageous in the healing process, such as growth factors, biopolymers, or plant-derived antimicrobials.
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Figure 1. Selection of the appropriate wound dressing. Reproduced from [13] with permission. 
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Figure 2. (A) Homopolymeric blocks of poly-α-1,4-l-guluronic acid (GG), (B) homopolymeric blocks of poly-β-1,4-d-mannuronic acid (MM), (C) heteropolymeric blocks of alternating M and G residues. Reproduced from [92] with permission. 
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Figure 3. The junction zone in the egg-box model of calcium alginate gel. Reproduced from [88]. 
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Figure 4. Antibacterial mechanisms of metal nanoparticles. Reprinted from [118]. 
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Figure 5. The schematic diagram shows the process of fabrication of Ca-Alg fibrous scaffolds using microfluidic spinning technology: (a) structure diagram of a microfluidic chip, (b) enlarged view of the crossing section of A and B fluids, (c) preparation process of Ca-Alg fibrous scaffolds. Red arrows in (a,b) correspond to the flow direction. Reprinted from [125]. 
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Figure 6. (A) Schematic illustration for synthesizing Ag/VOx NWs (nanowires), (B) TEM image of Ag/VOx nanowires, (C) HAADF-STEM (high angle annular dark field scanning transmission electron microscopy) of Ag/VOx NWs, (D) the morphology of E. coli and S. aureus characterized from SEM images without (E-1,S-1) and with Ag/VOx NWs (5 µg/mL) treatment (E-2,S-2), scale bars represent 500 nm. (Red arrows indicate bacterial cell damage). Adapted and reprinted with permission from [128]. 
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Figure 7. (Top) SEM images of the lyophilized Alg (pure alginate hydrogel), Alg/0.5Ag@CMC–PAMAM (alginate hydrogel with silver–carboxymethyl chitosan–polyamideamine composite nanoparticles), Alg/1.0Ag@CMC–PAMAM, and Alg/2.0Ag@CMC–PAMAM dressing. The white arrows point to the nanoparticles adhering to the dressing matrix. (Bottom) Bacterial colonies’ formation of E. coli and S. aureus from rat wounds after 3 days. Adapted and reprinted with permission from [133]. 
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Figure 8. Sketch of the procedure to obtain foamed membranes containing Chitlac–AgNP (left) and an image of a membrane with cut edge where the internal spongy structure and the flexibility of the material can be observed (right). Reprinted with permission from [139]. 
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Figure 9. SA/Se–Ag (alginate/sericin–silver) hydrogels and SEM images. (A) Photos of SA/Se–Ag hydrogels without (a1) or with (a2) calcium ions. SA/Se–Ag hydrogels were injectable (a3) and moldable (a4). (B) Low (b1) and high (b2) magnification FESEM images of SA/Se–Ag0.2 hydrogel. Reprinted with permission from [145]. 
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Figure 10. (A–D) depict 3D-printed lattice structures. (E–H) portray manually casted structures. Scale bar in all images depict 1 mm. Reprinted from [152]. 
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Figure 11. Photographical representation of the preparation of alginate hydrogel/zinc oxide nanoparticle (nZnO) composite bandages. Reprinted from [155]. 
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Figure 12. Relative wound area calculated by the in vitro wound healing assay for (a) CBD and (b) CBG nanoparticles in various concentrations (0.1, 1, or 5 mg/mL). Reprinted from [174]. 
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Figure 13. Schematic representation of the preparation of calcium alginate wafer dressing. Reprinted from [104] with permission. 
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Table 1. The examples of commercially available alginate-based wound dressings.
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Brand Name

	
Manufacturer

	
Composition

	
Applications

	
Reference






	
Biatain® Alginate

	
Coloplast (Humlebaek, Denmark)

	
Alginate (85%), CMC 1

	
Moderate to heavily exuding wounds

	
[20]




	
Biatain® Alginate Ag

	
Alginate, CMC, ionic silver complex

	
Moderate to heavily exuding wounds, infected wounds

	
[21]




	
Comfeel® Plus Ulcer

	
CMC particles, alginate (as an additive), polyurethane semipermeable film

	
Low to moderately exuding wounds

	
[22]




	
Kaltostat®

	
ConvaTec (Reading, UK)

	
Calcium sodium alginate

	
Moderate to heavily exuding wounds

	
[23]




	
CarboFlex®

	
Five-layer dressing with alginate absorbent layer, internal charcoal layer, and water-resistant top

	
Malodorous wounds

	
[24]




	
Tegaderm™ Alginate

	
3M™ (Saint Paul, MN, USA)

	
Calcium alginate

	
Moderate to heavily exuding wounds

	
[25]




	
Sorbalgon®

	
Hartmann (Heidenheim, Germany)

	
Calcium alginate

	
Moderate to heavily exuding wounds

	
[26]




	
Sorbalgon® Ag

	
Calcium alginate, silver

	
Moderate to heavily exuding wounds, infected wounds

	
[27]








1 Carboxymethyl cellulose.
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Table 2. Types of modern wound dressings [13,111].
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	Dressing Type
	Properties
	Examples





	Semipermeable films
	
	
Transparent polyurethane with acrylic adhesive coating



	
The wound can be monitored



	
They are semiocclusive



	
Provide autolytic debridement, as they keep moisture in the wound bed



	
Enable transmission of oxygen, water vapor, and CO2



	
Recommended for shallow wounds with low exudate levels





	
	
Tegaderm (3M)



	
Opsite (Smith & Nephew)








	Semipermeable foams
	
	
Hydrophilic or hydrophobic, nonadherent



	
They may contain adhesive borders or not



	
Polyurethane or silicon based



	
They can absorb moderate or high amount of exudate



	
Allow for gas transmission but keep the moisture in the wound bed



	
Require frequent changes



	
They are not suitable for dry wounds





	
	
Allevyn (Smith & Nephew)








	Hydrogel dressings
	
	
Insoluble hydrophilic matrix (polymethacrylates or polyvinyl pyrrolidone)



	
Transparency allows for wound monitoring



	
High water content (70%–90%)



	
Cooling effect



	
Recommended for dry wounds, necrotic wounds, pressure ulcers, and burns



	
Exudate accumulation may lead to tissue maceration and bacterial growth



	
Can be available as amorphous gel, impregnated gauze, or sheet hydrogel



	
Low mechanical strength





	
	
Intrasite (Smith & Nephew)



	
Granugel (ConvaTec)








	Hydrocolloid dressings
	
	
Contain inner colloidal layer and external water-impermeable layer



	
Contain absorbent polymers (CMC, pectin, gelatin) that form gel upon the contact with exudate



	
Occlusive (no water and oxygen transmission)



	
Recommended for low and moderate amounts of exudate



	
Enable granulation and epithelialization





	
	
Granuflex (ConvaTec)



	
Comfeel (Coloplast)








	Alginate dressings
	
	
Available as fibrous nonwoven sheets and ropes



	
Form gels upon the contact with exudate



	
They can absorb extremely high amount of fluids (up to 20 times their weight)



	
Can be applied with clean and infected wounds



	
Not recommended for dry wounds



	
Require secondary dressing preventing drying out





	
	
Kaltostat (ConvaTec)



	
Sorbalgon (Hartmann)
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