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Abstract

:

As the largest organ in the human body, the skin has the function of maintaining balance and protecting from external factors such as bacteria, chemicals, and temperature. If the wound does not heal in time after skin damage, it may cause infection or life-threatening complications. In particular, medical treatment of large skin defects caused by burns or trauma remains challenging. Therefore, human bioengineered skin substitutes represent an alternative approach to treat such injuries. Based on the chemical composition and scaffold material, skin substitutes can be classified into acellular or cellular grafts, as well as natural-based or synthetic skin substitutes. Further, they can be categorized as epidermal, dermal, and composite grafts, based on the skin component they contain. This review presents the common commercially available skin substitutes and their clinical use. Moreover, the choice of an appropriate hydrogel type to prepare cell-laden skin substitutes is discussed. Additionally, we present recent advances in the field of bioengineered human skin substitutes using three-dimensional (3D) bioprinting techniques. Finally, we discuss different skin substitute developments to meet different criteria for optimal wound healing.
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1. Introduction


Skin is the largest organ and protects the human body against the external environment [1]. Loss of the integrity of the skin barrier, as a result of injury or malformation may lead to major complications or even death. Therefore, wound healing represents a crucial ability of the human skin to repair any skin defect and to keep proper skin homeostasis.



Large and deep skin wounds caused by extensive burns or tissue trauma still pose a significant challenge for the surgeon. If those wounds do not heal in time after skin damage, they might cause infection or life-threatening complications. [2]. Therefore, it is pivotal to develop tissue-regenerating biomaterials with high biological activity. Accordingly, the ideal skin substitute should have good biocompatibility, antibacterial activity, proper hydrophilicity, and biodegradability [3].



In this review, we present commercially available skin substitutes for different clinical applications. Further, we demonstrate various treatment opportunities for skin defects and discuss their advantages and disadvantages to achieve optimal wound healing outcomes.



Moreover, we highlight the recent application of 3D bioprinting technologies to generate cell-based skin substitutes.




2. Skin Injuries and Common Treatment Techniques


The human skin consists of three major components including a superficial epidermis, a dermis, and a hypodermis [4]. The epidermis is composed of several layers. The outermost layer contains dead cells, which shed periodically and are continually replaced by cells derived from the basal layer [5]. The dermis connects the epidermis to the hypodermis layer, and due to the high content of collagen and elastin fibers, the dermis gives skin its strength and elasticity [6]. The hypodermis is the deepest layer of the skin located underneath the dermis. The hypodermis consists mainly of adipocytes, which accumulate fat. It also plays a role in thermoregulation, protection and provides insulation and cushioning for the integument [7].



The integrity of skin can be disrupted by various factors, leading to different types of wounds including acute and chronic wounds. Furthermore, wounds can be further split into mechanical injuries such as those caused by external factors (abrasions and tears) and skin injuries raised from radiation, electricity, corrosive chemicals, and thermal sources causing severe burns [8].



Skin wound healing is a complex, multi-stage process, which can be divided into homeostasis, inflammation, proliferation, and remodeling (maturation) phases [1]. To facilitate skin repair, the fine-tuned activation of numerous cell types such as keratinocytes, fibroblasts, endothelial cells, and immune cells is required. Furthermore, these cells secrete a variety of proinflammatory mediators, growth factors, and cytokines that promote skin repair [2]. Among immune cells, macrophages appear to be pivotal in this process [9,10,11]. They appear early during wound healing as so-called M1-polarized macrophages and differentiate to M2-phenotype at later stages of skin wound healing [12,13]. The phenotype change from M1 to M2 seems to be crucial to support the appropriate wound healing process. In contrast, prolonged M1-macrophage persistence in the wound might results in enhanced inflammation, leading to excessive scarring and delayed wound healing [11,14].



The human body is capable of healing minor superficial skin injuries by epithelialization without any particular treatment. However, large and deep skin defects require skin substitution to heal properly [15].



In particular, non-healing chronic wounds impose an immense financial burden on the healthcare systems and societies [2]. The primary reason for the impaired healing of chronic wounds is repeated tissue insults or accompanying diseases such as diabetes [16]. Moreover, in hard-to-heal chronic wounds, impaired vascularization is the main cause of delayed healing that might lead to tissue necrosis and, eventually, amputation [13,17]. In fact, capillaries are responsible for the metabolic exchange between blood and tissues [18,19]. If the angiogenesis process is disturbed, the wound cannot heal properly and the healing period is prolonged [18,19]. Thus, rapid neovascularization within only days after skin substitute implantation is of vital importance for the efficient healing of those wounds [12,13,18,20,21,22,23].




3. Cell-Based Skin Substitutes


Chronic wounds influence a patient’s life quality, leading to impaired mobility, sleep disturbance, psychological stress, and chronic pain [24]. A central problem causing poor skin wound healing in chronic wounds is impaired vascularization and cell activity [25]. Therefore, progress in the tissue engineering field aims for the development of cell-based wound substitutes or wound coverages that improve wound healing by promoting cell migration, differentiation, and vascularization [24]. The majority of cell-based skin substitutes are comprised of a scaffold upon which cells are seeded/cultured. Scaffolds are designed to integrate into the host tissue and provide an appropriate environment for cell growth, infiltration, and differentiation [26]. Thus, those scaffolds need to exhibit some specific characteristics such as appropriate porosity distribution to deliver oxygen and nutrients to cells and drive out carbon dioxide and waste products to allow cell proliferation, and expansion and biocompatibility. Moreover, the scaffold should mimic the mechanical properties of native human skin, which has an elastic modulus in the range of 88–300 kPa [27]. Accordingly, different skin templates have been engineered worldwide and there are various commercial cell-based templates for wound healing applications. Figure 1 demonstrates a classification and summary of commercial skin substitutes with examples discussed in this review.



3.1. Cell-Laden Commercial Skin Templates


Several commercially available skin substitutes have been developed applying different techniques and cell sources as explained below.



3.1.1. Placental Membranes


The placental membrane contains epithelial cells, neonatal fibroblasts, and mesenchymal stem cells (MSCs), promoting effectively wound healing [28]. MSCs produce factors that stimulate migration and proliferation of the main cell types in the wound healing process. MSCs also release the hepatocyte growth factor (HGF) and vascular endothelial growth factor (VEGF) to stimulate vascular network formation and provide anti-scarring properties, respectively [29]. Different studies have illustrated that MSCs improve tissue repair and skin regeneration and play a critical role in the major wound healing phases [30]. Additionally, MSCs can differentiate into multiple cell types and produce pro-regenerative cytokines. Therefore, MSCs-based skin substitutes provide an alternative option to conventional treatments for skin repair.



Grafix (Osiris Therapeutics Inc., Columbia, MD, USA) represents another commercially available placental-based cryopreserved allograft. It is used in different acute and chronic wounds such as diabetic foot ulcers, epidermolysis bullosa, burns, and surgical incisions and dehiscence [30,31]. Grafix employs the native constitutes of placental tissue, producing a 3D extracellular matrix (ECM) that includes various living cells including epithelial cells, fibroblasts, and MSCs [30]. Importantly, included fibroblasts also actively secrete ECM proteins along with growth factors, enriching the environment for epidermis formation and wound contraction [31]. Different clinical studies demonstrated that the treatment of difficult-to-heal chronic wounds with Grafix led to high wound closure rates, suggesting that Grafix represent a promising treatment option for wound therapy [30,31,32,33].




3.1.2. Cultured Epithelial Sheets


Recent advances in the tissue engineering field enabled the production of cultured epithelial autografts (CEA) used for wound coverage and healing [34,35]. CEA is composed of the patient’s own keratinocytes (autologous) or donor cells (allografts) (sheets prepared from the skin of an unrelated donor). Thus, they represent an important life-saving treatment option for large burn injuries as well as for chronic ulcers [34,35]. In the case of burn wounds greater than 50% of the total body surface area, donor skin is limited [36]. Thus, cultured epithelial autografts offer potential coverage to support wound closure [35].



A first step toward the application of CEA was made by Green and Rheinwald, who have isolated and cultured human keratinocytes under in vitro culture conditions [37,38]. They also introduced irradiated 3T3 (murine fibroblasts) into the serial culture of human primary epidermal cells [37]. Finally, the achievements by Rheinwald and Green paved the way for the development and clinical application of CEA in the 1970s/1980s [36,38,39,40,41,42]. Since then, CEA was widely used for burn and reconstructive surgery worldwide [40,41,42,43].



However, the application potential of CEA is limited due to their inconsistent graft take rates, infection risk, and often unsatisfactory functional and aesthetic results [40,44]. The main reason for these problems is the lack of a functionally competent dermal component [44].




3.1.3. Dermal Templates


The dermis is the main layer of human skin with approximately 1 mm thickness. The Young’s modulus of this layer (88 to 300 kPa) is much lower than that of the human epidermis, but it is stiffer than the subcutaneous fat layer (around 34 kPa) [27]. For dermal reconstruction, a bioscaffold with appropriate physical features, cellular cues, and mechanical properties, such as its elastic modulus and strength, which should be in the range of human dermal tissue, is required [45].



Dermagraft (Smith and Nephew, Largo, FL, USA) is a dermal substitute containing allogeneic human fibroblasts cultured in a polyglactin scaffold [46]. This scaffold is bioabsorbable, giving the product its structure and mechanical properties. Dermagraft is provided frozen in a clear bag containing one piece for a single-use application. It can be used for full-thickness diabetic foot ulcers for a long time and for deep necrotic cutaneous ulcers, which do not involve the tendon, muscle, and joint capsule or bone [46,47]. To engineer this dermal substitute, the fibroblasts are harvested from neonatal human foreskins and are cultured in vitro on a bioabsorbable polyglactin scaffold, which degrades by the hydrolysis process in 20–30 days [48]. Meanwhile, the fibroblasts proliferate to fill the interstices of this scaffold and secrete human dermal collagen, matrix proteins, growth factors, and cytokines. Thus, this bioscaffold creates a 3D human dermal substitute containing metabolically active living cells, helping to reconstitute a dermal layer. Numerous clinical studies demonstrated the efficiency of Dermagraft to heal chronic or difficult-to-heal wounds [49,50,51,52,53]. In a particular study by Omar et al., 18 patients with venous ulceration of the leg were recruited for the pilot study [52]. In this regard, 10 patients were treated with Dermagraft and compression therapy, and 8 patients of the other group were treated with compression therapy alone (control). The study demonstrated that patients treated with Dermagraft healed approximately four times faster than the control group by the end of the 12-week study period. Thus, Dermagraft was suggested as a promising dermal graft for the healing of hard wounds. However, Dermagraft does not contain macrophages, lymphocytes, blood vessels, or hair follicles [49]. Further disadvantages of Dermagraft are the necessity of multiple applications, safety issues owing to allogeneic cells, and high costs [1].




3.1.4. Epidermal Templates


The epidermis layer of human skin is the most superficial layer and has a thickness of approximately 0.1 mm. This layer has the highest Young’s modulus (approx. 1 MPa) in comparison with the other skin layers [27]. Epidermal tissue engineering approaches have focused on developing a stratified keratinocyte layer to provide barrier function, which is vitally important for body protection and long-term survival [54].



Various scaffolds using different materials have been utilized for this purpose. The scaffolds should be engineered in a way that provides a physical matrix to support cell migration and release of soluble factors such as chemokines and growth factors. These factors are important to improve epidermal cell migration as well as dermal repair and revascularization [54].



Apligraf (Organogenesis Inc., Canton, Massachusetts, CA, USA) is a bilayered bioengineered skin substitute (BBSS) composed of a bovine type I collagen lattice with a dermal layer of human fibroblasts and a layer formed by human keratinocytes, mimicking the normal structure of human skin [55]. Importantly, Apligraf is food and drug administration (FDA) approved for the treatment of partial- and full-thickness skin wounds. Further, it is used for wounds that extend through the dermis but do not involve muscle, tendon, joint capsule, or bone exposure [46]. Apligraf is also designated for use in standard diabetic foot ulcer care [52]. It provides essential ECM components to the wound bed, as well as cytokines and growth factors, such as platelet-derived growth factor (PDGF), interferons α and β and, interleukins 16 and 8 [49]. However, there are no antigen-presenting cells such as dermal dendritic cells, Langerhans cells, endothelial cells, or immune cells in the BBSS. Additionally, no clinical rejection and no humoral or cellular response to the keratinocytes or fibroblasts of Apligraf has been reported performing immunological tests in clinical trials [55]. However, allogeneic cells of the construct do not survive longer than one to two months in vivo [56,57,58].



A clinical study by Eaglstein et al. applied Apligraf after excisional surgery on 107 patients, who were followed for up to one year [56]. The results indicated no clinical or laboratory evidence of rejection. However, graft persistence decreased after two weeks to one month after transplantation. Thus, although the Apligraf skin substitute is a safe and useful template, it can only be utilized as a temporary bioactive wound coverage.




3.1.5. Dermo-Epidermal Skin Equivalents (Composite Graft)


Composite allografts containing both major skin layers (dermis and epidermis) thus resembling closely the natural human skin tissue structure and function [24]. Composite grafts that include allogenic dermis with autografted epidermal keratinocytes permit rapid re-epithelialization with a non-immunogenic cellular epidermis. One significant benefit of the composite grafts is their one-step application procedure in comparison with dermal substitutes [59,60]. There are many bioengineered commercial composite skin grafts.



Alloskin (AlloSource, Centennial, CO, USA) is a composite allograft made from cadaveric tissue. This product is indicated for different acute and chronic wounds [25,59]. As Alloskin is applied only as temporary coverage, accordingly, no cellular DNA from the product was found in the wound 14–21 days post-implantation [49].



OrCel (Ortec International, Inc., New York, NY, USA) is another composite allograft synthesized by culturing allogeneic neonatal keratinocytes and fibroblasts in type I bovine collagen porous sponge with nonporous sides. In this substitute, fibroblasts are cultured in a bovine type I collagen sponge that has a non-porous collagen-gel coating. Subsequently, keratinocytes are added on top to create an epidermal layer [61]. This bilayered substitute can produce an array of growth factors such as VEGF, PDGF, fibroblast growth factor-1, keratinocyte growth factor-1, and transforming growth factor-α, and other cytokines, which are all favorable for host cell proliferation, migration, and wound healing [61]. Moreover, OrCel is an FDA-approved substitute for reconstructions in hand release surgery in epidermolysis bullosa patients and at graft donor sites, and its safety and efficacy have been evaluated in some clinical studies [56]. In a particular study of Still et al. [61], OrCel graft was employed to treat split-thickness donor sites in severely burned patients. Their findings demonstrated that OrCel was more effective in facilitating rapid wound closure of split-thickness skin donor sites with reduced scarring as compared to Biobrane-L (UDL Laboratories, Inc., Rockford, IL, USA) used as a standard dressing. Accordingly, OrCel can be used as a promising treatment option that promotes and accelerates skin healing and reduce scarring.





3.2. Bioengineered Dermo-Epidermal Skin Substitutes (Under Development)


Treatment of extraordinarily large deep skin defects remains a great clinical challenge. Today’s “gold standard” approaches to cover such skin defects are primarily split- and full-thickness skin autografts, as well as skin flaps, skin expansion techniques, and dermal substitutes [62,63,64,65,66]. Laboratory-grown skin substitutes offer a novel promising treatment option for patients suffering from severe, full-thickness skin injuries [20,24,67,68]. Those patients need an artificial skin substitute due to the shortage of healthy donor skin sites for autografts.



Therefore, our laboratory-Tissue Biology Research Unit (TBRU) at the University of Zurich, Switzerland, and several laboratories worldwide have developed dermo-epidermal skin substitutes (DESSs) containing both—dermal and epidermal skin layers [12,66,67,68,69,70,71,72,73,74]. Our hypothesis is that a skin substitute closely resembling native human skin can yield more satisfactory clinical results both functionally and cosmetically. Of note, the addition of the missing dermal component significantly enhanced the mechanical stability and mesenchymal-epithelial interaction of those skin substitutes.



Moreover, our laboratory also investigated the mechanical modifications of the dermal compartment for better surgical handling [71,75]. Consequently, we developed a plastically compressed hydrogel based on a collagen type I matrix serving as a dermal template for DESSs [71]. Uncompressed collagen hydrogels are fragile and fold when manipulated with forceps, but after plastic compression, they are significantly more stable, which improves handling. Importantly, this dermal template has been successfully used for the establishment of large DESSs (7.5 × 7.5 cm) and was eventually tested in a pig animal model [36,37,71,72,73,74,75,76,77].



Recently, these autologous human DESSs (DenovoSkin) were successfully used in phase I clinical trial on 10 children at the University Children’s Hospital, Zurich [75]. We recently started a phase II clinical trial in various burn and reconstructive surgery centers in Switzerland (University Children’s Hospital Zurich, University Hospital Zurich) and Europe using those autologous skin grafts [75].



However, the prevalent challenge facing this innovative approach is the lack of sufficient vascularization to support the survival and viability of the above-mentioned DESSs after transplantation. This aspect is of utmost importance for the treatment of non-healing chronic wounds.



In a pilot study, we overcame these hurdles by the in vitro generation of capillary networks in DESSs using endothelial and mesenchymal progenitors derived from the stromal vascular fraction (SVF) of human adipose tissue (Figure 2) [12,13,20]. This approach holds great promise for future clinical applications as adipose tissue represents a convenient, abundant, and easily accessible cell source [78]. Moreover, this concept was previously successfully used in the engineering of precisely sized osteogenic constructs, increasing the efficiency and uniformity of bone tissue formation [79].



Importantly, the rapid onset of blood infiltration in the skin substitutes had efficient effects on promoting epithelial and dermal tissue repair in vivo by (1) increased collagen type I expression, (2) elevated cell proliferation rate of both dermis and epidermis, (3) improved graft take rate, (4) reduced expression of wound healing markers such as cytokeratin 16 (CK16) and cytokeratin 17 (CK17), and (5) rapid achievement of epidermal homeostasis. These results confirm that such a co-culture-based pre-vascularization strategy of tissue-engineered skin grafts emerges as an efficient method to noticeably improve wound healing, cell engraftment, and skin function after transplantation [20].



3.2.1. Cell-Laden Hydrogels as Wound Dressings


More recently, attention has been attracted to engineering hydrogels as skin templates to encapsulate cells and bio-macromolecules to support cell–cell and cell–microenvironment interactions.



Due to their attractive properties, hydrogels are the most common materials used as a scaffold to culture cells for skin repair applications. Hydrogels can provide an appropriate scaffold for cell encapsulation due to their 3D matrix, which is replete with water and their biodegradability properties. Additionally, the majority of them are biocompatible, which means the hydrogel does not provoke any adverse reaction, rejection, or immune response upon implantation [80,81,82,83,84]. Furthermore, mechanical properties of hydrogels including stiffness, viscoelastic behavior, and initial state recovery (self-healing) are tunable by copolymerization, nanoparticle incorporation, and changing the polymer concentrations and ratios [3,83,84]. Moreover, hydrogels are biomimetic structures, mimicking the natural microenvironment enabling cell–cell interactions and interactions with the surrounding tissue [85,86].



There are some commercial cell-laden hydrogels available on the market. TransCyte (Advanced BioHealing, Inc., New York, NY, USA and La Jolla, CA, USA) is a bio-engineered skin wound dressing, formerly marketed as Dermagraft-Transitional Covering [87]. This dermal substitute is composed of human newborn fibroblasts, which are then seeded on the nylon mesh of Biobrane with a thin silicone layer regulating moisture vapor from the wound. TransCyte can be applied to the wound site and is protected by adhesive strips; in some cases, surgical staples are used [88].



In general, Figure 3 represents a concept of a cell-laden hydrogel for skin tissue engineering. First, cells are isolated from a patient and cultured in a hydrogel matrix. The hydrogel supports the growth of cells and skin formation, which can be grafted back to treat the skin defect of the patient. Cell-laden hydrogels are usually prepared by mixing the isolated cells in a pre-polymer solution followed by a crosslinking using an ionic or chemical crosslinking such as a thermal or photo-crosslinking mechanism. However, the type of photoinitiator, light, and temperature need to be controlled to protect the cells and increase their viability after crosslinking [3,89,90,91].



There are different kinds of cell-laden hydrogels, which can be divided based on their scaffold structure such as porous and stimuli-responsive hydrogels. In porous hydrogels, a porous bioscaffold containing cells forms a foam or crosslinked hydrogel, which can be applied as a skin substitute onto a wound site [91,92]. In particular, porosity plays a critical role to allow host cell infiltration into the 3D network and to improve protein transport and diffusion to mimic native tissue structure and function. For instance, if the pores are too small, they might be blocked by cellular penetration, ECM formation, and vascularization of the inner areas of the scaffold [81]. When designing a hydrogel scaffold for tissue engineering purposes, pore-related parameters including morphology, volume, size, distribution, throat size, wall roughness, and the interconnectivity of pores are important [93].



It has been demonstrated that the optimum pore size is 5–15 μm for ingrowth of fibroblast, 20 μm for hepatocyte ingrowth, and 20–125 μm for the regeneration of adult mammalian skin [94,95]. Thus, pore size and distribution should be taken into consideration while engineering hydrogels for skin tissue engineering and to mimic native skin structure.



On the other hand, several scaffolds have been developed using stimuli-responsive materials that can release the encapsulated cells and biomolecules into the host tissue when triggered by different internal or external stimuli. To synthesize such a scaffold, first, a stimuli-responsive polymer is mixed with cells; second, the pre-gel solution is applied via injecting/spraying on the wound site [96]. Then, due to the external stimuli like thermal or photo stimulators, the polymer forms a physical gel leading to cell encapsulation within a 3D scaffold.



The in situ formation of cell/hydrogel scaffold structure facilitates the delivery of encapsulated cells, growth factors, and necessary nutrients at the wound site via using negligibly invasive techniques [97]. Various studies have been conducted using stimuli-responsive materials. For instance, in the study of Eke et al. [98], a UV-crosslinked biodegradable hydrogel was employed as a scaffold containing adipose-derived stem cells (ADSCs) to stimulate vascularization in difficult-to-heal wounds. In this study, methacrylated gelatin (GelMA) and methacrylated hyaluronic acid (HAMA) were used to synthesize the hydrogel network. Afterward, a photoinitiator, to induce photo-crosslinking, and cells were added simultaneously into the pre-hydrogel solution (Figure 4a). The mechanical stability of composite hydrogels was engineered by varying the GelMA and HAMA concentrations and ratios. Although the modulus of this hydrogel (6 kPa) is lower than that of native skin, it proved to be easy to handle and manipulate, which is important in the laboratory and in the clinics. Further, in vitro results showed that those hydrogels provide an appropriate microenvironment for the proliferation of ADSCs. Additionally, in vivo studies demonstrated that stem-cell-loaded hydrogel scaffolds significantly improved vascularization at the wound site compared to their cell-free counterpart groups (Figure 4b) [98].




3.2.2. 3D Bioprinting of Cell-Laden Hydrogels for Wound Dressings


There are various approaches to produce cell-laden hydrogels for skin engineering [99]. Recently, 3D printing of cell-laden hydrogels emerged as a novel fabrication technique. This method involves the printing of hydrogel with cells in a layer-by-layer manner to fabricate a complex bioscaffold [100]. The main advantage of this method in skin engineering is the ability to develop clinically relevant skin constructs that closely mimic the native skin architecture and heterogeneity. However, the success of bioprinting for skin regeneration is strictly dependent on the engineering of appropriate printable bioinks to support the function of cells and stimulate the fabrication of new ECM after printing. Hydrogel-based materials are one of the most promising bioinks for skin regeneration applications, as they have some unique properties such as their tunable rheological behavior, which is vitally important for delivering cells by printing [89,98].



Several review papers have extensively discussed the main aspects of 3D bioprinting and its different techniques [101,102,103]. Here, we mention some recent studies regarding cell-laden hydrogel-based skin substitutes developed via 3D bioprinting.



Although there are various hydrogels used for bioprinting, they are mainly restricted to natural polymers such as alginate, collagen, gelatin, fibrin, and hyaluronic acid [104,105]. In a study by Cubo et al. [106], the authors used a 3D bioprinter to produce a human-plasma-derived bilayered skin for the treatment of burn injuries and traumatic and surgical wounds. The authors used primary human fibroblasts and keratinocytes that were obtained from skin biopsies [106]. The dermal part was formed by printing human fibroblasts embedded within a plasma-derived fibrin hydrogel. Their results showed the production of skin equivalents with structural resemblance to the human skin, confirmed by the presence of fibroblasts spread within the dermal compartment and the terminal differentiation of keratinocytes.



In another study, Yanez et al. [107] employed the 3D bioprinting technology to integrate capillary-like endothelial networks into a dermo-epidermal skin graft including neonatal human epidermal keratinocytes (NHEKs) and neonatal human dermal fibroblasts (NHDFs), both embedded in a fibrin–collagen hydrogel matrix. In this work, human dermal microvascular endothelial cells) were mixed with thrombin and printed on top of a manually plated layer of collagen-NHDF cells containing fibrinogen. After synthesis of the fibrin hydrogel, a layer of collagen-containing NHEK cells was pipetted on top of it to create a bilayered network. In order to take into account in vivo considerations, printed structures were implanted into skin full-thickness wounds on the back of athymic nude mice to examine the healing process. Wound treating behavior was compared with control (no treatment) and Apligraf (discussed previously) groups. Wounds healed with printed substitutes needed 14–16 days to heal, contrasting with 21 days in the control group and 28 days in the group implanted with Apligraf [107]. Moreover, histological characterization demonstrated the formation of dermal and epidermal skin layers comparable to the native skin, which is accompanied by the presence of new microvessels in the mouse tissue. The authors concluded that the neoangiogenesis was triggered mainly by the presence of endothelial cells that were seeded in the skin graft. In addition, human keratinocytes which are known to secrete various angiogenic growth factors stimulated vascularization [107].



Further, Hakimi et al. [108] developed a handheld skin printer that allowed in situ formation of skin tissue sheets of different homogeneous and architected compositions (Figure 5). They demonstrated that this system is compatible with dermal and epidermal cells incorporated with ionic crosslinkable alginate, enzymatically crosslinkable proteins (e.g., fibrin), and their mixtures with collagen type I and hyaluronic acid. Additionally, in a study by Liu et al. [109], a cell-laden alginate/gelatin temperature-dependent hydrogel was used as a bioink for an extrusion-based 3D bioprinting using amniotic epithelial cells and Wharton’s-jelly-derived mesenchymal stem cells. In this study, the hydrogel bioink was engineered by changing the alginate/gelatin concentration ratio to achieve optimum rheological properties for 3D printing.



There are other recent research examples on developing cell-laden hydrogel bioinks to print skin layers or substitutes, focusing on natural hydrogels [110,111,112,113,114,115,116]. However, it is vitally important to design specific physical, mechanical, and biological properties of hydrogel bioinks by modification of the gel composition, concentration, and ratios to provide promising biomaterials for future skin tissue engineering applications. Generally, an appropriate hydrogel bioink should be cell compatible and able to incorporate/encapsulate cells before and after crosslinking. Moreover, hydrogels should have an optimum viscosity and shear-thinning behavior to maintain the steady state of the gel and protect cells during printing, especially for extrusion-based 3D printers. Moreover, the bioink hydrogel should mimic the physical and mechanical features of native skin after printing to produce appropriate cues for cells to differentiate and proliferate.






4. Conclusions and Future Direction


Large and deep skin defects and non-healing chronic wounds still pose a significant challenge to the clinicians. Not only should ideal skin coverage protect the wound and increase tissue regeneration, but it should also improve patients’ aesthetics, satisfaction, and wellbeing. Therefore, considerable progress has been made over recent years in the field of skin tissue engineering. Various skin substitutes based on synthetic or natural scaffolds and bioengineered skin substitutes have been developed to find the ideal skin replacement for use in acute and chronic skin wounds.



Further, 3D bioprinting technology, emerged as a convenient method to fabricate skin substitutes using primary cells made using the patients’ skin cells. Although, this technology is still in its infancy, it will be further developed in the near future.



Importantly, the prevascularization approach has emerged as another promising concept in skin tissue engineering. This approach aims at the generation of preformed microvascular networks inside skin substitutes prior to their transplantation and offers an advantage especially in treating chronic wounds.



To conclude, these different approaches to design novel skin substitutes, including the use of stem cells, prevascularization and 3D bioprinting give new hope that the ideal skin substitute may soon become a reality.
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Figure 1. A schematic classification and summary of different commercial and bioengineered skin substitutes for large and hard-to-heal wounds. 
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Figure 2. (a) A collagen type I hydrogel containing human adipose-derived microvascular networks cultured for 21 days in vitro, (b) A pre-vascularized bioengineered human dermo-epidermal skin substitute 7 days after transplantation onto the back of nu/nu rat, (c) Human engineered capillaries are visualized by the human-specific CD31-antibody (red) present in the CD90-positive (green) human neo-dermis. (d) Human CD31-capillaries (red) co-stained by human/rat alpha smooth muscle actin (αSMA) (pericyte marker; green). HoechstI stains the nuclei in blue. White dotted line indicates the dermo-epidermal junction. Scale bar = 100 µm (a–d) and 1 cm (b) [12,20]. 
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Figure 3. Schematic representing the preparation process of a cell-laden hydrogel in which cells from an isolated donor are placed and then cultured in a 3D hydrogel matrix and grafted to a skin defect as a skin substitute. 
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Figure 4. (a) Schematic demonstrating methacrylated gelatin (GelMA) acid methacrylated hyaluronic acid (HAMA) chain integration to prepare polymer solution. Furthermore, the addition of a photoinitiator to prepare a UV-crosslinkable hydrogel containing adipose-derived stem cells (ADSCs) to produce a cell-laden hydrogel wound dressing. Gel solution before (left picture) and after (right picture) 50 s of UV exposure. And (b) Angiogenic characteristics of the bicomponent network (BCN) hydrogel in the chick chorioallantoic membrane (CAM) test. Micrographs (upper pictures) and semi-automatic treated images (lower pictures) of the hydrogel and hydrogel-loaded ADSCs, taken on day 14 of embryonic development [98]. 
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Figure 5. Handheld skin printer. (a) Schematic diagram demonstrating the working principle of handheld bioprinter. One or several bioink solutions (green color), containing premixed biomaterials and cells are arranged. The handheld bioprinter transforms bioinks into homogenous or architected biomaterial sheets or tissues directly within a culture dish or a wound site. (b) Rendered image of handheld bioprinter. A handle (1) enables positioning above the target surface or wound. A stepper motor, pulley, and drive mechanism (2) define the deposition speed, V. Two on-board syringe pump modules (3) control the dispensing flow rates for bioink (4) and crosslinker solution (5). 3D printed microfluidic cartridge (6) for the spatial organization of solutions and sheet formation. (c) Photograph of 3D printed microfluidic cartridge. Scale bar 10 mm. (d) Schematic side-view image demonstrating sheet formation between the moving microfluidic cartridge and the deposition surface or wound. (e) Representative photograph showing in situ deposition of δ = 250 μm thick fibrin–hyaluronic acid/collagen sheet on top of a full-thickness excisional porcine wound using a handheld skin printer. (top) Close-up view of sheet formation within wound bed with a 2 cm microfluidic cartridge (bottom) (f) (Control, not printed) on day 0 and printed 5 min after in situ formation of biomaterial sheet [108]. 
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