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Abstract

:

Chitosan is an attractive material for biomedical applications. A novel approach for the anodic electrodeposition of chitosan–AgNP composites using in situ coordination with copper ions is proposed in this work. The surface and cross-section morphology of the obtained coating with varying concentrations of AgNPs were evaluated by SEM, and surface functional groups were analyzed with FT-IR spectroscopy. The mechanism of the formation of the coating based on the chelation of Cu(II) ions with chitosan was discussed. The antibacterial activity of the coatings towards Staphylococcus epidermidis ATCC 35984/RP62A bacteria was analyzed using the live–dead approach. The presented results indicate that the obtained chitosan–AgNP-based films possess some limited anti-biofilm-forming properties and exhibit moderate antibacterial efficiency at high AgNP loads.
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1. Introduction


Nowadays, natural polymers are of significant importance due to their unique properties and possibility of production from renewable sources. Chitosan (CS) is one of the most promising polysaccharide biopolymers with high practical potential due to its non-toxic nature, biocompatibility, antimicrobial activity, film-forming properties, relative chemical, and mechanical stability [1,2]. These properties make CS coatings useful for biomedical, packaging, pharmaceutical, and water-treatment applications [2,3,4,5,6]. Nevertheless, their usage in the biomedical sector remains dominant.



Numerous studies have investigated the antibacterial properties of CS [1,2,7,8,9]. The exact mechanism of the antibacterial activity of CS is not yet fully understood, but it is presumably connected to its polycationic structure in acidic aqueous solutions (pH < 6.3), that can interact with the negatively charged cell walls of bacteria, causing their disruption [10]. In the case of solid CS films, antibacterial activity is significantly reduced, which is connected to the smaller CS-bacteria contact area and pH, often above 6.3 [10,11]. Foster and Butt reported [12] that 20-µm-thick CS films showed no inhibitory effect against E. coli, S. aureus, or S. epidermidis ATCC 984/RP62A bacteria. On the other hand, the high antibacterial activity was reported for CS nanoparticles and connected to their large surface area and high affinity with bacterial cells [13].



To improve antibacterial functionality, CS films are usually deposited as composites, combining chitosan with inorganic and metallic particles [2,14,15,16,17,18]. The best antibacterial performance has been achieved for the CS–silver nanoparticle (AgNP) composites [16,19,20,21]. In this case, AgNPs accumulate on the bacterial membrane, thus causing bacteria cell death and the high antibacterial activity of the formed coatings [15,22]. Recently, high antibacterial activity was also reported for CS–AuNP–aminopropylsilane composites [23]. Another approach includes the introduction of metallic ions with the antibacterial effect, e.g., copper(II) ions, within the CS matrix [24].



CS-based films are typically deposited using electrophoretic deposition (EPD) [2]. This method provides a wide possibility for the process control and modification of the composition and properties of the formed films. Typical EPD is based on the neutralization mechanism proposed by Payne et al. [25]. Through this mechanism, initially dissolved CS forms a stable hydrogel on the cathode surface due to a local increase in pH caused by the oxygen reduction reaction. This technique is also useful for the deposition of CS-based composites [2,26,27]. In aqueous suspensions, protonated chitosan macromolecules can adsorb on the surface of the dispersed particles, forming positively charged core-shell structures that are then moved towards the cathode surface under an applied electrical field [2]. The main drawback of this process is that the obtained CS films are defective and porous due to the H2 bubbles, which are also generated on the cathode [2,28].



Different approaches have been reported to improve the quality of EPD-formed CS coatings. To date, the best results have been achieved by substituting water with alcohols [2,29]. Blanda et al. [30] utilized a galvanic method to deposit chitosan coatings on a stainless steel substrate by using a displacement reaction, with magnesium acting as a sacrificial anode. However, this method is very slow, and the formed CS films are porous.



Chitosan can effectively chelate transition metal ions, and this ability is used in wastewater-treatment applications [31]. Furthermore, a chelation-based mechanism allows one to obtain materials with a relatively uniform distribution of metallic ions in the polymer matrix [32]. Thus, their further release in bacterial media can be easily controlled [24]. Zhai et al. [33] used this ability to incorporate CS into metallic Zn layers to form composites with enhanced antibacterial activity. The chelation of CS with Cu(II) was used for the synthesis of CS–hydroxyapatite composite scaffolds with improved osteogenesis and drug-delivery ability [32]. Geng et al. [28] proposed the use of this property for the electrochemical deposition of CS films. They showed that Cu2+ ions in situ generated by the oxidation of a copper wire could be used to deposit a CS hydrogel with a smooth, homogeneous surface. In this case, deposition is performed at the anode of the electrochemical cell, excluding the generation of H2 bubbles.



Combining AgNPs with copper ions in the composition of CS-based composite films can potentially improve their antibacterial properties. The aim of this study was to develop a simple and effective method for the anodic deposition of the biomedical CS–AgNP composites based on in situ coordination with copper ions, as well as to examine their surface microstructure and antibacterial properties. To our best knowledge, this is the first attempt to combine these two approaches to obtain non-defect CS composites with enhanced antibacterial properties.




2. Materials and Methods


2.1. Materials


Chitosan powder (99.9%) of low molecular weight (50–190 kDa) was purchased from NANOSHEL and used as received. A detailed study of the physico-chemical properties of the used chitosan was reported elsewhere [34]. Acetic acid (>99.7%), trisodium citrate dihydrate (>99.0%), CuSO4 × 5H2O (>99.0%), H2SO4 (98.0%), and AgNO3 (>99.0%) were purchased from Chempur and used without further purification. All solutions were prepared using deionized water with a resistivity higher than 18 MΩ cm (Polwater).




2.2. Synthesis of AgNPs


The AgNPs used in this work were synthesized using the citrate reduction method. For this, 200 mL of a 2 mM AgNO3 solution were boiled in darkness, and then an excess of 1% trisodium citrate solution was added to it dropwise under continuous stirring. The formed suspension was cooled down and used as a source of AgNPs.



The size (hydrodynamic diameter) of the formed nanoparticles was examined by dynamic light scattering (DLS) using a Zetasizer ZS Malvern ZEN 3600 instrument. In these experiments, 1 µL of the formed suspension was added to 1 mL of deionized water, and then 20 scans (2 series of 10 scans each) were performed.




2.3. Electrodeposition of CS and CS-Based Coatings


Commercial AISI 316L stainless steel coupons with a surface area of 4 cm2 were used as substrates for the deposition of CS-based coatings. Before the deposition, their surface was ground with P2000 emery paper and activated in 0.1 M H2SO4.



Figure 1 shows a schematic illustration of the used anodic coordinated deposition approach. The deposition bath was prepared by completely dissolving 4 g of CS powder in 1 L of a 1% acetic acid solution. After that, the suspension containing AgNPs was added to the formed solution in amounts of 50, 100, 150, and 200 mL/L. The pH of the formed deposition bath was adjusted to 5.5 ± 0.1 by 0.1 M NaOH. Before experiments, solutions were ultrasonically treated for 10 min.



The electrodeposition process was performed using an Autolab 302N potentiostat/galvanostat. The Cu pretreatment layer was cathodically deposited onto the steel surface from the following electrolyte [35]: 40 g/L of CuSO4 × 5H2O, 100 g/L of H2SO4, and 3 mg/L of thiourea. The deposition was performed at a cathodic current density of 2 A/dm2 for 25 s. A copper plate was used as the anode. After this, the surface was thoroughly rinsed with distilled water and air-dried. Such a treatment allowed us to exclude the effect of the predeposition bath components on the properties of the CS coatings. However, the addition of a small amount of sulfuric acid could enhance the stability of Ag ions [36].



The anodic coordinated deposition of CS-based coatings was performed in a 2-electrode setup with Pt foil as the cathode and steel coated with copper as the anode. The deposition was performed at a current density of 2 A/dm2 for 20 s. Longer deposition may result in the flaking of the formed hydrogel due to the initiation of oxygen evolution. After electrolysis, samples were removed from the deposition bath, gently rinsed with deionized water, and air-dried.



The coatings obtained in the electrolytes containing 0, 50, 100, 150, and 200 mL/L of AgNPs suspension are further labeled in the text of the present contribution as CS-0, CS-50, CS-100, CS-150, and CS-200, respectively.




2.4. Coatings Characterization


The morphology of the deposited CS-based coatings was examined by SEM using a JEOL JSM–7500F Field Emission Scanning Electron Microscope equipped with an EDX detector.



FT-IR spectra were measured by a Thermo Scientific Nicolet is50 Infrared Spectrometer. Spectra were recorded in a mid-infrared range (500–4000 cm−1) using an attenuated total reflection (ATR) accessory with a diamond crystal.




2.5. Antibacterial Properties


The antibacterial properties of the obtained coatings were evaluated using model reference strain of Staphylococcus epidermidis (S. epidermidis) ATCC 35984/RP62A (American Type Culture Collection). These species belong to human microbiota and can form a stable biofilm on biomedical surfaces, mainly on implants. The bacteria were inoculated on Columbia agar with 5% sheep blood (Oxoid) and incubated for 18 h at 36 °C to obtain pure cultures. Afterwards, 0.5 optical density (OD) in McFarland scale standard was made to receive a 1.5 × 108 CFU (colony-forming unit) solution, and the cells’ suspension was diluted to 106 CFU/mL. Then, steel samples with the deposited CS–AgNP coatings were placed on separate cell culture 12-well plates (COSTAR) and incubated for 1 and 6 h at 36 °C. Bare steel substrates were also used as a reference. After experiments, samples were removed from test plates, washed, and dried. The antibacterial performance of the coatings was evaluated using the LIVE/DEAD BacLight Bacterial Viability Kit according to the producer’s protocol. The surface analysis was performed using a ZEISS LSM780 confocal fluorescence microscope. For each sample, at least 10 images of different surface areas were taken, and the calculation of the area occupied by the life and dead bacteria was performed using the ZEN software [37]. All the measurements reported in this paper were at least triplicated.





3. Results and Discussion


At first, the synthesized dispersion of AgNPs was analyzed. Figure 2 shows the SEM image and particle size distribution of the obtained AgNPs determined by DLS. The results confirmed that spherical Ag nanoparticles were formed during the synthesis. A droplet of the dispersion of AgNPs was dried for SEM imaging, which may have caused the agglomeration of AgNPs. For this reason, the size of AgNPs was determined based on the DLS measurement that revealed their average diameter of 28 ± 4.3 nm (by number) and 31 ± 3.3 nm (by volume), which indicated their monodispersity.



The parameters of the electrodeposition process were adjusted during the preliminary experiments. Here, we report the results obtained using the optimized procedure. Optical and SEM images of the formed coatings are shown in Figure 3. Anodic coordinated deposition resulted in CS coatings of blue color (Figure 3a), indicating the introduction of copper(II) ions. Based on the EDX analysis, the amount of introduced Cu(II) varied in the range of 16–24 wt.% for all samples. They had a smooth surface without visible defects. Furthermore, SEM examinations of the air-dried CS–AgNP composites (Figure 3b–f) confirmed that the formed coatings did not have visible cracks even after drying. This indicated the advantages of the CS-based coatings formed using the anodic electrodeposition method, as such cracks are typical for the CS-based precipitates obtained by classical cathodic EPD [38,39,40].



The further examination of the SEM images revealed that AgNPs were successfully introduced into the coatings. The point EDX analysis from the bright surface spots (marked with red circles in Figure 3) confirmed the presence of Ag in the samples. The majority of them were introduced into the CS matrix as sub-micron aggregates that were evenly distributed over the electrode’s surface, which could be explained by partial agglomeration of AgNPs after their introduction into the deposition bath. However, a noticeable fraction of the single AgNPs with a size comparable to those observed in DLS measurements was also visible. The increase in the concentration of AgNPs in the deposition bath resulted in a higher amount of these particles in the formed coatings. Note that some microcracks were visible in the structure of the CS-200 sample. They may have been caused by internal stress occurring in the CS-based coatings upon drying [41].



The adhesion of the CS–AgNP coatings to the steel substrate and the distribution of the AgNPs over their thickness were examined based on the cross-sectional SEM images. An example of the cross-sectional SEM image of CS-150 composite is shown in Figure 4.



The thickness of the formed composite coatings was almost independent of the composition of the deposition bath and varied in the range of 4–5 µm. The EDX elemental distribution maps revealed a homogeneous distribution of the coating constituents through the thickness of the composite. In particular, this distribution of copper confirmed that the pre-treatment layer was fully dissolved during the anodic deposition. In turn, the slightly blurred distribution of iron at the electrode/coating interface suggested that the surface of the steel substrate might also have partially dissolved during the anodic polarization. The EDX map of Ag confirmed the impregnation of the CS matrix with AgNPs (spots of higher intensity on the EDX map). Moreover, the uniform distribution of Cu(II) ions and AgNPs suggested that the coating could potentially provide long-lasting antibacterial protection, even in the conditions of its gradual degradation in the operation media.



The structure of the formed CS-based coatings was also examined by the FT-IR method; see Figure 5. In general, all samples were characterized by very similar FT-IR spectra. A strong, wide band in the region of 3385–3246 cm−1 corresponded to O-H stretching and N-H symmetrical vibrations originating from water and amide groups, respectively [27,39,40]. The band at 1655 cm−1 was the amide I band originating from the C=O and N-H stretching vibrations in the glucosamine unit. The band at 1545 cm−1 was attributed to the N–H bending vibrations of the amine group, known as the amide II band [40]. The peak at 1335 cm−1 was, probably, the amide III deformation vibration of the C–H bond linked to the N–H group. These three amide bands are usually observed in chitosan-based materials [27,39,40]. The next band at 1393 cm−1 was related to the –C–O– stretching of –CH2–OH group in chitosan [42]. The bands at 1151, 1051, and 1015 cm−1 originated from the vibrations of the glycosidic bonds and the C–O stretching vibration of the saccharide structure [40].



Generally, all recorded spectra were characterized by changeable and relatively low absolute intensities of the main CS-related bands, particularly in the regions of 3246–3385, 1335, and 1151–1015 cm−1. This could be explained by the interaction between chitosan functional groups and the deposition bath components during the anodic coordinated electrodeposition of the composites and the chelation of Cu(II) ions. Such a decrease in the relative intensity of peaks resulted in the FT-IR spectrum of the CS-200 coating showing two additional bands at 2928 and 2870 cm−1, attributed to the C–H stretching vibrations in the chitosan structure [40]. Similar observations were reported in the literature for composite films obtained by the electroless method [32] and cathodic EPD [39].



After analyzing the obtained results, the following mechanism of the anodic coordinated electrodeposition of the CS–AgNP composites coordinated by Cu(II) ions can be proposed. Generally, CS is insoluble in water but can be protonated in acidic media (below pH 5.5) according to the equation:


CS–NH2 + H+ → CS–NH3+



(1)







The first step in the anodic deposition mechanism can be as follows. When current passes through the system (Figure 1), the copper layer, pre-deposited onto the steel surface, starts to dissolve under the anodic polarization:


Cu → Cu2+ + 2e–



(2)







The further chelation of Cu(II) ions by CS may be explained by the Lewis acid–base theory [43]. Here, Cu(II) ions serve as the Lewis acid, accepting a pair of electrons given by the Lewis base (CS). In our case, the initial bulk pH of the deposition bath was kept around 5.5. Thus, the CS in it was only partially protonated. Unprotonated amine groups can chelate positively charged Cu(II) ions by donating the free pair of electrons from the amine nitrogen [43].


CS–NH2 + Cu2+ → CS–NH2Cu2+



(3)







On the other hand, the interaction of the protonated chitosan with Cu(II) ions may be described as follows [43,44]:


CS–NH3+ + Cu2+ → CS–NH2Cu2+ +H+



(4)







These processes result in a dense, positively charged hydrogel layer formed on the anode surface. In cases when AgNPs are present in the solution, they can electrostatically interact with the positively charged protonated CS layer and formed CS–NH2Cu2+ complexes since the zeta potential of citrate stabilized Ag nanoparticles at mildly acidic conditions is negative [45]. To summarize, the mechanism of the proposed anodic coordination deposition significantly differs from classical cathodic EPD and is based on the chelation of Cu(II) ions with CS.



The antibacterial activity of the formed CS–AgNP coatings towards S. epidermidis ATCC 35984/RP62A bacteria was evaluated. Fluorescence microscope images of the surface of examined CS–AgNP composites are shown in Figure 6. It can be seen that on the surface of the reference AISI 304 samples, almost all bacteria were alive after 1 h of bacterial tests (shown in Figure 6 as green-colored colonies). After 6 h of incubation, almost the whole surface was covered with bacteria, confirming that bare steel surface could not suppress the adsorption of bacteria and formation of the biofilm. The relation of dead-to-alive bacteria cells was around 25 (Table 1).



The antibacterial activity of the CS–AgNP coatings was strongly connected to the amount of introduced AgNPs. The implementation of the anodic coordination deposition did not significantly improve the biofilm resistance of the CS-based coatings. The surface coverage of CS–AgNPs by S. epidermidis ATCC 35984/RP62A colonies varied in the range of 11–20% and 37–90% after 1 and 6 h of incubation, respectively. An analysis of the dead-to-live ratio of bacterial colonies revealed that the highest ratio and, correspondingly, the highest antibacterial properties had CS-150 and CS-200 coatings. This was connected to the higher concentration of AgNPs on the surface of the coatings and the release of silver ions to the bacteria medium [46]. After 6 h of tests, the highest dead-to-live ratio of 198 was attributed to the CS-200 sample, which also had the highest surface coverage by bacteria (Table 1). These data indicate that CS-based films do not possess strong anti-biofilm-forming properties, showing moderate antibacterial efficiency at high AgNP loads. The absence of a prominent antibacterial response from Cu(II) ions is probably connected to their chelation by CS. Similar observations were reported for EPD-deposited CS films [24]. In this case, the better stability of anodic CS films decreases the release rate of Cu(II) ions, thus reducing their antibacterial effectiveness. It may be expected that the antibacterial activity of the obtained films was mostly provided by the release of Ag ions from the coatings. Several mechanisms of the antibacterial activity of AgNPs have been proposed [36,47]: the inhibition of protein synthesis or a metabolic pathway, interference with cell wall synthesis, and nucleic acid synthesis. Another reported mechanism proposes the oxidation of AgNPs to Ag+ following the Fenton-like process, which results in the formation of active oxygen radicals [48] that destroy the membranes of the bacterial cells. Overall, the proposed anodic coordination approach is promising for the development of smart biomedical coatings and the future optimization of the relationship between the composition and antimicrobial activity of CS-based composites.




4. Conclusions


In the present contribution, we described a novel method for the anodic coordinated electrodeposition of CS–AgNP coatings on AISI 304 steel using in situ generated Cu(II) as the chelating agent. The proposed method allowed us to obtain crack-free smooth coatings. The results of EDX and FT-IR analyses confirmed the successful chelation of Cu(II) with CS and the introduction of AgNPs in the thickness of composites. The antibacterial effectiveness tests for S. epidermidis ATCC 35984/RP62A bacteria confirmed a moderate improvement in the antibacterial properties, mostly connected to the presence of AgNPs.
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Figure 1. Schematic illustration of anodic CS–AgNP composite deposition using coordination with copper ions. 
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Figure 2. (a) SEM image of obtained AgNPs and (b) particle size distribution of AgNPs based on the DLS measurement. 
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Figure 3. (a) Optical image of as-deposited and (b–f) SEM images of air-dried CS–AgNP composites deposited using coordination with copper ions: (a,b) CS-0, (c) CS-50, (d) CS-100, (e) CS-150, and (f) CS-200. Red circles in panels (c–f) indicate examples of AgNPs in the structure of CS layers. 
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Figure 4. (a) Cross-sectional SEM image of CS-150 composite and (b) corresponding EDX elemental distribution maps. Panel (c) shows EDX elemental profiles along the solid line shown in panel (a). 
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Figure 5. FTIR spectra of CS–AgNP composites deposited using coordination with copper ions. Spectra were normalized and are shifted on the y-axis for clarity. 
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Figure 6. Fluorescence microscopy images of the surface of stainless steel and CS–AgNP coatings showing S. epidermidis ATCC 35984/RP62A bacteria with propidium iodide (red: dead bacteria) and syto9 (green: alive bacteria). 
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Table 1. Viability and surface coverage of CS–AgNP coatings by S. epidermidis ATCC 3984/RP562A bacteria.
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Sample

	
Average Dead-to-Live Cells Ratio

	
Surface Coverage by Biofilm, %




	
1 h

	
6 h

	
1 h

	
6 h






	
AISI 304 Steel

	
7.4

	
25.0

	
7

	
65




	
CS-0

	
5.8

	
15.3

	
14

	
72




	
CS-50

	
6.3

	
14.7

	
20

	
67




	
CS-100

	
9.3

	
6.0

	
12

	
35




	
CS-150

	
41.0

	
3.5

	
11

	
37




	
CS-200

	
10.4

	
198.0

	
20

	
90
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