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Abstract

:

Silver nanoparticles (AgNP) can migrate to tissues and cells of the body, as well as to agglomerate, which reduces the effectiveness of their use for the antimicrobial protection of the skin. Graphene oxide (GO), with a super-thin flake structure, can be a carrier of AgNP that stabilizes their movement without inhibiting their antibacterial properties. Considering that the human skin is often the first contact with antimicrobial agent, the aim of the study was to assess whether the application of the complex of AgNP and GO is biocompatible with the skin model in in vitro studies. The conducted tests were performed in accordance with the criteria set in OECD TG439. AgNP-GO complex did not influence the genotoxicity and metabolism of the tissue. Furthermore, the complex reduced the pro-inflammatory properties of AgNP by reducing expression of IP-10 (interferon gamma-induced protein 10), IL-3 (interleukin 3), and IL-4 (interleukin 4) as well as MIP1β (macrophage inflammatory protein 1β) expressed in the GO group. Moreover, it showed a positive effect on the micro- and ultra-structure of the skin model. In conclusion, the synergistic effect of AgNP and GO as a complex can activate the process of epidermis renewal, which makes it suitable for use as a material for skin contact.
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1. Introduction


The search for an effective and at the same time biocompatible disinfection system in the time of the COVID-19 pandemic has become very topical [1]. Most biocides are based on alcohols such as ethanol or propanol, used at a concentration of 70–80% in 1 min [2,3]. The basic shortcomings of this solution include, first of all, the disposability of this system, but also the potential toxicity to the skin [4], and even the carcinogenicity of alcohol [5].



The selected nanomaterials could provide an alternative to traditional biocides.



Silver nanoparticles (AgNP) undoubtedly show antibacterial properties [6] against both G(+) bacteria [7] and G(−) [8] as well as viruses [9] and fungi [10,11]. AgNP have a nonspecific and very broad spectrum of antimicrobial activity resulting from the mechanism of their action, especially their unique affinity to the bacterial cell membrane, which causes damage [12].



The basic problems for the wider use of AgNP include difficulties with their standardization and the related lack of sufficient documentation of their biocompatibility. The huge diversification of morphology and the size and purity of AgNP resulting from the production process makes their standardization, registration, and practical application difficult. Their strong tendency to agglomerate and the protein crown effect also appear to be key difficulties which reduce their antimicrobial effectiveness [13] and makes it difficult to predict. Another and fundamental reason for doubts about the therapeutic use of AgNP is their toxicity. The use of silver nanoparticles for disinfecting a room, clothes, and everyday objects is associated with their contact with the skin. The use of AgNP as an antimicrobial agent, and in particular as a personal antiseptic agent and also as an additional safety factor applied to face masks [14], is becoming more relevant in the time of the COVID-19 pandemic. Therefore, research into AgNP interactions with human skin seems to be indispensable and urgent.



The behavior of AgNP in contact with skin and in the body has been studied both in vitro and, to a lesser extent, in vivo. Larese et al. [15] documented a low absorption of AgNP coated with polyvinylpyrrolidone through the skin and its presence in the stratum corneum in an in vitro study. Moreover, skin damage favored AgNP penetration. In in vivo studies on pig skin, penetration of AgNP into the stratum corneum of the epidermis was also observed after a 14-day contact with a colloid of AgNP [16]. After penetrating the skin, the nanoparticles can be distributed to various organs, but ultimately, they are most often removed from the body. In AgNP clearance kinetic studies, removal of AgNP from non-barrier-free organs (brain, testes) was observed after up to four months [17,18]. However, these studies were conducted after oral administration, blood administration, and AgNP inhalation. Similar mechanisms probably apply to nanoparticles absorbed by the skin, although the skin is the most effective protection system of the body. Nevertheless, the optimal solution to this problem would be a modified AgNP preparation that would reduce the mobility of AgNP into the skin.



Tseng et al. [11] argue that the antimicrobial efficacy of the AgNP colloid is at a level that is not harmful to humans. Nevertheless, the search for a method that would improve the performance of AgNP, reduce its absorption through the skin, and completely eliminate the potential cytotoxicity and genotoxicity of nanoparticles is timely, considering the search for new decontamination options in the time of the COVID-19 pandemic. It seems that the attachment of AgNP to the graphene oxide (GO) flake platform would reduce the absorption of nanoparticles by the skin, reduce their toxicity, and extend the action of AgNP over time through slow ion release and very slow migration of AgNP from GO flakes.



Why is GO an ideal carrier for AgNP? GO is a structure up to several nanometers thick, depending on the number of flake layers. It is transparent, flexible, durable, and with the presence of numerous -OH, -COOH, =O groups, it is susceptible to self-assembly and functionalization by other compounds. First of all, GO seems to be a biocompatible material. Studies by Pelin et al. [19] on keratinocytes have shown that high concentrations and long exposure to GO is cytotoxic to cells, while low concentrations of GO are biocompatible. Moreover, studies in a human skin model (SkinEthic™—Reconstructed Human Epidermis) also showed no toxicity of GO, as assessed by the MTT test, its histological picture, and the secretion of proinflammatory cytokines [20]. However, contamination with chemical residues from the production process increased the toxicity of GO. There are relatively few tests of GO’s toxicity to skin, compared to the toxicity of GO to the lungs, eyes, or when it is administered into the blood and orally [21]. The dermal route of exposure is extremely important, which additionally inspires the studies we have undertaken.



Due to its low toxicity and remarkable physical properties, GO seems to be an excellent carrier for the AgNP biocidal substance. Earlier studies by our team investigated the toxicity of a foil dressing with GO applied and encrusted with AgNP [22,23]. Interestingly, the introduction of GO into this complex reduced the toxicity of silver without reducing the antibacterial properties of the composite. These studies were performed on in vitro models of fibroblasts and HUVECs and in ovo—chicken embryo chorioallantoic membrane. Other model studies on the toxicity of the AgNP-GO complex carried out on zebrafish embryos and caprine fetal fibroblasts documented the dose-dependent nature of the toxicity of this material [24,25]. Interesting studies on the toxicity of the AgNP-GO in vitro were carried out on macrophages. The results indicated a more toxic synergistic effect of AgNP-GO compared to the single action of GO and AgNP [26]. Although the AgNP-GO nanocomposite was internalized by macrophage cells to a lesser extent, it stimulated oxidative stress more intensely. However, although the external application of the AgNP-GO complex is primarily related to the contact and interaction of the complex with the epidermis, the contact of this material with macrophage cells present in the dermis cannot be ruled out.



The aim of the research undertaken here was to assess the biocompatibility and toxicity of the composite of AgNP with GO (AgNP-GO complex) in studies on the 3D human skin model. There was particular emphasis on the assessment of the micro- and ultra-structure, potential pro-inflammatory activity, and genotoxicity.




2. Materials and Methods


2.1. Characterization of Experimental Factors


The hydrocolloid of AgNP was obtained from the Nano-koloid company (Warsaw, Poland). it was produced with a proprietary (Polish patent no. 3883399), nonexplosive, high voltage method using high purity metal (99.9999%) and high-purity demineralized water. The concentration of AgNP used in the experiment was 25 mg/L.



The GO flakes dispersed in the aqueous solution at the 4 mg/mL concentration were purchased from the NanoPoz company (Poznan, Poland). They were produced by a modified Hummers method and have a 36% concentration of oxygen. The GO solution was suspended in ultra-pure water to give the final concentration of 5 mg/L that was used in the experiments and for other measurements.



The third factor was the combination of AgNP and GO. This was obtained as a result of a self-organization process with the use of a sonication method according to Wierzbicki et al. [23] (ultrasonic bath, Bandelin Electronic, Berlin, Germany).



All experimental factors (AgNP, GO, and AgNP-GO complex) were characterized and analyzed using the following methods:



ζ-Potential measurements and size distribution: The ζ-Potential of AgNP, GO, and GO-AgNP were measured by the laser dynamic scattering electrophoretic method using the Smoluchowski approximation with a ZetaSizer Nano ZS model ZEN3500 (Malvern Instruments, Malvern, UK). All measurements were performed in triplicate after stabilization at 25 °C and 30 min after the sonication process. The hydrodynamic diameter of the nanoparticles in water and their size distribution were measured with dynamic light scattering (DLS) using a Nano-ZS90 Zetasizer (Malvern Instruments, Malvern, UK).



Transmission Electron Microscopy: The shape and size of the AgNP, GO flakes, and the complex were examined using transmission electron microscopy (TEM) TEM JEM-1220 (JEOL, Tokyo, Japan) at 80 kV on equipment with a TEM CCD Morada 11 megapixel camera (Olympus Inc., Tokyo, Japan). The samples were prepared by placing hydrocolloids onto Formvar-coated copper grids (Agar Scientific Ltd., Stansted, UK) and air drying before TEM imaging.



pH measurement: The measurement of pH stability of the ultra-pure water (solvent) and investigated nanomaterials was performed in triplicate, at 21 °C, with the CP-411 pH meter (Elmetron, Zabrze, Poland). The analysis was repeated at the selected points of time (0, 1, 3, 24, 48 h).



Fourier-transform infrared spectroscopy measurement (FTIR): The FTIR spectra of AgNP-GO complex were performed according to the method described by Sosnowska et al., (2021) [27], using a Perkin Elmer System 2000 instrument (PerkinElmer, Inc., Waltham, MA, USA) operated by Pegrams 2000 software (PerkinElmer, Inc., Waltham, MA, USA) in the range of 400–4000 cm−1. Dried samples of AgNP-GO were milled with potassium bromide (KBr) crystals in the ratio of 1:300 mg in a laboratory mill (Specac Ltd., Orpington, UK). Pellets were prepared using 8 tons of pressure for 2 min. A total of 25 scans were carried out for every sample.




2.2. Model Description and Experimental Design


The EpiDerm™ Skin irritation model (EPI-200-SIT) was obtained from MatTek In Vitro Life Science Laboratories (Bratislava, Slovakia; ISO 9001:2008 certified), part of MatTek Corporation (Ashland, OR, USA). This model is patented and proven by the ECVAM Scientific Advisory Committee as an in vitro 3D model system for chemical, pharmaceutical, and skin care product testing [28]. EpiDerm™ consists of normal, human-derived, epidermal keratinocytes cultured on specially prepared tissue culture inserts, and it exhibits human epidermal tissue structure and cellular morphology.



The main goal of the experiments performed was to validate the biocompatibility of experimental factors. Therefore, the model samples (n was a number that varied depending on the analysis performed, but it was not less than 3 per group) were divided into 5 groups: negative control (NC), treated with Dulbecco’s phosphate-buffered saline (DPBS); positive control (PC), treated with 5% sodium dodecyl sulfate (SDS); and 3 experimental groups with AgNP (concentration 25 mg/L), with GO (concentration 5 mg/L), and the complex with the same concentrations of AgNP and GO. The concentrations used in the experimental groups resulted from previous experience (own data, unpublished). All of the necessary media (such as SDS, DPBS, assay medium) were supplied by the manufacturers (MatTek Corporation, Ashland, OR, USA).



The experiment was conducted in accordance with the criteria set in OECD TG439, as recommended by the manufacturer of the validated SIT test and data from specific literature [28]. Briefly, at day 0 (when we received the model), the samples were pre-prepared as indicated in the MatTek protocol. Next, after 18 h, the assay medium was renewed, and the 30 µL/insert of tested factor or DPBS or SDS were added on the top of the inserts containing the tissues. Then, a nylon mesh was placed on the surface, and the model was incubated for 35 min at 37 ± 1 °C, 5 ± 1% CO2, 90% ± 10% relative humidity and then for 25 min in the sterile hood. After a total of 1 h of tested substance exposure, the tissues were washed with the sterile DPBS, dried, and transferred to a new plate with fresh assay medium. The model was next incubated (37 ± 1 °C, 5 ± 1% CO2, 90% ± 10% relative humidity) for 24 h. At day 2, the medium was collected to perform IL-1α analysis. Next, the tissues were removed to fresh assay medium and incubated at the conditions described previously for 18 h. At day 3, inserts were correctly fixed, with the exception of samples intended for the viability test. Further proceedings depended on the planned analyses.




2.3. MTT Viability Test


At the 3rd day of an experiment, the MTT test was performed to determine the viability of the tissues after nanocomponent treatments. The EpiDerm™ inserts (n = 3/group) were removed to a new plate with MTT medium in each well (MatTek Corporation, Ashland, OR, USA) and incubated in an incubator for 3 h. Next, the inserts were washed with DPBS and immersed in isopropanol (also delivered by MatTek). After 3 h at room temperature with gentle shaking on a plate shaker, aliquots of the blue formazan solution were transferred into a 96-well flat bottom microtiter plate in triplicate. Measurement of color intensity, after dehydrogenase conversion of MTT present in cell mitochondria into a blue formazan salt by viable cells with an active metabolism, was performed at an absorbance of 570 nm (Infnite® 200 PRO microplate reader with i-control™ software (Tecan Group Ltd., Männedorf, Germany)). The results (relative tissue viability) were documented and calculated according to the following formulas:


Relative viability TS (%) = [ODTS/Mean of ODNC] × 100










Relative viability NC (%) = [ODNC/mean of ODNC] × 100










Relative viability PC (%) = [ODPC/mean of ODNC] × 100








where the abbreviations have the following meanings: ODTS—optical density of tested substance; ODNC—optical density of negative control, and ODPC—optical density of positive control.




2.4. Determination of IL-1α Concentration in Medium


The medium for interleukin-1α (IL-1α) analysis was collected 24 h after the treatment (at day 2nd) and frozen at −80 °C. The concentration of this proinflammatory cytokine was detected with a colorimetric Human IL-1α ELISA Kit (Abcam, Cambridge, MA, USA) by strictly following the assay kit’s instructions. The measurement of the absorbance of the HRP/TMB colored base signal at 450 nm, from standards control and samples, was detected using an Infnite® 200 PRO microplate reader with I-control™ software (Tecan Group Ltd., Männedorf, Germany). Calculations were performed as described in the manufacturer’s protocol.




2.5. Activity State of the Inflammatory Cytokines


To evaluate the impact of experimental factors on the protein expression of proinflammatory cytokines in EpiDerm™, a Human Inflammation Antibody Array, a membrane for 40 targets (Abcam ab134003, Cambridge, MA, USA) test was performed. These membranes gave results in duplicate. Tissues (n = 3/group) for this analysis were frozen (−80 °C) at the 2nd day of an experiment. The analysis was performed directly according to protocol. Briefly, protein from samples was extracted and standardized with the BCA method according to the producer’s instructions. Array membranes were blocked with blocking buffer from a kit for 30 min at room temperature (RT). After aspiration, 250 µg of total protein from each sample, diluted in 1 mL of blocking buffer, was added per array membrane. The samples were incubated overnight at 4 °C. Next, after the washing step, antibodies conjugated with biotins were added and incubated for the next 24 h at 4 °C. Then, after a washing step, the membranes were incubated with streptavidin conjugated with horseradish peroxidase for 2 h at RT. Finally, the membranes were visualized after the addition of the provided horseradish peroxidase substrate using a ChemiDoc imaging system (Bio-Rad, Hercules, CA, USA). Densitometric analysis of the signal was performed using the Protein Array Analyzer tool for ImageJ software (Research Services Branch, National Institute of Mental Health, Bethesda, MD, USA) [29]. To normalize array data, the calculations were performed in line with the manufacturer’s instructions.




2.6. DNA Damage Evaluation by Detecting 8-Hydroxy-2-Deoxyguanosine Concentration (ELISA Kit)


The level of oxidative stress indicator in EpiDerm™ was measured 24 h after treatment with 8-hydroxy-2’-deoxyguanosine (8-OHdG) by an enzyme-linked immunosorbent assay (ELISA) kit (no. ab201734; Abcam, Cambridge, UK), following the instructions of the manufacturer. Absorbance values were measured on a microplate reader at 450 nm (Infnite® 200 PRO microplate reader with i-control™ software (Tecan Group Ltd., Männedorf, Germany)). The 8-OHdG concentration was calculated from the standard curve.




2.7. Visualization of the EpiDerm™


The four types of the EpiDerm™ visualization were performed.



Two methods of surface visualization were used: At first, digital photos of the EpiDerm™ surface 24 h after treatment without fixation were obtained using a stereo microscope (SZX10, CellD software v3.1; Olympus Corporation, Tokyo, Japan). Also, a scanning electron microscope (SEM; Quanta 200, FEI, Hillsboro, OR, USA) was applied. Tissues imaged in SEM were first fixed in 2.5% l-glutaraldehyde in PBS and then processed as described previously [30].



Histology of EpiDerm™ tissues: 24 h after treatment, tissues exposed to all experimental factors and from negative/positive control groups were fixed in 10% paraformaldehyde overnight at RT. After the standard MatTek histology characterization sample preparation procedure (dehydrated, paraffin embedded, sectioned, and HE stained), the slides were observed and recorded using a Nikon Eclipse Ni light microscope with a Nikon DS-Fi3 camera (Nikon Corporation, Tokyo, Japan) using 10×, 20×, and 40× magnification. Nikon Elements software was used to process images. We established three parameters to prove the proper activity and functionality of the model after treatment: the number of nuclei in the stratum corneum, the thickness of the corneal layer, and total thickness of EpiDerm™. All measurements were performed in a randomly selected visual field (n = 12 per group).



Ultrastructure visualization in cross-sections of EpiDerm™ (TEM Analysis): Similar to the previous visualizations, 24 h after experimental treatment tissues were removed from the cell culture inserts and immediately cut into four equal parts, then fixed in a 2.5% glutaraldehyde solution (Sigma-Aldrich, St. Louis, MO, USA) in 0.1 M PBS (pH 7) overnight. Then, the samples were washed in the PBS and transferred to a 1% osmium tetroxide solution (Sigma-Aldrich, St. Louis, MO, USA) in 0.1 M PBS (pH 7) for 1 h. Next, they were washed in distilled water, dehydrated in ethanol gradients, and impregnated with epoxy embedding resin (Fluka Epoxy Embedding Medium Kit; Sigma-Aldrich, St. Louis, MO, USA). After 24 h, the samples were embedded in the same resin and baked for 24 h at 36 °C; then, they were transferred to a 60 °C incubator and baked for a further 24 h. Ultrathin sections (50 nm) obtained with an ultramicrotome (Ultratome III; LKB Products, Vienna, Austria) were transferred onto TEM grids (Formvar on 3 mm 200 Mesh Cu Grids, Agar Scientific, Stansted, UK). Sections were contrasted using uranyl acetate dihydrate (Sigma-Aldrich, St. Louis, MO, USA) and lead (II) citrate tribasic trihydrate (Sigma-Aldrich, St. Louis, MO, USA) and examined by TEM JEM-1220 (JEOL, Tokyo, Japan).




2.8. Statistical Analysis


Data were analyzed by one-way ANOVA. The differences were evaluated by Tukey’s HSD test. Statistical analysis was performed using IBM SPSS statistics, v25 (SPSS Inc., Chicago, IL, USA). Data are expressed as the mean and standard error of mean. For all tests, statistical differences with p ≤ 0.05 were considered significant.





3. Results


3.1. The Characterization of the Experimental Factors


To evaluate the morphology of the nanomaterials and their interactions in the AgNP-GO complex, the TEM analysis was performed (Figure 1A). Visualization of AgNP showed an irregular shape without sharp edges, and a single particles’ size range was between 40–80 nm. The GO flakes were uniform, forming 1–3 layers, and they were angular with rather sharp edges. The diameter of single flakes was from 1.5 to 3 μm. The most interesting occurrences were images representing the AgNP-GO complex, which appeared to have adhesion of silver nanoparticles to the surface of the GO flakes (yellow arrows at the graph). Additionally, measurement of the ζ-potential showed that all experimental factors in aqueous solution were characterized by high stability, and there was no tendency to agglomerate (Figure 1B). Their ζ-Potential values were as follows: AgNP, −27.87 mV (±0.71 mV); GO, −49.25 mV (±2.97 mV); and AgNP-GO complex, −32.10 mV (±0.82 mV). Moreover, dynamic light scattering (DLS) analysis was performed. The Z-average sizes of the experimental factors were established: 78.2 nm (±22.29 nm) for AgNP, 965 nm (±34.12 nm) for GO, and 893 nm (±7.57 nm) for complex. Their size distributions are presented in Figure 1C. The pH measurement, performed in the selected points of time, resulted in, at point 0: 6.34 (±0.12) (water), 6.45 (±0.08) (AgNP), 6.42 (±0.1) (GO), 6.52 (±0.05) (AgNP-GO). With time, all measurements did not change significantly and were in the pH range of 6.5–6.8 at the last point of measurement.



Additionally, the FTIR spectra of the AgNP-GO complex are presented in Figure 2. We can observe the presence of a 3442 cm−1 broad band associated with -OH groups. The 2810 cm−1 and 2768 cm−1 bands indicate CH groups. The 1720 cm−1 band in the spectrum is related to the C=O group. A band of 1619 cm−1 indicates the groups C=C, derived from GO. Bands found at 1359 cm−1 and 1054 cm−1 are associated with the CH groups.




3.2. Assessment of Cytotoxicity of the Experimental Factors


To compare the effect of AgNP, GO, and the AgNP-GO complex on EpiDerm™ viability, which is the basic parameter determining potential cytotoxicity of the experimental factors, MTT reference tests were performed and the outcomes are presented in Figure 3A. The results obtained showed no differences after the GO and complex treatment, when compared to the negative control (NC) (DPBS treatment), but we observed a significant decrease in the relative absorbance value after AgNP treatment (−25.2%). However, this result is still above 50% of the mean viability of the negative controls (the level is marked with the blue line at the graph).




3.3. Genotoxicity Potential of Nanomaterials


The 8-OHdG level was measured as an oxidative DNA damage marker. The results were evaluated for all groups except the positive control (PC) (SDS treatment) (Figure 3B). The 8-OHdG levels were not significantly different among the AgNP-, GO-, AgNP-GO-treated, and NC (DPBS)-treated groups.




3.4. Effect of Nanomaterials on Proinflammatory State


The effect of the tested factors on the inflammation state of EpiDerm™ inserts was evaluated both by analyzing the concentration of IL-1α released into the culture medium 24 h after contact with the tested agents and by testing the protein expression state in the tissues on the 3rd day of the experiment.



As we can observe in Figure 3C, there was no significant effect (neither increase nor decrease) of the experimental factors on the concentration of IL-1α released into culture medium in which the inserts were immersed. The results were similar to those observed in NC (DPBS treatment).



To complete the data on the potential inflammation state, an analysis of 40 cytokines’ expression was performed using a protein array in the investigated model. In this analysis, PC (SDS treatment) was not considered. The locations of particular proteins on the membrane are presented in the table (Figure 3D). The presented results (Figure 3C) show the changes (increase or decrease) in the expression of the tested proteins in relation to the NC results. AgNP treatment induced an increase in protein level expression of the following cytokines: interferon gamma-induced protein 10 (IP-10) (also known as C-X-C motif chemokine ligand 10 (CXCL10)), tumor necrosis factor β (TNFβ), interleukin 3 (IL-3), and interleukin 4 (IL-4). It is worth noting that the latter two cytokines were present only in this group. At the membranes representing the GO group, we observed increased activity of IL-1α, IP-10, TNFβ, Tissue inhibitor of metalloproteinases 2 (TIMP2), and macrophage inflammatory protein 1β (MIP1β), also known as chemokine (C-C motif) ligands 4 (CCL4). While in the samples after complex treatment, a 3-fold decrease in MIP1β expression was noticeable when compared to the NC, and there was no expression of IP-10. Moreover, an increase in TNFβ, TIMP2, and IL-1α were observed. The cytokine platelet-derived growth factor BB (PDGF-BB), which was clearly expressed in the control group, was not detected in any of the studied groups. In turn, on activation, cytokine regulated normal T cells expressed, and secreted RANTES, also known as chemokine (C-C motif) ligand 5 (CCL5), was found in all groups except in the samples from NC.




3.5. Visualization of EpiDerm™


The EpiDerm™ model is cultured at the air–liquid interface to form a multi-layer. It is a 3D structure consisting of organized and proliferative cells which are mitotically and metabolically active. In order to comprehensively evaluate the examined tissues, we used four types of visualization.



To assess the outer surface that has been in direct contact with the tested substances, we used a stereoscopic microscope (Figure 4A) and SEM technology (Figure 4B). As we can observe in the macro scale, there is a disruption in the continuity of the EpiDerm™ surface only after SDS treatment (PC), whereas the use of tested agents did not affect the uniformity of the corneal layer of the samples, and the results after AgNP, GO, and complex treatment are similar to NC (DPBS). Additionally, SEM analysis confirms no toxic effect of the tested substances, and they even seem to support the condition of the top layer of the EpiDerm™. After AgNP and especially after AgNP-GO complex treatment, the outer layer of the EpiDerm™ was very smooth without any symptoms of exfoliation. Meanwhile, in samples treated with GO, we observe a very slight keratinization process of the top layer (white arrow), similar to the group treated with DPBS where we see a fairly homogeneous structure with single signs of keratinization and the initial stage of exfoliation (white arrows). Pictures from the PC group show a typical image for irritating substances, where we can see the lack of cohesion of the top layer; yellow arrows indicate where tissue is broken. All of the outer layer of the tissue is macerated by the action of a strong detergent (5% SDS).



To investigate the condition of all layers of the EpiDerm™, we performed visualizations of samples in a cross section with standard HE staining (Figure 5). The EpiDerm™ is complex structure. It is composed of stratum corneum, stratum granulosum, and spinous and basal layers (Figure 5A). We observed no significant irritant effect of the experimental factors on the EpiDerm™ structure (Figure 5B). However, after AgNP application, a few places with local thickening of the stratum corneum (Figure 5B, yellow arrow), which is a common response to dermal application of chemicals, were noticeable. Similar to samples from the NC group, all layers were properly stained, which makes them easy to distinguish. In addition, there are no inflammatory lesions in any of the layers. When we look at the representative images of samples from the PC (SDS) group, which show a high level of damaged stratum corneum (black arrows) and other defects in lower layers that testify to necrosis process (yellow arrows), then we can clearly state that AgNP, GO, and the complex show no irritating effects on the tested structures.



Stratum corneum is a layer constructed from keratin anucleate cells. However, we can observe some nuclei in this stratum (they are marked with red arrows in Figure 5B). Comparing the average number of nuclei in the corneal layers between groups, we can state that number of nuclei in the group treated with the AgNP-GO complex is significantly lower when compared to the group with DPBS treatment (5.8 compared to 14.4, respectively) (Figure 5C). There were no statistical differences between AgNP and GO groups; however, there was a noticeable downward trend.



We also evaluated the thickness of the corneal layer (Figure 5D) and the total thickness of EpiDerm™ (Figure 5E). The measurement limits are marked on the diagram with yellow and green double headed arrows, respectively (Figure 5A). The most compact and homogeneous morphology of a corneal layer and, at the same time, the thinnest was a characteristic of the samples after the application of the AgNP-GO complex. This diameter decrease was statistically significant compared to the NC (DPBS) (37 µm vs. to 45.3 µm, respectively). In turn, the average total thickness of the EpiDerm™ was significantly lower both after AgNP and AgNP-GO complex treatment, when compared to NC, and the values were 100 µm (AgNP), 98 µm (complex), and 111 µm (DPBS), respectively. No differences between groups were observed after GO treatment.



A detailed observation of EpiDerm™ with TEM showed no pathological changes between groups in the ultrastructure (Figure 6). The investigation was mainly concerned with the cell layers and their specific structures. We did not observe any nanoparticles inside the cells after AgNP and AgNP-GO treatment. The most compact cell layers, with visible strong keratin fibers (blue arrows) and the presence of multiple lipid droplets (yellow arrows), were observed in the samples from the AgNP-GO group.





4. Discussion


The physical characteristic of the tested AgNP-GO complex, including visualization, size and shape analysis, zeta potential value, and the FTIR spectrum, was focused on to determine the stability of the tested complex. The presented spectrum from FTIR analysis is a characteristic spectrum for GO [27,31] and shows the presence of -OH groups bound to the AgNP surface. The spectrum does not indicate the formation of covalent bonds between GO and AgNP; moreover, the hydrogen bonds are probably also not dominant due to the lack of a broad peak around 3000 cm−1. Similar observations regarding the spectrum of the GO complex and Ag nanoparticles were observed by Lange et al. (2022) [32]. Furthermore, there were no significant differences between the FTIR spectrum and the spectra of GO and Ag-GO complex. However, the conducted research might indicate a possible interaction of Ag with hydrogen-bonded O-H groups.



The EpiDerm™ model is grown at an air–liquid interface and forms a multilayer structure consisting of the epidermal cells of the stratum corneum, the granular layer, the spinous layer, and the basal layer. Although this structure reflects the correct structure of the natural human epidermis, the model is devoid of cells associated with keratinocytes, such as melanocytes, Langerhans cells, or Merkel cells. Nevertheless, this model is considered optimal for in vitro testing of potential skin toxicity [33,34,35]. In order to confirm the reliability of the method, a PC (SDS treatment) was introduced in accordance with the test protocol [33] and it gave negative results in all parameters tested, clearly confirming the correctness of the method used. In order to comprehensively assess toxicity, we used various methods for its assessment, namely, the metabolic response of cells (MTT test), immune response (40 cytokines), genotoxicity (concentration of 8-hydroxy-2’-deoxyguanosine), and four types of visualization.



In order to compare the potential irritating effects of the AgNP-GO complex as well as its components (AgNP and GO) on the 3D EpiDerm™ skin model, the MTT reference test was performed. It is considered suitable for this type of research [36]. Exposure of the EpiDerm™ to AgNP slightly decreased the activity of cellular metabolism, indicating a slight irritant effect. However, according to the EU classification (R38/Category 2 or no class), an agent is considered to be an irritant if the mean relative viability of the three individual tissues exposed to the test chemical is reduced below 50% of the mean viability of the negative control [28]. Therefore, none of the factors examined can be considered to be irritating. However, even slight toxicity can activate inflammatory processes and even immune stress [37]. Therefore, the next step in our research was to evaluate the secretion of IL-1α by EpiDerm™ cells into the medium.



IL-1α, a member of the IL-1 family of cytokines, is also secreted by “non-immune” cells, including keratinocytes [38]. In addition, keratinocytes are critical in regulating skin inflammatory responses, and extracellular IL-1α release is considered a key marker of chemical skin irritation [39,40]. This observation was also confirmed in our study due to the very high level of IL-1α after SDS treatment. The use of the AgNP-GO complex as well as the individual components of AgNP and GO did not increase the concentration of IL-1α in the medium, which would indicate their biocompatibility. Other studies also confirm the lack of pro-inflammatory effects from moderate doses of AgNP on the skin or epidermis [16,41], and even a reduction in inflammation (edema response) has been observed with AgNP [42]. IL-1α is secreted only by necrotic cells and not by apoptotic cells [40]. Therefore, although a decrease in viability (MTT test) was associated with apoptosis, IL-1α may not be secreted. Regarding GO, other studies also confirm that GO does not have a pro-inflammatory effect on the skin (it does not increase IL-1α levels) [20,43]. However, we wanted to confirm the obtained results by examining the protein expression of 40 other chemokines. The test showed that only 11 out of 40 different chemokines were altered by the factors tested. Overall, of these 11 cytokines, most are pro-inflammatory or involved in the inflammatory process (IL-1α, IP-10, MIP1β, IL-3, IL-4, PDGF-BB, and RANTES) and two are anti-inflammatory (TIMP2, TNF-β).



The key pro-inflammatory cytokine (IL-1α) secreted by keratinocytes was increased due to contact with GO. Other authors also observed an increase in IL-1α secretion by HaCaT cells upon contact with GO [19]. However, in the studies on the 3D skin model, we did not observe the irritating effect of GO, including expression of IL-1α [20]. The AgNP-GO complex did not decrease this pro-inflammatory effect of GO. Thus, the complexation of AgNP and GO did not reduce the biological activity of GO in the proinflammatory direction. It should be emphasized, however, that GO increased the synthesis of IL-1α in 3D skin cells. However, this was not reflected in the level of IL-1α secreted into the culture medium. Thus, this mechanism induced processes related to the fate of the cell rather than the promotion of inflammation within its environment. It can be assumed that IL-1α, and especially its propiece, may have been involved in the apoptosis [44] of damaged cells. Furthermore, contrary to the presence of IL-1α in the culture medium, in the AgNP group, no expression of this protein was found in the EpiDerm™ tissue. Moreover, the analysis showed the presence of IL-1α in the tissue treated with GO and the AgNP-GO complex. It can be hypothesized that the AgNP, with much smaller structures than GO and the AgNP-GO complex, could interact much faster with proteins exposed outside the cell and with intracellular proteins. This could delay the synthesis and secretion of extracellular IL-1α; so, this process was in the initial phase (synthesis) in the GO and AgNP-GO groups, and it was in the phase of extracellular cytokine secretion in the AgNP group.



All of the nanostructures used increased the expression of the TNF-β protein. TNF-β belongs to the family of TNF proteins produced by activated macrophages but also expressed in fibroblasts and keratinocytes [45]. However, chondrocyte studies have shown that TNF-β is involved in microenvironmental inflammation and activates the inflammatory response [46] but also TNF-β stimulates the growth of human dermal fibroblasts participating in the process of wound healing [47] and it is believed to be an anti-inflammatory cytokine involved in inhibiting the production of pro-inflammatory mediators [48]. Thus, not only AgNP and GO but also AgNP-GO could slightly mobilize factors responsible for inhibition of inflammation. Moreover, the production of TNF-β can be activated by primary proinflammatory cytokine IL-1α [46]. This may suggest the restorative nature of the contact between AgNP, GO, and AgNP-GO and the epidermis.



Like TNF-β, the expression of the RANTES also increased in the AgNP, GO, and AgNP-GO groups. The secretion of RANTES, a chemotactic cytokine, by keratinocytes is regulated by inflammatory cytokines such as IL-1β, TNF-α, IL-4, and IL-13 [49]. In our experiment, we observed expression of IL-1β in GO and AgNP-GO groups as well as expression of IL-4 in the AgNP group, coinciding with the presence of RANTES, but this does not support the thesis about the anti-inflammatory nature of AgNP-GO.



However, expression of MIP1β (CCL4) chemokine can confirm the non-toxicity and even anti-inflammatory properties of the AgNP-GO complex. The pro-inflammatory chemokine MIP1β, elevated, inter alia, myocardial infarction [50], was increased by GO, while it was significantly reduced by the AgNP-GO complex, as well as when compared to the control group. However, the role of GO is not unequivocally pro-inflammatory. This is due to the expression of another chemokine, TIMP-2. TIMP-2 is a member of the TIMP protein family, and it has multiple effects on dermal tissue. For example, it accelerates wound healing by enhancing the proliferation and migration of epidermal keratinocytes and dermal fibroblasts. In addition, it is a physiologic inhibitor of matrix metalloproteinases [51] and collagen synthesis [52]. The result of 2-fold increased expression of TIMP-2 after GO application would suggest that GO, regardless of the presence of AgNP, slightly activates skin repair mechanisms.



An example of a diametrically different action of the complex compared to its components is the expression of the chemokine IP-10. IP-10 (CXCL-10), a key pro-inflammatory cytokine involved in the recruitment of leukocytes to inflammatory sites [53] was elevated under the influence of AgNP and GO treatment. Interestingly, the level of this cytokine was suppressed by the AgNP-GO complex. Moreover, IP-10 concentration was higher in the NC (DPBS treatment) group than in the AgNP-GO group. This suggests the involvement of some bonds in the AgNP and GO complexation process and the lack of their accessibility to the skin in the AgNP-GO complex. This documents the very high neutrality of the AgNP-GO complex towards the skin.



PDGF-BB (platelet-derived growth factor BB) protein is produced by various types of skin cells, including keratinocytes. It is synthesized locally in response to damage [54,55,56]. However, even low PDGF-BB expression is also observed in cells not exposed to the toxic agent [55]. Interestingly, even this low level of PDGF-BB expression was not observed under the influence of AgNP, GO, or the AgNP-GO complex in comparison to the control. Undoubtedly, this indicates the lack of toxicity of the experimental factors when used at the level of 25 mg/L (AgNP) and 5 mg/L (GO).



AgNP influenced the activation of the pro-inflammatory IL-3 and IL-4 synthesis. However, a different function of these cytokines can be considered. The interleukins IL-3 and IL-4 are also involved in hematopoiesis. AgNP are used to coat dressings as a wound healing agent. They act not only as an antibacterial agent but also to reduce local inflammation via cytokine modulation, and furthermore they reduce scarring [57]. This effect may be related to the local stimulation of angiogenesis by AgNP. This was observed in our studies on chicken embryo as an increase in the expression of VEGF-A and FGF-2 and an improvement in the structure of blood vessels [58,59]. However, this hypothesis requires confirmation in angiogenesis studies.



Summarizing the analysis of the expression of 40 cytokines under the influence of the studied factors, it can be undoubtedly stated that AgNP and GO are not indifferent to the epidermal tissue. They induce the production of proteins of both a pro-inflammatory and an anti-inflammatory nature. However, what is most interesting is that combining AgNP and GO into the AgNP-GO complex reduced the pro-inflammatory properties of AgNP and/or GO by reducing the expression of IP-10 (expressed in AgNP and also in GO groups) as well as MIP1β (expressed in GO group) and IL-3 and IL-4 (expressed in AgNP group).



Interesting studies on the toxicity of the GO and AgNP complex in vitro were carried out on macrophages. They indicated a more toxic synergistic effect of GO-AgNP compared to the single action of GO and AgNP [26]. Although the GO-Ag nanocomposite was internalized by macrophage cells to a lesser extent, it stimulated oxidative stress more intensely. It should be emphasized that AgNP, GO, and AgNP-GO were not found to be genotoxic in our studies, which may indicate a low level of oxidative stress and ROS generation at the physiological level. Thus, the toxicity of the AgNP-GO complex is critically dependent on the biological model and practically on the method of administration. In addition, Chen et al. [60] documented that in cell line studies, the toxicity of AgNP increases compared to studies on the 3D skin model. This is due to the hindered penetration of cells into the 3D skin structure. In addition, previous studies by our team investigated the toxicity of a foil dressing to which the AgNP-GO complex was applied [22,23]. The introduction of GO to the complex reduced the cytotoxicity of silver without reducing its antibacterial properties. Moreover, the results of studies on zebrafish suggest that GO is a preferred transport platform due to its low toxicity, and it also reduces AgNP toxicity [24].



The morphological evaluation of the epidermal model was carried out at the microstructure and ultrastructure levels using several methods (namely, inverted and histological microscopy and scanning and transmission electron microscopy) which allowed for a comprehensive analysis of the state of the epidermis. First of all, none of the visualization methods, especially TEM observation, showed the presence of AgNP or GO or their aggregates. This is contrary to other studies on AgNP [15,61,62] and nanoparticles of GO [15,56]. However, the main difference was the exposure time, which in our studies on a human skin model was 1 h.



By analyzing the surface condition of the stratum corneum, it can be emphasized that AgNP and the AgNP-GO complex increased smoothness and decreased surface roughness. Stratum corneum, the top layer of the epidermis, is made up of keratin-containing non-nucleated cells arranged in a basket-like form. The study of the physiological response of the skin is confirmed by the assessment of its surface structure (SEM). The observation of EpiDerm™ ultrastructure clearly showed very slight changes in the skin structure in the form of its keratinization under the influence of GO. On the other hand, the action of AgNP, as well as AgNP-GO, improved the image of the epidermis surface. This was observed as an increase in its smoothness and lack of exfoliation. Moreover, the smoothest EpiDerm™ surface was characterized the action of the AgNP-GO complex. The stratum corneum is composed of dead cells filled with keratin, which separate from each other, undergoing exfoliation which allows for the constant renewal of the skin. It can be assumed that AgNP influenced faster exfoliation of dead cells, and this is to the advantage of younger cells that are capable of more intensive keratin synthesis. This hypothesis is supported by the MTT results which indicated a slight irritating effect of AgNP. This effect may suggest an action similar to peeling. On the other hand, the skin surface structure in the AgNP-GO group was also smoother compared to the control group, and it did not affect the MTT test. When analyzing the number of nuclei in stratum corneum cells, a significant reduction of their number could be observed in the AgNP-GO group. This is associated with a reduction in the thickness of the stratum corneum, also characteristic of the AgNP-GO group.



When analyzing the histological image (HE staining) of the stratum corneum, a slight decrease in its thickness can also be observed when exposed to AgNP-GO compared to the NC group and the AgNP and GO groups. This structure resulted from the more tightly packed cells that did not undergo the delamination that characterized the other groups. In pig skin studies [16], it was found that exposure to AgNP at the level of 0.34 µg/mL was the cause of slight intracellular epidermal edema, while the level of 34 µg/mL influenced moderate intercellular and also intracellular epidermal edema. The level of 25 µg/mL used in our study did not induce any changes compared to the control group. The AgNP that we used were produced by a physical method, so we used high-purity silver electrodes immersed in ultrapure water. This method allowed us to obtain AgNP with a very high degree of purity, which avoids the effect of chemical contamination associated with the production of nanoparticles by chemical methods. Moreover, in our research, contrary to the research of Samberg et. al. in 2010 [16], we did not find the presence of nanoparticles in the surface layers of the epidermis, which suggests a high dependence of the process of skin penetration by AgNP on the exposure time, which in our experience was much shorter—only 1 h. Stratum corneum is the most important protective barrier of the skin, and the potential presence of nanoparticles in this zone may suggest further penetration of nanoparticles deep into the skin, which was observed after 40 h of exposure of patients’ skin to AgNP [63]. Nevertheless, the toxic effect of AgNP may be related not only to the time of exposition but also to the purity of nanoparticles.



Next is stratum granulosum [15]. Stratum corneum and stratum granulosum are most susceptible to potential damage. However, in the case of very irritating substances, the lower layers (spinous and basal layers) can also be degraded. In our study, not only in the stratum corneum but also in the stratum granulosum, no anomalies were found compared to the control group.




5. Conclusions


Summarizing our research, we can unequivocally confirm the suitability of the 3D skin model for nanotoxicity research. However, one may consider extending the duration of exposure to the tested nanostructures because their physical structure is a solid. The conducted studies showed that the biological effects of the ultrapure AgNP and GO are significantly different. Taking into account the analysis of protein expression of selected cytokines (IL-1α, IP-10, and MIP1β), it seems that GO may not have an indifferent effect. On the other hand, AgNP can be considered to be a pro-angiogenic factor. By analyzing the properties of the AgNP-GO complex in relation to the 3D epidermis model, no negative impact of the AgNP-GO complex was demonstrated on the survival of epidermal cells, as well as its morphological image, as assessed at the micro and ultrastructural level. Moreover, the assessment of genotoxicity and metabolism (MTT test) also did not indicate any potential harmfulness of the complex to the human epidermis. Moreover, key indicators of pro-inflammatory activity, such as the secretion of IL-1α into the medium, did not indicate a negative effect from the complex.



Analysis of the protein expression of some cytokines in epidermal tissue showed an increased level of selected pro-inflammatory cytokines such as IL-1α and RANTES. On the other hand, there was a decrease in highly pro-inflammatory MIP1β and an increase in anti-inflammatory TIMP-2 and TNF-α. In light of the obtained results, it seems that the AgNP-GO complex is not a completely neutral material, but it is also not a toxic material. The effect of the AgNP-GO complex can be described as activating the process of epidermis renewal, which makes it suitable for use as a material for skin contact.







Author Contributions


Conceptualization, M.Z.-G. and E.S.; methodology, M.Z.-G., M.S., M.G., K.G., B.S.-C. and M.W., investigation, M.Z.-G., M.S., A.H., M.G., K.G. and M.W.; project administration, M.Z.-G. and E.S.; writing—original draft preparation, M.Z.-G., E.S. and A.C.; writing—review and editing, M.Z.-G. and A.C.; supervision, E.S.; project administration, M.Z.-G. and E.S.; funding acquisition, E.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Centre for Research and Development, “Hospitals of the same name” grant number 23/2020.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data is contained within the article.




Acknowledgments


The work is a part of Marlena Zielińska-Górska’s habilitation thesis.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



ECDC. Disinfection of Environments in Healthcare and Nonhealthcare Settings Potentially Contaminated with SARS-CoV-2; ECDC: Solna, Sweden, 2020.

	



Siddharta, A.; Pfaender, S.; Vielle, N.J.; Dijkman, R.; Friesland, M.; Becker, B.; Yang, J.; Engelmann, M.; Todt, D.; Windisch, M.P.; et al. Virucidal Activity of World Health Organization-Recommended Formulations against Enveloped Viruses, Including Zika, Ebola, and Emerging Coronaviruses. J. Infect. Dis. 2017, 215, 902–906. [Google Scholar] [CrossRef]

	



Kampf, G.; Todt, D.; Pfaender, S.; Steinmann, E. Persistence of Coronaviruses on Inanimate Surfaces and Their Inactivation with Biocidal Agents. J. Hosp. Infect. 2020, 104, 246–251. [Google Scholar] [CrossRef] [PubMed]

	



Lachenmeier, D.W. Safety Evaluation of Topical Applications of Ethanol on the Skin and inside the Oral Cavity. J. Occup. Med. Toxicol. 2008, 3, 26. [Google Scholar] [CrossRef] [PubMed]

	



Strickland, F.M.; Pathak, S.; Multani, A.S.; Pelley, R.P.; Donawho, C.K. Molecular Characterization of New Melanoma Cell Lines from C3H Mice Induced by Ethanol plus Ultraviolet Radiation. Cancer Res. 2003, 63, 3503–3510. [Google Scholar] [PubMed]

	



Siddiqi, K.S.; Husen, A.; Rao, R.A.K. A Review on Biosynthesis of Silver Nanoparticles and Their Biocidal Properties. J. Nanobiotechnol. 2018, 16, 14. [Google Scholar] [CrossRef]

	



Radzig, M.A.; Nadtochenko, V.A.; Koksharova, O.A.; Kiwi, J.; Lipasova, V.A.; Khmel, I.A. Antibacterial Effects of Silver Nanoparticles on Gram-Negative Bacteria: Influence on the Growth and Biofilms Formation, Mechanisms of Action. Colloids Surf. B Biointerfaces 2013, 102, 300–306. [Google Scholar] [CrossRef]

	



Kokila, T.; Ramesh, P.S.; Geetha, D. Biosynthesis of AgNPs Using Carica Papaya Peel Extract and Evaluation of Its Antioxidant and Antimicrobial Activities. Ecotoxicol. Environ. Saf. 2016, 134, 467–473. [Google Scholar] [CrossRef]

	



Jeremiah, S.S.; Miyakawa, K.; Morita, T.; Yamaoka, Y.; Ryo, A. Potent Antiviral Effect of Silver Nanoparticles on SARS-CoV-2. Biochem. Biophys. Res. Commun. 2020, 533, 195–200. [Google Scholar] [CrossRef]

	



Prasher, P.; Singh, M.; Mudila, H. Green Synthesis of Silver Nanoparticles and Their Antifungal Properties. Bionanoscience 2018, 8, 254–263. [Google Scholar] [CrossRef]

	



Tseng, K.H.; Chung, M.Y.; Chiu, J.L.; Tseng, C.H.; Liu, C.Y. A Study of Nanosilver Colloid Prepared by Electrical Spark Discharge Method and Its Antifungal Control Benefits. Micromachines 2021, 12, 503. [Google Scholar] [CrossRef]

	



Chwalibog, A.; Sawosz, E.; Hotowy, A.; Szeliga, J.; Mitura, S.; Mitura, K.; Grodzik, M.; Orlowski, P.; Sokolowska, A. Visualization of Interaction between Inorganic Nanoparticles and Bacteria or Fungi. Int. J. Nanomed. 2010, 5, 1085–1094. [Google Scholar] [CrossRef] [PubMed]

	



Bélteky, P.; Rónavári, A.; Igaz, N.; Szerencsés, B.; Tóth, I.Y.; Pfeiffer, I.; Kiricsi, M.; Kónya, Z. Silver Nanoparticles: Aggregation Behavior in Biorelevant Conditions and Its Impact on Biological Activity. Int. J. Nanomed. 2019, 14, 667–687. [Google Scholar] [CrossRef] [PubMed]

	



Estevan, C.; Vilanova, E.; Sogorb, M.A. Case Study: Risk Associated to Wearing Silver or Graphene Nanoparticle-Coated Facemasks for Protection against COVID-19. Arch. Toxicol. 2022, 96, 105–119. [Google Scholar] [CrossRef] [PubMed]

	



Larese Filon, F.; Crosera, M.; Timeus, E.; Adami, G.; Bovenzi, M.; Ponti, J.; Maina, G. Human Skin Penetration of Cobalt Nanoparticles through Intact and Damaged Skin. Toxicol. Vitr. 2013, 27, 121–127. [Google Scholar] [CrossRef] [PubMed]

	



Samberg, M.E.; Oldenburg, S.J.; Monteiro-Riviere, N.A. Evaluation of Silver Nanoparticle Toxicity in Skin in Vivo and Keratinocytes in Vitro. Environ. Health Perspect. 2010, 118, 407–413. [Google Scholar] [CrossRef] [PubMed]

	



Kim, Y.S.; Song, M.Y.; Park, J.D.; Song, K.S.; Ryu, H.R.; Chung, Y.H.; Chang, H.K.; Lee, J.H.; Oh, K.H.; Kelman, B.J.; et al. Subchronic Oral Toxicity of Silver Nanoparticles. Part. Fibre Toxicol. 2010, 7, 20. [Google Scholar] [CrossRef]

	



Van Der Zande, M.; Vandebriel, R.J.; Van Doren, E.; Kramer, E.; Herrera Rivera, Z.; Serrano-Rojero, C.S.; Gremmer, E.R.; Mast, J.; Peters, R.J.B.; Hollman, P.C.H.; et al. Distribution, Elimination, and Toxicity of Silver Nanoparticles and Silver Ions in Rats after 28-Day Oral Exposure. ACS Nano 2012, 6, 7427–7442. [Google Scholar] [CrossRef]

	



Pelin, M.; Fusco, L.; León, V.; Martín, C.; Criado, A.; Sosa, S.; Vázquez, E.; Tubaro, A.; Prato, M. Differential Cytotoxic Effects of Graphene and Graphene Oxide on Skin Keratinocytes. Sci. Rep. 2017, 7, 40572. [Google Scholar] [CrossRef]

	



Fusco, L.; Garrido, M.; Martín, C.; Sosa, S.; Ponti, C.; Centeno, A.; Alonso, B.; Zurutuza, A.; Vázquez, E.; Tubaro, A.; et al. Skin Irritation Potential of Graphene-Based Materials Using a Non-Animal Test. Nanoscale 2020, 12, 610–622. [Google Scholar] [CrossRef]

	



Pelin, M.; Sosa, S.; Prato, M.; Tubaro, A. Occupational Exposure to Graphene Based Nanomaterials: Risk Assessment. Nanoscale 2018, 10, 15894–15903. [Google Scholar] [CrossRef]

	



Jaworski, S.; Wierzbicki, M.; Sawosz, E.; Jung, A.; Gielerak, G.; Biernat, J.; Jaremek, H.; Łojkowski, W.; Woźniak, B.; Wojnarowicz, J.; et al. Graphene Oxide-Based Nanocomposites Decorated with Silver Nanoparticles as an Antibacterial Agent. Nanoscale Res. Lett. 2018, 13, 116. [Google Scholar] [CrossRef] [PubMed]

	



Wierzbicki, M.; Jaworski, S.; Sawosz, E.; Jung, A.; Gielerak, G.; Jaremek, H.; Łojkowski, W.; Woźniak, B.; Stobiński, L.; Małolepszy, A.; et al. Graphene Oxide in a Composite with Silver Nanoparticles Reduces the Fibroblast and Endothelial Cell Cytotoxicity of an Antibacterial Nanoplatform. Nanoscale Res. Lett. 2019, 14, 320. [Google Scholar] [CrossRef] [PubMed]

	



de Medeiros, A.M.Z.; Khan, L.U.; da Silva, G.H.; Ospina, C.A.; Alves, O.L.; de Castro, V.L.; Martinez, D.S.T. Graphene Oxide-Silver Nanoparticle Hybrid Material: An Integrated Nanosafety Study in Zebrafish Embryos. Ecotoxicol. Environ. Saf. 2021, 209, 111776. [Google Scholar] [CrossRef] [PubMed]

	



Yuan, Y.-G.; Cai, H.-Q.; Wang, J.-L.; Mesalam, A.; Musa, A.; Reza, M.T.; Li, L.; Chen, L.; Qian, C. Graphene Oxide–Silver Nanoparticle Nanocomposites Induce Oxidative Stress and Aberrant Methylation in Caprine Fetal Fibroblast Cells. Cells 2021, 10, 682. [Google Scholar] [CrossRef]

	



de Luna, L.A.V.; Moraes, A.C.M.; Consonni, S.R.; Pereira, C.D.; Cadore, S.; Giorgio, S.; Alves, O.L. Comparative in Vitro Toxicity of a Graphene Oxide-Silver Nanocomposite and the Pristine Counterparts toward Macrophages. J. Nanobiotechnol. 2016, 14, 12. [Google Scholar] [CrossRef]

	



Sosnowska, M.; Kutwin, M.; Strojny, B.; Koczoń, P.; Szczepaniak, J.; Bałaban, J.; Daniluk, K.; Jaworski, S.; Chwalibog, A.; Bielawski, W.; et al. Graphene Oxide Nanofilm and Chicken Embryo Extract Decrease the Invasiveness of HepG2 Liver Cancer Cells. Cancer Nanotechnol. 2021, 12, 2. [Google Scholar] [CrossRef]

	



Kandarova, H.; Liebsch, M. The EpidermTM Skin Irritation Test (EpidermTM SIT). In Alternatives for Dermal Toxicity Testing; Springer International Publishing: Berlin/Heidelberg, Germany, 2017; pp. 41–57. ISBN 9783319503530. [Google Scholar]

	



Carpentier, G.; Henault, E. Protein Array Analyzer for ImageJ. In Proceedings of the 617 ImageJ User and Developer Conference, Mondorf-les-Bains, Luxembourg, 27–29 October 2010; Centre de Recherche Public Henri Tudor: Esch-sur-Alzette, Luxembourg, 2010; pp. 238–240. [Google Scholar]

	



Zielińska-Górska, M.; Hotowy, A.; Wierzbicki, M.; Bałaban, J.; Sosnowska, M.; Jaworski, S.; Strojny, B.; Chwalibog, A.; Sawosz, E. Graphene Oxide Nanofilm and the Addition of L-Glutamine Can Promote Development of Embryonic Muscle Cells. J. Nanobiotechnol. 2020, 18, 76. [Google Scholar] [CrossRef]

	



Bera, M.; Gupta, P.; Maji, P.K. Facile One-Pot Synthesis of Graphene Oxide by Sonication Assisted Mechanochemical Approach and Its Surface Chemistry. J. Nanosci. Nanotechnol. 2017, 18, 902–912. [Google Scholar] [CrossRef]

	



Lange, A.; Sawosz, E.; Wierzbicki, M.; Kutwin, M.; Daniluk, K.; Strojny, B.; Ostrowska, A.; Wójcik, B.; Łojkowski, M.; Gołębiewski, M.; et al. Nanocomposites of Graphene Oxide—Silver Nanoparticles for Enhanced Antibacterial Activity: Mechanism of Action and Medical Textiles Coating. Materials 2022, 15, 3122. [Google Scholar] [CrossRef]

	



Kandárová, H.; Hayden, P.; Klausner, M.; Kubilus, J.; Sheasgreen, J. An in Vitro Skin Irritation Test (SIT) Using the EpiDerm Reconstructed Human Epidermal (RHE) Model. J. Vis. Exp. 2009, 29, 1366. [Google Scholar] [CrossRef]

	



Kandarova, H.; Willoughby, J.A.; De Jong, W.H.; Letasiova, S.; Milasova, T.; Bachelor, M.A.; Breyfogle, B.; Handa, Y.; De la Fonteyne, L.; Coleman, K.P. Pre-Validation of an in Vitro Skin Irritation Test for Medical Devices Using the Reconstructed Human Tissue Model EpiDermTM. Toxicol. Vitr. 2018, 50, 407–417. [Google Scholar] [CrossRef] [PubMed]

	



Xiong, Z.; O’Donovan, M.; Sun, L.; Young Choi, J.; Ren, M.; Cao, K. Anti-Aging Potentials of Methylene Blue for Human Skin Longevity. Sci. Rep. 2017, 7, 2475. [Google Scholar] [CrossRef] [PubMed]

	



Watanabe, T.; Hasegawa, T.; Takahashi, H.; Ishibashi, T.; Itagaki, H.; Sugibayashi, K. Utility of MTT Assay in Three-Dimensional Cultured Human Skin Model as an Alternative for Draize Skin Irritation Test: Approach Using Diffusion Law of Irritant in Skin and Toxicokinetics-Toxicodynamics Correlation. Pharm. Res. 2002, 19, 669–675. [Google Scholar] [CrossRef] [PubMed]

	



Everds, N.E.; Snyder, P.W.; Bailey, K.L.; Bolon, B.; Creasy, D.M.; Foley, G.L.; Rosol, T.J.; Sellers, T. Interpreting Stress Responses during Routine Toxicity Studies:A Review of the Biology, Impact, and Assessment. Toxicol. Pathol. 2013, 41, 560–614. [Google Scholar] [CrossRef]

	



Mee, J.B.; Antonopoulos, C.; Poole, S.; Kupper, T.S.; Groves, R.W. Counter-Regulation of Interleukin-1α (IL-1α) and IL-1 Receptor Antagonist in Murine Keratinocytes. J. Investig. Dermatol. 2005, 124, 1267–1274. [Google Scholar] [CrossRef]

	



Kidd, D.A.; Johnson, M.; Clements, J. Development of an in Vitro Corrosion/Irritation Prediction Assay Using the EpiDermTM Skin Model. Toxicol. Vitr. 2007, 21, 1292–1297. [Google Scholar] [CrossRef]

	



Lee, H.; Cheong, K.A.; Kim, J.Y.; Kim, N.H.; Noh, M.; Lee, A.Y. Il-1 Receptor Antagonist Reduced Chemical-Induced Keratinocyte Apoptosis through Antagonism to Il-1α/Il-1β. Biomol. Ther. 2018, 26, 417–423. [Google Scholar] [CrossRef]

	



Bhol, K.C.; Schechter, P.J. Topical Nanocrystalline Silver Cream Suppresses Inflammatory Cytokines and Induces Apoptosis of Inflammatory Cells in a Murine Model of Allergic Contact Dermatitis. Br. J. Dermatol. 2005, 152, 1235–1242. [Google Scholar] [CrossRef]

	



Jatana, S.; Palmer, B.C.; Phelan, S.J.; Delouise, L.A. Immunomodulatory Effects of Nanoparticles on Skin Allergy. Sci. Rep. 2017, 7, 3979. [Google Scholar] [CrossRef]

	



Hoyle, C.; Rivers-Auty, J.; Lemarchand, E.; Vranic, S.; Wang, E.; Buggio, M.; Rothwell, N.J.; Allan, S.M.; Kostarelos, K.; Brough, D. Small, Thin Graphene Oxide Is Anti-Inflammatory Activating Nuclear Factor Erythroid 2-Related Factor 2 via Metabolic Reprogramming. ACS Publ. 2018, 12, 11949–11962. [Google Scholar] [CrossRef]

	



Pollock, A.; Turck, J.; Lovett, D.H. The Prodomain of Interleukin 1α Interacts with Elements of the RNA Processing Apparatus and Induces Apoptosis in Malignant Cells. FASEB J. 2003, 17, 203–213. [Google Scholar] [CrossRef] [PubMed]

	



Gragnani, A.; Müller, B.R.; da Silva, I.D.C.G.; de Noronha, S.M.R.; Ferreira, L.M. Keratinocyte Growth Factor, Tumor Necrosis Factor-Alpha and Interleukin-1 Beta Gene Expression in Cultured Fibroblasts and Keratinocytes from Burned Patients. Acta Cir. Bras. 2013, 28, 551–558. [Google Scholar] [CrossRef] [PubMed]

	



Buhrmann, C.; Shayan, P.; Aggarwal, B.B.; Shakibaei, M. Evidence That TNF-β (Lymphotoxin α) Can Activate the Inflammatory Environment in Human Chondrocytes. Arthritis Res. Ther. 2013, 15, R202. [Google Scholar] [CrossRef] [PubMed]

	



Han, Y.P.; Tuan, T.L.; Hughes, M.; Wu, H.; Garner, W.L. Transforming Growth Factor-β- and Tumor Necrosis Factor-α-Mediated Induction and Proteolytic Activation of MMP-9 in Human Skin. J. Biol. Chem. 2001, 276, 22341–22350. [Google Scholar] [CrossRef] [PubMed]

	



Nedoszytko, B.; Sokołowska-Wojdyło, M.; Ruckemann-Dziurdzińska, K.; Roszkiewicz, J.; Nowicki, R.J. Chemokines and Cytokines Network in the Pathogenesis of the Inflammatory Skin Diseases: Atopic Dermatitis, Psoriasis and Skin Mastocytosis. Postep. Dermatol. Alergol. 2014, 31, 84–91. [Google Scholar] [CrossRef] [PubMed]

	



Wakugawa, M.; Nakamura, K.; Akatsuka, M.; Nakagawa, H.; Tamaki, K. Interferon-Gamma-Induced RANTES Production by Human Keratinocytes Is Enhanced by IL-1β, TNF-α, IL-4 and IL-13 and Is Inhibited by Dexamethasone and Tacrolimus. Dermatology 2001, 202, 239–245. [Google Scholar] [CrossRef]

	



Chang, T.T.; Chen, J.W. Emerging Role of Chemokine CC Motif Ligand 4 Related Mechanisms in Diabetes Mellitus and Cardiovascular Disease: Friends or Foes? Cardiovasc. Diabetol. 2016, 15, 117. [Google Scholar] [CrossRef]

	



Miyoshi, H.; Kanekura, T.; Aoki, T.; Kanzaki, T. Beneficial Effects of Tissue Inhibitor of Metalloproteinases-2 (TIMP-2) on Chronic Dermatitis. J. Dermatol. 2005, 32, 346–353. [Google Scholar] [CrossRef]

	



Dohi, T.; Miyake, K.; Aoki, M.; Ogawa, R.; Akaishi, S.; Shimada, T.; Okada, T.; Hyakusoku, H. Tissue Inhibitor of Metalloproteinase-2 Suppresses Collagen Synthesis in Cultured Keloid Fibroblasts. Plast. Reconstr. Surg.-Glob. Open 2015, 3, e520. [Google Scholar] [CrossRef]

	



Li, M.; Chen, Y.; Li, H.; Yang, D.; Zhou, Y.; Chen, Z.; Zhang, Y. Serum CXCL10/IP-10 May Be a Potential Biomarker for Severe Mycoplasma Pneumoniae Pneumonia in Children. BMC Infect. Dis. 2021, 21, 909. [Google Scholar] [CrossRef]

	



Rollman, O.; Jensen, U.B.; Östman, A.; Bolund, L.; Gústafsdóttir, S.M.; Jensen, T.G. Platelet Derived Growth Factor (PDGF) Responsive Epidermis Formed from Human Keratinocytes Transduced with the PDGFβ Receptor Gene. J. Investig. Dermatol. 2003, 120, 742–749. [Google Scholar] [CrossRef] [PubMed]

	



Yonei, N.; Kanazawa, N.; Ohtani, T.; Furukawa, F.; Yamamoto, Y. Induction of PDGF-B in TCA-Treated Epidermal Keratinocytes. Arch. Dermatol. Res. 2007, 299, 433–440. [Google Scholar] [CrossRef] [PubMed]

	



Mihaylova, Z.; Tsikandelova, R.; Sanimirov, P.; Gateva, N.; Mitev, V.; Ishkitiev, N. Role of PDGF-BB in Proliferation, Differentiation and Maintaining Stem Cell Properties of PDL Cells In Vitro. Arch. Oral Biol. 2018, 85, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Tian, J.; Wong, K.K.Y.; Ho, C.M.; Lok, C.N.; Yu, W.Y.; Che, C.M.; Chiu, J.F.; Tam, P.K.H. Topical Delivery of Silver Nanoparticles Promotes Wound Healing. ChemMedChem 2007, 2, 129–136. [Google Scholar] [CrossRef] [PubMed]

	



Hotowy, A.; Sawosz, E.; Pineda, L.; Sawosz, F.; Grodzik, M.; Chwalibog, A. Silver Nanoparticles Administered to Chicken Affect VEGFA and FGF2 Gene Expression in Breast Muscle and Heart. Nanoscale Res. Lett. 2012, 7, 418. [Google Scholar] [CrossRef]

	



Beck, I.; Hotowy, A.; Sawosz, E.; Grodzik, M.; Wierzbicki, M.; Kutwin, M.; Jaworski, S.; Chwalibog, A. Effect of Silver Nanoparticles and Hydroxyproline, Administered in Ovo, on the Development of Blood Vessels and Cartilage Collagen Structure in Chicken Embryos. Arch. Anim. Nutr. 2015, 69, 57–68. [Google Scholar] [CrossRef]

	



Chen, L.; Wu, M.; Jiang, S.; Zhang, Y.; Li, R.; Lu, Y.; Liu, L.; Wu, G.; Liu, Y.; Xie, L.; et al. Skin Toxicity Assessment of Silver Nanoparticles in a 3D Epidermal Model Compared to 2D Keratinocytes. Int. J. Nanomed. 2019, 14, 9707–9719. [Google Scholar] [CrossRef]

	



Jeništová, A.; Dendisová, M.; Matějka, P. Study of Plasmonic Nanoparticles Interactions with Skin Layers by Vibrational Spectroscopy. Eur. J. Pharm. Biopharm. 2017, 116, 85–93. [Google Scholar] [CrossRef]

	



Jeništová, A.; Loula, M.; Mestek, O.; Ulbrich, P.; Matějka, P. The Effect of Silver Nanoparticles on the Penetration Properties of the Skin and Quantification of Their Permeation through Skin Barrier. J. Nanoparticle Res. 2020, 22, 332. [Google Scholar] [CrossRef]

	



Bianco, C.; Visser, M.J.; Pluut, O.A.; Svetličić, V.; Pletikapić, G.; Jakasa, I.; Riethmuller, C.; Adami, G.; Larese Filon, F.; Schwegler-Berry, D.; et al. Characterization of Silver Particles in the Stratum Corneum of Healthy Subjects and Atopic Dermatitis Patients Dermally Exposed to a Silver-Containing Garment. Nanotoxicology 2016, 10, 1480–1491. [Google Scholar] [CrossRef]








[image: Pharmaceutics 14 01398 g001 550] 





Figure 1. The characterization of the experimental factors. (A) The transmission electron microscopy (TEM) visualization of the AgNP, GO, and AgNP-GO complex. Examples of AgNP adhesion places are marked by yellow arrows. (B) Zeta potentials and Z-average size by dynamic light scattering analysis of the evaluated nanomaterials. (C) Size distributions of the analyzed hydrocolloids in water. 
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Figure 2. FTIR spectrum of silver nanoparticle and graphene oxide complex (AgNP-GO) registered in the middle region (4000–400 cm−1). 
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Figure 3. Biocompatibility of nanomaterials with Epiderm™. NC—negative control (DPBS), PC—positive control (5% SDS), AgNP—silver nanoparticles, GO—graphene oxide, AgNP-GO—complex. (A) EpiDerm™ viability measured by mitochondrial activity depletion. The MTT assay was performed 48 h after nanofactor treatments. The blue line represents the critical point at the level of 50%, below which the factor is recognized as an irritant. (B) The expression level of the oxidative DNA damage marker, 8-hydroxy-2’-deoxyguanosine (8-OHdG), in tissue as evaluated by enzyme-linked immunosorbent assays (ELISA). (C) The concentration level of the IL-1α released from Epiderm™ to the medium 24 h after experimental factor treatments, evaluated by a colorimetric ELISA test. The highest response was observed in the positive control (PC) group, which proves the functionality of the system. (D) Effect on the protein expression of proinflammatory cytokines in EpiDerm™ 24 h after treatment. The table represents a scheme of the protein pattern at the membrane. The results are normalized to the negative control (NC) group. Images were created with ImageJ software. The error bars represent standard error of mean (n = 4 per group). Different letters (A–C) above the columns indicate statistically significant differences (p ≤ 0.01) analyzed by Tukey’s HSD test. 
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Figure 4. Visualization of EpiDerm™ surface 24 h after treatment. Comparison of silver nanoparticles (AgNP), graphene oxide (GO), and AgNP-GO complex activity to the negative control (NC, DPBS) and positive control (PC, SDS). (A) Digital photos of EpiDerm™ without fixation were obtained using a stereo microscope. (B) Tissues imaged in a scanning electron microscope were fixed in 2.5% l-glutaraldehyde in PBS. White arrows indicate the places of exfoliation and keratinization of the top layer; yellow arrows indicate a disruption of the continuity of the tissue surface. 
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Figure 5. The EpiDerm™ morphology evaluated by optical microscopy after hematoxylin-eosin cross section staining. (A) Scheme of the EpiDerm™ structure. The double headed arrows indicate the boundaries of the measurement for the thickness of the corneal layer (yellow) and total thickness (green). (B) Visualization of the tissues after treatment at 10×, 20×, and 40× magnifications. Red arrows indicate the nuclei, black arrows indicate tissue damaged after SDS treatment, yellow arrows show the necrosis process, and the white arrow shows a place with local thickening of the stratum corneum. (C) The average number of nuclei in stratum corneum. (D) The average thickness of stratum corneum. (E) The average total thickness. Different letters (a, c) and (A–C) above the columns indicate statistically significant differences (p ≤ 0.05 and p ≤ 0.01 respectively) as analyzed by Tukey’s HSD test. NC—negative control, PC—positive control, AgNP—silver nanoparticles, GO—graphene oxide, AgNP-GO—complex of silver nanoparticles and graphene oxide. 
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Figure 6. The EpiDerm™ ultrastructure evaluated with a transmission electron microscope (scalebar 2 µm). The arrows indicate the following: red—cells from the granular layer; yellow—lipid droplets; white—places of necrosis; black—nuclei in the stratum corneum; blue—bundle of keratin filaments. 
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