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Abstract

:

The increasing occurrence of infections caused by pathogens found on objects of everyday use requires a variety of solutions for active disinfection. Using active materials that do not require daily maintenance has a potential advantage for their acceptance. In this contribution, transparent films, with silver as the main antimicrobial agent and a total thickness of a few tens of nm, were deposited on flexible self-adhesive polymer foils used as screen protectors. TiO2 and SiO2 were used as transparent matrix to embed the Ag nanoparticles, ensuring also their mechanical protection and controlled growth. HiPIMS (High-Power Impulse Magnetron Sputtering) was used for the sputtering of the Ag target and fine control of the Ag amount in the layer, whereas TiO2 and SiO2 were sputtered in RF (Radio Frequency) mode. The thin film surface was investigated by AFM (Atomic Force Microscopy), providing information on the topography of the coatings and their preferential growth on the textured polymer foil. XRD (X-Ray Diffraction) revealed the presence of specific Ag peaks in an amorphous oxide matrix. UV-Vis-NIR (Ultraviolet-Visible-Near Infrared) spectroscopy revealed the presence of nanostructured Ag, characterized by preferential absorption in the 400 to 500 nm spectral range. The antimicrobial properties were assessed using an antimicrobial test with the Escherichia coli strain. The highest efficiency was observed for the Ag/SiO2 combination, in the concentration range of 104–105 CFU/mL.
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1. Introduction


Pathogenic infectious agents capable of forming biofilms survive on surfaces for long periods of time. It is known that some multidrug-resistant bacterial strains such as MRSA (Methicillin-resistant Staphylococcus aureus) and VRE (Vancomycin-resistant Enterococci) can survive for weeks on various surfaces in the hospital [1,2,3]. The use of disinfectants for various surfaces is the most common solution but is associated with some disadvantages related to the fact that they must be used in certain concentrations with varying degrees of toxicity. If applied incorrectly, their bactericidal activity is short-lived, recontamination being possible in a few minutes [4]. Therefore, it is desired to introduce films with long-term antibacterial properties on frequently touched surfaces, such as the screens of various devices (telephones, medical equipment, computers, etc.).



Ever since cellular phone introduction in the 1980s, there has been a continuous increase in its popularity around the world, with an estimated number of 4.5 billion people (60% of the global population) owning such a device between 2016 and 2017. The increase was accelerated after the introduction of smartphones in 2012, with an estimated 2.3 billion owners [5]. While using a mobile phone, the device comes into contact with contaminated areas of the human body, like the hands, or more sensitive areas like the mouth, nose, and eyes [6]. The mobile phone, which has become an essential part of human life, is therefore a very sensitive device when it comes to possible contaminations, and the use of touch screens only prolongs the contact with the skin and increases the probability of contamination [7].



Silver nanoparticles are widely used as potent antimicrobial agents in various applications [8,9]. By embedding them into a transparent dielectric matrix, it is possible to obtain coatings that are both transparent and have antimicrobial properties [10,11]. Chemical methods such as in situ reduction [12] and electrochemical deposition [13] are used for fixing nanoparticles onto dielectric surfaces. Among the physical methods used for deposition of thin films, magnetron sputtering stands as one of the most versatile, being intensively used in both research and industry [14]. Compared to chemical methods it is considered cleaner and more environmentally friendly, leaving no chemical residues or hazardous compounds. The use of high-power pulses in magnetron sputtering, as defined in HiPIMS [15,16], allows adding supplementary control over the properties of the thin film by using highly ionized fluxes that can be directed toward the substrate at variable fluxes and energies [17]. Compared to magnetron sputtering it has the advantage of providing precise control of the quantity by using the additional temporal parameters added by the pulsed regime, namely, the frequency and pulse duration.



Such thin films can be deposited onto self-adhesive polymer foils, adding additional functionalities such as antibacterial properties to the existing mechanical protection provided by such foils. In order to keep the transparency of the coatings, one needs to limit the amount of silver on the surface and to avoid coalescence by confining the metal only in isolated nanosized particles. On the other hand, for achieving antimicrobial efficacy of these layers it is usually necessary to ensure a prolonged release of the silver biocide at a concentration level (0.1 ppb) [18] needed to provide a sufficient amount.




2. Materials and Methods


The method we used for obtaining the thin films was magnetron sputtering. A confocal configuration with 3 targets of 1 inch diameter was used. This configuration allowed us to deposit each material individually, to make multilayer structures, or to co-deposit 2 or 3 materials and mix them at the same time.



For the deposition, we used silicon oxide, titanium oxide, and silver targets. The substrates were made of thin self-adhesive polyurethane foils. The oxide targets were operated in RF sputtering conditions, at 50 W applied power on each of the targets. The deposition was performed in argon at 6 mTorr pressure, and the deposition rates were chosen so that the oxide remained the main material and the silver was only a small addition. The typical deposition time was 30 min, yielding film thicknesses in the 30 to 35 nm range.



For the fine tuning of the deposition rate for Ag, HiPIMS was used to sputter the Ag. The pulse characteristics selected for the deposition of Ag are illustrated in Figure 1. The pulse voltage was set at 650 V, with a peak current of 1.5 A. Pulse duration was 50 µs, and the repetition frequency was varied in the 1 to 10 Hz range.



The topography of thin films was analyzed based on AFM images acquired with the AFM/STM Microscopy System (INNOVA VEECO, Berlin, Germany) working in taping mode. UV-spectrophotometry was performed using a Jasco V-670 UV-Vis/NIR Spectrophotometer (Tokyo, Japan). A SEM-Hitachi Tabletop Scanning Electron Microscope (TM3030, Tokyo, Japan) system equipped with Energy Dispersive X-ray spectrometer (EDS, QUANTAX 70, Bruker, MS, USA) was used for the investigation of the composition of the thin films. The crystalline structure was examined using a SmartLab (RIGAKU, Tokyo, Japan) diffractometer equipped with a Cu rotating anode (9 kW) and vertical goniometer with 5 axes. High resolution optics of the incident beam was used to obtain Cu Ka1 (λ = 1.540597 Å) radiation. The measurements were performed in the 2θ interval 10–100°, using an incidence angle of 1°, at a scanning speed of 3°/min. The grain sizes of the investigated samples were calculated using the Scherrer Equation (1):


   Grain   Size  =   0.9    λ     β   cos   θ     



(1)




where λ represents the diffraction wavelength; β represents the full width at half maximum intensity of the peak (in radians); θ represents the Bragg angle (in degrees).



The antibacterial performance of films was evaluated against Escherichia coli strains (ATCC 25922) according to ISO 22196:2011 [19] but with some modifications made depending on the type of films tested as described in the following. The strains were cultured on blood agar for 24 h at 37 °C before use. The films were cut into round shapes (Ø 15 mm) and sterilized on both sides, for 15 min on each side at 60 cm distance using UVC light irradiation. The prepared inoculum of 105 and 104 CFU/mL (113 μL) was poured on each film. The contact time of the film with inoculum was performed at room temperature for 30 min. Afterward, the suspension and the film were washed in 3 mL of saline solution. The washed solution was dispersed on a Petri dish with blood agar. Incubation of plates was then carried out at 37 °C for 24 and 48 h. The number of Escherichia coli colonies was quantified using the automatic analyzer (InterScience Scan 300-Soft Scan Saint Nom la Brétèche, France). The number of colonies were reported as colony forming units (CFUs). Duplicate measurements were performed.



The results were then tabulated and the means and standard deviations between the two experiments were calculated, respectively, and the antibacterial efficiency compared to the films on which the bacteria were deposited using Equation (2) [20]:


   Antimicrobial   Activity     ( % )  =    N c  −  N s     N c    · 100  



(2)




where Nc represents the number of colonies on the control films; Ns represents the number of colonies on the tested films.




3. Results


3.1. Thin Film Deposition and Characterization


3.1.1. Sample Preparation


The polyurethane foils were cleaned in isopropyl alcohol prior to deposition and a plasma cleaning procedure was carried out prior to each deposition. The plasma cleaning consisted of applying an RF bias on the substrate, with 50 V DC self-bias, at 6 mTorr of Argon pressure, for a duration of 15 min.



The topography of the foils before cleaning showed a nanopatterning with roughly 500 nm radius holes distributed on the surface, a few nanometers deep (Figure 2). After the cleaning procedures, one can see that the nanopattern was kept, with a small increase in surface roughness in between the holes. Additional testing with higher voltages and longer processing duration was performed. It was found that if the voltage was too high and/or the duration too long, the surface of the polymer changed dramatically. Therefore, the cleaning conditions for all the deposited samples was kept at 50 V of DC self-bias and 15 min process duration.



Regarding the depth of the holes, it was observed that after cleaning, the depth slightly increased from 4.16 ± 0.74 to 6.44 ± 2.66 nm. These values were calculated by averaging the depth of all holes found on surfaces recorded on 25 µm2 (Figure 2b–d). The same result can also be seen in the case of holes presented in Figure 2a–c, indicating that the cleaning process affected the surface of foils by deepening the already existing holes.



The changes induced in the optical properties of the polymer were investigated by UV-Vis Spectrophotometry. The transmittance, reflectivity, and absorbance of the samples before and after cleaning are represented in Figure 3. The transparency of the foil was diminished from 90 to 85%, whereas the reflectivity remained almost constant. This means that the appearance of the foil did not change significantly. The reduction of transmittance was almost entirely due to the increase in absorption.




3.1.2. Deposition Process and Physical Characterization


The main challenge for the deposition of transparent coatings with sufficient antimicrobial activity is to find the balance between the maximum quantity of metal atoms that do not reduce drastically the transmittance and the minimum quantity required to obtain the antimicrobial effect. Therefore, the deposition rates of the materials to be deposited and the deposition time should be adapted so that the total quantity of metal atoms remains within these constrains. The deposition rate of SiO2 and TiO2 was ~1 nm/min, and the process duration was fixed at 30 min.



In order to find the optimum quantity of silver to be embedded in the oxide matrix, the frequency of the HiPIMS pulses was changed between 1 and 10 Hz, and the Ag films were deposited on the polymer substrate for a total duration of 30 min. The AFM images of the Ag thin films deposited on the polymer surface are represented in Figure 4. One important feature that emerges from these images is that the deposition followed the topography of the polymer foil, with preferential growths in the places where the circular patterns were present. The roughness of the surface increased with increasing frequency, with a visible increase in the grain size on the surface. At a frequency of 10 Hz, the Ag films covered almost entirely the initial pattern on the surface, creating a continuous film. The thickness of the Ag layer obtained at 10 Hz was 30 nm, making it equal to the envisaged thickness of the oxide deposited in a similar duration. The thicknesses of the samples obtained at 1 and 3 Hz, respectively, were not directly evaluated, being too small to obtain reliable results. Nevertheless, a direct relation with the frequency should be considered, accounting for an equivalent deposition rate of 3 nm per 1 Hz.



The XRD spectra obtained for the same samples are presented in Figure 5, demonstrating the presence of crystalline Ag (identified based on JCDPS No.1-071-4613) with cubic structure and (111) preferential orientation. There is a clear dependency of the crystallinity on the deposition frequency, since by increasing the frequency, the crystalline films were obtained. This finding was well evident for the film deposited at 10 Hz. For the films prepared at 1 Hz, the peak located at 38.3° broadened, indicating a low crystallinity, tending to be amorphous. One may also observe an increase in grain size from 1.07 nm (for Ag at 1 Hz) up to 9.42 nm (for Ag at 10 Hz), as seen in Table 1. This increase in peak intensity and crystallinity can be attributed to the film thickness effects [21].



The next experimental step was to deposit simultaneously Ag and two oxides, SiO2 and TiO2, respectively, which was done because of mechanical stresses caused by cell compression and the oxidation occurring on the surface of silver. Because of the constrains related to the transparency of the film, the quantity of Ag must be limited to a minimum. Therefore, the HiPIMS sputtering was set at 1 Hz and the total process duration at 30 min. It was seen in Figure 6 that when Ag was found in an amorphous matrix of SiO2 and TiO2, respectively, there was a shift of the peak maximum toward higher values, indicating the existence of compressive stress. Taking also into account the oxide matrix surrounding the Ag clusters and the atomic radius of O2 (0.73 Å) and Ag (1.445 Å) [22], one may conclude that a partial oxidation of the silver occurred, the elementary cell being compressed by the forming compound. Moreover, there were shifts of 2.47° and 1.66° between the standard peak and the one registered for Ag + SiO2 and Ag + TiO2, respectively. Although the quantity of Ag embedded in the thin film was very small, comparable with the one corresponding to the 1 Hz deposition, the grain sizes of Ag embedded in the SiO2 and TiO2 matrices were significantly higher than the ones obtained for bare silver at 1, 3, and 10 Hz deposition frequencies. According to the data in literature, an amorphous matrix allows Ag to diffuse more easily and to form larger size Ag nanoparticles [23]. Considering that only the maximum Ag peak could be identified in the Ag + SiO2 and Ag + TiO2 films, it results that the Ag was finely dispersed in the amorphous matrix [24]. According to Adochite et al., Ag was finely dispersed in the amorphous matrix, since only the maximum Ag peak could be identified in the Ag + SiO2 and Ag + TiO2 films [24]. Moreover, the fact that Ag prevented the crystallization of anatase phase, as indicated by XRD patterns of as-deposited Ag + TiO2 nanocomposite films in the mentioned study, also represented an indication of Ag dispersion. This effect was attributed by Okumu et al. [25] to the impinging energetic oxygen ions which were formed during sputtering of Ag:TiO2 films.



For the silver-containing films, only 10% of equivalent Ag thickness was used, compared with the oxide thin film, i.e., ~3 vs. 30 nm. A version of only the oxide thin film was also made by combining two oxides in equal amounts to form a ~30 nm thick film, obtained during a 15 min deposition process. The AFM images of these 3 types of thin films are presented in Figure 7. These functional films combine two materials but keep the ensemble thin enough to maintain the initial surface features. It can be clearly seen that there is a preferential growth that follows the initial pattern of the polymer film.



The optical properties of the resulting structure are very important for this application since the foil is applied directly on the phone screen and should keep its transparency and general appearance. From the transmission and reflection spectrum presented in Figure 8, one can see that the SiO2 film had the best transparency of all. Titanium oxide, on the other hand, had the lowest transparency, most probably because of an insufficient amount of oxygen, leading to sub-stoichiometric composition.



From the absorption spectra, it is evident that an absorption peak around 450–500 nm was present for the silver-containing films. This was specific to the absorption on silver nanoparticles, associated with the surface plasmon resonance phenomena [26]. The position of the peak depends on the matrix, showing a potential way of tuning the size and density of particles by embedding them in different matrices. The presence of this peak confirmed the Ag nanoparticle were finely dispersed in the oxide matrix.



The film composition was assessed by EDX (Figure 9). Although very thin, a measurable amount for Ag was detected, accounting for only 0.1 to 0.2% of the total. Nevertheless, the silver represented 23 and 28% as compared with Si and Ti, respectively. In Figure 9, the elemental distribution is also presented. One can see that each constitutive element of each investigated layer was well distributed on the investigated area, indicating that the layers were homogeneously coated on the whole surface of the foil.





3.2. Antimicrobial Activity


The antimicrobial activity of all three types of layers was assessed using the methodology described in the Materials and Methods section. The graphs in Figure 10 show the difference between the results read at 24 and 48 h, respectively, for all of the investigated layer types in contact with Escherichia coli suspensions of concentrations 105 CFU/mL and 104 CFU/mL. A maximum efficiency of almost 97% was obtained for samples deposited with SiO2 + Ag at a concentration of 104 CFU/mL. Silver’s antibacterial properties can be explained by the following mechanism: owing to the sulfur–Ag affinity, the bacterial cell membrane is enriched with sulfur-containing proteins, which could be favored locations for Ag particle attachment. Hence, silver nanoparticles can damage or affect the structure of bacteria by attaching to the bacterial cell membrane [27,28].



On the other hand, for the other two films submitted with SiO2 + TiO2 and TiO2 + Ag under the tested conditions, there was an increased growth compared to the reference sample, the polymer foil without any deposited layer. At 24 h of incubation, for the film submitted with SiO2 + TiO2, an increase of 45.77% in the growth of bacterial colonies was observed compared to the reference sample for the concentration of 105 CFU/mL, while the concentration of 104 CFU/mL for the same experimental conditions recorded a percentage of 32.14% over the number of colonies in the reference sample. Studies show low antibacterial properties for TiO2 and SiO2. Two very important factors influencing the antibacterial grade are the size of the nanoparticles used [29] and the inoculation method, which, being photocatalytic materials, has been shown in the presence of UV-TiO2 radiation to enhance the antibacterial efficiency for Gram-negative bacterial species [30].



Because TiO2 is a photocatalytic material that has activity in UV-radiation, to make it active and in the visible spectrum, it must be doped with transition metals such as Ag, V, Cr, Mn, Fe, Co, or N. In the case of films deposited with TiO2 + Ag, bacterial activity increased in both Escherichia coli concentrations [31].



Figure 10b indicates abundant bacterial growth resulting in a percentage of 80.66% for the antimicrobial efficiency of the sample deposited with SiO2 + Ag at the concentration of 105 CFU/mL. For the concentration of 104 CFU/mL the increasing trend was maintained, nearly maximum antibacterial efficiency, but the samples deposited with SiO2 + TiO2 had the same proliferative effect as reading the plates at 24 h. As a result, we observed that at the concentration of 104 CFU/mL there were determined percentages that indicated an increased efficiency compared to the experiments performed at the concentration of 105 CFU/mL. In the case of blood agar plates incubated and evaluated after 48 h, given the determined antibacterial efficacy, early senescence phenomena could be observed, phenomena that needed to be deepened to find a mechanism between the variability of the incubation time and the materials deposited on the polymer films.





4. Discussion


To summarize, we evaluated three types of thin films to be applied on self-adhesive polymer foils for smartphone applications. Among these, the one consisting of the combination of silicon oxide and silver was the most efficient.



We managed to maintain the surface characteristics of the original foil, obtaining a good transparency, and made evident the presence of nanostructured Ag nanoparticles embedded in the silicon oxide matrix.



For films deposited with TiO2 + SiO2 and those with TiO2 + Ag, the microbiological activity of Escherichia coli indicated an increased growth of both bacterial concentrations. SiO2 + Ag films had an elevated antibacterial activity of 104 CFU/mL, indicating according to Zhao et al. [32] that Ag can form complexes with DNA and RNA resulting in DNA condensation and replication inhibition, as established in other investigations. Silver interaction with thiol groups in proteins can result in inactivation of respiratory enzyme function [33]. Antimicrobial actions can be represented by free radicals produced on silver particles, particularly reactive oxygen species (ROS) [34].



SiO2 + Ag films exhibited a high effect on the Escherichia coli bacteria. The efficiency could usually be related to the grain size, with size effects that were identified both at micro and nano scales. For the microscale range, it has already been demonstrated that bacterial attachment depends significantly on the size of particles [35]. Several researchers have reported that bacteria tend to attach to larger particles because they exhibit a larger surface that provides more attachment sites, which permit more attached cells. For example, Soupir et al. reported that at least 60% of attached Escherichia coli and enterococci were related to particles smaller than 62 µm [36]. Jeng et al. demonstrated that more than 90% of Escherichia coli were attached to particles with sizes ranging from 5 to 30 µm [37]. A similar result was published by George et al., who showed that the percentage of attached Escherichia coli bacteria is related to particles larger than 5 µm and increases with particle concentration [38]. Moreover, Oliver et al. reported that the Escherichia coli bacteria prefers attachment to particles ranging from 16 to 32 µm, without explaining this mechanism [39].



Related to the nanoscale range, on the other hand, it was observed that the lower values, up to 5 nm, were more likely for the inhibition of the Escherichia coli bacteria. Ahmed et al. found that the inactivation of Escherichia coli under ultraviolet light irradiation of the TiO2 surface can be attributed to the reduction of the crystallite size from the 30 to 5 nm [40]. Furthermore, the study of Ahmed et al. was in good agreement with others who agreed that the degradation efficiency of TiO2 nanoparticles depends on their morphology, preparation methods, and especially the size of the particles [41]. The challenge in preparation of nanoparticles of nanoscale size is to obtain smaller nanoparticles with homogeneous size distribution [40].



In the present paper it was shown that by using magnetron sputtering co-deposition, this homogeneity can be achieved, with grain sizes in the range of ~10 nm scale. The larger grain size of Ag nanoparticles embedded in SiO2 as compared to the ones embedded in TiO2 appears to be beneficial for the increase in bactericidal effect. In perspective, the combination of these thin films with embedded Ag nanoparticles, with the effect of UV-radiation, can be envisaged as a way to increase the antibacterial effect.
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Figure 1. Typical HiPIMS voltage and current pulse shapes used for the deposition of Ag under HiPIMS conditions. 
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Figure 2. AFM images of the polymer surface before (a,b) and after the plasma cleaning procedure (c,d). The images correspond to the same sample, at different scanning areas. 
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Figure 3. Spectrophotometric curves of the polymer foil sample before and after plasma cleaning at 50 V for 15 min (T–transmittance, R–reflectivity, A–absorbance). 
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Figure 4. AFM images of the polymer foils deposited with Ag films, for a period of 30 min and at different frequencies: 1 Hz (a,d), 3 Hz (b,e), and 10 Hz (c,f). The images are grouped by deposition conditions corresponding to the same sample and were obtained at different scanning areas. 
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Figure 5. XRD spectra for the Ag thin films obtained at different pulse frequencies 1 Hz (b), 3 Hz (c), 10 Hz(d). The position of Ag peaks in the JCPDS card is depicted in (a). 
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Figure 6. XRD spectra of thin films obtained during 30 min sputtering of Ag at 1 Hz, without any oxide (b), with TiO2 (c), and with SiO2 (d), respectively. The position of Ag peaks in the JCPDS card is depicted in (a). 
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Figure 7. AFM images of the polymer foils deposited with TiO2 + Ag films (a,d), SiO2 + TiO2; (b,e), SiO2 + Ag; (c,f); all films have a total thickness of ~33 nm. The images grouped by type of thin film correspond to the same sample and were obtained at different scanning areas. 
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Figure 8. Spectrophotometric curves, reflectivity (a), transmittance (b) and absorbance (c) of the uncoated foil and the foils coated with SiO2, SiO2 + Ag, TiO2, TiO2 + Ag, TiO2 + SiO2. 
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Figure 9. EDX spectra and element distribution of the polymer foils and the foils deposited with TiO2 + Ag films, SiO2 + TiO2, SiO2 + Ag; all films have a total thickness of ~33 nm. 
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Figure 10. Antimicrobial efficiency of SiO2 + Ag, SiO2 + TiO2, TiO2 + Ag films against Escherichia coli, at two concentrations of 105 and 104 CFU/mL and two incubation times of 24 (a) and 48 h (b). 
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Table 1. Maximum peak position for Ag (111) (according to JCDPS no. 1-071-4613 card), the equivalent position of measured maxima and the grain size of the investigated samples.
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	Sample
	Peak Position (111) (°)
	Grain Size (nm)





	Ag (JCPDS 01-071-4613)
	38.1
	NA



	Ag (1 Hz, 30 min)
	38.3
	1.07



	Ag (3 Hz, 30 min)
	37.64
	1.53



	Ag (10 Hz, 30 min)
	37.63
	9.42



	Ag + SiO2
	40.57
	16.6



	Ag + TiO2
	39.76
	12.12
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