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Abstract

:

Wound infection is a major clinical challenge that can significantly delay the healing process, can create pain, and requires prolonged hospital stays. Pre-clinical research to evaluate new drugs normally involves animals. However, ethical concerns, cost, and the challenges associated with interspecies variation remain major obstacles. Tissue engineering enables the development of in vitro human skin models for drug testing. However, existing engineered skin models are representative of healthy human skin and its normal functions. This paper presents a functional infected epidermis model that consists of a multilayer epidermis structure formed at an air-liquid interface on a hydrogel matrix and a three-dimensionally (3D) printed vascular-like network. The function of the engineered epidermis is evaluated by the expression of the terminal differentiation marker, filaggrin, and the barrier function of the epidermis model using the electrical resistance and permeability across the epidermal layer. The results showed that the multilayer structure enhances the electrical resistance by 40% and decreased the drug permeation by 16.9% in the epidermis model compared to the monolayer cell culture on gelatin. We infect the model with Escherichia coli to study the inflammatory response of keratinocytes by measuring the expression level of pro-inflammatory cytokines (interleukin 1 beta and tumor necrosis factor alpha). After 24 h of exposure to Escherichia coli, the level of IL-1β and TNF-α in control samples were 125 ± 78 and 920 ± 187 pg/mL respectively, while in infected samples, they were 1429 ± 101 and 2155.5 ± 279 pg/mL respectively. However, in ciprofloxacin-treated samples the levels of IL-1β and TNF-α without significant difference with respect to the control reached to 246 ± 87 and 1141.5 ± 97 pg/mL respectively. The robust fabrication procedure and functionality of this model suggest that the model has great potential for modeling wound infections and drug testing.
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1. Introduction


Skin is the largest human organ, and serves as a physiological and immunologic barrier to protect the body from ultraviolet (UV) light, pathogens, environmental pollutants, and micro-organisms. Injuries, infected wounds, and scars can disturb skin’s functions and result in more severe physiological and psychological problems [1,2,3,4]. Currently, wound infection remains a primary concern worldwide, and a considerable share of the annual health budget is dedicated to wound treatment. In the United States alone, over 6.5 million patients are suffering from skin wounds, and the treatment of skin-related diseases costs over $25 billion US. Increasing the number of infected wounds and challenges associated with antibiotic resistance necessitate the development of more effective drugs and drug delivery systems [5].



Current drug development research relies mainly on animals [6], ex vivo [7,8,9,10,11], and in vitro cell culture models [12]. Animal models are associated with several challenges, including inter-species discrepancies, ethical and regulatory issues, and high costs [13,14,15]. According to Humane Society International, 9 out of 10 drugs with safe and effective results in animal studies fail in clinical trials [3,8]. Ex vivo human skin obtained from surgical procedures has been used for years as a model to study skin physiology and drug testing [4]. However, difficulty in finding donors coupled with the short shelf life of excised tissues hinder their use for high throughput studies [4,7]. These issues have led to the widespread use of in vitro two-dimensional (2D) models, in which a monolayer of skin cells is cultured in well plates and used to study the cellular response to drugs. The results from in vitro studies with 2D models can serve as the basis for decisions whether or not to proceed with the drug development process. However, these monolayer models are not reliable for predicting cell-specific responses to new compounds due to the lack of native in vivo morphology, cell-cell communication, and cell-matrix interactions [4,16].



Recent advances in tissue engineering and advanced manufacturing techniques have enabled researchers to create biomimetic tissues in a high-throughput fashion [17,18]. These models start from multilayered sheets of keratinocytes [4] and evolve to reconstructed, full-thickness human skin models using cell inserts [19,20], microfluidics [3,14], and 3D printing [21,22]. In addition to the epidermal layer, full-thickness skin models consist of dermal and hypodermal equivalent sections. More complex structures can include more details, such as vascularization [15,21] or neural cells [4]. Using cell inserts is the simplest method for creating multilayered epidermis and dermis. However, more functional structures are obtained with materials that have mechanical properties that are closer to those of the natural skin and provide the cells with more meaningful cell-matrix interactions [12,23]. Examples of materials used for modeling skin are collagen [15,19,22,24,25], silk [26], fibrinogen [15], and decellularized extracellular matrix [21] Although using 3D bioprinting and microfluidic technologies increases the throughput and reduces the use of expensive reagents and cells in the drug screening process, their applications have been limited to evaluating the effects of new compounds in healthy skin [24,27]. Therefore, there is still a need to develop an infected wound model for studying the healing mechanism, pro-inflammatory responses, and the efficacy of new therapeutic agents.



In this work, we developed a simplified functional skin model, resembling a skin barrier function to use in studying wound infection, pro-inflammatory response, and drug testing. We started with developing the epidermal layer, because it is the main physical barrier against drug delivery and plays an important role in activating the innate immune system when in contact with pathogens (Figure 1). We used gelatin as the matrix on which the cells reside because it is biocompatible, has low cost, and contains the major components of the skin’s extracellular matrix (ECM) including arginine-glycine-aspartic acid (RGD) sequences that promote cell attachment [28,29], and the target sequences of matrix metalloproteinase (MMP) that are suitable for cell remodeling [30]. We created hollow microchannels resembling microvessels by printing a thermos-responsive hydrogel as a sacrificial material within gelatin. Keratinocytes, the main cell type of the epidermis, were cultured for 6 weeks, and the terminally differentiated cells formed a multilayer structure. We infected the epidermis model using Escherichia coli (E. coli). E. coli is one of the most abundant gram-negative bacteria living on human skin [31,32]. It can cause infection in injured and burned tissues [33]. It is also widely used in studying infected wounds and the evaluation of antimicrobial agents [34,35,36,37]. In this work, E. coli was used to study the pro-inflammatory response of keratinocytes to infection and drug testing.




2. Results and Discussion


2.1. Model Development


We have developed a novel gelatin-based epidermis model with artificial vasculatures embedded into the gelatin substrate (Figure 2). The vasculature network is pivotal to maintaining cells’ functions by providing essential nutrients and oxygen for cells and removing metabolites [38]. Moreover, the vasculature network in a skin model facilitates the in vitro investigation of drug permeation through the skin model and the drug’s potential to reach the circulatory system [39]. Among existing methods of creating the vasculature network, the 3D printing technique offers promising methods to generate the vasculature network in a highly controlled and automated manner for high throughput studies [40]. To create the vasculature network, a gelatin and transglutaminase (gelatin/TG) solution was loaded into a 35 mm petri dish. After partial gelation (30 min at room temperature), 38% Pluronic F127 solution was printed on the gelatin layer in a predesigned pattern using an extrusion-based 3D printer. The extrusion-based 3D printer was used due to its ability of depositing uninterrupted cylindrical fibers by applying a continuous air force [41,42]. Immediately after printing Pluronic, another layer of gelatin/TG solution was poured on the printed pattern and the hydrogel was incubated at 37 °C for 12 h. Afterward, an inlet and outlet were punched into the hydrogel using a 5 mm biopsy punch. Subsequently, the hydrogel was cooled down and the liquid Pluronic was removed from the outlet with a pipette. The resulting hollow channel serves as artificial vasculature. Finally, a sterilized polydimethylsiloxane (PDMS) mold was mounted on the gelatin to confine the seeding surface to a 1 cm × 1 cm area above the printed channels (so called seeding zone).



Gelatin was selected for the epidermis tissue model due to its high biocompatibility and tunable mechanical properties. Gelatin is a denatured form of collagen, produced by controlled hydrolysis of fibrous collagen. Gelatin mainly consists of triple amino acids of glycine, proline, and hydroxyproline. Gelatin is used as an additive in different biomaterials to enhance cell–scaffold interactions through Arginine-Glycine-Aspartate (RGD) motifs recognized by integrin receptors on cell membranes. Moreover, it is more cost effective and less antigenic than collagen [23,43]. In this study, gelatin was crosslinked enzymatically using transglutaminase. Transglutaminase (TG) is a natural enzyme derived from streptomycetes and can be activated over a wide range of temperatures and pHs [44,45]. It has been reported that TG is non-toxic and causes no side-effects on several cell types [44]. Using TG not only enables tuning gelatin’s mechanical properties and gelation time, but also eliminates the use of photo-initiators and ultraviolet (UV) exposure, which decrease cell viability [44].



Pluronic F127 is a thermo-responsive hydrogel that undergoes a sol-gel transition at biologically-relevant temperatures (10–40 °C). Pluronic is also highly printable hydrogel due to the nature of micellar-packing gelation, which allows it to be extruded easily and maintain its shape [46,47,48]. Moreover, the broad range of its sol-gel transition temperature allows its viscosity to be stable at both room and human body temperature. Due to such properties, Pluronic F127 was selected as a sacrificial material to form the hollow channel with a diameter of 500–800 µm inside the gelatin.



Keratinocytes, as the main cell type of the epidermis, compose four distinct regions of epidermis with different stages of differentiation, including stratum corneum, stratum granulosum, stratum spinosum, and stratum basal (Figure 2) [49,50]. To form the multilayer structure of the epidermis, keratinocytes were seeded on the gelatin and cultured for 7 days to form a confluent monolayer. Then, the media was removed from the seeding zone and the differentiation media was delivered to the cells through the artificial vasculature to culture the cells at an air-liquid-interface.




2.2. Gelatin Hydrogel Characterization


2.2.1. Mechanical Properties of Gelatin


To study the effect of TG and gelatin concentration on mechanical properties of gelatin hydrogels, the storage modulus of gelatin was studied over crosslinking time. To crosslink gelatin enzymatically, TG was added to the gelatin solutions to obtain a biocompatible crosslinked hydrogel. TG catalyzes the formation of covalent bonds between the carbonyl and amino groups in gelatin. Crosslinking kinetics of 15% gelatin/TG were studied as a function of TG concentration by real-time measurement of the storage modulus (Gʹ) as an indicator of mechanical strength over a period of 12 h. Results show that the storage modulus continuously increased for all TG concentrations, while a higher level of storage modulus (28.2 ± 3.4 kPa) was observed as the concentration of TG increased to 10 U/mL, which was due to a greater extent of crosslinking (Figure 3A). However, 10 U/mL TG is associated with fast inhomogeneous gelation and difficulties in sample manipulation; therefore, 5 U/mL TG was selected for the remaining experiments. Figure 3B shows the effect of gelatin concentration with 5 U/mL TG on the storage modulus of the hydrogel. It was observed that increasing the gelatin concentration resulted in a higher storage modulus due to the higher densities of carbonyl and amino groups available for bonding to each other. This result is consistent with previous studies on the effects of gelatin and TG concentrations on gelatin hydrogel strength, showing the increase of gelatin mechanical strength by increasing the concentration of gelation or TG [28,44,51]. We found that 20% gelatin represented the closest storage modulus (24.0 ± 12.0 kPa) to human skin’s storage modulus, which is 40–60 kPa [52]. It should be noted that further increasing the gelatin concentration to achieve a higher storage modulus would be associated with several challenges with making a homogenous gelatin solution and casting it. Following the completion of gelation, the complex (G*) and loss (G”) moduli of the hydrogels were measured (Figure 3C) and it was observed that at all concentrations, the hydrogels showed dominant solid-like behavior (loss factor (Q−1) <1).




2.2.2. Swelling Ratio


The swelling ratio of the hydrogels governed by the osmotic pressure is important, as it affects solute diffusion, surface properties, mechanical properties, and stability [53]. The swelling ratio is affected by the pore size of the polymer network, which is a function of gelatin concentration. To study the effect of gelatin concentration on swelling ratio, dried hydrogels with different gelatin concentrations were immersed in phosphate buffered saline (PBS) solution and weighed at each time point. As shown in Figure 3D, while the 10% gelatin hydrogel had a significantly higher swelling ratio than 15% and 20% hydrogels, it was observed that all hydrogels had high swelling ratios (around 600% for 10% and about 400% for 15% and 20% gelatin hydrogels)




2.2.3. In Vitro Enzymatic Degradation


Degradation of tissue engineering scaffolds is required to make space for cell spreading and proliferation during culture [29]. However, the time and rate of degradation should be comparable with the rate of tissue formation [54]. To study the degradation rate, gelatin hydrogel disks with 16 mm diameter and 7 mm thickness were incubated with 2 U/mL collagenase solution at 37 °C. Figure 3E shows continuous weight loss in all samples due to the cleavage of peptide bonds within the gelatin structure. The results demonstrated that increase in the gelatin concentration reduced the degradation rate. The full dissolution of hydrogels enhanced from 7 days in 10% gelatin to 14 and 18 days for 15% and 20% gelatins, respectively. The higher crosslinking density is the main cause for the prolonged degradation of the 20% gelatin.




2.2.4. Mechanical Stability of Gelatin Hydrogel in Culture


Scaffolds which are designed for cell culture and tissue formation need to exhibit proper mechanical properties and maintain them over the differentiation process to support cellular morphogenesis, proliferation, and differentiation [55]. In order to examine the stability of cell-seeded gelatin hydrogels and determine the impact of cell secreted materials on the integrity of hydrogels, immortalized human keratinocytes (HaCaT) with a density of 50,000 cell/cm2 were seeded on different concentrations of gelatin hydrogel. HaCaT cells were chosen because their in vitro differentiation and proliferation capabilities have been well established [28,56,57]. The storage modulus was then measured at different time points using ElastoSens™ Bio2 (Rheolution, Montreal, Quebec, Canada) (Figure 3F). This instrument works based on the mechanical vibration of a detachable sample holder containing a small amount of material, and the system deformation is measured by laser and converted into storage and loss moduli [58]. The results show that 10% gelatin lost its integrity after 7 days of incubation and detached from the sample holder due to degradation. For 15% gelatin, the hydrogel maintained its integrity for 14 days, although its storage modulus decreased by 50%. On the other hand, the storage modulus of 20% gelatin remained unchanged over 14 days of culture with respect to the storage modulus of non-cell-seeded gelatin (Figure 3B).




2.2.5. Scanning Electron Microscopy of Gelatin Hydrogel


The porosity and interior microstructure of tissue engineering hydrogels affects the permeability, swelling ratio, and stiffness of the hydrogels in culture [59]. To visualize the microstructure of the hydrogels, scanning electron microscopy (SEM, Hitachi S4800, Tokyo, Japan) was used. Images show that increasing the concentration of gelatin results in a reduction of porosity (Figure 3G). The superior mechanical properties of 20% gelatin can also be attributed to the smaller pore size observed within the hydrogel (Figure 3Giii). These results suggest that mechanical properties and biodegradability of these hydrogels can be tuned by changing the concentration of gelatin and subsequently the degree of crosslinking.




2.2.6. Cytocompatibility and Cell Attachment to Gelatin


We determined the effects of gelatin concentration on cell viability, attachment, proliferation, and formation of tight junctions using the live/dead assay, cytoskeleton staining, and measuring cell number and coverage area (Figure 4). In three different concentrations of gelatin, over 90% cell viability was achieved (Figure 4A) while maintaining their tightly packed morphology (Figure 4B), exemplifying the biocompatibility of enzymatically crosslinked gelatin. Moreover, measuring the cell covered area with ImageJ software (National Institutes of Health, Bethesda, MD, USA) on day 1 showed 60% surface coverage on 20% gelatin, while in 15% and 10% gelatin the surface coverage was about 40% (Figure 4C), showing better cell attachment in 20% gelatin. This is a result of more available cell binding sites provided by higher gelatin concentrations [23,43].



The numbers of live cells on the hydrogels were counted on days 1, 4, and 7 to evaluate the proliferation per unit area. Results show that the numbers of HaCaT cells on 15% and 20% gelatin on days 4 and 7 were significantly higher than the number cells on 10% gelatin (Figure 4D). This implies that mechanical properties of the substrate significantly affect HaCaT cells proliferation and that cells tend to proliferate more on stiffer surfaces. To confirm this effect, the metabolic activity of HaCaT cells was investigated using PrestoBlue cell viability reagent (Invitrogen by ThermoFisher Scientific, Waltham, MA, USA). After a 45-min incubation of cells with PrestoBlue, relative fluorescence intensity of the supernatants confirmed a higher proliferation rate for 15% and 20% gelatin hydrogels compared to 10% gelatin (Figure 4E). These results accord with previous observations which show the effect of the substrate’s mechanical properties on HaCaT cells proliferation and migration. It has been observed that the rate of cell proliferation and migration was significantly higher on substrates with higher mechanical strength and stiffness [60].



Studying the effects of gelatin concentration on mechanical properties, cell viability, and proliferation reveals that 20% gelatin hydrogel offers higher mechanical strength and support cell attachment and proliferation compared to 10% and 15% gelatins. Therefore, 20% gelatin was selected for developing the epidermal tissue.





2.3. Evaluating the Model Function


Following hydrogel characterization and cell compatibility analysis, a functional multilayer epidermis model was developed using 20% gelatin with 5 U/mL TG to provide a higher mechanical stability for long-term differentiation of HaCaT cells. The multilayer construct was formed by culturing HaCaT cells at the air-liquid interface and characterized.



2.3.1. Gelatin Hydrogel Permeability


In order to investigate the permeability of 20% gelatin for media delivery through the hollow channel, the diffusion rate of fluorescein isothiocyanate–dextran (FITC-dextran) with 70 kD molecular size was studied. The result showed that after 5 h, more than 50% of FITC-dextran diffused to a distance of 300 µm from the channel (Figure 5). Considering the distance between the cells on the gel and channel, which was about 200 µm, the permeability of 20% gelatin is adequate for nutrient delivery to the HaCaT cells from the channel.




2.3.2. Cell Tight Junction Analysis


To evaluate HaCaT cells junctions, a confluent monolayer of cells on 20% gelatin was stained with E-cadherin antibody. E-cadherin is not only necessary for cell-cell adhesion, but it affects various cellular functions such as cell signaling and cytoskeleton regulation [61,62]. The expression of E-cadherin shows that after 7 days of submerged culture, HaCaT cells form a confluent monolayer in which cells have tight junctions (Figure 5B).




2.3.3. Multilayer Epidermis Formation


After a monolayer of HaCaT cells was formed within 5–7 days of submerged culture, the medium was removed from the seeding zone and the differentiation medium was delivered to the cells through the channel, maintaining the cells at the air-liquid interface. HaCaT cells’ differentiation and stratification started under the air-liquid-interface condition and lasted for about 6 weeks. Filaggrin as a late epidermal differential marker has a pivotal role in the skin barrier function [63]. To investigate the protein expression of the reconstructed epidermis on 20% gelatin, filaggrin antibody was used to show the terminally differentiated keratinocytes over 6 weeks of differentiation (Figure 5C). The epidermis model exhibited positive expression of filaggrin. However, its expression structure was slightly disorganized, which was likely due to the immature terminal differentiation of HaCaT cells and the absence of other cell types such as fibroblasts [28].




2.3.4. In Vitro Epidermis Barrier Function


To study the barrier functionality of the in vitro epidermis model, the electrical resistance across the multilayered epidermis model was measured. The results show that the epidermis model provides a higher electrical resistance with 3.5 ± 0.3 kΩ compared to the bare gelatin hydrogel with 2.0 ± 0.4 kΩ electrical resistance and 2D cell culture on gelatin with 2.5 ± 0.4 kΩ (Figure 5D). This is likely due to the functional tight junctions of keratinocytes and the presence of filaggrin protein in the epidermis model. However, the lower degree of stratification in differentiated HaCaT cells and the absence of other skin cell types resulted in a resistance on the lower end of the range for human skin, which has an electrical resistance of 1–10 kΩ [28].



In addition to electrical resistance, the drug permeability of the epidermis model was studied by measuring the percentage of penetrated ciprofloxacin from the epidermal surface to the channel. Results show that the epidermis model (24.4%) significantly hinders the drug permeation into the channel when compared to the cell-free gelatin (42.7%) and 2D cell culture on gelatin (41.3%) (Figure 5E).




2.3.5. Drug Cytotoxicity Test


To study the viability of HaCaT cells treated with varying dosages of a drug, cells were treated with different ciprofloxacin concentrations and the viability of HaCaT cells was studied using PrestoBlue cell viability reagent. Ciprofloxacin with 100 µg/mL concentration significantly decreased cell viability after 48 h treatment compared to the control, while 10 µg/mL treatment affected the cell viability after 72 h of exposure. This result is comparable to the results of previous studies of different concentrations of ciprofloxacin on fibroblast cell viability [64,65]. The lower concentration of ciprofloxacin, on the other hand, do not adversely affect the cell viability (Figure 5F).





2.4. Wound Infection Modeling


In addition to the physical barrier, the epidermis actively contributes in immunologic barrier function by the expression of pattern recognition receptors (PRRs) on keratinocytes. These receptors recognize pathogen-associated molecular patterns of microorganisms and lead to the expression of pro-inflammatory mediators, such as interleukin 1 beta (IL-1β) and tumor necrosis factor alpha (TNF-α), to activate the early innate immune system (Figure 6A) [50]. Studying the epidermis’s behavior in response to injury and infection can orient researchers to develop more effective therapeutic agents and drug delivery systems.



2.4.1. Scratch Wound Healing Assay


To mimic an infected wound in vitro, a scratch was created on the epidermis construct using a 200 µL micropipette tip, and it was then infected with E. coli, one of the most common gram-negative bacteria (Figure 6B). Ciprofloxacin as an antimicrobial agent was used to treat the infected model. Three groups were considered for the wound healing study, including (i) an infected model with 0.4 µg/mL ciprofloxacin treatment, (ii) an infected model without treatment, and (iii) an uninfected model without ciprofloxacin as the control. Scratch closure was monitored using bright field images of the samples taken after 24 and 48 h. Results show that scratches in the control and treated groups closed in a similar timeframe, while the scratch in the untreated infected model remained open (Figure 6C).




2.4.2. Colony Forming Unit Counting


To investigate the effectiveness of ciprofloxacin treatment, swabs were taken from samples after 8 and 24 h and cultured on nutrient agar sheets. After 24 h of incubation of the agar sheets, colony-forming units (CFU) were counted as an indicator of the number of bacteria. Results showed that at 8-h time point, there were ≈600 CFU/cm2 in the infected samples (Figure 6D). This number grew to ≈1000 CFU/cm2 after 24 h of exposure to E. coli. Meanwhile in the control and treated samples, no significant bacteria colonies were observed. This confirmed that ciprofloxacin was effective for treating infections from E. coli.




2.4.3. Pro-Inflammatory Response


The inflammatory response serves as protection to restore the homeostatic state after a harmful disturbance. Infections can activate the innate immune system to defend against the invading pathogen by stimulating the expression of pro-inflammatory cytokines such as IL-1β and TNF-α by keratinocytes [66]. IL-1β and TNF-α function through autocrine signaling on keratinocytes and result in the expression of other pro-inflammatory cytokines, such as IL-6 and IL-8 [67]. To investigate the pro-inflammatory response of keratinocytes to infection, we analyzed the TNF-α and IL-1β expression in HaCaT cells infected with E. coli. The results show that after 8 h exposure to E. coli, HaCaT cells in infected samples expressed significantly higher levels of IL-1β (1311 ± 90 pg/mL) and TNF-α (1977 ± 262 pg/mL) with respect to the control group (383 ± 80 pg/mL IL-1β and 949 ± 215 pg/mL TNF-α). These levels further increased after 24 h of exposure to E. coli (Figure 6E,F). In accordance with the present results, previous studies have demonstrated that after a few hours of bacteria induction, HaCaT cells started producing TNF-α and IL-1β in response to infection and the level of both cytokines increased over 24 h [68,69,70,71]. Treatment with 4 µg/mL ciprofloxacin reduced the expression levels of IL-1β and TNF-α in the infected samples to 795 and 1417 pg/mL, respectively. However, the expressed levels of IL-1β and TNF-α were still significantly higher than the control group. After 24 h of treatment, however, the levels of TNF-α and IL-1β decreased to 246 and 1142 pg/mL, respectively, and settled at the same levels as for the control group. The trend of pro-inflammatory cytokines’ expression is consistent with CFU results and confirms the effectiveness of ciprofloxacin in treating E. coli infection and terminating the inflammatory response of keratinocytes.






3. Experimental Section


3.1. Preparation of Gelatin Hydrogel


Enzymatically crosslinked gelatin was prepared as described previously [45]. Briefly, gelatin powder from porcine skin (Sigma-Alrich, St. Louis, MO, USA) was dissolved in Dulbecco’s phosphate-buffered saline (DPBS, Sigma-Aldrich) at 60 °C to achieve final gelatin concentrations of 10%, 15%, and 20% (w/w). Then the solutions were sterilized using 0.22 µm filters. The transglutaminase (TG, Modernist Pantry, Eliot, ME, USA) solutions were prepared with different concentrations of 2.5, 5, and 10 U/mL by dissolving proper amount of TG in PBS and then sterilized using 0.22 µm filter. Gelatin/TG hydrogels were prepared by mixing TG solutions with different concentrations of gelatin at 60 °C. Then solutions were incubated at 37 °C for 12 h crosslinking process.




3.2. Mechanical Properties Measurement


For optimizing the amount of enzyme, the storage modulus of 15% (w/w) gelatin with various amounts of TG was measured using the non-destructive method described previously [58]. Briefly, 2 mL of 15% gelatin solutions with 2.5, 5, and 10 U/mL TG were poured in the detachable sample holder specially designed for ElsatoSens™ Bio2 (Rheolution, Montreal, Quebec, Canada), and real-time storage modulus measurements were performed for 12 h using ElastoSens™ Bio2. Using the device, for each sample, the storage modulus was measured 3 times every 5 min. Samples were prepared in 3 replicates for each condition.




3.3. Swelling Ratio


Gelatin hydrogel disks were freeze-dried, weighed (Wd), and incubated in DPBS at 37 °C for 24 h. At each time point, they were removed from DPBS, lightly blotted, and weighed (Ws). The swelling ratio of the swollen gel was calculated according to Equation (1) [28]:


  Swelling   Ratio   ( % ) =    W s  −  W d     W d    × 100  



(1)








3.4. In Vitro Enzymatic Degradation


For studying the degradation rates of gelatin hydrogels, gelatin disks with 1.5 cm diameter were prepared as mentioned above. After gelation, the hydrogels were weighed (W0) and immersed in 2 mL of 2 U/mL collagenase (Sigma-Aldrich) solution in 12-well plates and incubated at 37 °C. Weight measurements (Wt) were performed every 24 h for 20 days. The collagenase solutions were refreshed every 2 days. Finally, the degree of degradation was plotted as the percentage of the remaining hydrogel mass versus the initial hydrogel mass according to Equation (2) [28]:


  Mass   Remaining   ( % ) =    W 0  −  W t     W 0    × 100  



(2)








3.5. Mechanical Stability of Gelatin Hydrogel in Culture


In order to examine the mechanical behaviors of gelatin in culture, immortalized human keratinocytes (HaCaTs, Addexbio, San Diego, CA, USA) were seeded with the seeding density of 50,000 cells/cm2 onto the hydrogels prepared in the detachable sample holder. Subsequently, the samples were incubated at 37 °C and 7% CO2 for cell attachment for 24 h. The ElastoSens™ device was used for measuring the storage modulus of hydrogels over 14 days of culture. The measurement was carried out for three replicates at each condition.




3.6. Scanning Electron Microscopy


Scanning electron microscopy (SEM) was used to visualize the morphology of gelatin. For this purpose, the lyophilized hydrogels were mounted on the SEM stub and coated with gold-palladium hummer sputter (Hummer VI sputter coater, Anatech USA, Hayward, CA, USA). SEM images were obtained by a Hitachi electron microscope (Hitachi S4800, Tokyo, Japan) with 1.0 kV voltage.




3.7. Cell Attachment and Cell Number


Gelatin/TG solutions with various gelatin concentrations (10, 15 and 20%) were prepared as described above. After incubating the hydrogels with Dulbecco’s modified eagle’s medium (DMEM, Gibco™ by ThermoFisher Scientific, Waltham, MA, USA) with 10% fetal bovine serum (Gibco™ by ThermoFisher Scientific, Waltham, MA, USA) for 12 h, HaCaTs were seeded onto the gelatin hydrogels with the seeding density of 50,000 cell/cm2. After 24 h, cells were stained with live/dead viability kit (Invitrogen by ThermoFisher Scientific, Waltham, MA, USA) to assess cell adhesion by measuring the percentage of cell-covered area. In order to stain the samples, hydrogels were washed three times with sterile PBS and incubated at room temperature for 30 min in a solution with the concentration of 2 μM calcein— acetoxymethyl (calcein—AM) and 4 μM ethidium homodimer in DPBS. After incubation, the samples were washed with PBS and then images were obtained by ZEISS confocal microscope (Zeiss LSM880, Carl Zeiss Microscopy, Jena, Germany). Additionally, ImageJ software (National Institutes of Health, Bethesda, MD, USA) was used for determining the cell-covered area. Similar staining procedure was utilized on days 1, 4, and 7 to determine the cell number. Samples were prepared in 3 replicates for each gelatin concentration.




3.8. Cell Morphology


To study the morphology of HaCaT cells on gelatin hydrogels, the samples were prepared as described previously, and after 24 h incubation, cells were fixed with 3.7% (v/v) formaldehyde (VWR, Radnor, PA, USA) for 15 min. Then, cells were washed with PBS and permeabilized with 0.1% (v/v) Triton X-100 (BIO BASIC, Markham, Ontario, Canada) solution for 15 min. Afterward, the samples were washed with PBS and incubated with 0.5% 4′,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich, St. Louis, MO, USA) and 0.1% Alexa Fluor™ 488 Phalloidin (Invitrogen by ThermoFisher Scientific, Waltham, MA, USA) solution in PBS for 30 min. Finally, the samples were washed and imaged using a Zeiss confocal microscope (Carl Zeiss Microscopy, Jena, Germany) with 20× magnification objectives.




3.9. Cell Proliferation


In order to evaluate cell proliferation on different concentrations of gelatin, the samples were incubated with media containing PrestoBlue reagent (Invitrogen by ThermoFisher Scientific, Waltham, MA, USA) with 9:1 ratio for 45 min at 37 °C on days 1, 4, and 7. Afterwards, 100 µL of supernatant was collected from each well and the fluorescence intensity was measured at excitation wavelengths of 560 nm and emission of 590 nm using a microplate reader (Infinite M Nano, Tecan, Tecan Trading AG, Zurich, Switzerland). Relative proliferation rate was calculated by normalizing the measured intensity at each condition with respect to the condition with the lowest intensity.




3.10. Model Development


To fabricate the vasculature-embedded hydrogel, a layer of 20% gelatin was loaded into a 35 mm petri dish. After 30 min of incubation at room temperature, 38% Pluronic F127 (Sigma-Aldrich) solution was printed onto the gel as a sacrificial material using a 3D printer (CELLINK+, CELLINK, Gothenburg, Sweden) with 280 kPa pressure. Immediately after printing the pattern, another layer of gelatin was poured onto the construct and the hydrogel was incubated at 37 °C for 12 h.




3.11. Gelatin Hydrogel Permeability


To show the permeability of gelatin hydrogel in nutrient delivery from the channel to the HaCaT cells, the diffusion rate of 70 kD FITC-dextran (Sigma-Aldrich) was measured by live imaging. For this purpose, 2 mg/mL solution of FITC-dextran was loaded into the model’s channel under an Axio Observer ZEISS microscope (Carl Zeiss Microscopy, Jena, Germany). Images were taken at 15 min intervals for 5 h.




3.12. Cell Tight Junction Analysis


To characterize the formation of tight junctions after 7 days of submerged culture, the cells were immunostained with E-cadherin and imaged. Briefly, cells were fixed with 3.7% formaldehyde solution for 15 min; the samples were incubated with blocking buffer (5% bovine serum albumin and 0.3% Triton X-100 in PBS) for 60 min at room temperature. After washing the samples with PBS, they were incubated with E-cadherin antibody dilution buffer (Rabbit mAb Alexa Fluor® 488 Conjugate, Cell Signaling Technology, Danvers, MA, USA) at 4 °C overnight. Subsequently, the wells were incubated with DAPI solution (5 µg/mL) for 15 min at room temperature. The cells were then washed with PBS and imaged using confocal microscopy.




3.13. In Vitro Epidermis Model Development


HaCaT cells were seeded onto the seeding zone with density of 50,000 cells/cm2. After 7 days, when the cells reached confluency, the differentiation process was induced as described previously [72]. Briefly, the medium was removed, and the cells were left at the air-liquid-interface. The differentiation serum-free medium composed of DMEM, 1.8 mM Ca2+ (Sigma-Aldrich), 2 ng/mL TGF-α (Sigma-Aldrich), and 100 ng/mL GMCSF (R&D Systems, Minneapolis, MN, USA) was delivered to the cells through the channel.




3.14. Protein Expression of Developed Epidermis Model


Differentiation of HaCaT cells was studied by immunostaining of the epidermal cross-sections with filaggrin antibody (terminally differentiation marker) and imaged. To prepare the cross-sections, the epidermis model was fixed with 3.7% formaldehyde solution for 15 min, and then left in a 30% sucrose solution over night at 4° C. Then, the hydrogel was mounted in an optimal cutting temperature (OCT) compound and frozen using liquid nitrogen prior to cryostat sectioning. Sections with 5 µm thickness were collected on positively charged glass slides. Then, the sections were permeabilized using 0.5% Triton X-100 in PBS solution for 5 min at room temperature. After 3 rounds of washing with PBS, samples were blocked using 5% normal goat serum albumin solution for 1 h at room temperature. Then, they were incubated with filaggrin antibody dilution buffer (Mouse mAb Alexa Fluor® 488 Conjugate, Novus Biologicals, Littleton, CO, USA) at 4 °C overnight. Subsequently, the samples were incubated with DAPI solution (5 µg/mL) for 15 min at room temperature. The samples were then washed with PBS and imaged using confocal microscopy.




3.15. In Vitro Epidermis Electrical Resistance


For measuring the electrical resistance of the developed epidermis tissue, samples were prepared as described before. After 6 weeks of culturing, the cell-seeded area was cut with the dimensions of 1 cm × 1 cm. The electrical resistance of the epidermis model was directly measured using a multimeter (Fluke 87). The controls were 20% cell-free gelatin and gelatin with a confluent cell monolayer. Samples were prepared in 5 replicates.




3.16. In Vitro Epidermis Drug Permeability


To examine the permeability of epidermis model, 500 μL of 1 µg/mL ciprofloxacin (Sigma-Aldrich, USA) in cell culture media was added onto the seeding zone above the epidermis layer, and then the model was incubated at 37 °C. At different time points (0.25, 0.5, 1, 2, and 2.5 h), the medium from the channel was transferred into a 96-well plate, and the channel was filled with fresh media. Quantity of diffused ciprofloxacin into the channel was measured using a microplate reader at excitation wavelength of 270 nm and emission wavelength of 445 nm. Ciprofloxacin standard curve was plotted as fluorescence intensity versus different ciprofloxacin concentrations at 0.03125, 0.0625, 0.125, 0.25, and 0.5 µg/mL (data not shown). Equation (3) was used to determine the percentage of diffused ciprofloxacin in the samples [31].


  Diffused   ciprofloxacin   ( % ) =    C t   V t     C 0   V 0    × 100  



(3)




where Ct is the ciprofloxacin concentration of samples calculated by a comparison with the standard curves and Vt is the volume of solution removed from the channel. V0 is the total volume of ciprofloxacin solution (500 µL) with the concentration of C0 in the seeding zone (1 µg/mL).




3.17. Drug Cytotoxicity Test


To determine the cytotoxicity effects of different concentrations of ciprofloxacin, the HaCaT cells were seeded with a cell density of 50,000 cells/cm2. Ciprofloxacin solutions in cell culture media were prepared with concentrations of 100, 10, 5, 1, 0.5, 0.25, 0.125, 0.0625, and 0.03125. After differentiation, the cells were treated with ciprofloxacin solutions for 3 days. The viability of cells was investigated after 24, 48, and 72 h post treatment using PrestoBlue Cell Viability Reagent. Relative viability was calculated by normalizing the fluorescence intensity of each condition with the control condition (no drug).




3.18. Bacterial Study


HaCaT-seeded gelatins were prepared, and then the media were removed and substituted with 1 mL of fresh antibiotic-free media two days before infecting with bacteria. A single colony of Escherichia coli (E. coli, W3110, ATCC, Manassas, VA, USA) was inoculated into 10 mL LB broth (Difco™ LB Broth, Lennox, Thermo Fisher Scientific, Waltham, MA, USA) culture medium overnight. After being incubated and reaching OD600 of ≈0.4, a bacterial solution with the concentration of 108 cells/mL was prepared. Three groups of samples were prepared: (i) a control group treated with 25 µl/sample bacteria-free PBS; (ii) (iii) treated groups incubated with 25 µL of bacteria solution. After 2 h of incubation, the media of each group were substituted with the fresh media to remove the non-adherent bacteria, and 10 µL of ciprofloxacin solution with the concentration of 400 µg/mL was added to the third group.




3.19. Scratch Wound Healing Assay


To study the healing of infected and treated wound models, samples were prepared as described above and a scratch was created on the epidermis construct using a 200 µL micropipette tip and then infected with E. coli. For the purpose of studying the efficacy of treatments on cell migration, samples were imaged at 0, 24, and 48 h. Images were taken by microscope using bright field and cell migration activity was evaluated by measuring the scratched area using Image J software. For each well, three images were taken from randomly selected areas. Experiments were conducted independently in triplicate.




3.20. Pro-Inflammatory Cytokine Analysis


To study the pro-inflammatory response of the epidermis model to infection, samples were prepared as described above in two sets, one for collecting the supernatant and the second for culturing the swabs from each sample on nutrient agar sheets at 8 and 24 h for CFU counting. The expressions of two pro-inflammatory cytokines, IL-1β and TNF-α, were measured using Human Mini ABTS ELISA Development Kit (Pepro Tech, Rocky Hill, NJ, USA).




3.21. Statistical Analysis


Results were analyzed by GraphPad Prism version 8 (GraphPad Software, San Diego, CA, USA). Statistical significance was analyzed using one-way analysis of variance (ANOVA) for more-than-two-group comparisons with one independent variable and two-way ANOVA for more-than-two-group comparisons with two independent variables.





4. Conclusions


In this study, we developed a simplified, functional in vitro infected wound model for drug screening. The epidermis construct was used for infected wound modeling and studying the skin’s pro-inflammatory response. The model consisted of a keratinocyte layer formed on a gelatin matrix. The effects of gelatin and transglutaminase concentrations were studied in terms of the mechanical properties of gelatin hydrogel and the subsequent cell attachment and proliferation. Results showed that the 20% gelatin hydrogel strongly supported cell attachment and proliferation and showed significantly prolonged degradation compared to the lower concentrations. Therefore, the higher concentration of gelatin (20% w/w) was selected for the model formation. HaCaT cells were cultured on the model for 7 days submerged in culture media, followed by an additional 6 weeks of culture at the air-liquid interface. The results showed that HaCaT cells terminally differentiated and formed the multilayer structure of the epidermis. The epidermis model showed the barrier functions in terms of electrical resistance and drug permeability. Although this epidermis model lacked complete stratification and cell organization due to the absence of fibroblast cells in the construct, it is still a functional in vitro construct for wound modeling and drug testing. The in vitro epidermis model was used for studying the pro-inflammatory response of HaCaT cells to infection, and the effectiveness of ciprofloxacin in infection treatment. The developed epidermis model has great potential for large-scale infected wound modeling, studying drug cytotoxicity, and developing trans-epidermal drug delivery systems because of its functionality, low fabrication cost, and reproducibility.







Author Contributions


Conceptualization, M.A. and M.J.; methodology, M.J., M.A., B.G., and E.S.; software, M.J.; validation, M.J., B.G., D.H., E.S., K.J.N., C.L.S.-L. and Z.H.; resources: M.A. and B.R.C.; writing—original draft preparation, M.J., E.S., D.H. and S.M.H.D.; writing—review and editing, M.J., B.G., and M.A.; visualization, E.P. and M.J.; supervision, M.A.; project administration, M.A. and M.J. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Natural Sciences and Engineering Research Council of Canada (NSERC) Discovery Grant, the Canada Foundation for Innovation (CFI), and the Canadian Institutes for Health Research (CIHR).




Acknowledgments


We would like to thank Hector Caruncho from the Division Medical Sciences at the University of Victoria for allowing us to access his laboratory and equipment.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Mathes, S.H.; Ruffner, H.; Graf-hausner, U. The use of skin models in drug development. Adv. Drug Deliv. Rev. 2014, 69, 81–102. [Google Scholar] [CrossRef] [PubMed]

	



Pereira, R.F.; Sousa, A.; Barrias, C.C.; Bayat, A.; Granja, P.; Bartolo, P. Advances in bioprinted cell-laden hydrogels for skin tissue engineering. Biomanufacturing Rev. 2017, 2, 1. [Google Scholar] [CrossRef]

	



Wufuer, M.; Lee, G.; Hur, W.; Jeon, B.; Kim, B.J.; Choi, T.H.; Lee, S. Skin-on-a-chip model simulating inflammation, edema and drug-based treatment. Sci. Rep. 2016, 6, 37471. [Google Scholar] [CrossRef] [PubMed]

	



Planz, V.; Lehr, C.; Windbergs, M. In vitro models for evaluating safety and ef fi cacy of novel technologies for skin drug delivery. J. Control. Release 2016, 242, 89–104. [Google Scholar] [CrossRef]

	



Sen, C.K.; Gordillo, G.M.; Roy, S.; Kirsner, R.; Lambert, L.; Hunt, T.K.; Gottrup, F.; Gurtner, G.C.; Longaker, M.T. Human skin wounds: A major and snowballing threat to public health and the economy. Wound Repair Regen. 2009, 17, 763–771. [Google Scholar] [CrossRef]

	



Kugelberg, E.; Norstro, T.; Petersen, T.K.; Duvold, T.; Andersson, D.I.; Hughes, D. Establishment of a Superficial Skin Infection Model in Mice by Using Staphylococcus aureus and Streptococcus pyogenes. Antimicrob. Agents Chemother. 2005, 49, 3435–3441. [Google Scholar] [CrossRef]

	



Schaudinn, C.; Dittmann, C.; Jurisch, J.; Laue, M.; Günday-Türeli, N.; Blume-Peytavi, U.; Vogt, A.; Rancan, F. Development, standardization and testing of a bacterial wound infection model based on ex vivo human skin. PLoS ONE 2017, 12, e0186946. [Google Scholar] [CrossRef]

	



Maboni, G.; Davenport, R.; Sessford, K.; Baiker, K.; Jensen, T.K.; Blanchard, A.; Wattegedera, S.; Entrican, G.; Totemeyer, S. A Novel 3D Skin Explant Model to Study Anaerobic Bacterial Infection. Front. Microbiol. 2017, 7, 404. [Google Scholar] [CrossRef]

	



Andrade, T.A.M.; Aguiar, A.; Guedes, F.; Leite, M.; Caetano, G.; Coelho, E.B.; Das, P.; Frade, M. Ex vivo Model of Human Skin (hOSEC) as Alternative to Animal use for Cosmetic Tests. Procedia Eng. 2015, 110, 67–73. [Google Scholar] [CrossRef]

	



Corzo-León, R.E.; Munro, C.A.; Maccallum, D.M. An ex vivo Human Skin Model to Study Superficial Fungal Infections. Front. Microbiol. 2019, 10, 1172. [Google Scholar] [CrossRef]

	



De Breij, A.; Haisma, E.M.; Rietveld, M.; El Ghalbzouri, A.; Van Den Broek, P.J.; Dijkshoorn, L.; Nibbering, P.H. Three-dimensional human skin equivalent as a tool to study Acinetobacter baumannii colonization. Antimicrob. Agents Chemother. 2012, 56, 2459–2464. [Google Scholar] [CrossRef] [PubMed]

	



Randall, M.J.; Jüngel, A.; Rimann, M.; Wuertz-Kozak, K. Advances in the biofabrication of 3D skin in vitro: Healthy and pathological models. Front. Bioeng. Biotechnol. 2018, 6, 154. [Google Scholar] [CrossRef] [PubMed]

	



Boelsma, E.; Verhoeven, M.C.; Ponec, M. Reconstruction of a Human Skin Equivalent Using a Spontaneously Transformed Keratinocyte Cell Line (HaCaT). J. Investig. Dermatol. 1999, 112, 489–498. [Google Scholar] [CrossRef] [PubMed]

	



Sriram, G.; Alberti, M.; Dancik, Y.; Wu, B.; Wu, R.; Feng, Z.; Ramasamy, S.; Bigliardi, P.L.; Bigliardi-qi, M.; Wang, Z. Full-thickness human skin-on-chip with enhanced epidermal morphogenesis and barrier function. Mater. Today 2018, 21, 326–340. [Google Scholar] [CrossRef]

	



Mori, N.; Morimoto, Y.; Takeuchi, S. Skin integrated with perfusable vascular channels on a chip. Biomaterials 2017, 116, 48–56. [Google Scholar] [CrossRef] [PubMed]

	



Breslin, S.; O’Driscoll, L. Three-dimensional cell culture: The missing link in drug discovery. Drug Discov. Today 2013, 18, 240–249. [Google Scholar] [CrossRef]

	



Mohammadi, M.H.; Heidary Araghi, B.; Beydaghi, V.; Geraili, A.; Moradi, F.; Jafari, P.; Janmaleki, M.; Valente, K.P.; Akbari, M.; Sanati-Nezhad, A. Skin Diseases Modeling using Combined Tissue Engineering and Microfluidic Technologies. Adv. Healthc. Mater. 2016, 5, 2459–2480. [Google Scholar] [CrossRef]

	



Pedde, R.D.; Mirani, B.; Navaei, A.; Styan, T.; Wong, S.; Mehrali, M.; Thakur, A.; Mohtaram, N.K.; Bayati, A.; Dolatshahi-Pirouz, A.; et al. Emerging Biofabrication Strategies for Engineering Complex Tissue Constructs. Adv. Mater. 2017, 29, 1606061. [Google Scholar] [CrossRef]

	



Roger, M.; Fullard, N.; Costello, L.; Bradbury, S.; Markiewicz, E.; O’Reilly, S.; Darling, N.; Ritchie, P.; Määttä, A.; Karakesisoglou, I.; et al. Bioengineering the microanatomy of human skin. J. Anat. 2019, 234, 438–455. [Google Scholar] [CrossRef]

	



Chaudhari, A.A.; Joshi, S.; Vig, K.; Sahu, R.; Dixit, S.; Baganizi, R.; Dennis, V.A.; Singh, S.R.; Pillai, S. A three-dimensional human skin model to evaluate the inhibition of Staphylococcus aureus by antimicrobial peptide-functionalized silver carbon nanotubes. J. Biomater. Appl. 2019, 33, 924–934. [Google Scholar] [CrossRef]

	



Kim, B.S.; Gao, G.; Kim, J.Y.; Cho, D.-W. 3D Cell Printing of Perfusable Vascularized Human Skin Equivalent Composed of Epidermis, Dermis, and Hypodermis for Better Structural Recapitulation of Native Skin. Adv. Healthc. Mater. 2019, 8, 1–11. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, W.; Qu, X.; Zhu, J.; Ma, X.; Patel, S.; Liu, J.; Wang, P.; Lai, C.S.E.; Gou, M.; Xu, Y.; et al. Direct 3D bioprinting of prevascularized tissue constructs with complex microarchitecture. Biomaterials 2017, 124, 106–115. [Google Scholar] [CrossRef] [PubMed]

	



Sheikholeslam, M.; Amini-Nik, S.; E E Wright, M.; Jeschke, M.G. Biomaterials for Skin Substitutes. Adv. Health Mater. 2017, 7, 1700897. [Google Scholar] [CrossRef] [PubMed]

	



Bataillon, M.; Lelièvre, D.; Chapuis, A.; Thillou, F.; Autourde, J.B.; Durand, S.; Boyera, N.; Rigaudeau, A.S.; Besné, I.; Pellevoisin, C. Characterization of a new reconstructed full thickness skin model, t-skinTM, and its application for investigations of anti-aging compounds. Int. J. Mol. Sci. 2019, 20, 2240. [Google Scholar] [CrossRef] [PubMed]

	



Mieremet, A.; Rietveld, M.; Van Dijk, R.; Bouwstra, J.; El Ghalbzouri, A.; Rietveld, M.M.; Van Dijk, M.R. Recapitulation of Native Dermal Tissue in a Full-Thickness Human Skin Model Using Human Collagens. Tissue Eng. Part A 2018, 24, 873–881. [Google Scholar] [CrossRef] [PubMed]

	



Vidal, S.E.L.; Tamamoto, K.A.; Nguyen, H.; Abbott, R.; Cairns, D.; Kaplan, D.L. 3D biomaterial matrix to support long term, full thickness, immuno-competent human skin equivalents with nervous system components. Biomater. 2019, 198, 194–203. [Google Scholar] [CrossRef]

	



Liu, Y.; Wang, R.; He, X.; Dai, H.; Betts, R.J.; Marionnet, C.; Bernerd, F.; Planel, E.; Wang, X.; Nocairi, H.; et al. Validation of a predictive method for sunscreen formula evaluation using gene expression analysis in a Chinese reconstructed full-thickness skin model. Int. J. Cosmet. Sci. 2019, 41, 147–155. [Google Scholar] [CrossRef]

	



Zhao, X.; Lang, Q.; Yildirimer, L.; Lin, Z.Y.; Cui, W.; Annabi, N.; Ng, K.W.; Dokmeci, M.R.; Ghaemmaghami, A.M.; Khademhosseini, A. Photocrosslinkable Gelatin Hydrogel for Epidermal Tissue Engineering. Adv. Healthc. Mater. 2016, 5, 108–118. [Google Scholar] [CrossRef]

	



Liu, Y.; Chan-Park, M.B. A biomimetic hydrogel based on methacrylated dextran-graft-lysine and gelatin for 3D smooth muscle cell culture. Biomaterials 2010, 31, 1158–1170. [Google Scholar] [CrossRef]

	



Steen, P.E.V.D.; Dubois, B.; Nelissen, I.; Rudd, P.M.; Dwek, R.A.; Opdenakker, G. Biochemistry and Molecular Biology of Gelatinase B or Matrix Metalloproteinase-9 (MMP-9). Crit. Rev. Biochem. Mol. Boil. 2002, 37, 375–536. [Google Scholar] [CrossRef]

	



Gläser, R.; Harder, J.; Lange, H.; Bartels, J.; Christophers, E.; Schröder, J.M. Antimicrobial psoriasin (S100A7) protects human skin from Escherichia coli infection. Nat. Immunol. 2005, 6, 57–64. [Google Scholar] [CrossRef] [PubMed]

	



Bessa, L.J.; Fazii, P.; Di Giulio, M.; Cellini, L. Bacterial isolates from infected wounds and their antibiotic susceptibility pattern: Some remarks about wound infection. Int. Wound J. 2015, 12, 47–52. [Google Scholar] [CrossRef] [PubMed]

	



Petkovšek, Ž.; Eleršič, K.; Gubina, M.; Žgur-Bertok, D.; Erjavec, M.S. Virulence potential of Escherichia coli isolates from skin and soft tissue infections. J. Clin. Microbiol. 2009, 47, 1811–1817. [Google Scholar] [CrossRef] [PubMed]

	



Nagoba, B.S.; Wadher, B.J.; Rao, A.K.; Kore, G.D.; Gomashe, A.V.; Ingle, A.B. A simple and effective approach for the treatment of chronic wound infections caused by multiple antibiotic resistant Escherichia coli. J. Hosp. Infect. 2008, 69, 177–180. [Google Scholar] [CrossRef] [PubMed]

	



Hebeish, A.; El-Rafie, M.H.; EL-Sheikh, M.A.; Seleem, A.A.; El-Naggar, M.E. Antimicrobial wound dressing and anti-inflammatory efficacy of silver nanoparticles. Int. J. Biol. Macromol. 2014, 65, 509–515. [Google Scholar] [CrossRef]

	



Maneerung, T.; Tokura, S.; Rujiravanit, R. Impregnation of silver nanoparticles into bacterial cellulose for antimicrobial wound dressing. Carbohydr. Polym. 2008, 72, 43–51. [Google Scholar] [CrossRef]

	



Jawhara, S.; Mordon, S. In Vivo Imaging of Bioluminescent Escherichia coli in a Cutaneous Wound Infection Model for Evaluation of an Antibiotic Therapy. Antimicrob. Agents Chemother. 2004, 48, 3436–3441. [Google Scholar] [CrossRef]

	



Lei, D.; Yang, Y.; Liu, Z.; Yang, B.; Gong, W.; Chen, S.; Wang, S.; Sun, L.; Song, B.; Xuan, H.; et al. 3D printing of biomimetic vasculature for tissue regeneration. Mater. Horizons 2019, 6, 1197–1206. [Google Scholar] [CrossRef]

	



Flaten, G.E.; Rukavina, Z.; Engesland, A.; Filipović-Grčić, J.; Vanić, Ž.; Škalko-Basnet, N. In vitro skin models as a tool in optimization of drug formulation. Eur. J. Pharm. Sci. 2015, 75, 10–24. [Google Scholar] [CrossRef]

	



Paulsen, S.J.; Miller, J.S. Tissue vascularization through 3D printing: Will technology bring us flow? Dev. Dyn. 2015, 244, 629–640. [Google Scholar] [CrossRef]

	



Murphy, S.V.; Atala, A. 3D bioprinting of tissues and organs. Nat. Biotechnol. 2014, 32, 773–785. [Google Scholar] [CrossRef] [PubMed]

	



Mandrycky, C.; Wang, Z.; Kim, K.; Kim, D.H. 3D bioprinting for engineering complex tissues. Biotechnol. Adv. 2016, 34, 422–434. [Google Scholar] [CrossRef] [PubMed]

	



Shimoda, M. Tissue Engineering for Artificial Organs: Regenerative Medicine, Smart Diagnostics and Personalized Medicine; WILEY-VCH Verlag GmbH & Co. KGaA: Weinheim, Germany, 2017; Tissue Engineering of the Pancreas; pp. 553–573. [Google Scholar]

	



Yang, G.; Xiao, Z.; Ren, X.; Long, H.; Qian, H. Enzymatically crosslinked gelatin hydrogel promotes the proliferation of adipose tissue-derived stromal cells. PeerJ 2016, 2, 1–22. [Google Scholar] [CrossRef] [PubMed]

	



Paguirigan, A.L.; Beebe, D.J. Protocol for the fabrication of enzymatically crosslinked gelatin microchannels for microfluidic cell culture. Nat. Protoc. 2007, 2, 1782–1788. [Google Scholar] [CrossRef]

	



Suntornnond, R.; Tan, E.Y.S.; An, J.; Chua, C.K. A highly printable and biocompatible hydrogel composite for direct printing of soft and perfusable vasculature-like structures. Sci. Rep. 2017, 7, 16902. [Google Scholar] [CrossRef]

	



Kolesky, D.B.; Homan, K.A.; Skylar-Scott, M.A.; Lewis, J.A. Three-dimensional bioprinting of thick vascularized tissues. Proc. Natl. Acad. Sci. 2016, 113, 3179–3184. [Google Scholar] [CrossRef]

	



Kolesky, D.B.; Truby, R.L.; Gladman, A.S.; Busbee, T.A.; Homan, K.A.; Lewis, J.A. 3D Bioprinting of Vascularized, Heterogeneous Cell-Laden Tissue Constructs. Adv. Mater. 2014, 26, 3124–3130. [Google Scholar] [CrossRef]

	



Ng, W.L.; Yeong, W.Y.; Naing, M.W. Cellular Approaches to Tissue-Engineering of Skin: A Review. J. Tissue Sci. Eng. 2015, 6, 150. [Google Scholar]

	



Krishna, S.; Miller, L.S. Host–pathogen interactions between the skin and Staphylococcus aureus. Curr. Opin. Microbiol. 2012, 15, 28–35. [Google Scholar] [CrossRef]

	



Yung, C.W.; Wu, L.Q.; Tullman, J.A.; Payne, G.F.; Bentley, W.E.; Barbari, T.A. Transglutaminase crosslinked gelatin as a tissue engineering scaffold. J. Biomed. Mater. Res. Part A 2007, 83, 1039–1046. [Google Scholar] [CrossRef]

	



Kearney, S.P.; Khan, A.; Dai, Z.; Royston, T.J. Dynamic viscoelastic models of human skin using optical elastography. Phys. Med. Boil. 2015, 60, 6975–6990. [Google Scholar] [CrossRef] [PubMed]

	



Nichol, J.W.; Koshy, S.T.; Bae, H.; Hwang, C.M.; Yamanlar, S.; Khademhosseini, A. Biomaterials Cell-laden microengineered gelatin methacrylate hydrogels. Biomaterials 2010, 31, 5536–5544. [Google Scholar] [CrossRef] [PubMed]

	



Sundaramurthi, D.; Krishnan, U.M.; Sethuraman, S. Electrospun nanofibers as scaffolds for skin tissue engineering. Polym. Rev. 2014, 54, 348–376. [Google Scholar] [CrossRef]

	



Cui, W.; Zhu, X.; Yang, Y.; Li, X.; Jin, Y. Evaluation of electrospun fibrous scaffolds of poly(dl-lactide) and poly(ethylene glycol) for skin tissue engineering. Mater. Sci. Eng. C 2009, 29, 1869–1876. [Google Scholar] [CrossRef]

	



Schoop, V.M.; Fusenig, N.E.; Mirancea, N. Epidermal Organization and Differentiation of HaCaT Keratinocytes in Organotypic Coculture with Human Dermal Fibroblasts. J. Investig. Dermatol. 1999, 112, 343–353. [Google Scholar] [CrossRef] [PubMed]

	



Colombo, I.; Sangiovanni, E.; Maggio, R.; Mattozzi, C.; Zava, S.; Corbett, Y.; Fumagalli, M.; Carlino, C.; Corsetto, P.A.; Scaccabarozzi, D.; et al. HaCaT Cells as a Reliable In Vitro Differentiation Model to Dissect the Inflammatory/Repair Response of Human Keratinocytes. Mediators Inflamm. 2017, 2017, 11–22. [Google Scholar] [CrossRef] [PubMed]

	



Ceccaldi, C.; Strandman, S.; Hui, E.; Montagnon, E.; Schmitt, C.; Henni, A.H.; Lerouge, S. Validation and application of a nondestructive and contactless method for rheological evaluation of biomaterials. J. Biomed. Mater. Res. Part B: Appl. Biomater. 2016, 105, 2565–2573. [Google Scholar] [CrossRef]

	



Hollister, S.J. Porous scaffold design for tissue engineering. Nat. Mater. 2005, 4, 518–524. [Google Scholar] [CrossRef]

	



Wang, Y.; Wang, G.; Luo, X.; Qiu, J.; Tang, C. Substrate stiffness regulates the proliferation, migration, and differentiation of epidermal cells. Burns 2012, 38, 414–420. [Google Scholar] [CrossRef]

	



Tunggal, J.A.; Helfrich, I.; Schmitz, A.; Schwarz, H.; Günzel, D.; Fromm, M.; Kemler, R.; Krieg, T.; Niessen, C.M. E-cadherin is essential for in vivo epidermal barrier function by regulating tight junctions. EMBO J. 2005, 24, 1146–1156. [Google Scholar] [CrossRef]

	



Izaguirre, M.F.; Larrea, D.; Adur, J.F.; Zamboni, J.D.; Vicente, N.B.; Galetto, C.; Casco, V.H. Role of E-Cadherin in Epithelial Architecture Maintenance. Cell Commun. Adhes. 2010, 17, 1–12. [Google Scholar] [CrossRef] [PubMed]

	



Sandilands, A.; Sutherland, C.; Irvine, A.; McLean, W.H.I. Filaggrin in the frontline: Role in skin barrier function and disease. J. Cell Sci. 2009, 122, 1285–1294. [Google Scholar] [CrossRef] [PubMed]

	



Ferreira, M.B.; Myiagi, S.; Nogales, C.G.; Campos, M.S.; Lage-Marques, J.L. Time- and concentration-dependent cytotoxicity of antibiotics used in endodontic therapy. J. Appl. Oral Sci. 2010, 18, 259–263. [Google Scholar] [CrossRef] [PubMed]

	



Gürbay, A.; Garrel, C.; Osman, M.; Richard, M.J.; Favier, A.; Hincal, F. Cytotoxicity in ciprofloxacin-treated human fibroblast cells and protection by vitamin E. Hum. Exp. Toxicol. 2002, 21, 635–641. [Google Scholar] [CrossRef]

	



Feldmeyer, L.; Werner, S.; French, L.E.; Beer, H.D. Interleukin-1, inflammasomes and the skin. Eur. J. Cell Biol. 2010, 89, 638–644. [Google Scholar] [CrossRef]

	



Marcatili, A.; Ero, G.C.D.I.; Galdiero, M.; Folgore, A.; Petrillo, G. TNF-a, IL-la, IL-6 and lCAM-l expression in human keratinocytes stimulated in vitro with Escherichia coli heat-shock proteins. Microbiology 1997, 143, 45–53. [Google Scholar] [CrossRef]

	



Buommino, E.; De Filippis, A.; Parisi, A.; Nizza, S.; Martano, M.; Iovane, G.; Donnarumma, G.; Tufano, M.A.; De Martino, L. Innate immune response in human keratinocytes infected by a feline isolate of Malassezia pachydermatis. Vet. Microbiol. 2013, 163, 90–96. [Google Scholar] [CrossRef]

	



Gupta, S.; Tang, C.; Tran, M.; Kadouri, D.E. Effect of Predatory Bacteria on Human Cell Lines. PLoS ONE 2016, 11, e0161242. [Google Scholar] [CrossRef]

	



Holland, D.B.; Bojar, R.A.; Farrar, M.D.; Holland, K.T. Differential innate immune responses of a living skin equivalent model colonized by staphylococcus epidermidis or staphylococcus aureus. FEMS Microbiol. Lett. 2009, 290, 149–155. [Google Scholar] [CrossRef]

	



Wang, B.; Ruiz, N.; Pentland, A.; Caparon, M. Keratinocyte proinflammatory responses to adherent and nonadherent group A streptococci. Infect. Immun. 1997, 65, 2119–2126. [Google Scholar] [CrossRef]

	



Maas-szabowski, N.; Stärker, A.; Fusenig, N.E. Epidermal tissue regeneration and stromal interaction in HaCaT cells is initiated by TGF- α. J. Cell Sci. 2003, 116, 2937–2948. [Google Scholar] [CrossRef] [PubMed]








[image: Micromachines 11 00227 g001 550] 





Figure 1. Simplified skin model including the epidermal layer as the first and main barrier of skin. 
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Figure 2. Model development and fabrication process. (A) Gelatin/ transglutaminase (TG) solution was poured into a 35 mm petri dish. After partial gelation, 38% pluronic F127 solution was printed on the gelatin layer. Subsequently, another layer of TG/gelatin solution was poured on the printed pattern and the hydrogel was incubated at 37 °C for 12 h. After punching an inlet and outlet, the hydrogel was cooled down and the liquid pluronic was removed from channel. Finally, a sterilized polydimethylsiloxane (PDMS) mold was mounted on the gelatin. After 6 weeks culture at the air-liquid-interface, immortalized human keratinocytes (HaCaT) cells formed a multilayer structure. (B) Cross-sectional view of the channel embedded in gelatin hydrogel. Scale bar is 500 µm. (C) Overview of the final model for submerged culture. Scale bar is 1 cm. 
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Figure 3. (A) Storage moduli of 15% gelatin crosslinking with 2, 5, and 10 U/mL of TG (n = 3). (B) Storage moduli of 10%, 15%, and 20% gelatin with 5 U/mL of TG (n = 3). (C) G*, Gʹ, and Gʺ of 10%, 15%, and 20% gelatin (n = 3). (D) Swelling ratio (n = 3). (E) Mass remaining percentage during degradation in 2 U/mL collagenase (n=3). (F) Storage moduli of 10%, 15%, and 20% gelatin during cell culture (n = 3). (G) Scanning electron microscopy (SEM) images of gelatin with 10% (i), 15% (ii), and 20% (iii) concentrations; scale bar is 200 µm. (Error bars indicate standard deviation. ns and **** indicate nonsignificant and p < 0.001, respectively.) 
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Figure 4. Viability, attachment, and proliferation of HaCaT cells cultured on gelatin hydrogels with different concentrations. (A) Representative live/dead fluorescence images of HaCaT cells on gelatin surfaces of 10% (i), 15% (ii), and 20% (iii) after 1 day of culture. Green fluorescent cells are alive and red fluorescent cells indicate dead ones. (B) Representative phalloidin/ 4′,6-diamidino-2-phenylindole (DAPI) fluorescence images of HaCaT cells on gelatin surfaces of 10% (i), 15% (ii), and 20% (iii) after 1 day of culture. Cell filaments are stained by phalloidin (green) and nuclei stained by DAPI (blue). (C) Quantification of cell covered area of different concentrations of gelatin 1 day after seeding using National Institute of Health (NIH) ImageJ software (n = 3). (D) Quantification of live cells using live/dead fluorescence images of HaCaT cell on different concentrations of gelatin on days 1, 4, and 7 (n = 3). (E) Proliferation of HaCaT cells on hydrogels with different concentrations of gelatin indicated by relative fluorescence unit using PrestoBlue Cell Viability Reagent (n = 10). Scale bar is 100 µm. (Error bars indicate standard deviation. ns, **, ***, and **** indicate nonsignificant, p < 0.01, p < 0.001, and p < 0.0001, respectively.). 
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Figure 5. In vitro epidermis model characterization. (A) Fluorescein isothiocyanate–dextran (FITC-dextran, 70 kD) diffusion through the channel to 20% gelatin, scale bar is 500 µm. (B) Fluorescence image of immunocytochemical staining of E-cadherin (green) in HaCaT cell junctions and DAPI for nucleic staining (blue) on day 1 (i) and day 7 (ii) when cells reached confluency; scale bar is 50 µm. (C) Fluorescence image of immunocytochemical staining of filaggrin protein (green, late differentiation marker of HaCaT) and nuclei with DAPI (blue) in week 2 (i), 4 (ii), and 6 (iii); scale bar is 50 µm. (D) Electrical resistance measurements (n = 5). (E) Ciprofloxacin diffusion from the surface of 20% gelatin to the channel, indicating the barrier function of epidermis (n = 3). (F) The cytotoxic effects of different concentrations of ciprofloxacin on HaCaT cells (n = 3). (Error bars indicate standard deviation. ns, **, ***, and **** indicate nonsignificant, p < 0.01, p < 0.001, and p < 0.0001, respectively.). 
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Figure 6. Infected wound model. (A) Schematic picture of an infected wound representing keratinocytes’ response to E. coli. (B) Scratch assay on control, sample infected with E. coli, and sample infected with E. coli and treated with ciprofloxacin; scale bar is 500 µm. (C) The percentage of scratched area using NIH ImageJ software (n = 3). (D) E. coli colony-forming units (CFU) are numbers per unit cell cultured area at 8 and 24-h (n = 4). (E) The expression of TNF-α by keratinocytes in response to infection (n = 3). (F) The expression of IL-1β by keratinocytes in response to infection (n = 3). (Error bars indicate standard deviation. ns, *, **, ***, and **** indicate nonsignificant, p < 0.1, p < 0.01, p < 0.001, and p < 0.0001, respectively.). 
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