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Abstract

:

(1) Purpose: The aim of the study was to develop a nanocomposite with copper nanoparticles constituting a bacteriostatic surface to maintain human lung cell function. (2) Methods: A polyelectrolyte layer coating that incorporated copper nanoparticles was designed. As a bacteriostatic factor, copper nanoparticles were applied as a colloidal solution of copper nanoparticles (ColloidCuNPs) and a solution of copper nanoparticles (CuNPs). The influence of the polyelectrolytes on selected Gram (+) and Gram (−) strains was examined. The function and morphology of the human adenocarcinoma A549 cell line, comprising human epithelial lung cells cultured in the presence of nanocomposite layer coatings, were evaluated. We applied fluorescence and scanning electron microscopies, as well as flow cytometry, for these studies. Furthermore, the layer coating material was characterized by atomic force microscopy (AFM) and energy dispersive X-ray analysis (EDX). (3) Results: It was observed that the polyelectrolytes polyethyleneimine (PEI) and poly-L-lysine (PLL) did not induce proliferation of the E. coli strain. However, they did induce the proliferation of the S. aureus strain. Due to the effectiveness of the CuNPs against the E. coli strain, CuNPs were selected for further research. The designed coatings of proper NPs shared the sustained function of human lung cells within 10 days of culture. The AFM and EDX characterization confirmed the presence of copper in the layer coating nanomaterial. The presence of CuNPs in polyethyleneimine-based nanocomposite deepened the bacteriostatic effect on E. coli compared with PEI alone. Meanwhile, incorporating CuNPs in PLL allowed A549 cell maintenance but did not exert a bacteriostatic influence on the examined strain. (4) Conclusions: The platform based on polyelectrolytes, incorporated with copper nanoparticles, that ensures the growth and appropriate morphology of the human lung epithelial cells, might be considered an element of a system for medical devices used to maintain the function of human lung cells.
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1. Introduction


Scientists and engineers’ efforts to construct increasingly advanced biomaterials with multifunctional profiles are reflected in the countless publications regarding new systems that support the regeneration of injured tissues and the restoration of their function [1,2,3]. Nonetheless, the topic remains unfathomable despite the wide range of designed and reported structures and platforms. Undoubtedly, novel biomaterials with specific properties, especially those for biomedical applications designed to meet several stringent requirements, have revolutionized modern therapy methods. However, it is worth remembering that individual patients have various physiological characteristics, making each case unique [4]. Consequently, universal biomaterials, even highly advanced ones, do not ensure the same clinical results in different patients and do not guarantee therapeutic success. An increasing number of voices suggest that the future should be associated with personalized therapies. Therefore, in the era of the increasing popularity of personalized health care aimed at improving the quality of patients’ lives, it is essential to constantly expand the base of available biomaterials intended for contact with patient tissues [4].



Antibacterial activity is a crucial property of modern biomaterials, as an element in medical device system components [5,6,7]. Simultaneously, the expanding antibiotic resistance of pathogens increases the demand for exploring novel antimicrobial agents and unconventional therapeutical approaches (e.g., application of antimicrobial peptide Tet213 [8] or honey [9]).



Due to their unique features, like their catalytic properties, their ability to modify surfaces to change their characteristics, and their role in energy conversion and storage, metallic nanoparticles are a novel group of nanomaterials that are usable in many areas like medicine, pharmacy, and environmental protection [10,11]. Owing to their inhibitory and robust antimicrobial effects, metal nanoparticles are recognized as an antibiotic alternative [12], circumventing multi-resistant antibacterial infections. Among the metal and metal oxide nanoparticles supporting wound healing, the most commonly applied are zinc oxide [13], iron oxide [14], cerium oxide [15], titanium oxide [16], silver [17], gold [18], and copper (CuNPs) [6]. The latter in particular have received broad attention recently as they are more accessible, eco-friendly, and cost-effective than their silver and gold equivalents [19]. Moreover, studies have shown that copper nanoparticles exhibit lower toxicity than silver nanoparticles [20,21]. Furthermore, nano-biomaterials with metallic nanoparticles, including copper-based NPs, have been developed to improve mechanical strength and involve antimicrobial activity [22]. An example of materials that are reported to show antibacterial functionality against S. aureus might be polyelectrolyte-copper nanocomposite coatings, with the poly(diallyldimethylammonium chloride) playing the role of a polycation, poly(sodium 4-styrenesulfonate)(PSS) used as a polyanion, and negatively charged CuNPs [23].



It is worth noting that copper nanoparticles have the ability to penetrate both viruses and bacterial cell membranes directly, liquidating them by releasing oxygen and toxic factors for the microbes. In addition, it is also a crucial living element of various human metabolic pathways. Hence, tissue regeneration can be enhanced using copper [24].



The role of coppers in angiogenesis cannot be underestimated [25,26,27].



The successful restoration of blood flow in injured tissues and/or the vascularization of engineered grafts, ensuring the supply of nutrients, chemicals, and oxygen, is crucial for restoring damaged areas to functional tissues; yet, it is very difficult to achieve. The cellular mechanism underlying the induction of angiogenesis by Cu is still largely unknown; however, it is currently being extensively studied [12]. Moreover, Cu has been shown to positively affect the migration and adhesion of various cell types in vitro, providing biomaterial with the ability to restore tissue continuity [28,29].



There are approaches to the usage of Cu ions for bone engineering purposes. Some authors have proposed mesoporous structured scaffolds built of bioactive glass containing CuNPs. It is true to say that the obtained structure allows for increased angiogenesis [30]. Some other authors have reported the biocompatibility of Cu2+-doped bioactive glass scaffolds for bone marrow mesenchymal stem cell maintenance and angiogenesis enhancement due to the induction of vascular endothelial growth factor secretion by Cu2+ [31].



Cu ions can be used to promote angiogenesis. The 3D collagen porous scaffolds involving CuNPs were reported to be constructed for osteomyelitis treatment purposes. Along with the angiogenesis-promoting and bone-forming enhancement, an inhibitory effect on S. aureus was observed [32].



Copper nanoparticles are applied for bactericidal activity induction in bone cements. However, it has been observed, e.g., in the case of tested PMMA modified with copper nanoparticles, that together with the higher bactericidal effect, the pulp stem cells’ viability is reduced [33].



It can be noted that Cu has been recognized as an antibacterial agent for a long time [34]. Recently, studies on different cells and organisms have established the lower cytotoxicity of Cu nanoparticles compared to Cu ions [35]. Such results indicate that the nanoparticle form can promote the steady relatively low release of Cu ions, without reaching the activation threshold of oxidative pathways in mammals; however, they retain the ability to disrupt the integrity of bacterial cell walls and membranes. Consequently, an opportunity occurs to obtain a highly biocompatible material with antimicrobial properties. These features have also resulted in attention being paid to Cu nanoparticles in the context of bone and cartilage engineering as they exhibit remarkable pro-osteogenic and pro-chondrogenic activity [27,36,37].



As CuNPs’ properties possess angiogenesis-promoting and bacteriostatic effects, their use in regeneration processes is implied.



The vital role of copper as a trace mineral required for regeneration [38] has been examined in practice. Recently, the effectiveness of commercially available dressings containing silver nanoparticles was compared with dressings containing copper nanoparticles for applications in clinical practice. It was found that the use of bandages involving copper nanoparticles enhanced the healing of hard-to-heal wounds. At the same time, bandages with copper nanoparticles proved to be more efficient than dressings containing silver nanoparticles [39].



Epithelial injury often characterizes respiratory diseases. However, an imbalance in lung homeostasis does not always lead to dysfunction. Lungs have a significant capacity to respond to injury by repairing and replacing damaged cells, with the epithelium playing a critical role in returning to homeostasis by coordinating tissue repair [40,41]. Therefore, for the components of respiratory support devices, it is advisable to develop materials that do not cause damage to epithelial cells, have bacteriostatic properties, and promote healing.



This study aims to develop a platform combining therapeutic and bacteriostatic properties as an element in the system components of medical devices to maintain the function of human lung cells.




2. Materials and Methods


2.1. Preparation of the Polyelectrolyte Layer Coatings


Copper nanopowder with particles of size 25 nm (CuNPs) (Merck/Sigma-Aldrich, Sofia, Bulgaria) and copper colloid (ColloidCuNPs) (Nano-Koloid, EU, Wielkopolskie, Poland) at a concentration of 50 ppm were used in the study.



The applied solutions were



	
Copper colloid at 50 ppm from the bulk solution;



	
CuNP solution at 1000 ppm, prepared from copper nanopowder and deionized water (MilliQ) with 0.1% Triton-X. The solution was sonicated in a sonication water bath for a total of 11 h at proper intervals to avoid overheating the solution.






The polyelectrolytes, poly-L-lysine hydrobromide (MW 15–30 kD) (Sigma, San Jose, CA, USA) and poly(ethyleneimine), branched, Mn ~60,000, Mw 750,000, analytical standard, 50% (w/v) in H2O (Sigma-Aldrich, Munchen, Germany), were applied in the study.



We designed and prepared membrane layers based on polyethyleneimine and poly-L-lysine. The primary layers, i.e., polyethyleneimine (PEI) and polylysine (PLL), were received from 1 mg/mL polyelectrolyte solutions in phosphate-buffered saline (PBS) (Biomed Lublin, Lublin, Poland). To obtain the membranes incorporating CuNPs (polyethyleneimine incorporating CuNPs (PEI-CuNPs) and polylysine incorporating CuNPs (PLL-CuNPs)), a 20 ppm or 200 ppm of CuNP water solution was added to a 1 mg/mL solution of the selected polyelectrolyte in PBS at a 1:1 ratio and stirred for 4 h at room temperature. Similarly, membranes incorporating ColloidCuNPs (i.e., polyethyleneimine incorporating ColloidCuNPs (PEI-ColloidCuNPs) and polylysine incorporating CuNPs (PLL-ColloidCuNPs)) were prepared. A bulk solution of ColloidCuNPs was added to a 1 mg/mL PBS solution of the appropriate polyelectrolyte at a 1:1 ratio, followed by stirring for 4 h at room temperature. The studied membranes are described in Table 1.



Membranes were placed on glass coverslips for evaluation in the cell-based systems.




2.2. Cell Culture


The media were Fetal Bovine Serum (FBS) (Sigma-Aldrich, EU, Sofia, Bulgaria) and Ham’s F12 Medium/Dulbecco’s Modified Eagle’s Medium (F12/DMEM) (Gibco, Thermo Fisher Scientific, Waltham, MA, USA).



The human adenocarcinoma A549 cell line from a human lung was used in the reported studies. The cells were maintained in the Kaighn’s Modification of Ham’s F-12 Medium (F12-K medium) supplemented with 10% FBS (37 °C, 5% CO2). When the cells reached a confluence of approximately 80%, the culture bottles were emptied of the medium to wash the cells with PBS free of Ca2+ and Mg2+ and then trypsinize them. After trypsinization, cells (1 × 103/cm2) were positioned on the membranes deposited on the bottom of culture wells and maintained in the culture medium for 10 days (5% CO2, 37 °C). The function of the cells was verified with propidium iodide by flow cytometry and MTT test after 3, 6, and 10 days of culture. Moreover, we employed scanning electron microscopy (SEM) to verify the immobilized cells’ morphology. The cells cultured without a membrane for 10 days served as a control.




2.3. Cell’s Functioning Evaluation


We employed flow cytometry measurements and the (3-4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay (MTT) to evaluate cells’ functioning and metabolic activity.



Flow cytometry analysis was performed using a Canto II flow cytometer (Becton Dickinson Immunocytochemistry Systems, San Jose, CA, USA) in cooperation with the software system BD FACSDiva Software v6.1.2 (Becton Dickinson, Franklin Lakes, NJ, USA).



For MTT studies, cells were deposited on the membrane films and cultured for 3, 6, and 10 days, respectively. After the specified time, the 5 g/L MTT solution was introduced to the culture in a 1:10 medium dilution, followed by 2 h of cell incubation at 37 °C with 5% CO2. Next, the solution was discarded. At the end, DMSO was added. The absorbance of a solution was measured in a spectrophotometer (HP 8452 diode-array spectrophotometer) at 550 nm after 15 min of shaking.




2.4. Fluorescence Staining


The cells were immobilized on the membranes, previously deposited on glass coverslips for the fluorescence staining. We fixed samples in the 4% paraformaldehyde (PFA) solution in PBS (20 °C, 15 min) for fluorescence staining. The next step was cell membrane permeabilization. TRITON X100 detergent, which allows dyes to penetrate individual cells, was employed to achieve it. After that, the fluorochrome-conjugated phalloidin (a toxin isolated from Amanita phalloides), which stains F-actin, was added. To visualize single cells, we added fluorochrome solution to them. In this case, the DAPI, specifically staining DNA, was applied. It should be noted that cell nuclei stained with DAPI show blue fluorescence under UV light. Finally, the samples were washed in PBS and studied using an APX1000 fluorescence microscope (Olympus). The red phalloidin fluorescence (λ = 570 nm) and the cytoskeleton blue DAPI (λ = 460 − 500 nm) were examined.




2.5. Scanning Electron Microscopy Analysis


The visualization of bacterial cells incubated in the presence of layer coatings was performed by applying scanning electron microscopy (SEM). We performed our analysis using a TM 1000 device (Hitachi, Tokyo, Japan). Firstly, bacterial cells were incubated for 24 h; then, we fixed them using 2.5% glutaraldehyde, followed by multiple rinsing with Milli Q water. Finally, the samples were placed in 75.0% ethanol for 15 min. We repeated the procedure. After that, a 15 min incubation of samples in 99.8% ethanol was performed. Next, the samples were air-dried and placed in a microscope measuring chamber.




2.6. SEM-EDX Studies


A Crossbeam 540X scanning electron microscope (Carl Zeiss Microscopy GmbH, Jena, Germany) with an X-FEG cathode was used for SEM-EDX characterization, whereas the X-MAXN spectrometer (Oxford Instrument, Abingdon, UK) operating at 15 keV was applied to collect the EDX maps.



It should be noted that the samples were lyophilized before entering the chamber of the microscope.




2.7. Statistical Analysis


Standard statistical analysis was performed by applying Statistica 7.1 software. The standard deviations, mean values, and significant differences were assessed, wherein values of p < 0.05 were assumed to be significant.





3. Results


3.1. The Polyelectrolyte Layer Coatings’ Bacteriostatic Effect Evaluation


The selected polyelectrolytes were examined as the base of materials for cooperation with NPs for systems aimed for medical devices to maintain human cells’ function. The effect of PEI and PLL, which exhibit adhesive properties towards viruses [42], on bacterial strains of S. aureus and E. coli was examined.



It can be seen that different materials had various effects on the investigated strains. Assessing the bacteriostatic influence of the chosen polyelectrolytes demonstrated that they did not affect the Gram (+) and Gram (−) strains to the same extent. The performed assessment showed that PEI and PLL did not induce the proliferation of E. coli. There was no statistical difference in the optical density (OD) value between PEI and PLL (p = 0.065 > 0.05). Additionally, the PEI had a bacteriostatic effect on E. coli. There was a significant difference in the optical density compared with the control (p = 0.016 < 0.05). Furthermore, the PLL did not affect the E. coli strain compared with the control (p = 0.961 > 0.05). On the other hand, it was observed that the proliferation of S. aureus strains was higher after incubation in the presence of the PLL and PEI polyelectrolytes (Figure 1). The E. coli strain, whose proliferation was not induced by the abovementioned materials, was selected for further evaluation. The lack of bacteriostatic impact on both Gram (+) and Gram (−) strains by the PLL might be caused by the weak interaction of its residues with the bacterial cell membrane.



The SEM pictures of the selected strains after a 24 h incubation in the presence of the evaluated layer coatings are presented in Figure 2.



Although the obtained optical density values indicated statistically significant differences in the proliferation of bacterial cells incubated in the presence of the coating layers, they were too small to show in the microscopic image.




3.2. Characterization of Polyelectrolyte Layer Coatings


Atomic forces microscopy was applied to characterize the surface morphology and topography of the nanocomposite material samples. The ColloidCuNP- or CuNP-incorporating layers were assessed. Moreover, the coating layers incorporating the chosen polyelectrolyte, PLL and PEI, nanoparticles were examined.



3.2.1. Surface Topography Analysis


It can be observed that the ColloidCuNPs layer exhibited a structure with densely marked centers over the entire surface. The CuNPs layer exhibited not very dense evenly marked centers over the entire surface (Figure 3).




3.2.2. Surface Morphology Analysis


The morphology of the layer coatings incorporating polyelectrolyte copper nanoparticles (PEI-CuNPs, PEI-ColloidCuNPs, PLL-CuNPs, and PLL-ColloidCuNPs) was assessed (Figure 4 and Figure 5).



The PLL-ColloidCuNPs layer showed a structure with evenly marked tiny centers over the entire surface.



The PEI-ColloidCuNPs layer showed an even structure with densely distributed centers. No branched structure was observed. The PLL-ColloidCuNPs and PEI-ColloidCuNPs layers’ surface maximum roughness (Rmax) [nm] values were 4.016 and 2.566, respectively (with a root mean square average of profile height deviations from the mean line (Rms) [nm] of 0.376 and 0.39, respectively) (Figure 4).



It was observed that the PLL-CuNPs layer exhibits a structure with evenly marked centers over the entire surface.



The PEI-CuNPs layer showed an even structure with developed active centers present, due to the branched structure of the PEI. The PLL-CuNPs and PEI-CuNPs layers’ Rmax [nm] values were 2.123 and 9.426, respectively (with a root mean square average of profile height deviations from the mean line (Rms) [nm] of 0.633 and 2.211, respectively) (Figure 5).





3.3. The Copper Nanoparticles’ Bacteriostatic Effect Evaluation


The bacteriostatic influence of CuNPs and ColloidCuNPs on the E. coli strain was assessed to examine their usability in supporting the biomaterials’ bacteriostatic function (Figure 6).



A significant difference between the E. coli OD value for the control and the CuNPs was observed (p = 0.000 < 0.05). Moreover, there was a significant difference between the ColloidCuNPs and CuNPs (p = 0.046 < 0.05).



The obtained results indicated the CuNPs’ bacteriostatic impact on the examined strain after a 24 h incubation. On the other hand, the ColloidCuNPs did not exert bacteriostatic influence. Thus, CuNPs were selected for further evaluation due to their apparent bacteriostatic functionality.




3.4. Evaluation of the CuNPs-Incorporated Layer Coatings’ Performance on E. coli


The study of the effect on the E. coli strain of the PEI-CuNPs at a level enabling the maintenance of the A549 cells (presented in Section 3.6) indicates that the presence of CuNPs at a 10 ppm share in the PEI-CuNPs deepens the bacteriostatic effect compared to PEI alone (p = 0.034 < 0.05).



On the other hand, the PLL-CuNPs did not exert a bacteriostatic influence when compared to the control (p = 0.148 < 0.05). (Figure 7).



However, the overall charge of the bacterial cells at physiological pH was negative due to the presence of the carboxylic groups in the lipoproteins within the bacterial membrane [43], and the electrostatic interaction with the opposite charge of the copper ions released from nanoparticles was expected; it can be seen that the incorporation of CuNPs did not change the effect of the PEI-CuNPs on S. aureus (Figure 8). The influence on the S. aureus strains of the PEI incorporating CuNPs indicated a similar effect to that of PEI alone.




3.5. The CuNPs-Incorporated Polyelectrolyte Layer Coatings’ Evaluation


3.5.1. SEM-EDX Evaluation


Analyzing the nanocomposite material based on the PLL and PEI incorporating CuNPs, only the slight peak, which corresponded to Cu, was visible in the EDX spectra of the PEI-CuNPs and PLL-CuNPs membrane, which might be due to the overlapping polyelectrolytes signal (Figure 9).




3.5.2. Water Contact Angle Studies


The characteristics of the material surface ensure the evaluation of its potential in biomedical applications. One key analysis is hydrophilic/hydrophobic interplay [44]. The coating wettability was assessed by measuring the contact angle for water.



We tested the coatings (1) based on poly-L-lysine, polylysine 10 ppm incorporating CuNPs (PLL(10 ppm)-CuNPs), and polylysine 100 ppm incorporating CuNPs (PLL(100 ppm)-CuNPs) and (2) based on polyethyleneimine, polyethyleneimine 10 ppm incorporating CuNPs (PEI(10 ppm)-CuNPs), and polyethyleneimine 100 ppm incorporating CuNPs (PEI(100 ppm)-CuNPs).



The materials with PLL alone and incorporating CuNPs showed hydrophilic properties with an average contact angle of 57.6 +/− 1.8. The materials with PEI alone and incorporating CuNPs showed hydrophilic properties with an average contact angle of 63.2 +/− 4.42. There were no significant differences in the contact angle for the coatings of the primary material and the incorporation of CuNPs at different ppm.



The results can be compared as follows:




PEI with PEI(10 ppm)-CuNPs and PEI(100 ppm)-CuNPs: p = 0.064 > 0.05 and p = 0.128 > 0.05, respectively;






PEI(10 ppm)-CuNPs and PEI(100 ppm)-CuNPs: p = 0.71 > 0.05;






PLL with PLL(10 ppm)-CuNPs and PLL(100 ppm)-CuNPs: p = 0.436 > 0.05 and p = 0.618 > 0.05, respectively;






PLL(10 ppm)-CuNPs with PLL(100 ppm)-CuNPs: p = 0.211 > 0.05.





Significant differences were observed when PEI was compared with PLL, PLL(10 ppm)-CuNPs, and PLL(100 ppm)-CuNPs, and the control. The results were, respectively, p = 0.003 < 0.05, p = 0.002 < 0.05, p = 0.006 < 0.05, and 0.000 < 0.05.



No significant differences were found when PEI(10 ppm)-CuNPs were compared with PLL, PLL(10 ppm)-CuNPs, and PLL(100 ppm)-CuNPs. The results were p = 0.668 > 0.05, p = 0.367 > 0.05, and p = 0.893 > 0.05, respectively. Furthermore, no statistically significant difference was observed between PEI(100 ppm)-CuNPs and PLL, PLL(10 ppm)-CuNPs, and PLL(100 ppm)-CuNPs. The results were, respectively, p = 0.331 > 0.05, p = 0.161 > 0.05, and p = 0.701 > 0.05.



All the examined coatings (PEI, PEI(10 ppm)-CuNPs, PEI(100 ppm)-CuNPs, PLL, PLL(10 ppm)-CuNPs, PLL(100 ppm)-CuNPs) exhibited statistically significant differences compared with the control (respectively, p = 0.000 < 0.05, p = 0.018 < 0.05, p = 0.003 < 0.05, p = 0.002 < 0.05, p = 0.034 < 0.05, p = 0.001 < 0.05). Nevertheless, as mentioned above, all the examined materials exhibited hydrophilic properties (Figure 10).





3.6. Evaluation of the Functioning of Human Lung Cells in the Presence of the Layer Coatings Incorporating CuNPs


3.6.1. MTT Evaluation


The developed layer coatings’ cytotoxicity against human lung cell lines in vitro was assessed. Cells were cultured in the presence of coatings for 10 days. The cells were maintained as a control without a coating layer present for 10 days of culture. MTT and fluorescence staining were applied to evaluate the cell function and morphology.



An MTT assay was applied to verify the mitochondrial activity of the cells cultured in the presence of the designed coatings. After a 3-day culture on the layer coatings with PLL, PLL(10 ppm)-CuNPs, and PLL(100 ppm)-CuNPs, the ratio relative to the control was comparable, and a mean of 36% of the control value was observed. There was no statistical difference between the PLL and the PLL(10 ppm)-CuNPs and PLL(100 ppm)-CuNPs (respectively, p = 0.211 > 0.05, p = 0.547 > 0.05) and between the PLL(10 ppm)-CuNPs and the PLL(100 ppm)-CuNPs (p = 0.446 > 0.05).



On the other hand, after 6 days of culture, the PLL and PLL(10 ppm)-CuNPs layer coatings maintained A549 cells’ function at a higher level compared with the control (p = 0.000 < 0.05, p = 0.000 < 0.05, respectively). Moreover, on the 10th day of culture, the values obtained for the layer coatings with PLL and PLL(10 ppm)-CuNPs exhibited comparable levels with the control. Nevertheless, the values obtained for the PLL(100 ppm)-CuNPs layer coating were significantly lower than the control during the whole culture period (Figure 11).



After a 3-day culture on the layer coatings with PEI, PEI(10 ppm)-CuNPs, and PEI(100 ppm)-CuNPs, the ratio relative to the control was comparable between the PEI, PEI(10 ppm)-CuNPs, and PEI(100 ppm)-CuNPs (p = 0.471 > 0.05, p = 0.232 > 0.05, respectively), as well as between the PEI(10 ppm)-CuNPs and PEI(100 ppm)-CuNPs (p = 0.340 > 0.05), and a mean of 45% of the control value was noted. On the contrary, after 6 days of culture, the PEI, PEI(10 ppm)-CuNPs, and PEI(100 ppm)-CuNPs layer coatings maintained A549 cells’ function at a level that might become comparable to the control. On the 10th day of culture, the values of the ratio relative to the control obtained for the layer coatings with the PEI(10 ppm)-CuNPs and PEI(100 ppm)-CuNPs declined compared to the 6-day values (Figure 12).



The lower mitochondrial activity values for the cultures on the layer coatings with the PLL(100 ppm)-CuNPs, PEI(100 ppm)-CuNPs, and PEI(10 ppm)-CuNPs, which became visible at different times during culture, may be the result of the enhanced ROS release due to Cu2+ intracellular involvement.



The obtained values indicated that the layer coatings involving CuNPs, the PEI(10 ppm)-CuNPs and PEI(100 ppm)-CuNPs coatings, maintained the A549 cells’ function during the six-day culture. On the tenth day of culture, the ratio relative to the control value decreased in value. On the other hand, the PLL(10 ppm)-CuNPs coating maintained the A549 cells’ function during the ten-day culture. Since the 100 ppm share induced the highest decrease, the share of 10 ppm CuNPs in the coating layer can be considered acceptable to maintain cell function.




3.6.2. Fluorescence Evaluation


The fluorescence microscopy evaluation performed during a week of culture showed that cells grown in the presence of PLL-CuNPs and PEI-CuNPs membranes exhibited the correct morphological structure (Figure 13). The analysis of the cells’ morphology indicated spindle-shaped cells with fibroblastoid features. The numbers of cells observed on the surfaces of the glass coverslips coated with PLL-CuNPs and PEI-CuNPs were comparable. The control cells’ visualization presented more numerous and clustered cells with morphology comparable to those cultured on the PLL-CuNPs and PEI-CuNPs coatings.






4. Discussion


Biomaterials to support processes for biomedical purposes constitute an extensive area of research, including facets of organ function preservation and tissue regeneration, antimicrobial properties, and the possibilities of bridging the gap between basic research and commercial applications.



A virus-adsorbing polyelectrolyte base material was analyzed to determine whether it also had a bacteriostatic effect against the selected Gram (+) and Gram (−) strains, and its function was verified in the configuration with incorporated copper nanoparticles.



Assuming that the isoelectric point (pI) of the spike glycoprotein for SARS-CoV-2 is equal to 6.24 [45], in the physiological environment (pH = 7.2), the stalk part is negatively charged. Consequently, positively charged groups of antiviral material could interact electrostatically with it.



Moreover, reports on Gram (−) Escherichia coli show that the negative charge density of the lipopolysaccharide-coated outer surface is higher than the protein surface layer of Gram (+) bacterial cells [46], which should make it much easier for such a material to adsorb Gram (−) bacterial cells.



Nevertheless, PLL did not exert a bacteriostatic effect on either Gram (+) or Gram (−) strains, which might be due to too weak of an interaction between the polylysine residues and the bacterial membrane. On the other hand, the 25 nm CuNPs in a PEI-based nanocomposite layer coating exerted a bacteriostatic effect against E. coli without delimiting the A549 cells’ function in the aspect of mitochondrial activity for up to a week of culture. The changes in the mitochondrial activity of cells during the 10 days of culture on the produced layer coatings may reflect the stress response induced by the involvement of the CuNPs, resulting in changes in the intra- and inter-mitochondrial redox environment; as a consequence, ROS are released. The intracellular dissolution of Cu2+ might enhance this effect.



Although the proposed layer coating fits into the field of biomaterials and meets specific criteria, it should be noted that an ideal biomaterial does not exist, and it is necessary to consider what the biological material is expected to cooperate with, as well as which bacterial strains it should have a bactericidal effect against. Moreover, finding a balance between the cytotoxic and bacteriostatic effects is necessary. Furthermore, it is necessary to determine the expected surface properties for individual cooperation with the intended recipient.



The size of the nanoparticles the biological material comes into contact with also plays a certain role. For example, by analyzing the toxicity of 9.2 nm copper oxide nanoparticles (CuONPs) on human bronchial epithelial cells (HBEC) as well as lung adenocarcinoma cells (A549 cells) (by applying an exposure system based on in vitro air-liquid interface), some authors observed their cytotoxic effect on cells [47].



Some other authors reported that Cu/CuO NPs of a size smaller than 20 nm suppressed the proliferation and viability of regular (WI-38) and carcinoma (A549) human lung cell lines [48].



Additionally, reports submitted for the A549 human lung cell line compared the in vitro cytotoxicity of 4 and 24 nm CuONPs [49]. The authors observed a significantly higher cytotoxicity for 24 nm CuONPs than 4 nm, which leads us to consider the balance between nanoparticle size and the NPs cell-entry extent.



The obtained results suggest that the 100 ppm share of CuNPs in the produced layer coatings excludes their use to maintain the functions of the A549 cells. The share of CuNPs in the nanocomposite coating at the level of 10 ppm allows for obtaining the balance between the cytotoxicity and bacteriostatic effect. To summarize, it is crucial to understand the antimicrobial mechanisms as separate antiviral and antibacterial functions of copper nanoparticles, considering their size and phase composition. These functions determine the potential of copper nanoparticles for biomedical purposes and may constitute a starting point for ongoing research on their use for therapeutic purposes.




5. Conclusions


In summary, a PEI-based layer coating containing 25 nm CuNPs at a 10 ppm share, with a topography that ensures an even contact surface for epithelial tissue cells interface and exerts a bacteriostatic effect against E. coli without delimiting the function of A549 cells, can be considered as an element of the system components for medical devices to maintain human lung cells’ function.
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Figure 1. Bacterial strains’ optical density. Results for S. aureus and E. coli after a 24 h culture in the presence of the polyethyleneimine (PEI) and poly-L-lysine (PLL) layer coatings are shown. The values are presented as mean ± SD. 
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Figure 2. SEM picture of the strains S. aureus and E. coli after a 24 h incubation in the presence of the coating layer of PLL ((A,B), respectively), PEI ((D,E), respectively), and alone ((E,F), respectively). 
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Figure 3. AFM visualization of the ColloidCuNPs (A) and CuNPs (B) layers. The layers were deposited on the gold mica substrate cover. 
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Figure 4. AFM visualization of the layers placed on the gold mica substrate cover. (A) The surface of the PLL-ColloidCuNPs coating; (B) the surface of PEI-ColloidCuNPs coating. 
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Figure 5. AFM visualizations present the layers deposited on the cover from the gold mica substrate. (A) The surface of the polylysine copper nanoparticles PLL-CuNPs-incorporated coating; (B) the surface of the polyethyleneimine copper nanoparticles PEI-CuNPs-incorporated coating. 
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Figure 6. The optical density (OD) rate measured at 600 nm for the E. coli bacterial strain in the presence of the ColloidCuNPs and CuNPs compared to the control (E. coli bacterial strain cultured without additions). The values are the mean ± SD. 
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Figure 7. The optical density (OD) rate measured at 600 nm for the E. coli bacterial strain cultured in the presence of the PLL and PEI alone, as well as with the CuNPs-incorporated layer coatings relative to the control (E. coli bacterial strain cultured alone). The values are the mean ± SD. 
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Figure 8. SEM image of the S. aureus strain after a 24 h incubation in the presence of PEI-CuNPs layer coating. 
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Figure 9. EDX spectra of PEI-CuNPs (A) and PLL-CuNPs (B) membranes with Cu peaks visible. 






Figure 9. EDX spectra of PEI-CuNPs (A) and PLL-CuNPs (B) membranes with Cu peaks visible.



[image: Processes 12 00512 g009]







[image: Processes 12 00512 g010] 





Figure 10. The rate of water contact angle of the layer coating surface to the control (glass surface). Key to the symbols: PLL—polylysine; PLL(10 ppm)CuNPs—polylysine incorporating 10 ppm CuNPs; PLL(100 ppm)-CuNPs—polylysine incorporating 100 ppm CuNPs; PEI—polyethyleneimine; PEI(10 ppm)-CuNPs—PEI incorporating 10 ppm CuNPs; PEI(100 ppm)-CuNPs—PEI incorporating 100 ppm CuNPs. The values are presented as mean ± SD. 
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Figure 11. Evaluation of the mitochondrial activity of A549 cells immobilized on the PLL coating layer depicted by formazan production expressed by absorbance. The culture was maintained for 10 days. The values are presented as a ratio relative to the control (mean ± SD). Key to the symbols: PLL—polylysine, PLL(10 ppm)-CuNPs—polylysine incorporating 10 ppm CuNPs; PLL(100 ppm)-CuNPs—polylysine incorporating 100 ppm CuNPs. 






Figure 11. Evaluation of the mitochondrial activity of A549 cells immobilized on the PLL coating layer depicted by formazan production expressed by absorbance. The culture was maintained for 10 days. The values are presented as a ratio relative to the control (mean ± SD). Key to the symbols: PLL—polylysine, PLL(10 ppm)-CuNPs—polylysine incorporating 10 ppm CuNPs; PLL(100 ppm)-CuNPs—polylysine incorporating 100 ppm CuNPs.



[image: Processes 12 00512 g011]







[image: Processes 12 00512 g012] 





Figure 12. Evaluation of the mitochondrial activity of A549 cells immobilized on the PEI coating layer depicted by formazan production expressed by absorbance. The culture was maintained for 10 days. The values are presented as a ratio relative to the control (mean ± SD). Key to the symbols: PEI—polyethyleneimine, PEI(10 ppm)-CuNPs—polyethyleneimine incorporating 10 ppm CuNPs, PEI(100 ppm)-CuNPs—polyethyleneimine incorporating 100 ppm CuNPs. 
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Figure 13. A549 cells maintained alone or in the presence of PLL(10 ppm)-CuNPs and PEI(10 ppm)-CuNPs after a week of culture. Images were obtained using fluorescence microscopy. 
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Table 1. Tested membranes.
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Membrane

	
CuNPs

	
ColloidCuNPs






	
polyethyleneimine-based




	
polyethyleneimine (PEI)

	
No

	
No




	
polyethyleneimine incorporating CuNPs (PEI-CuNPs)

	
Yes

	
No




	
polyethyleneimine incorporating ColloidCuNPs (PEI-ColloidCuNPs)

	
No

	
Yes




	
poly-L-lysine-based




	
polylysine (PLL)

	
No

	
No




	
polylysine incorporating CuNPs (PLL-CuNPs)

	
Yes

	
No




	
polylysine incorporating CuNPs (PLL-ColloidCuNPs)

	
No

	
Yes
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