

  materials-16-05600




materials-16-05600







Materials 2023, 16(16), 5600; doi:10.3390/ma16165600




Article



A Comprehensive Assessment of the Biocompatibility and Safety of Diamond Nanoparticles on Reconstructed Human Epidermis



Wiktoria Fraczek 1[image: Orcid], Kacper Kregielewski 2, Mateusz Wierzbicki 1[image: Orcid], Patryk Krzeminski 1, Katarzyna Zawadzka 1, Jaroslaw Szczepaniak 3[image: Orcid] and Marta Grodzik 1,*[image: Orcid]





1



Department of Nanobiotechnology, Institute of Biology, Warsaw University of Life Sciences (WULS-SGGW), 02-787 Warsaw, Poland






2



Faculty of Biology and Biotechnology, Warsaw University of Life Sciences (WULS-SGGW), 02-787 Warsaw, Poland






3



Department of Pathology and Veterinary Diagnostics, Institute of Veterinary Medicine, Warsaw University of Life Sciences (WULS-SGGW), 02-787 Warsaw, Poland









*



Correspondence: marta_grodzik@sggw.edu.pl







Academic Editor: Prem C. Pandey



Received: 14 July 2023 / Revised: 8 August 2023 / Accepted: 10 August 2023 / Published: 12 August 2023



Abstract

:

Diamond nanoparticles, also known as nanodiamonds (NDs), exhibit remarkable, awe-inspiring properties that make them suitable for various applications in the field of skin care products. However, a comprehensive assessment of their compatibility with human skin, according to the irritation criteria established by the Organization for Economic Cooperation and Development (OECD), has not yet been conducted. The purpose of this study was to evaluate if diamond nanoparticles at a concentration of 25 μg/mL, incubated with reconstituted human epidermis (EpiDermTM) for 18 h, conform to the OECD TG439 standard used to classify chemical irritants. For this purpose, a cell viability test (MTT assay), histological assessment, and analysis of pro-inflammatory cytokine expression were performed. The results indicated that NDs had no toxic effect at the tested concentration. They also did not adversely affect tissue structure and did not lead to a simultaneous increase in protein and mRNA expression of the analyzed cytokines. These results confirm the safety and biocompatibility of NDs for application in skincare products, thereby creating a wide range of possibilities to exert an impact on the advancement of contemporary cosmetology in the future.
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1. Introduction


In recent years, diamond nanoparticles, similar to some other carbon nanomaterials have gained increasing interest in biomedical and cosmetology fields due to their biocompatibility, high stability, and unique optical and chemical properties. These characteristics make them promising candidates for various applications [1,2,3]. NDs show potential in improving drug delivery, durability, and dispersion of insoluble therapeutic substances in water. They can also be used as additives in skincare formulations such as creams and balms. NDs facilitate the deep penetration of active ingredients into the skin, thereby enhancing their therapeutic effectiveness [4,5]. The unique optical properties of NDs also make them suitable for protection against ultraviolet (UV) radiation. They can reflect and scatter harmful UV radiation, making them potential candidates for use in sunscreen filters aimed at preventing certain types of skin cancer [6,7].



However, the chemical structure of the functional groups attached to the surface of NDs determines their properties, further increasing the complexity of their potential applications. An example of this is the hydrophilic properties of diamond powder, resulting from the presence of OH groups on the surface. These groups allow nanodiamond particles to bind to the skin surface, reducing water loss through the epidermis and positively influencing the function of the hydrolipidic layer and overall skin condition [8].



Additionally, diamond nanoparticles can enhance the longevity of cosmetics by delaying oxidation of unsaturated fatty acids and the lipid phase of cosmetics. Hydroxylated diamond nanoparticles protect cosmetics from the adverse effects of external factors such as light, oxygen, or elevated temperatures [9]. Despite the numerous potential applications of diamond nanoparticles, it is important to remember that evaluation of the toxicological effects of chemicals on the skin is a key requirement for their approval in commercial applications. This is especially important for compounds that have so far been tested mainly on 2D cellular and animal models [5,10].



One of the potential adverse effects that needs to be evaluated is skin irritation. According to the Globally Harmonized System of Classification and Labelling of Chemicals (GHS), this term refers to reversible damage to the skin that occurs up to several hours after the application of a substance [10,11]. Clinical signs of skin irritation include redness and swelling, which usually subside within a few days [12]. Traditionally, animal models such as the Draize test had been used to assess skin irritation [13]. However, the validity of these results in relation to humans has been questioned due to ethical concerns and reducing animal usage, leading to proposals for alternative methods [14]. In response to demand, the Organization for Economic Cooperation and Development (OECD) has developed guidelines for the validation of new methods, including the assessment of skin irritation [10].



An alternative test is to use in vitro models to evaluate possible skin irritation caused by chemicals, cosmetics, and other compounds. The EpiDermTM model is an advanced model of reconstructed human epidermis that uses unprocessed human-derived keratinocytes. This model accurately replicates the histology, cytoarchitecture, biochemical, and physiological properties of the upper layers of human skin, making it a valuable tool for evaluating the irritant properties of various substances without the need for animal testing [10,14,15]. The availability of standardized protocols allows for the validation and reproducibility of these methods, enabling the assessment of multiple parameters such as viability, barrier function, and tissue morphology [10].



The penetration of chemical substances through different layers of the skin, especially the epidermis and dermis, can lead to the release of pro-inflammatory cytokines. Keratinocytes, which constitute 95% of epidermal cells, are the main cells responsible for cytokine secretion upon skin stimulation, thus play a crucial role in the induction and development of irritant contact dermatitis [16,17]. It should be noted that further research and validation are needed to fully understand the interactions between nanodiamonds and human skin.



The purpose of the study was to comprehensively assess the biocompatibility and toxicity of diamond nanoparticles using a three-dimensional model of normal human epidermal tissue, which shows more similarity with human epidermis than 2D and animal models. The utilization of EpiDermTM in accordance with OECD guidelines during diamond nanoparticle research demonstrates a forward-looking approach that may enable broad and practical cosmetology applications of ND in the future. For this reason, special emphasis was placed on evaluating the tissue structure and potential pro-inflammatory effects according to the irritant test to determine the safety implications of ND applications on the skin.




2. Materials and Methods


2.1. Characterization of Diamond Nanoparticles


Detonation-produced diamond nanoparticles were purchased from SkySpring Nanomaterials (Houston, TX, USA). They had a purity of greater than 95% and a surface area of about 282 m2/g, according to the manufacturer’s specifications. A stock solution was prepared by suspending the nanodiamond powder in ultrapure water.



The shape and size of the diamond nanoparticles were examined using a JEM-1220 transmission electron microscope (TEM, JEOL, Tokyo, Japan) at 80 kV with a Morada 11-megapixel TEM CCD camera (Olympus Inc., Tokyo, Japan). Prior to imaging, a sample of 7 μL of 10 μg/mL ND was deposited on formvar-coated copper grids (Agar Scientific Ltd., Stansted, UK). The hydrocolloid was then allowed to air-dry.



X-ray photoelectron spectroscopy (XPS) was conducted using the PREVAC ultra-high vacuum system (Rogów, Poland) to analyze the elemental composition, functional groups, and chemical states on the surface of diamond nanoparticles. The spectra were obtained using a Scienta R4000 electron analyzer. Additional equipment was used, such as the VG Scienta SAX-100 X-ray source (Al Kα, 1486.7). Survey spectra were acquired with a pass energy of 200 eV (with 500 meV steps), while high-resolution spectra for specific regions (C1s, O1s, N1s) were obtained with a pass energy of 50 eV (with 50–75 meV steps). The base pressure in the analysis chamber was maintained below 1 × 10−8 mbar throughout the data collection process.




2.2. EpiDermTM and ND Exposure


EpiDerm™ (EPI-200), the reconstructed human epidermal tissues, were purchased from MatTek Corporation (Ashland, OR, USA). In this 3D tissue model, a semi-permeable tissue culture insert is used to cultivate normal human-derived epidermal keratinocytes (NHEK) at the air–liquid interface. The NHEK cells create a multilayered, highly differentiated replica of the human epidermis. Briefly, EpiDermTM tissues were placed in 6-well plates (Corning Inc., Corning, NY, USA) with 0.9 mL of maintenance medium, supplied by manufacturers with tissues. Prior to testing chemicals, the tissues were adjusted overnight at 37 °C, 5% CO2, in a humidified incubator. For the OECD TG439 [10] in vitro irritation test, the model samples were divided into 3 groups treated with 25 µL tested substances as follows: negative control (NC) treated with Dulbecco’s phosphate buffered saline (DPBS), positive control (PC) treated with 1% sodium dodecyl sulphate (Sigma-Aldrich, St. Louis, MO, USA), and experimental group treated with 25 µg/mL diamond nanoparticles (SkySpring Nanomaterials, Houston, TX, USA). The tissues were then incubated for 18 h as previously described by Bengalli et al. [18]. After the treatments, the tissues were removed from the incubator, rinsed thoroughly, and gently dried on blotting paper to remove any residual fluid that may still have contained the test substances. Tissues were stored at −80 °C for protein and gene analysis; however, for the viability test and histological examination, the tissues were used immediately.




2.3. Tissues Viability Assay


To examine tissue viability, the MTT assay was performed as recommended by the OECD TG439 in vitro irritation test [10]. For this purpose, 1 mg/mL stock solution of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma Aldrich, St Louis, MO, USA) was prepared in appropriate medium provided with EpiDerm™. Immediately after washing each tissue in DPBS, the inserts were transferred to a 24-well plate containing 300 μL of a 0.3 mg/mL of MTT solution per well and placed in the humidified incubator with 37 °C, 5% CO2 for 3 h. Next, the inserts were blotted with absorbent paper and insoluble formazan products of MTT were extracted from the tissue by 2 mL isopropanol (Sigma Aldrich, St Louis, MO, USA) that was added to each well a new 24-well plate. After 3 h of gentle shaking on a plate shaker, 200 μL of the isopropanol extract was transferred to a 96-well plate, with eight repetitions per group. Using an Infnite® 200 PRO microplate reader and i-controlTM 2.0 software (Tecan Group Ltd., Männedorf, Switzerland), color intensity was measured at 570 nm. By determining the percentage of tissue viability compared to the mean of the negative control, the irritating potential of ND was assessed. According to the Global Harmonised System (GHS) categorization [11], a chemical is considered an irritant of the second category if the obtained values are less than or equal to 50%; otherwise, they are considered non-irritants.




2.4. Tissues Viability Assay


The EpiDerm™ tissues were pre-fixed overnight at 4 °C in 10% paraformaldehyde. Alcohol gradient dehydration for histological characterization was performed by sequential treatment of 3 samples per group with 30% EtOH for 2 h, 50% EtOH for 2 h, 70% EtOH overnight, 95% EtOH twice for 3 h, and 100% EtOH twice for 1 h each time. Tissue samples were then sectioned and stained using standard HE staining.



The slides were examined and recorded using 20× and 40× magnifications with a Leica DM750 microscope, a Leica ICC50 digital camera, and cellSens microscope imaging software (Olympus Corporation, Warsaw, Poland).



The thickness of the corneal layer and the total EpiDerm™ thickness were defined as indicators of the appropriate activity and function of the model after treatment [19]. All measurements were performed in randomly selected fields of view at 20× magnification (12 photos per group). For histological examination, 40× magnification was used.




2.5. Inflammatory Cytokines Array


The impact of diamond nanoparticles on the pro-inflammatory cytokine response was assessed in EpiDermTM, Human Inflammation Antibody Array—Membrane (40 Targets) (ab134003) in triplicates. This test is based on antibody paired assay and gives results in duplicate for each membrane.



Before the procedure, frozen tissues were homogenized using a cell extraction buffer (Thermo Fisher Scientific, Waltham, MA, USA) and a Polytron® PT 2100 homogenizer (Kinematica AG, Lucerne, Switzerland). The samples were incubated on ice for 30 min, with occasional vortexing, and then centrifuged for 10 min (4 °C, 13,000× g rpm). The total protein concentration was examined using the Modified Lowry Protein Assay (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions.



The array membranes were washed in blocking buffer for 30 min and then incubated for 2 h with 200 µg of total proteins diluted in 1 mL of blocking buffer per membrane. Multiple washes were carried out according to the producer’s recommendations (Abcam ab134003, Cambridge, MA, USA). Subsequently, biotin-conjugated anti-cytokine antibodies were added and incubated for the next 2 h. After the washing steps, the membranes were incubated with HRP-conjugated streptavidin for 2 h. The entire procedure was carried out at room temperature. Chemiluminescence detection was used to visualize the results. Signals were detected with the Azure C400 system (Azure Biosystems, Dublin, Ireland).



The Protein Array Analyser programme for ImageJ software (Research Services Branch, National Institute of Mental Health, Bethesda, MD, USA) was used to densitometrically analyze the signals [20]. The computations were carried out in accordance with the manufacturer’s instructions to normalize the array data.




2.6. cDNA Synthesis and qPCR Analyses


For the isolation of total RNA, tissues were homogenized using a Polytron® PT 2100 homogenizer (Kinematica AG, Lucerne, Switzerland) and PureLinkTM RNA Mini Kit (Thermo Fisher Scientific, Wilmington, DE, USA), according to the manufacturer’s protocol. The High Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific, Waltham, MA, USA) was used to synthesize cDNAs from the extracted RNA under the following cycle conditions: 10 min at 25 °C, 120 min at 37 °C, and 10 min at 4 °C. Reverse transcription reaction was performed using a 2720 Thermal Cycler (Thermo Fisher Scientific, Waltham, MA, USA). The purity and concentration of cDNA were measured by the NanoDrop OneC spectrophotometer (Thermo Scientific, Wilmington, DE, USA).



The qPCR analyses were performed on a QuantStudio 5 thermal cycler (Thermo Fisher Scientific, Waltham, MA, USA) using Fast Probe qPCR Master Mix (Eurx, Gdańsk, Poland) with SG and ROX addition (Eurx, Gdańsk, Poland). The analyzed genes were selected based on a previously conducted protein array assay. Genomed (Warsaw, Poland) provided the gene-specific primers (Table 1) and RPL13 was used as the reference gene. The amplification was carried out as follows: activation for 2 min at 50 °C, presoak for 10 min at 95 °C, followed by 40 cycles of a two-step PCR consisting of a denaturing phase at 95 °C for 15 s, and a combined annealing with extension phase at 60 °C for 1 min. The program implemented for the TNFα gene served as an exception, and its presentation was as follows: activation for 2 min at 50 °C, presoak for 8 min at 95 °C, followed by 40 cycles of a two-step PCR consisting of a denaturing phase at 95 °C for 15 s, annealing at 63 °C for 1 min, with an extension phase at 72 °C for 30 s. The relative gene expression (RQ) was computed using the formula 2−ΔΔCT.




2.7. Statistical Analysis


The data were analyzed by monofactorial analysis of variance (one-way ANOVA) for cytotoxicity and morphological analysis. Differences between the control and treated group were evaluated using Tukey’s HSD post hoc test. The Student’s t-test was utilized to analyze the expression of pro-inflammatory cytokines. The p-values ≤ 0.05 were considered significant. All the statistical analyses were performed using GraphPad Prism 9 (GraphPad Software Inc., La Jolla, CA, USA).





3. Results


3.1. Physicochemical Properties of Diamond Nanoparticles


The morphology of diamond nanoparticles was validated using transmission electron microscopy (TEM). The obtained results indicated that the tested material had a spherical shape and slight tendency to form agglomerates (Figure 1A).



X-ray photoelectron spectroscopy (XPS) analysis provided information about the surface composition of diamond nanoparticles (Figure 1B and Figures S1–S3). The results indicated that the main component on the surface was carbon, accounting for 92.9 atomic percentage. Oxygen, with a value of 5.1%, was also an equally significant element in determining the physicochemical properties of diamond nanoparticles. Additionally, small amounts of nitrogen and sulfur were detected (1.8% and 0.3% atomic percentage, respectively).




3.2. Biocompatibility of Diamond Nanoparticles


The viability of cells after exposure to the tested substance was evaluated by measuring the metabolic activity of mitochondria (Figure 2).



Based on OECD TG439, the results obtained after the MTT assay indicated that the hydrocolloid of diamond nanoparticles at a concentration of 25 μg/mL did not have an irritant potential against keratinocytes in the 3D model. Furthermore, the results indicated that there was a 10% increase in cellular metabolism of the test sample (ND) versus the negative control (NC). In contrast, tissues treated with 1% SDS (PC) showed negligible viability of approximately 6% compared to the negative control. Morphological analysis was also included as a step in assessing the biocompatibility of diamond nanoparticles. To examine the condition of all layers of EpiDerm™, tissue visualization was conducted following standard HE stains (Figure 3).



EpiDerm™ is a complex structure comprised of the stratum corneum, granular layer, spinous, and basal layers (Figure 3A). The visibility and proper staining of all these layers are evident in both the negative control tissues (treated with DPBS), and the EpiDerm™ exposed to diamond nanoparticles (Figure 3D). In addition, no inflammatory lesions were detected in any of these instances. The outermost layer of the skin, known as the stratum corneum, is characterized by observable layers of loosely attached cells. In the granular layer, the lamellar bodies appear normal, and the keratohyalin granules exhibit rounded to star-like shapes. Within the spinous layer, the cells are flattened, resembling the natural epidermis, while the cells in the basal layer have a columnar shape with rounded contours. However, representative images of SDS-treated samples (PC) showed multiple defects in the examined tissues. EpiDerm™ tissues treated with the irritant substance exhibited damage indicative of a necrotic process. Additionally, in some areas of the positive control tissue, a lack of compact and homogeneous morphology was observed in the stratum corneum layer. The evaluation of the total thickness of the examined samples, as well as the thickness of the stratum corneum layer, provided additional confirmation of the lack of significant irritant effect of nanodiamond on the structure of the used model. The evaluation of overall thickness and measurements of the stratum corneum revealed no discernible differences between the negative control samples and those treated with nanodiamond particles (Figure 3B,C). However, a markedly contrasting tissue response was observed following the application of SDS. In the negative control, the average values for these dimensions were 106 µm for the total thickness (21 µm higher compared to the negative control) and 25 µm for the width of the stratum corneum (11 µm lower compared to PC).




3.3. Evaluation of the Expression of Pro-Inflammatory Cytokines


The influence of the factors examined on the appearance of inflammation was investigated after an 18-h incubation of EpiDermTM tissues with 25 µg/mL ND. The study involved analysis of protein and mRNA levels. However, the SDS-treated samples showed a significant level of degradation that prevented extraction of the proper amount of protein and genetic material and led to their exclusion from the analyses. The use of protein arrays allowed for the screening of 40 cytokines (Figure 4A). Representative images (Figure 4B) selected from three repetitions indicated changes in the expression of the examined proteins under the influence of the applied factor.



Incubation with diamond nanoparticles was observed to induce the expression of tumor necrosis factor alpha (TNF-α), transforming growth factor (TGF-β), as well as several interleukins, including IL-1β, IL-15, and IL-16. A reduction of interleukin 1 alpha (IL-1α) and examined macrophage inflammatory proteins (MIP1α, MIP1β) compared to the control were observed (Figure 4C). Normalization of the results allowed for further quantification that revealed a statistically significant change in the proteomic levels of TNF-α, IL-1α, and IL-16. Additionally, both tissues treated with diamond nanoparticles and those in the control group demonstrated a notably high relative expression level of MIP1β.



The performed analyses allowed for the selection of cytokines that were further analyzed at the mRNA level of IL-1α, IL-1β, TNF-α, TGF-β, IL-15, IL-16, MIP-1α, and MIP-1β (Figure 4D). IL-15 and IL-1β were the only genes among the ones examined which demonstrated a 0.5- to 1.5-fold increase in expression following ND treatment.





4. Discussion


Nanoparticles originating from the same material can exhibit diverse physicochemical properties, as they depend not only on the constituent, but also on factors such as size, shape, tendency of aggregation, surface structure, and chemical composition [23]. To determine the properties of the investigated diamond nanoparticles, the focus was placed on visualization and qualitative analysis of the elements present in the surface layer. Detonation-produced nanodiamonds are known for their tendency to aggregate. It has been confirmed that aggregates ranging in size from 10 to even 500 nm consist of primary nanoscale particles with dimensions of 4–5 nm [4,24,25]. Additionally, depending on the method of synthesis and subsequent treatment, NDs can have various surface functional groups and outer coatings formed by disordered sp2 and sp3 carbon phases of different thicknesses [26]. A peak model for the high-resolution spectrum of the C1s region was based on the works of Koinuma and Xie [27,28]. In this region, the aliphatic C-C sp3 (C1sA) and C-H sp3 (C1sB) groups dominated, observed at 285 and 286.06 eV, respectively. Furthermore, the presence of aromatic carbon (C1sB, 284.46 eV) was identified, accounting for 22% of all visible carbon forms in the analyzed sample. Carboxyl groups (C1sD, 287.76 eV) and defected structures on the surface of the nanodiamond, removed due to the action of the solution (C1s deff., 283.47 eV), constituted a small atomic concentration of around 1.8%. The surface of the diamond nanoparticles was partially oxidized. The high-resolution spectrum of the O1s region revealed five distinct peaks that corresponded to quinones (O1sA; ~530.37 eV), carboxylic, carbonyl, carbonates, or hydroxides (O1sB; ~531.57 eV), epoxides, ethers, hydroxyl groups bound to aliphatic carbon (O1sC; ~532.49 eV), aromatic hydroxyl and carboxyl groups (O1sD; ~533.6 eV), and oxide anion (O1sD; ~529.01 eV) [29,30,31,32,33,34]. The carboxylic and carbonyl groups were the most abundant, representing nearly 40% of all oxygen forms present on the surface of the analyzed sample. Furthermore, the presence of amine (N1sA; 399.06 eV), pyridinic nitrogen (N1sB; 400 eV), and small amounts of N-oxide pyridine (N1sC; 402.9 eV) was detected on the surface of the diamond nanoparticles [35,36,37]. The findings align with the manufacturer’s specifications, which state the presence of diamond nanoparticles contain functional groups such as -OH, -COOH, -C-O-C, and -C=O on their surface. Detonation-produced diamond nanoparticles, purchased from SkySpring Nanomaterials, have found extensive applications in various fields. One potential application of these compounds lies in their use to investigate undesirable cytotoxicity in normal cells and assess their ability to induce expected cytotoxic effects while also modulating the expression of factors that improve invasiveness in diverse cancer cell lines [38,39,40,41]. Furthermore, safety studies conducted on rats demonstrated that the intraperitoneal administration of 500 μg/mL of these diamond nanoparticles did not have any toxic effects on blood parameters or rat growth, suggesting their potential use as remedies or in drug delivery systems [42]. However, it should be noted that their safety has not yet been confirmed in accordance with the OECD standard in epidermal application.



Our observations suggest that a concentration of 25 μg/mL of nanodiamonds does not exert a toxic effect on EpiDerm™ cells. However, the application of excessively high concentrations of nanoparticles in in vitro studies can have a negative impact on cellular respiration and metabolic activity. The primary parameter utilized in determining the optimal dose is the assessment of cytotoxicity [23]. Schrand et al. were among the first to examine the impact of detonation of diamond nanoparticles, sized between 2 and 10 nm, at 25, 50, and 100 μg/mL on cell cytotoxicity. Their study, employing the MTT assay, demonstrated the remarkable biocompatibility of these nanoparticles towards alveolar macrophages. Furthermore, it was shown that the viability of cells remained unchanged when exposed to 25 μg/mL of these nanoparticles [37]. The results of these studies were also confirmed in an analysis conducted by Mitura et al. During the evaluation of ND cytotoxicity, according to the ISO 10993-5 standard [43], they demonstrated that L929 fibroblasts exhibited high viability, normal morphology, and no changes in cell density after nanoparticle treatment [44]. Given that diamond nanoparticles can simultaneously exert a therapeutic effect on cancer cells, these findings are of significant interest [45]. However, in the analysis of substances that have potential applications for the skin, it is crucial to conduct studies on keratinocytes, the primary cell type found in the epidermis, as well as fibroblasts, the predominant cell type in the dermis [16,46]. Research conducted on immortalized human keratinocytes (HaCaT) demonstrated that the viability of cells treated with different concentrations of diamond nanoparticles remained unaffected [47].



Furthermore, the applied hydrocolloid may have a positive influence on the metabolic activity of keratinocytes in the tissue. Similar effects were observed by Mytych et al. who studied a normal diploid human facial skin fibroblast cell strain (FSF1). The study revealed that low concentrations of diamond nanoparticles (0.5 μg/mL) had a positive influence on cells, leading to an increased proliferation rate and metabolic activity [48]. These results are consistent with observations made using other carbon-based nanomaterials as well. Pulskamp et al. demonstrated a 20% increase in viability of rat (NR8383) alveolar macrophages after treatment with 5 mg/mL of single-walled carbon nanotubes, as indicated by the MTT assay [49].



To confirm the absence of negative impact of diamond nanoparticles on tissues, it was necessary to evaluate the structural integrity and barrier function of the epidermal barrier. Verification of these parameters can be achieved by histological examination [50]. The results obtained from the treatment of EpiDerm™ with diamond nanoparticles align with the results of the MTT assay and indicate no impact of the factor tested on tissue. No significant differences were observed between the negative control and the samples treated with nanodiamonds in terms of all parameters evaluated. The evaluated layers showed a consistent structure and the cellular morphology within them appeared to be intact. The results concerning normal tissues are consistent with the observations made by Zieliska et al. after incubation of EpiDerm™ with PBS [51]. Moreover, for both examined groups, the measurements of overall width were in agreement with the anticipated results, ranging from 83 to 100 μm [19].



The results obtained from in vivo studies support our findings, indicating that the histology of the skin remains unaffected following treatment with diamond nanoparticles. Analyses using optical coherence tomography demonstrated that mouse skin samples incubated with ND for 24 h maintained a proper structure and did not differ significantly from tissues in the control group. Additionally, these analyses suggest that diamond nanoparticles can traverse the skin barrier and penetrate through the layers of the epidermis [52]. Moreover, prolonged exposure to modified nanodiamonds exerts a protective effect on the skin of guinea pigs treated with nickel and cobalt ions. This reduces the probability of an allergic reaction, which often occurs as a result of irritation [16,53]. However, the comparison between human and mouse skin tissue highlights the presence of significant species differences, emphasizing the importance of considering these variations when utilizing mice as a substitute model for understanding human physiology [54]. Mitura et al. performed patch tests on human back skin to investigate the possible irritation and allergic reactions caused by diamond powder particles. Their findings provided evidence that diamond powder is a biocompatible biomaterial for human skin [55].



On the contrary, a distinct tissue response can be observed after the application of irritating substances. EpiDerm™ exposed to SDS (PC) exhibited characteristics indicative of progressive tissue damage, which corresponds to the results obtained from the MTT test. The outermost layers, stratum corneum and stratum granulosum, are most susceptible to potential epidermal damage [56]. Therefore, the observed thinning of the outer layer in PC is one of the initial responses of the tissue to applied chemicals, indicating loss of barrier function and increased susceptibility to loss of water [57]. Upon contact with highly irritating substances, the lower layers of the epidermis (stratum spinosum and basal layer) may also undergo degradation [58]. One of the early visible indications of their damage is cell or cytoplasmic swelling [59]. This suggests that the observed increase in overall tissue thickness following exposure to SDS may be indicative of developing spongiosis. Histologically, contact dermatitis resulting from irritation typically presents with mild spongiosis, ranging from microscopic foci to visible vesicles, as well as necrosis of the epidermal cells [60]. However, visible degradation is a typical reaction for tissues treated with an irritating substance, which serves as a positive control [51,61]. The absence of such changes in tissues treated with diamond nanoparticles indicates their safety for use on the skin.



To reliably confirm this hypothesis, it was essential to perform analyses based on the expression of anti- and pro-inflammatory cytokines, which are released early in the cellular response, when tissue damage may be barely visible or even undetectable. Therefore, cytokines are considered suitable markers for objective and early detection of inflammatory reactions resulting from irritation and other factors [62,63]. It is also noteworthy that keratinocytes, which are the main cells of the epidermis, play a crucial role in cytokine production [64]. TNF-α and IL-1 are recognized as the main cytokines associated with inflammation. They initiate a signaling cascade that induces gene expression, synthesis, and release of secondary mediators such as various cytokines, chemokines, or growth factors [65,66]. TNF-α, produced by various types of cells, including fibroblasts and keratinocytes, is a pro-inflammatory protein. It is induced in the epidermis after exposure to harmful stimuli such as UV radiation or chemicals [67,68]. Before release, the protein precursor of TNF-α transforms into an active form that binds to cell surface receptors, resulting in various metabolic changes. This cytokine is considered crucial in initiating inflammation and tissue degradation, thus plays a significant role in irritant reactions. Increased expression of TNF-α has been observed in response to allergens and irritating sensitizing factors [69,70]. Protein and mRNA analyses demonstrate minimal levels of TNF-α in the DPBS-treated negative control. The slight elevation in protein levels observed in the ND-treated group is likely a short-term response to the stimulus and the stability of the resulting structure. The active form of the peptide can persist at elevated levels for an extended period by binding to cell surface receptors, even in the absence of an ongoing inflammation, as confirmed by gene analyses [71,72]. Notably, there was no detection of TNF-α gene expression after an 18-h incubation of EpiDerm™ with diamond nanoparticles. In vivo studies conducted by Wu et al. also support the safety of diamond nanoparticles in dermal applications, as shown by ELISA, indicating no increase in TNF-α levels in mouse skin treated with ND [7]. Similarly, experiments on a macrophage cell line (RAW 264.7) exposed solely to diamond nanoparticles show no significant increase in TNF-α production [73].



The production of IL-1α, which is correlated with TNF-α, has been validated by Magcwebeba et al. using well-known anti-inflammatory drugs to create a screening model to identify skin irritants [66]. The production of IL-1α in keratinocytes is increased in response to various stimuli, including exposure to different chemical compounds and UVB radiation [66,74,75]. The lack of a noticeable increase in IL-1α expression and its corresponding gene indicates that nanoparticles do not possess irritant potential. Moreover, a statistically significant reduction in protein levels suggests that the hydrocolloid used in this context may act as a pan-cytokine sponge. Similar findings were reported by Yoo et al. in their research on sepsis patients’ serum samples [76].



Levels of IL-16 exhibited a similar trend to TNF-α. Our studies showed an increase in protein levels in response to diamond nanoparticles. However, at the mRNA level, there was no expression of this cytokine in either the treated or control groups. IL-16 is produced by skin cells, particularly keratinocytes, during allergic reactions, but our findings suggest that diamond nanoparticles do not affect the prolonged immune response that leads to sensitization [77]. It is worth noting that IL-16 has multiple functions, including its ability to promote pro-inflammatory cytokines such as IL-15 [78].



Early findings on the role of IL-15 in keratinocytes indicated that increased expression of this cytokine occurs in instances of inflammation or abnormalities caused by excessive exposure of the skin to UVB radiation [79]. However, over time, the perception of interleukin 15 as exclusively pro-inflammatory has shifted. IL-15 is consistently present in keratinocytes and is regarded a crucial growth factor and attractant for leukocytes [80,81]. Thus, this cytokine plays a significant role in both normal skin biology and pathological skin processes [82]. However, IL-15 remains inactive until it binds to a receptor on the cell membrane, which is why it may not be detectable in certain in vitro studies involving the analysis of cytokine release in culture medium [81]. Research suggests that human mesenchymal stem cells derived from adipose tissue did not show any IL-15 expression, regardless of whether they were in a control group or treated with diamond nanoparticles. However, these results could be influenced by the use of conditioned medium during the experiments [83]. In robust inflammatory reactions, IL-15 is released as a result of cell death, which explains the high levels of this cytokine in the serum of patients with pneumonia. Interestingly, when serum was incubated with NDs, the expression of IL-15 decreased significantly, indicating that highly purified NDs can act as a sponge for various cytokines in plasma [76]. Analysis of the proteins isolated from EpiDermTM homogenates showed a slight increase in IL-15 levels in the skin treated with ND nanoparticles compared to the negative control. However, a significant and notable increase in IL-15 gene expression was observed in tissues exposed to diamond nanoparticles, suggesting that IL-15 has a dual function. These findings are consistent with the results of the MTT assay, which demonstrated higher cell viability in the tested sample. IL-15 is known to be a potent inhibitor of apoptosis in different cell types, including epithelial cells [81]. In normal circumstances, keratinocytes undergo apoptosis during their migration towards the skin surface and subsequent shedding [84,85]. The increased cell viability observed in the tested sample could be attributed to the slight elevation of IL-15 expression, which potentially slows down these processes. Another important point is that IL-15 has the capacity to induce IL-1β [86]. This aligns with our findings, which demonstrate a significant elevation in the expression of the IL-1β gene in tissues treated with ND. Although this cytokine is recognized primarily as a factor that regulates immune and inflammatory responses, studies have shown that IL-1β can trigger apoptosis and autophagy through the mitochondrial pathway [87,88]. The incubation of cells with metal particles for 24 h led to an increased expression of interleukin 1β. These findings were associated with the presence of a significant number of late apoptotic cells [89]. Interestingly, Blabler et al. did not observe increased expression of this cytokine in mesenchymal stem cells treated with ND [83]. Similarly, Thomas et al., in their study on the RAW 264.7 cell line, observed a reduction in IL-1β expression following exposure to diamond nanoparticles [90]. This suggests that the outcome we observed is specific to EpiDermTM and represents the tissue’s response to heightened IL-15 expression. In normal physiological conditions, the epidermis undergoes shedding, such that the obtained result may be the tissue’s mechanism for regulating the mRNA level to ensure homeostasis, rather than being a result of irritation.



Furthermore, the analysis of three other pro-inflammatory proteins synthetized or secreted during inflammation supports this hypothesis [91,92]. The levels of TGFβ, MIP1α, and MIP1β remained relatively stable in both the negative control group and the samples treated with nanodiamonds. The genes encoding these proteins exhibited a similar pattern. TGF-β is naturally expressed in all skin cells and contributes to tissue homeostasis, playing a vital role in the regulation of the skin barrier [93,94,95]. It has been shown that during injury or inflammatory stimuli, TGF-β acts as a mediator, influencing reactions in adjacent tissue compartments. Consequently, it plays an important role in skin remodeling after damage [96]. Moreover, it is hypothesized that ND may interact with one of the TGF-β receptors, thereby blocking its signal transduction [97]. This could explain the steady expression of TGF-β in EpiDermTM in response to the application of nanodiamond hydrocolloid.



Chemokines also play an important role in various processes, including allergic reactions, inflammation, and infections [97]. MIP1α and MIP-1β are considered among the most important chemokines, belonging to the CC chemokine group characterized by two adjacent cysteine residues near the amino group. These chemokines, particularly macrophage inflammatory protein-1, stimulate the migration of immune cells such as neutrophils, monocytes, and macrophages to sites of tissue damage [98]. Research using primary human macrophages (HMDM) and a human monocyte cell line (THP-1) demonstrated that surface-modified gold nanoparticles trigger the production of MIP-1α while having minimal impact on MIP-1β [99]. Similarly, studies with carbon nanotubes revealed that endotracheal administration of carbon nanomaterials to mice results in a dose-dependent increase in MIP-1α expression [100]. Notably, recent reports have revealed the absence of detectable levels of both MIP1α and MIP-1β in conditioned media following prolonged exposure of mesenchymal stem cells derived from adipose tissue to diamond nanoparticles [83]. Our results suggest that the consistent expression of MIP1 is a natural characteristic of tissue physiology, and it is noteworthy that diamond nanoparticles do not contribute to an increase in the levels of any of the chemokines investigated.




5. Conclusions


Our results indicate that the presence of diamond nanoparticles at a concentration of 25 μg/mL does not have a negative impact on the viability and morphology of three-dimensional keratinocyte cultures that simulate human epidermis. The use of all techniques outlined in the OECD TG439 guideline supports the conclusion that these nanoparticles do not exhibit irritant properties in the EpiDerm™, confirming their safety for use on skin. Analysis of key cytokine markers of skin irritation such as TNF-α and IL-1α demonstrates the absence of sustained and pronounced pro-inflammatory or allergic responses. No significant increase in protein and mRNA expression were observed for any of the analyzed cytokines. Furthermore, our results suggest that regulation of apoptosis at the molecular level may occur in the studied samples. Under physiological conditions, this process leads to natural exfoliation, preventing excessive keratinization.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ma16165600/s1, Figure S1: O 1s XPS spectra of an ND; Figure S2: C 1s XPS spectra of an ND; Figure S3: N 1s XPS spectra of an ND.





Author Contributions


Conceptualization, W.F. and M.G.; methodology, W.F.; software, W.F., K.K. and K.Z.; validation, M.W., P.K. and J.S.; formal analysis, M.G.; investigation, W.F.; resources, MG. and M.W.; data curation, P.K. and J.S.; writing—original draft preparation, W.F.; writing—review and editing, W.F. and M.G.; visualization, W.F. and K.K.; supervision, M.G.; project administration, M.G.; funding acquisition, M.G. and M.W. All authors have read and agreed to the published version of the manuscript.




Funding


National Science Centre, Poland, project number 2020/37/B/NZ7/03532.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available upon request to the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Pichot, V.; Muller, O.; Seve, A.; Yvon, A.; Merlat, L.; Spitzer, D. Optical Properties of Functionalized Nanodiamonds. Sci. Rep. 2017, 7, 14086. [Google Scholar] [CrossRef] [PubMed]

	



Shenderova, O.; Koscheev, A.; Zaripov, N.; Petrov, I.; Skryabin, Y.; Detkov, P.; Turner, S.; Van Tendeloo, G. Surface Chemistry and Properties of Ozone-Purified Detonation Nanodiamonds. J. Phys. Chem. 2011, 115, 9827–9837. [Google Scholar] [CrossRef]

	



Pathak, R.; Punetha, V.D.; Bhatt, S.; Punetha, M. Carbon Nanotube-Based Biocompatible Polymer Nanocomposites as an Emerging Tool for Biomedical Applications. Eur. Pol. J. 2023, 16, 112257. [Google Scholar] [CrossRef]

	



Aprà, P.; Mino, L.; Battiato, A.; Olivero, P.; Sturari, S.; Valsania, M.C.; Varzi, V.; Picollo, F. Interaction of Nanodiamonds with Water: Impact of Surface Chemistry on Hydrophilicity, Aggregation and Electrical Properties. Nanomaterials 2021, 11, 2740. [Google Scholar] [CrossRef]

	



Namdar, R.; Nafisi, S. Nanodiamond Applications in Skin Preparations. Drug Discov. Today 2018, 23, 1152–1158. [Google Scholar] [CrossRef]

	



Shenderova, O.; Grichko, V.; Hens, S.; Walch, J. Detonation Nanodiamonds as UV Radiation Filter. Diam. Relat. Mater. 2007, 16, 2003–2008. [Google Scholar] [CrossRef]

	



Wu, M.S.; Sun, D.S.; Lin, Y.C.; Cheng, C.L.; Hung, S.C.; Chen, P.K.; Yang, J.H.; Chang, H.H. Nanodiamonds Protect Skin from Ultraviolet B-Induced Damage in Mice. J. Nanobiotechnol. 2015, 13, 35. [Google Scholar] [CrossRef]

	



Batory, M.; Batory, D.; Grabarczyk, J.; Kaczorowski, W.; Kupcewicz, B.; Mitura, K.; Nasti, T.H.; Yusuf, N.; Niedzielski, P. Biological Properties of Carbon Powders Synthesized Using Chemical Vapour Deposition and Detonation Methods. J. Nanosci. Nanotechnol. 2012, 12, 9037–9046. [Google Scholar] [CrossRef]

	



Adach, K.; Fijalkowski, M.; Skolimowski, J. Antioxidant Effect of Hydroxylated Diamond Nanoparticles Measured in Soybean Oil. Fuller. Nanotub. Carbon Nanostructures 2015, 23, 1024–1032. [Google Scholar] [CrossRef]

	



OECD. Test No. 439; In Vitro Skin Irritation: Reconstructed Human Epidermis Test Method. In OECD Guidelines for the Testing of Chemicals, Section 4; OECD: Paris, France, 2021. [Google Scholar] [CrossRef]

	



United Nations. Globally Harmonized System of Classification and Labelling of Chemicals (GHS); United Nations: Washington, DC, USA, 2019; ISBN 9789211171990. [Google Scholar]

	



Rahman, S.A.; Abdelmalak, N.S.; Badawi, A.; Elbayoumy, T.; Sabry, N.; Ramly, A. El Formulation of Tretinoin-Loaded Topical Proniosomes for Treatment of Acne: In-Vitro Characterization, Skin Irritation Test and Comparative Clinical Study. Drug Deliv. 2015, 22, 731–739. [Google Scholar] [CrossRef]

	



Draize, J.H.; Woodard, G.; Calvery, H.O. Methods For The Study Of Irritation And Toxicity Of Substances Applied Topically To The Skin And Mucous Membranes. J. Pharmacol. Exp. 1944, 82, 377–390. [Google Scholar]

	



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]

	



Cannon, C.L.; Neal, P.J.; Southee, J.A.; Kubulus, J.; Klausner, M. New epidermal model for dermal irritancy testing. Toxicol Vitr. 1994, 8, 889–891. [Google Scholar] [CrossRef] [PubMed]

	



Nosbaum, A.; Vocanson, M.; Rozieres, A.; Hennino, A.; Nicolas, J.F. Allergic and Irritant Contact Dermatitis. Eur. J. Dermatol. 2009, 19, 325–332. [Google Scholar] [CrossRef]

	



Barker, J.N.; Griffiths, C.E.; Nickoloff, B.J.; Mitra, R.S.; Dixit, V.M. Keratinocytes as Initiators of Inflammation. Lancet 1991, 337, 211–214. [Google Scholar] [CrossRef] [PubMed]

	



Bengalli, R.; Colantuoni, A.; Perelshtein, I.; Gedanken, A.; Collini, M.; Mantecca, P.; Fiandra, L. In Vitro Skin Toxicity of CuO and ZnO Nanoparticles: Application in the Safety Assessment of Antimicrobial Coated Textiles. NanoImpact 2021, 21, 100282. [Google Scholar] [CrossRef]

	



Netzlaff, F.; Lehr, C.M.; Wertz, P.W.; Schaefer, U.F. The Human Epidermis Models EpiSkin®, SkinEthic® and EpiDerm®: An Evaluation of Morphology and Their Suitability for Testing Phototoxicity, Irritancy, Corrosivity, and Substance Transport. Eur J. Pharm. Biopharm. 2005, 60, 167–178. [Google Scholar] [CrossRef] [PubMed]

	



Carpentier, G.; Emilie, H. Protein Array Analyzer for ImageJ. In Proceedings of the ImageJ User and Developer Conference, Luxembourg, 27–29 October 2010; Centre de Recherche Public Henri Tudor: Luxembourg, 2010; pp. 238–240. [Google Scholar]

	



Aithal, M.G.S.; Rajeswari, N. Validation of Housekeeping Genes for Gene Expression Analysis in Glioblastoma Using Quantitative Real-Time Polymerase Chain Reaction. Brain Tumor. Res. Treat. 2015, 3, 24. [Google Scholar] [CrossRef]

	



Szliszka, E.; Czuba, Z.P.; Domino, M.; Mazur, B.; Zydowicz, G.; Krol, W. Ethanolic Extract of Propolis (EEP) Enhances the Apoptosis- Inducing Potential of TRAIL in Cancer Cells. Molecules 2009, 14, 738–754. [Google Scholar] [CrossRef]

	



Egbuna, C.; Parmar, V.K.; Jeevanandam, J.; Ezzat, S.M.; Patrick-Iwuanyanwu, K.C.; Adetunji, C.O.; Khan, J.; Onyeike, E.N.; Uche, C.Z.; Akram, M.; et al. Toxicity of Nanoparticles in Biomedical Application: Nanotoxicology. J. Toxicol. 2021, 2021, 9954443. [Google Scholar] [CrossRef]

	



Mochalin, V.N.; Shenderova, O.; Ho, D.; Gogotsi, Y. The Properties and Applications of Nanodiamonds. Nat. Nanotechnol. 2012, 7, 11–23. [Google Scholar] [CrossRef] [PubMed]

	



Krüger, A.; Kataoka, F.; Ozawa, M.; Fujino, T.; Suzuki, Y.; Aleksenskii, A.E.; Vul’, A.Y.; Osawa, E. Unusually Tight Aggregation in Detonation Nanodiamond: Identification and Disintegration. Carbon N. Y. 2005, 43, 1722–1730. [Google Scholar] [CrossRef]

	



Osswald, S.; Yushin, G.; Mochalin, V.; Kucheyev, S.O.; Gogotsi, Y. Control of Sp2/Sp3 Carbon Ratio and Surface Chemistry of Nanodiamond Powders by Selective Oxidation in Air. J. Am. Chem. Soc. 2006, 128, 11635–11642. [Google Scholar] [CrossRef]

	



Koinuma, M.; Tateishi, H.; Hatakeyama, K.; Miyamoto, S.; Ogata, C.; Funatsu, A.; Taniguchi, T.; Matsumoto, Y. Analysis of Reduced Graphene Oxides by X-Ray Photoelectron Spectroscopy and Electrochemical Capacitance. Chem. Lett. 2013, 42, 924–926. [Google Scholar] [CrossRef]

	



Xie, F.Y.; Xie, W.G.; Gong, L.; Zhang, W.H.; Chen, S.H.; Zhang, Q.Z.; Chen, J. Surface Characterization on Graphitization of Nanodiamond Powder Annealed in Nitrogen Ambient. Surf. Interface Anal. 2010, 42, 1514–1518. [Google Scholar] [CrossRef]

	



Rabchinskii, M.K.; Dideikin, A.T.; Kirilenko, D.A.; Baidakova, M.V.; Shnitov, V.V.; Roth, F.; Konyakhin, S.V.; Besedina, N.A.; Pavlov, S.I.; Kuricyn, R.A.; et al. Facile Reduction of Graphene Oxide Suspensions and Films Using Glass Wafers. Sci. Rep. 2018, 8, 14154. [Google Scholar] [CrossRef] [PubMed]

	



Oh, Y.J.; Yoo, J.J.; Kim, Y.I.; Yoon, J.K.; Yoon, H.N.; Kim, J.H.; Park, S. Bin Oxygen Functional Groups and Electrochemical Capacitive Behavior of Incompletely Reduced Graphene Oxides as a Thin-Film Electrode of Supercapacitor. Electrochim. Acta 2014, 116, 118–128. [Google Scholar] [CrossRef]

	



Mccafferty, E.; Wightman, J.P. Determination of the concentration of surface hydroxyl groups on metal oxide films by a quantitative XPS method. Surf. Interface Anal. 1998, 26, 549–564. [Google Scholar] [CrossRef]

	



Stobinski, L.; Lesiak, B.; Malolepszy, A.; Mazurkiewicz, M.; Mierzwa, B.; Zemek, J.; Jiricek, P.; Bieloshapka, I. Graphene Oxide and Reduced Graphene Oxide Studied by the XRD, TEM and Electron Spectroscopy Methods. J. Electron. Spectros Relat. Phenom. 2014, 195, 145–154. [Google Scholar] [CrossRef]

	



Larciprete, R.; Gardonio, S.; Petaccia, L.; Lizzit, S. Atomic Oxygen Functionalization of Double Walled C Nanotubes. Carbon N. Y. 2009, 47, 2579–2589. [Google Scholar] [CrossRef]

	



Payne, B.P.; Biesinger, M.C.; McIntyre, N.S. X-ray Photoelectron Spectroscopy Studies of Reactions on Chromium Metal and Chromium Oxide Surfaces. J. Electron. Spectros Relat. Phenom. 2011, 184, 29–37. [Google Scholar] [CrossRef]

	



Maddi, C.; Bourquard, F.; Barnier, V.; Avila, J.; Asensio, M.C.; Tite, T.; Donnet, C.; Garrelie, F. Nano-Architecture of Nitrogen-Doped Graphene Films Synthesized from a Solid CN Source. Sci. Rep. 2018, 8, 3247. [Google Scholar] [CrossRef] [PubMed]

	



Raicopol, M.; Andronescu, C.; Atasiei, R.; Hanganu, A.; Pilan, L. Post-Polymerization Electrochemical Functionalization of a Conducting Polymer: Diazonium Salt Electroreduction at Polypyrrole Electrodes. J. Electrochem. Soc. 2014, 161, G103–G113. [Google Scholar] [CrossRef]

	



Gupta, N.K.; Peng, B.; Haller, G.L.; Ember, E.E.; Lercher, J.A. Nitrogen Modified Carbon Nano-Materials as Stable Catalysts for Phosgene Synthesis. ACS Catal. 2016, 6, 5843–5855. [Google Scholar] [CrossRef]

	



Wójcik, B.; Sawosz, E.; Szczepaniak, J.; Strojny, B.; Sosnowska, M.; Daniluk, K.; Zielińska-Górska, M.; Bałaban, J.; Chwalibog, A.; Wierzbicki, M. Effects of Metallic and Carbon-Based Nanomaterials on Human Pancreatic Cancer Cell Lines Aspc-1 and Bxpc-3. Int. J. Mol. Sci. 2021, 22, 12100. [Google Scholar] [CrossRef]

	



Grodzik, M.; Szczepaniak, J.; Strojny-Cieslak, B.; Hotowy, A.; Wierzbicki, M.; Jaworski, S.; Kutwin, M.; Soltan, E.; Mandat, T.; Lewicka, A.; et al. Diamond Nanoparticles Downregulate Expression of CycD and Cyce in Glioma Cells. Molecules 2019, 24, 1549. [Google Scholar] [CrossRef] [PubMed]

	



Adach, K.; Fijalkowski, M.; Gajek, G.; Skolimowski, J.; Kontek, R.; Blaszczyk, A. Studies on the Cytotoxicity of Diamond Nanoparticles against Human Cancer Cells and Lymphocytes. Chem. Biol. Interact. 2016, 254, 156–166. [Google Scholar] [CrossRef] [PubMed]

	



Wierzbicki, M.; Zawadzka, K.; Wójcik, B.; Jaworski, S.; Strojny, B.; Ostrowska, A.; Małolepszy, A.; Mazurkiewicz-Pawlicka, M.; Sawosz, E. Differences in the Cell Type-Specific Toxicity of Diamond Nanoparticles to Endothelial Cells Depending on the Exposure of the Cells to Nanoparticles. Int. J. Nanomed. 2023. [Google Scholar] [CrossRef]

	



Kurantowicz, N.; Strojny, B.; Sawosz, E.; Jaworski, S.; Kutwin, M.; Grodzik, M.; Wierzbicki, M.; Lipińska, L.; Mitura, K.; Chwalibog, A. Biodistribution of a High Dose of Diamond, Graphite, and Graphene Oxide Nanoparticles After Multiple Intraperitoneal Injections in Rats. Nanoscale Res. Lett. 2015, 10, 398. [Google Scholar] [CrossRef]

	



ISO 10993-5:2009; Biological Evaluation of Medical Devices. Part 5: Tests for in Vitro Cytotoxicity. ISO: Geneva, Switzerland, 2009.

	



Mitura, K.; Kornacka, J.; Niemiec-Cyganek, A.; Pawlus-łachecka, L.; Mydłowska, K.; Sobczyk-Guzenda, A.; Kaczorowski, W.; Ossowska, P.; Bałasz, B.; Wilczek, P. The Influence of Diamond Nanoparticles on Fibroblast Cell Line L929, Cytotoxicity and Bacteriostaticity of Selected Pathogens. Coatings 2022, 12, 280. [Google Scholar] [CrossRef]

	



Majie, A. An Overview of Nano Diamond Formulation in Cancer Treatment. Pharm. Nanotechnol. 2022, 10, 3. [Google Scholar] [CrossRef]

	



Griffin, M.F.; desJardins-Park, H.E.; Mascharak, S.; Borrelli, M.R.; Longaker, M.T. Understanding the Impact of Fibroblast Heterogeneity on Skin Fibrosis. Dis. Model Mech. 2020, 13, dmm044164. [Google Scholar] [CrossRef]

	



Burleson, T.; Yusuf, N.; Stanishevsky, A. Surface Modification of Nanodiamonds for Biomedical Application and Analysis by Infrared Spectroscopy. J. Achiev. Mater. 2009, 37, 258–263. [Google Scholar]

	



Mytych, J.; Wnuk, M.; Rattan, S.I.S. Low Doses of Nanodiamonds and Silica Nanoparticles Have Beneficial Hormetic Effects in Normal Human Skin Fibroblasts in Culture. Chemosphere 2016, 148, 307–315. [Google Scholar] [CrossRef] [PubMed]

	



Pulskamp, K.; Diabaté, S.; Krug, H.F. Carbon Nanotubes Show No Sign of Acute Toxicity but Induce Intracellular Reactive Oxygen Species in Dependence on Contaminants. Toxicol. Lett. 2007, 168, 58–74. [Google Scholar] [CrossRef]

	



Quiñones-Vico, M.I.; Fernández-González, A.; Pérez-Castejón, E.; Montero-Vílchez, T.; Arias-Santiago, S. Cytotoxicity and Epidermal Barrier Function Evaluation of Common Antiseptics for Clinical Use in an Artificial Autologous Skin Model. J. Clin. Med. 2021, 10, 642. [Google Scholar] [CrossRef]

	



Zielińska-Górska, M.; Sawosz, E.; Sosnowska, M.; Hotowy, A.; Grodzik, M.; Górski, K.; Strojny-Cieślak, B.; Wierzbicki, M.; Chwalibog, A. Molecular Biocompatibility of a Silver Nanoparticle Complex with Graphene Oxide to Human Skin in a 3D Epidermis In Vitro Model. Pharmaceutics 2022, 14, 1398. [Google Scholar] [CrossRef] [PubMed]

	



Perevedentseva, E.; Ali, N.; Karmenyan, A.; Skovorodkin, I.; Prunskaite-Hyyryläinen, R.; Vainio, S.; Cheng, C.L.; Kinnunen, M. Optical Studies of Nanodiamond-Tissue Interaction: Skin Penetration and Localization. Materials 2019, 12, 3762. [Google Scholar] [CrossRef] [PubMed]

	



Vasilyeva, E.Y.; Prokhorenkov, V.I.; Puzyr, A.P.; Bondar, V.S. The Effects of Nanodiamonds at the Action of Colored Metal Ions on the Skin of Guinea Pigs. J. Biomater. Nanobiotechnol. 2016, 07, 214–224. [Google Scholar] [CrossRef]

	



Gerber, P.A.; Buhren, B.A.; Schrumpf, H.; Homey, B.; Zlotnik, A.; Hevezi, P. The Top Skin-Associated Genes: A Comparative Analysis of Human and Mouse Skin Transcriptomes. Biol. Chem. 2014, 395, 577–591. [Google Scholar] [CrossRef]

	



Mitura, K.; Niedzielski, P.; Bartosz, G.; Moll, J.; Walkowiak, B.; Pawłowska, Z.; Louda, P.; Kieć-Świerczyńska, M.; Mitura, S. Interactions between Carbon Coatings and Tissue. Surf. Coat. Technol. 2006, 201, 2117–2123. [Google Scholar] [CrossRef]

	



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]

	



Elias, P.M.; Friend, D.S. The Permeability Barrier In Mammalian Epidermis. J. Cell Biol. 1975, 65, 180–191. [Google Scholar] [CrossRef] [PubMed]

	



Hwang, J.H.; Lee, S.; Lee, H.G.; Choi, D.; Lim, K.M. Evaluation of Skin Irritation of Acids Commonly Used in Cleaners in 3D-Reconstructed Human Epidermis Model, KeraSkinTM. Toxics 2022, 10, 558. [Google Scholar] [CrossRef]

	



Cobb, J.P.; Hotchkiss, R.S.; Karl, I.E.; Buchman, T.G. Mechanisms of Cell Injury and Death. Br. J. Anaesth. 1996, 77, 3–10. [Google Scholar] [CrossRef]

	



Novak-Bilić, G.; Vučić, M.; Japundžić, I.; Meštrović-Štefekov, J.; Stanić-Duktaj, S.; Lugović-Mihić, L. Irritant And Allergic Contact Dermatitis—Skin Lesion Characteristics. Acta Clin. Croat. 2018, 57, 713–720. [Google Scholar] [CrossRef] [PubMed]

	



Jing, C.; Guo, J.; Li, Z.; Xu, X.; Wang, J.; Zhai, L.; Liu, J.; Sun, G.; Wang, F.; Xu, Y.; et al. Screening and Research on Skin Barrier Damage Protective Efficacy of Different Mannosylerythritol Lipids. Molecules 2022, 27, 4648. [Google Scholar] [CrossRef] [PubMed]

	



Elsabahy, M.; Wooley, K.L. Cytokines as Biomarkers of Nanoparticle Immunotoxicity. Chem. Soc. Rev. 2013, 42, 5552–5576. [Google Scholar] [CrossRef] [PubMed]

	



He, C.; Wei, Q.; Zhu, J.; Qin, Q.; Wang, H.; Liu, S. Clinical Value of Assessing Serum Levels of Inflammatory Cytokines in the Early Diagnosis of Patients with Primary Liver Carcinoma: A Retrospective Observational Study. J. BioX. Res. 2021, 4, 29–35. [Google Scholar] [CrossRef]

	



Gröne, A. Keratinocytes and Cytokines. Vet. Immunol. Immunopathol. 2002, 6, 1–12. [Google Scholar] [CrossRef]

	



Feghali, C.A.; Wright, T.M. Cytokines in acute and chronic inflammation. Front. Biosci. 1997, 2, d12–d26. [Google Scholar] [CrossRef]

	



Magcwebeba, T.; Riedel, S.; Swanevelder, S.; Bouic, P.; Swart, P.; Gelderblom, W. Interleukin 1α, Induction in Human Keratinocytes (HaCaT): An In Vitro Model for Chemoprevention in Skin. J. Skin. Cancer 2012, 2012, 393681. [Google Scholar] [CrossRef] [PubMed]

	



Bashir, M.M.; Sharma, M.R.; Werth, V.P. UVB and Proinflammatory Cytokines Synergistically Activate TNF-α Production in Keratinocytes through Enhanced Gene Transcription. J. Investig. Dermatol. 2009, 129, 994–1001. [Google Scholar] [CrossRef] [PubMed]

	



Lewis, R.W.; Mccall, J.C.; Botham, P.A.; Kimber, I. Investigation of TNF-alpha release as a measure of skin irritancy. Toxicol Vitr. 1993, 7, 393–395. [Google Scholar] [CrossRef]

	



Lee, H.Y.; Stieger, M.; Yawalkar, N.; Kakeda, M. Cytokines and Chemokines in Irritant Contact Dermatitis. Mediat. Inflamm. 2013, 2013, 916497. [Google Scholar] [CrossRef]

	



Dittmar, D.; Schuttelaar, M.L. Immunology and Genetics of Tumour Necrosis Factor in Allergic Contact Dermatitis. Contact Dermat. 2017, 76, 257–271. [Google Scholar] [CrossRef] [PubMed]

	



Simó, R.; Barbosa-Desongles, A.; Lecube, A.; Hernandez, C.; Selva, D.M. Potential Role of Tumor Necrosis Factor-α in Downregulating Sex Hormone-Binding Globulin. Diabetes 2012, 61, 372–382. [Google Scholar] [CrossRef]

	



Wullaert, A.; Van Loo, G.; Heyninck, K.; Beyaert, R. Hepatic Tumor Necrosis Factor Signaling and Nuclear Factor-ΚB: Effects on Liver Homeostasis and Beyond. Endocr. Rev. 2007, 28, 365–386. [Google Scholar] [CrossRef]

	



Khanal, D.; Lei, Q.; Pinget, G.; Cheong, D.A.; Gautam, A.; Yusoff, R.; Su, B.; Yamaguchi, S.; Kondyurin, A.; Knowles, J.C. The Protein Corona Determines the Cytotoxicity of Nanodiamonds: Implications of Corona Formation and Its Remodelling on Nanodiamond Applications in Biomedical Imaging and Drug Delivery. Nanoscale Adv. 2020, 2, 4798–4812. [Google Scholar] [CrossRef]

	



Lee, W.Y.; Butler, A.P.; Locniskar, M.F.; Fischer, S.M. Signal Transduction Pathway(s) Involved in Phorbol Ester and Autocrine Induction of Interleukin-1α MRNA in Murine Keratinocytes. Biol. Chem. 1994, 269, 17971–17980. [Google Scholar] [CrossRef]

	



Kupper, T.S.; Chua, A.O.; Flood, P.; Mcguire, J.; Gubler, U. Interleukin 1 gene expression in cultured human keratinocytes is augmented by ultraviolet irradiation. J. Clin. Invest. 1987, 80, 430–436. [Google Scholar] [CrossRef] [PubMed]

	



Yoo, W.; Lee, W.; Kim, H.N.; Jeong, J.; Park, H.H.; Ahn, J.H.; Jung, D.; Lee, J.; Kim, J.S.; Lee, S.W.; et al. Nanodiamond as a Cytokine Sponge in Infectious Diseases. Front. Bioeng. Biotechnol. 2022, 10, 862495. [Google Scholar] [CrossRef] [PubMed]

	



Masuda, K.; Katoh, N.; Soga, F.; Kishimoto, S. The Role of Interleukin-16 in Murine Contact Hypersensitivity. Clin. Exp. Immunol. 2005, 140, 213–219. [Google Scholar] [CrossRef] [PubMed]

	



Mathy, N.L.; Scheuer, W.; Lanzendo, È.; Rfer, M.; Honold, K.; Ambrosius, D.; Norley, S.; Kurth, R. Interleukin-16 stimulates the expression and production of pro-inflammatory cytokines by human monocytes. Immunology 2000, 100, 63–69. [Google Scholar] [CrossRef] [PubMed]

	



Han, G.W.; Iwatsuki, K.; Inoue, M.; Matsui, T.; Nishibu, A.; Akiba, H.; Kaneko, F. Interleukin-15 is not a constitutive cytokine in the epidermis, but is inducible in culture or inflammatory conditions. Acta Derm. Venereol. 1999, 79, 37–40. [Google Scholar] [CrossRef] [PubMed]

	



Blauvelt, A.; Asada, H.; Klaus-Kovtun, V.; Altman, D.J.; Lucey, D.R.; Katz, S.I. Interleukin-15 MRNA Is Expressed by Human Keratinocytes, Langerhans Cells, and Blood-Derived Dendritic Cells and Is Downregulated by Ultraviolet B Radiation. J. Investig. Dermatol. 1996, 106, 1047–1052. [Google Scholar] [CrossRef]

	



Rü, R.; Asadullah, K.; Seifert, M.; Budagian, V.M.; Arnold, R.; Trombotto, C.; Paus, R.; Bulfone-Paus, S. Inhibition of Keratinocyte Apoptosis by IL-15: A New Parameter in the Pathogenesis of Psoriasis? J. Immunol. 2000, 165, 2240–2250. [Google Scholar] [CrossRef]

	



Jones, A.M.; Griffiths, J.L.; Sanders, A.J.; Owen, S.; Ruge, F.; Harding, K.G.; Jiang, W.G. The Clinical Significance and Impact of Interleukin 15 on Keratinocyte Cell Growth and Migration. Int. J. Mol. Med. 2016, 38, 679–686. [Google Scholar] [CrossRef]

	



Blaber, S.P.; Hill, C.J.; Webster, R.A.; Say, J.M.; Brown, L.J.; Wang, S.C.; Vesey, G.; Herbert, B.R. Effect of Labeling with Iron Oxide Particles or Nanodiamonds on the Functionality of Adipose-Derived Mesenchymal Stem Cells. PLoS ONE 2013, 8, e52997. [Google Scholar] [CrossRef]

	



Kolarsick, P.A.; Ann Kolarsick, M.; Goodwin, C. Anatomy and Physiology of the Skin. J. Dermatol. Nurses Assoc. 2006, 3, 203–213. [Google Scholar] [CrossRef]

	



Raj, D.; Brash, D.E.; Grossman, D. Keratinocyte apoptosis in epidermal development and disease. J. Investig. Dermatol. 2006, 126, 243–257. [Google Scholar] [CrossRef]

	



Waldmann, T.A. Targeting the interleukin-15/interleukin-15 receptor system in inflammatory autoimmune diseases. Arthritis Res. Ther. 2004, 6, 174–177. [Google Scholar] [CrossRef] [PubMed]

	



Mizutani, H.; Black, R.; Kupper, T.S. Human Keratinocytes Produce but Do Not Process Pro-Interleukin-1 (IL-1) Beta Different Strategies of IL-1 Production and Processing in Monocytes and Keratinocytes. J. Clin. Investig. 1991, 87, 1066–1971. [Google Scholar] [CrossRef] [PubMed]

	



England, H.; Summersgill, H.R.; Edye, M.E.; Rothwell, N.J.; Brough, D. Release of Interleukin-1 α or Interleukin-1 β Depends on Mechanism of Cell Death. J. Biol. Chem. 2014, 289, 15942–15950. [Google Scholar] [CrossRef]

	



Bailey, L.O.; Lippiatt, S.; Biancanello, F.S.; Ridder, S.D.; Washburn, N.R. The Quantification of Cellular Viability and Inflammatory Response to Stainless Steel Alloys. Biomaterials 2005, 26, 5296–5302. [Google Scholar] [CrossRef] [PubMed]

	



Thomas, V.; Halloran, B.A.; Ambalavanan, N.; Catledge, S.A.; Vohra, Y.K. In Vitro Studies on the Effect of Particle Size on Macrophage Responses to Nanodiamond Wear Debris. Acta Biomater. 2012, 8, 1939–1947. [Google Scholar] [CrossRef] [PubMed]

	



Mohammed, J.; Gunderson, A.J.; Khong, H.H.; Koubek, R.D.; Udey, M.C.; Glick, A.B. TGFβ1 Overexpression by Keratinocytes Alters Skin Dendritic Cell Homeostasis and Enhances Contact Hypersensitivity. J. Investig. Dermatol. 2013, 133, 135–143. [Google Scholar] [CrossRef]

	



Bhavsar, I.; Miller, C.S.; Al-Sabbagh, M. Macrophage Inflammatory Protein-1 Alpha (MIP-1 Alpha)/CCL3: As a Biomarker. In General Methods in Biomarker Research and Their Applications; Springer International Publishing: Berlin/Heidelberg, Germany, 2015; Volume 1–2, pp. 223–249. ISBN 9789400776968. [Google Scholar]

	



Penn, J.W.; Grobbelaar, A.O.; Rolfe, K.J. The role of the TGF-β family in wound healing, burns and scarring: A review. Int. J. Burns Trauma. 2012, 2, 18–28. [Google Scholar]

	



Gilbert, R.W.D.; Vickaryous, M.K.; Viloria-Petit, A.M. Signalling by Transforming Growth Factor Beta Isoforms in Wound Healing and Tissue Regeneration. J. Dev. Biol. 2016, 4, 21. [Google Scholar] [CrossRef]

	



Jiang, C.-K.; Tomic-Canic, M.; Lucas, D.J.; Simon, M.; Blumenberg, M. TGFP Promotes the Basal Phenotype of Epidermal Keratinocytes: Transcriptional Induction of K#5 and K# 14 Keratin Genes. Growth Factors 1995, 12, 87–97. [Google Scholar] [CrossRef]

	



Mauviel, A. Transforming Growth Factor-Beta Signaling in Skin: Stromal to Epithelial Cross-Talk. J. Investig. Dermatol. 2009, 129, 7–9. [Google Scholar] [CrossRef] [PubMed]

	



Liu, C.; Hu, X.; Li, X.; Zhou, Y.; Wang, H.; Fan, C.; Song, H. Reprogramming of Cancer Invasiveness and Macrophage Education: Via a Nanostructured Antagonist of the TGFβ Receptor. Mater. Horiz. 2019, 6, 1675–1681. [Google Scholar] [CrossRef]

	



Laing, K.J.; Secombes, C.J. Chemokines. Dev. Comp. Immunol. 2004, 28, 443–460. [Google Scholar] [CrossRef]

	



Gallud, A.; Delaval, M.; Kinaret, P.; Marwah, V.S.; Fortino, V.; Ytterberg, J.; Zubarev, R.; Skoog, T.; Kere, J.; Correia, M.; et al. Multiparametric Profiling of Engineered Nanomaterials: Unmasking the Surface Coating Effect. Adv. Sci. 2020, 7, 2002221. [Google Scholar] [CrossRef] [PubMed]

	



Hsieh, W.Y.; Chou, C.C.; Ho, C.C.; Yu, S.L.; Chen, H.Y.; Chou, H.Y.E.; Chen, J.J.W.; Chen, H.W.; Yang, P.C. Single-Walled Carbon Nanotubes Induce Airway Hyperreactivity and Parenchymal Injury in Mice. Am. J. Respir. Cell Mol. Biol. 2012, 46, 257–267. [Google Scholar] [CrossRef] [PubMed]








[image: Materials 16 05600 g001 550] 





Figure 1. Physicochemical analyses of nanodiamonds. (A) Transmission electron microscopy (TEM) images; (B) Survey X-ray photoelectron spectroscopy (XPS) spectra of ND. 
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Figure 2. EpiDermTM viability evaluated by the MTT assay. The dashed red line indicates the critical point at 50% viability, indicating irritant potential. Mean ± standard deviation values are presented. Statistical significance between control and treated cells is indicated by an asterisk, evaluated using Tukey’s multiple comparison test (p < 0.05). Asterisk (*) represents p < 0.01, and four asterisks (****) represent p < 0.0001. Abbreviations: NC, negative control (DPBS treated); PC, positive control (1% SDS treated); ND, tissues treated with 25 μg/mL nanodiamond. 
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Figure 3. Histological examination of EpiDermTM. (A) Scheme of tissue structure. With a dotted line, the individual layers are indicated as follows: blue—corneal layer (CL), yellow—granular layer (GL), black—spinous layer (SL), green—basal layer (BL); (B) average thickness of the stratum corneum layer; (C) overall thickness; (D) tissue visualization after hematoxylin-eosin staining at magnifications: 20× and 40×. The loosely arranged cells of stratum corneum are indicated as black arrows, lamellar bodies with keratohyalin granules are labeled as a yellow arrows, flattened cells of the spinous layer are pointed out with white arrows, the basal layer cells with a columnar shape with rounded contours are a green arrows. The tissue damage is indicated by a black star, and the orange star represents the presence of necrotic processes. Values are displayed as mean ± SD. Significant differences between control and treated cells are indicated with a p-value < 0.05, where **** denotes a p-value < 0.0001. Abbreviations: NC, negative control (DPBS treated); PC, positive control (1% SDS treated); ND, tissues exposed to nanodiamond at 25 μg/mL. 
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Figure 4. Proinflammatory cytokines expression. (A) Scheme of the protein pattern at the membranes. Proteins that showed an increase in expression after ND treatment are marked in green, whereas those exhibiting a decrease in expression are marked in red; (B) levels of cytokines after normalization; (C) the relative expression levels of selected proteins; (D) and their corresponding genes. Mean ± standard deviation values are presented. Statistically significant differences between control and treated cells are indicated by an asterisk, evaluated using Student’s t-test (p < 0.05). Asterisk (*) represents p < 0.01, (**) p < 0.05, while four asterisks (****) represent p < 0.0001. Abbreviations: NC, negative control (DPBS treated); ND, tissues exposed to nanodiamond at a concentration of 25 μg/mL; IL-1α, Interleukin-1 alpha; IL-1β, Interleukin-1 beta; TNF-α, Tumor necrosis factor; TGF-β, Transforming growth factor beta; IL-15, Interleukin-15; IL-16, Interleukin-16; MIP-1α, Macrophage inflammatory protein-1 alpha; MIP-1β, Macrophage inflammatory protein-1 beta. 
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Table 1. Sequence of primers used in the qPCR analysis.
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	Gene
	Sequence
	Source





	RPL13
	F: CATAGGAAGCTGGGAGCAAG

R: GCCCTCCAATCAGTCTTCTG
	[21]



	IL-1α
	F: TGTATGTGACTGCCCAAGATGAAG

R: AGAGGAGGTTGGTCTCACTACC
	sp



	IL-1β
	F: CCACAGACCTTCCAGGAGAATG

R: GTGCAGTTCAGTGATCGTACAGG
	sp



	TNF-α
	F: GGCTCCAGGCGGTGCTTGTTC

R: AGAGGCGATGCGGCTGATG
	[22]



	TGF-β
	F: TACCTGAACCCGTGTTGCTCTC

R: GTTGCTGAGGTATCGCCAGGAA
	sp



	IL-15
	F: AACAGAAGCCAACTGGGTGAATG

R: CTCCAAGAGAAAGCACTTCATTGC
	sp



	IL-16
	F: TTGGACACAGGGTTCTCGCTCA

R: AGCAGGGAGATAACGGACTGAC
	sp



	MIP-1α
	F: ACTTTGAGACGAGCAGCCAGTG

R: TTTCTGGACCCACTCCTCACTG
	sp



	MIP-1β
	F: GCTTCCTCGCAACTTTGTGGTAG

R: GGTCATACACGTACTCCTGGAC
	sp







F, forward, sequence 5′ -> 3′; R, reversed, sequence 3′ -> 5′; sp, self-projected; RPL13, Ribosomal protein L13a; IL-1α, Interleukin-1 alpha; IL-1β, Interleukin-1 beta; TNF-α, Tumor necrosis factor; TGF-β, Transforming growth factor beta; IL-15, Interleukin-15; IL-16, Interleukin-16; MIP-1α, Macrophage inflammatory protein-1 alpha; MIP-1β, Macrophage inflammatory protein-1 beta.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
%
|

—

|]oJju09 aAehau Jo o





nav.xhtml


  materials-16-05600


  
    		
      materials-16-05600
    


  




  





media/file2.png
, XPS survey spectrum
x 10

Name Pos. Area At%
C1s 285.00 5161.019 92.90
O1s 53150 823.254 5.06
N 1s 399.00 177579 1.78
S2p 167.00 24657 0.26

C1s

100 nm

2]

C KLL

O KLL

| T
1200 900 600
Binding Energy (eV)

)
]

[72]

o

z
R & &
» )

' T
300






media/file5.jpg
c
Tho thickness of the comeal  The average total thickness






media/file3.jpg
|o13u09 aAnebau jo 9,

NC PC ND





media/file1.jpg
XPS survey spectrum






media/file7.jpg





media/file0.png





media/file8.png
\ 1 2 3 4 5 6 7 8 9 10 11 12
A Pos Pos Neg Neg EOQOTAXIN EOTAXIN-2 GCSF GM-CSF ICAM-1 IFN-y 1-309 IL-1a
B Pos Pos Neg Neg EOTAXIN EOTAXIN-2 GCSF GM-CSF ICAM-1 IFN-y 1-309 IL-1a
C IL-18 IL-2 IL-3 IL-4 IL-6 IL-6sR IL-7 IL-8 IL-10 IL-11 IL-12 p40 IL-12 p70
D IL-18 IL-2 IL-3 IL-4 IL-6 IL-6sR IL-7 IL-8 IL-10 IL-11 IL-12 p40 IL-12 P70
E IL-13 IL-15 IL-16 IL-17 IP-10 MCP-1 MCP-2 M-CSF MIG MIP-1a MIP-1B MIP-16
F IL-13 IL-15 IL-16 IL-17 IP-10 MCP-1 MCP-2 M-CSF MIG MIP-1a MIP-1B MIP-16
G RANTES TGF~B TNF-a TN F-B STNF RI STNF RII PDGF-BB TIMP-2 BLANK BLANK Neg Pos
H RANTES TGF-B TNF-a TNF-B STNF RI STNF RII PDGF-BB TIMP-2 BLANK BLANK Neg Pos

NC ND
» -
» »
€1 2 €3 ¢4 C5 © C7r €8 C% C10 Ci1 C12 ® ™ €1 @ 3 C4 C5 ©6 Cr C8 C$ C10 C11 C12
» » L . . 3
]
-
k2
® -
0.50 - IL-1a 0.50 - IL-1B 0504 TNF-a 05094  TGEF-B
o o o
6 S S S
.a d m - m 1 (IJ 7
o 2 2 g
— e - Pl
3 & 0.254 % 0.25- & 0.25-
X' 0.25+ " > 0 s 0 o
(]
g S S 3
® & ' © ' * © '
o 4 T e o T
000 EEER 0.00 . ZZ 0.00 Lo
NC ND NC ND NC ND
0,50 IL-15 0507  IL-16 0.507  MIP-1« 050 MIP-1p
c c S c
S 2 | = | S
» . & ] 7
0 i [) 0
] e S [
S o o 3
X 0.25- % 0.25- o 0257 X 0.25
Qo o * 4 ()
> 2 2 2
g & & £
dl-’ -T— d'_) el 2
0.00 ——*—'— 0.00-
NC ND
IL-1a IL-lﬁ TNF-o TGF-ﬂ
*k kK
2- 2- T 2 2
— — a —
g 1- g 1 g 1 g 1-
o)) o)) =l o)) T
g 1 8 8 8
o T 5 T 0 T 1 0 T
-1 T T -1 T T -1 T T -1 T I
NC ND NC ND NC PC NC ND
IL-15 IL-16 MIP-1« MIP-1
2- 2 - 2 2
] i ] g . <]
&€ 1- 3 1- g& 1 g 1-
) T & o) >
= 2 T T = 2 Il
0 T 0 0 0
1 | T
-1 | 1 -1 T T -1 T T -1 T T
NC ND NC ND NC ND NC ND






media/file6.png
C .
The thickness of the corneal The average total thickness
layer

T

100 100 -

(22
o
1

The average thickness [um]
(3,1
(=]
1

The average thickness [um]

o
|
o
|

100 pm

20x






