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Abstract

:

The use of nanotechnologies in the applied biomedical sciences can offer a new way to treat infections and disinfect surfaces, materials, and products contaminated with various types of viruses, bacteria, and fungi. The Cu-Au nanoparticles (NPs) were obtained by an eco-friendly method that allowed the obtaining in a one-step process of size controlled, well dispersed, fully reduced, highly stable NPs at very mild conditions, using high energy ionizing radiations. The gamma irradiation was performed in an aqueous system of Cu2+/Au3+/Sodium Dodecyl Sulfate (SDS)/Ethylene Glycol. After irradiation, the change of color to ruby-red was the first indicator for the formation of NPs. Moreover, the UV-Vis spectra showed a maximum absorption peak between 524 and 540 nm, depending on the copper amount. The Cu-Au NPs presented nearly spherical shapes, sizes between 20 and 90 nm, and a zeta potential of about −44 mV indicating a good electrostatic stability. The biocidal properties performed according to various standards applied in the medical area, in dirty conditions, showed a 5 lg reduction for Staphylococcus aureus, Pseudomonas aeruginosa, and Enterococcus hirae, a 5 lg reduction for both enveloped and non-enveloped viruses such as Adenovirus type 5, Murine Norovirus, and human Coronavirus 229E, and a 4 lg reduction for Candida albicans, respectively. Thus, the radiochemically synthesized Cu-Au alloy NPs proved to have high biocide efficiency against the tested bacteria, fungi, and viruses (both encapsulated and non-encapsulated). Therefore, these nanoparticle solutions are suitable to be used as disinfectants in the decontamination of hospital surfaces or public areas characterized by high levels of microbiological contamination.
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1. Introduction


In recent years, amid the global health crisis caused by the Sars CoV-2 virus, research has been intensified to obtain effective solutions to fight against infections caused by various microorganisms, especially in professional environments (e.g., hospitals, medical clinics, schools). According to some studies [1,2], around 90% of intra-hospital infections (of bacterial and viral types) are spread by contaminated surfaces, such as medical items, protection equipment, tables, beds, doors, switches, pillows, and mattresses, due to their intrinsic porous structure [3] a.s.o. In addition, the prevention and control of infections associated with medical treatments (healthcare-associated diseases) are priority concerns for health systems at a global scale. These microorganisms can cause various infections (affecting respiratory, gastrointestinal or urinary tracts, blood, or ENT system [4]) that are challenging to treat, most of them being antibiotic-resistant [3]. Their incidence rate is 5–10% of hospitalized patients. In addition, it was shown that, due to the high viability of the SARS CoV-2 virus in aerosols and on various contaminated surfaces, medical staff members have been contaminated even if rigorous protection measures were taken [2,5].



Nowadays, new NPs-based technologies are continuously introduced and developed in many application fields, including biomedical and pharmaceutic products, which are very dynamic domains.



Metal alloy nanoparticle systems have unique physical and chemical properties enabling them to be used in various possible applications such as sensors, renewable energy technologies, catalysts, medical imaging, or antimicrobial agents. Essential parameters in tuning their properties are particle size, particle distribution, and shape [6].



As in the case of the synthesis of monometallic NPs, the morphology and crystal structure of metal alloy NPs can be controlled in particular by choosing appropriate methods of synthesis and control of some reaction parameters, such as the concentration of precursor ions and reducing agents, stabilizing agents, temperature, and time [6,7]. Thus, the metal alloy NPs can be obtained using both top-down and bottom-up approaches [8] by different methods, such as: chemical (e.g., chemical and electrochemical reduction [9], hydrothermal [10], precipitation [11], sol-gel [12], micro-emulsion [13]), physical (e.g., sputtering [14], thermal decomposition [15], microwaves [16], radiolytic [17], and sonochemical [18]) and biological (bacteria, fungi, plants, agricultural and industrial wastes) [19,20,21,22] procedures. Metal alloy NPs have an advantage over monometallic nanoparticle systems due to the synergism between the individual component alloy nanoparticle’s characteristics and a more stable structure [8].



Frequently, the synthesis methods are expensive, requiring special conditions, long processing time, and involving the use of chemical reduction agents, which would be harmful to the environment and would present enhanced biologic risks for humans [23]. Unlike conventional synthesis methods, the synthesis based on the chemical effect of gamma rays is a particularly ecologic and rapid method. It leads to high purity metal NPs with controllable dimensions and shape, in large amounts, depending only on the available irradiation volume, enabling the development of industrial-scale processes. This method does not require any chemical or biological reducing agents, avoiding any risks related to their toxicity or bio-toxicity [7,24,25].



Recently, research was conducted to develop different Au-based metal alloy nanoparticle systems (e.g., Au-Ag, Au-Pd, Au-Pt) [6], among which Cu-Au-based systems have aroused high interest for various applications in catalysis (CO2 and p-nitrophenol reduction, methanol, and CO oxidation [6]), photonics (sensors for the detection of persistent toxic organic pollutants [26]), or biomedical research (photothermal therapy [27]). The alloying of copper with gold is an effective method to reduce the gold costs and to improve the stability of copper, while benefiting from their individual properties: Au is a biocompatible element with high stability, size-tunable surface plasmon resonance, fluorescence, and easy-surface functionalization [28], and copper has unique catalytic and optical properties [29,30,31].



Although both elements have remarkable antimicrobial properties, as shown in numerous studies [29,32,33,34,35], to our best knowledge, we have not found any study to discuss the antimicrobial activity of Cu-Au NPs. The biocide activity of metal NPs is well known and occurs with different intensities depending on the synthesis procedure, concentration, dimensions, and the shape of the NPs, but their action mechanism is not fully understood [24,36,37]. However, several general mechanisms of the antimicrobial action of NPs are accepted in this case, such as the attachment of NPs to the cell membrane and inhibition of binding to the ribosomes of transfer ribonucleic acid molecules (tRNA), generation of reactive oxygens species (ROS) on the particle surface, diffusion and drilling of cell membranes, prevention of the biofilm formation, etc. [34,35,37].



The aim of this study was to synthetize the bimetallic NPs of Cu-Au alloy via a gamma radiation procedure. The resulting NPs were characterized in terms of optical, morpho-structural, and biocidal properties. The biocidal activity was evaluated from both a qualitative and quantitative point of view, according to test standards applicable to the medical purposes. These nanoparticle systems proved to have high biocide efficiency against bacteria, fungi, and viruses (both encapsulated and non-encapsulated); hence, they are suitable for use as surface disinfectants in highly contaminated environments.




2. Materials and Methods


2.1. Chemicals


Copper (II) sulphate pentahydrate (Mw = 249.69 g/mol, ≥98%, Sigma Aldrich, St. Louis, MO, USA) and gold (III) chloride hydrate (Mw = 339.79 g/mol, p.a., ≥49%Au, Fluka Analytical, Munich, Germany) were used as precursor salts for Cu-Au NPs; dodecyl sulphate sodium salt (SDS, Mw = 288.38 g/mol, Ph Eur, Merck, Darmstadt, Germany) and ethylene glycol (EG, Mw = 62.07 g/mol, Chimreactiv SRL, Bucharest, Romania) were used as a capping agent and for scavenging of hydroxyl radicals, respectively. These substances were used in the as-received form, without further purifications.



Ultrapure water (18.6 MΩ produced by Simplicity UV Water Purification System, Milli-Q, Merck, Darmstadt, Germany) was used as a solvent.




2.2. Preparation of Cu-Au NPs


Cu-Au NPs were obtained by a radiolytic synthesis method: an aqueous solution of SDS (0.8% w/v), used as a stabilizing agent, Cu2+ and Au3+ salts, corresponding to a concentration of 1 mM each, were dissolved under magnetic stirring (800 rpm) at room temperature (Lungulescu et al., 2020). Different concentrations of copper ions were used (0%, 50%, 75%, and 90%) and the balance gold ions to obtain Au NPs, Cu-Au (1:1) NPs, Cu-Au (3:1) NPs, and Cu-Au (9:1) NPs. An amount of ethylene glycol (15% v/v) was added to this solution to increase the efficiency of both the reduction process and HO radicals trapping (generated in the water radiolysis process). The solution was bubbled with argon for 30 min for deaeration, at a low gas flow rate (50 mL/min), and subsequently it was sealed in an airtight container and subjected to irradiation. Gamma irradiation was performed in a laboratory irradiation facility (Ob-Servo Sanguis, Izotop, Budapest, Hungary), at room temperature and a dose rate of 0.7 kGy/h; the integrated irradiation dose was 30 kGy.




2.3. Characterization of Cu-Au NPs


2.3.1. UV-Vis


UV-Vis absorption spectroscopy (V-570 UV-Vis spectrophotometer, Jasco, Tokyo, Japan) was used to determine the optical properties, to confirm the formation of Cu-Au NPs, and to study their stability after 1 year. The analyses were performed in the wavelength range of 450–700 nm, using quartz cells with a 1 cm optical path, at a resolution of 1 nm. The reference was an SDS/EG solution, irradiated under similar conditions.




2.3.2. FTIR


To confirm the SDS coating/stabilization capacity of Cu-Au NPs, infrared spectroscopy (FTIR-4200 spectrometer, Jasco, Tokyo, Japan) was used. The colloidal nanoparticle solutions and the initial polymer solution were spread in a thin layer on a ZnSe window and measured in transmission mode in the spectral range of 4000–500 cm−1, at a resolution of 1 cm−1, and 200 scans for each spectrum.




2.3.3. XRD


For the X-ray diffraction (XRD) analysis, the liquid samples of the Cu-Au NPs/SDS/EG system were pipetted onto a “zero-background” (911) cut Silicon sample holder (Siltronix, Armchamps, France) and exposed for 24 h at room temperature until the liquid medium evaporated. In addition, the SDS/EG system was investigated in its crystalline solid form to evaluate its specific angular position in the experimental patterns of the Cu-Au/SDS/EG Np system. Their analysis was performed using a D8 Discover diffractometer (Bruker, Billerica, MA, USA) configured in theta-2theta geometry, having on primary optics a Cu radiation (λKα1 = 1.540598 Å) X-ray anode tube and a 0.6 mm Göebel mirror, and on secondary optics a 1D LynxEye detector. XRD patterns were recorded in an angular increment of 0.04° at a scan rate of 10 s/step, then were indexed using the ICDD PDF 2 database.




2.3.4. TEM


The morphology of the Cu-Au NPs was examined using transmission electron microscopy (TECNAI G2 F20 TWIN Cryo-TEM, FEI Company, Hillsboro, OR, USA) with an accelerating voltage of 200 keV. A small droplet from both dispersions of Cu-Au (1:1) NPs (just after irradiation and after 1 year) was placed on copper grids with Lacey carbon film, without staining.




2.3.5. DLS and ELS


The hydrodynamic diameter (effective diameter) of Cu-Au NPs and particle size distribution were determined by a dynamic light scattering (DLS) technique known also as photon correlation spectroscopy (PCS), which measures the fluctuations in light scattering intensity due to random Brownian motion of the particles, using a 90Plus nanoparticle size analyzer (Brookhaven Instruments Corporation, Holtsville, NY, USA) equipped with a solid-state laser with 660 nm wavelength and an output power of 32 kW. The light scattering was performed at a scattering angle of 90° and a temperature of 25 °C using a 10 mm pathlength plastic cell filled with 3 mL of unfiltered Cu-Au NP solution.



The dispersion stability was investigated by zeta potential measurements determined by the electrophoretic light scattering (ELS) method using the 90Plus apparatus (Brookhaven Instruments Corporation, Holtsville, NY, USA) with the BI-Zeta option having a dip-in electrode system of AQ-622 type. The zeta potential was determined by measuring the electrophoretic mobility of the surface charged Cu-Au NPs dispersed in an aqueous solution with a viscosity of 0.89 cP, a refractive index of 1.33, and a dielectric constant of 78.54, under a current of 18.30–19.44 mA corresponding to an electric field of 15.37–15.78 V/cm. The electrophoretic mobility measurements were performed at a temperature of 25 °C in the same cells filled with Cu-Au NPs solution as used in the DLS measurements having a pH of 2.8. The conductance of Cu-Au NPs solution was determined also during the ELS measurements. Each reported value was an average of 10 measurements.




2.3.6. Biocidal Activity


Qualitative Assessments of Antimicrobial Activity


The qualitative antimicrobial assessment of colloidal Cu-Au NPs was performed by using an adapted diffusion disk method (CLSI, 2020). From each tested strain, Escherichia coli ATCC 25922, Staphyloccocus aureus ATCC 9737, a bacterial suspension with a cellular density of 0.5 McFarland (1.5 × 108 CFU/mL), was prepared in sterilized distilled water. Then, 10 µL of each Cu-Au NP solution was seeded on the Mueller Hinton (MH) agar medium, previously inoculated with the as-prepared bacterial suspension, and incubated for 24 h at 37 °C. The antibacterial efficiency was evaluated by measuring the diameter of the growth inhibition zone (DGIZ) with a ruler. To have an image on the influence of some dilutions on NPs’ bactericidal efficiency, diluted solutions in concentrations of 50%, 25%, and 12.5% were also tested.




Quantitative Assessment of Biocidal Activity


To simulate the real operating conditions, the antibacterial activity of Cu-Au NPs was tested on a laboratory surface [38] and compared with a solution of 70% ethanol. Briefly, two ceramic surfaces, previously cleaned with 70% ethanol solution (to eliminate any potential background contamination), were contaminated, separately, with 1 mL of Escherichia coli ATCC 25922 and Staphyloccocus aureus ATCC 9737, respectively (both with a cellular density of 0.5 McFarland (1.5 × 108 CFU/mL). Each contaminated surface was divided into three squares of 25 cm2. The first square was treated with 1 mL of 70% ethanol solution, the second one with 1 mL of Cu-Au (1:1) NPs, and the third one was kept untreated (i.e., only inoculated with bacteria). After a contact time of 1 h, the antibacterial efficiency was highlighted by collecting samples using a sterile applicator moistened in distilled water and their seeding on a MH agar medium for 24 h at 37 °C. After the incubation time, the number of colonies/25 cm2 was counted.




Evaluation of the Bactericidal Activity


A bactericidal efficacy test was performed according to EN 13727:2016 [39] on three bacterial strains (Staphylococcus aureus ATCC 6538, Pseudomonas aeruginosa ATCC 15442, and Enterococcus hirae ATCC 10541) for a 60 min contact duration at a temperature of 20 ± 1 °C. The Cu-Au NPs solution was tested without any dilution. The most restrictive assay condition regarding interfering substances was selected. Therefore, dirty conditions (recommended for application without previous cleaning) were represented by a mixture of 3 g/L bovine serum albumin (Sigma Aldrich, St. Louis, MO, USA) and 3 mL/L of erythrocytes (BioMerieux, Craponne, France) as indicated in the standard. The contact between microorganisms and the tested solution was stopped by adding a neutralization fluid (composed of 1 g/L peptone, 3 g/L lecithin, 1 g/L L-histidine chloride, 3.6 g/L monopotassium phosphate, 7.2 g/L disodium phosphate, 4.3 g/L sodium chloride, and 30 mL/L polysorbate 80) as indicated in the standard. Furthermore, the absence of any toxic effect induced by the experimental conditions and neutralizer was confirmed according to the standard.



After neutralization, the viable bacteria were counted after incubation at 36 ± 1 °C in the corresponding agar for the control and the tested suspension. The assay was performed in duplicate, and the calculations were made by subtracting the logarithmic values of the control and test results. The bactericidal activity was considered efficient against the microorganisms for a decimal log (lg) reduction value equal to or higher than 5.




Evaluation of the Fungicidal Activity


A fungicidal efficacy assay was performed according to EN 13624:2014 [40] on two strains (Candida albicans ATCC 10231 and Aspergillus brasiliensis ATCC 16404) for a 60 min contact duration at a temperature of 20 ± 1 °C in dirty conditions represented by a mixture of 3 g/L bovine serum albumin and 3 mL/L of erythrocytes. The Cu-Au NPs solution was tested as pure (80%). The method involved the dilution-neutralization assay, with the neutralizer being a mixture of 5 g/L tryptone, 2.5 g/L yeast extract, 10 g/L dextrose, 1 g/L sodium thioglycolate, 1 g/L sodium thiosulfate, 2.5 g/L sodium bisulphite, 7 g/L soya lecithin, 5 g/L polysorbate 80, 1 g/L glycine, 1 g/L L-histidine, and 30 g/L saponin. After neutralization, the viable fungi were counted after incubation at 30 ± 1 °C in the corresponding medium for the control and the tested suspension. The assay was performed in duplicate and calculations were made by subtracting the logarithmic values of the control and test results. The material was considered efficient against the microorganisms if the decimal log (lg) reduction value was equal to or higher than 4.




Evaluation of the Virucidal Activity


The virucidal efficacy of the tested solution was evaluated according to EN 14476:2013+A2:2019 [41] on four strains (Poliovirus type 1 ATCC VR-192, Adenovirus 5 ATCC VR-5, Murine Norovirus strain S99 Berlin, and Coronavirus 229E ATCC VR-740) for a 60 min contact duration at a temperature of 20 ± 1 °C in dirty conditions, represented by a mixture of 3 g/L bovine serum albumin and 3 mL/L of erythrocytes. The Cu-Au NPs solution was tested at two different concentrations (pure—80% and 50%). The method involved the dilution-neutralization assay. Upon completion of the contact time, the reaction mixtures were immediately neutralized by adding the ice-cold neutralizer (a mixture of 5 g/L tryptone, 2.5 g/L yeast extract, 10 g/L dextrose, 1 g/L sodium thioglycolate, 1 g/L sodium thiosulfate, 2.5 g/L sodium bisulphite, 7 g/L soya lecithin, 5 g/L polysorbate 80, 1 g/L glycine, 1 g/L L-histidine, and 30 g/L saponin) to stop the virucidal reaction. Neutralized test samples were further serially ten-fold diluted in a dilution medium and inoculated onto host cells to assay for the infectious virus using a 50% tissue culture infectious dose (TCID50) assay. The results were expressed in units of a decimal log (lg) TCID50 per mL (TCID50/mL). The material was considered efficient against the viruses if the decimal log (lg) reduction value was equal to or higher than 4.





2.3.7. Evaluation of Human Cytotoxicity


Human skin fibroblasts CCD-1070Sk were grown in a minimum essential medium containing 10% fetal bovine serum (Gibco, Waltham, MA, USA) at 37 °C in a humidified atmosphere with 5% CO2. The cells were seeded at a cell density of 105 cells/cm2 and left to adhere for 24 h. Then, the fibroblasts were incubated for the next 6 h with different dilutions (1/50, 1/100, 1/200, 1/500, 1/1000, and 1/2000) of a tested sample, which was previously sterilized by exposure to ultraviolet light for one hour. Untreated cells were used as a control for all in vitro experiments.



MTT Assay


The cellular viability was measured using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma Aldrich, St. Louis, MO, USA) assay. After 24 h of incubation, the culture medium was removed, and the cells were incubated with 1 mg/mL MTT for 2 h at 37 °C. The purple formazan crystals formed in the viable cells were dissolved with 2-propanol (Sigma-Aldrich, St. Louis, MO, USA) and the absorbance was measured at 595 nm using a microplate reader (Flex Station, Molecular Devices, San Jose, CA, USA).




Griess Assay


The concentration of nitric oxide (NO) in the collected culture medium after the 24 h of incubation was performed with the Griess reagent, a stoichiometric solution (v/v) of 0.1% naphthylethylendiamine dihydrochloride and 1% sulphanilamide in 5% H3PO4). Increased levels of NO are related to cytotoxic effects as this molecule is connected with inflammation and apoptosis. The absorbance of the mix formed by equal volumes of the medium supernatants and the Griess reagent was read at 550 nm using the FlexStation 3 microplate reader. The NO concentration was calculated from the NaNO2 standard curve.




Statistical Analysis


The in vitro assays were performed in triplicates and the results were presented as mean ± standard deviation (SD) of three independent experiments. The statistical significance was analyzed by Student’s t-test. A value of p less than 0.05 was considered significant.







3. Results and Discussions


3.1. Radiochemical Synthesis of Cu-Au NPs


The radiochemical synthesis of metal NPs (monometallic or alloy) has several advantages compared to conventional synthesis methods: it is simple, rapid, and can be achieved in mild conditions such as ambient pressure and temperature and with a high degree of reproducibility [42]. In addition, the reduction of metal ions to zero-valent metal atoms is performed without chemical or biological reducing agents and allows for obtaining large quantities of NPs with uniform dispersion and high stability, controllable size and structure, and at low costs (if an irradiation facility is already available). Hence, this method is suitable for application at an industrial scale [7,25,43]. The control of the nanoparticle cluster size and the crystal structure is achieved by controlling a few synthesis parameters, of which the most important is the irradiation dose [24].



The radiochemical synthesis of metallic NPs is based on water radiolysis induced by gamma radiation. This process generates different radiolytic species [44] (Equation (1)) that have strong reducing properties, such as hydrated electron (   e  a q  −   ) and hydrogen atoms (H●), which have a redox potential of −2.87 VNHE and −2.30 VNHE, respectively [45]. These species can reduce the metal ions present in the solution to their zero-valence state, followed by their agglomerations until stable NPs are obtained.


   H 2  O    → γ     e  a q  −  ,    H 3   O +  ,   H • ,    H 2  ,   OH • ,    H 2   O 2   



(1)







In addition, the water radiolysis produces hydroxyl radicals (OH●). These oxidizing species have a redox potential of +2.8 VNHE, and could oxidate the metal NPs [45]; therefore, their annihilation is mandatory. In the present work, Cu-Au alloy NPs are synthesized by irradiating an aqueous solution containing Cu and Au ions, in the presence of SDS used as a stabilizing agent and ethylene glycol used both as hydroxyl radical scavenging agent and as an aid to increase the efficiency of reducing metal ions.



During gamma irradiation, the Cu and Au ions are reduced by reducing species generated by water radiolysis:


    Cu  2 +   + 2  e  a q  −   →  Cu 0    Cu  2 +   + 2 H ● →  Cu 0  +  H 2   



(2)






   Au  3 +   + 3  e  a q  −  →  Au 0    Au  3 +   + 6 H ● →  Au 0  + 3  H 2   



(3)







Gold ions are reduced faster than copper ions, due to their different reduction potentials of Cu2+/Cu0 (i.e., +0.34 V) and Au3+/Au0 (i.e., +1.5 V) [46]. The addition of SDS contributes to the stabilization of the alloy NPs by powerful electrostatic interactions (as shown from FTIR studies) between the hydrophobic structure of the alkyl chain of SDS molecules and the surface of the alloy NPs [47] (Figure 1).



To prevent the oxidation of Cu-Au alloy NPs, ethylene glycol is added to scavenge the hydroxyl radicals (Scheme 1).



According to Kugai et al. [17], the radical ethylene glycol could reduce metal ions forming glycolaldehydes or glycolates (Scheme 2). The glycolate is a good stabilizer and can be chemisorbed on the metal surface to suppress crystal growth and promote copper alloying with gold [17].



During gamma irradiation, the solution of SDS and ethylene glycol, containing dissolved Au and Cu salts, in previously established concentration ratios, changes color from yellow-green to ruby-red, due to the formation of Cu and Au-based NPs (Figure 2). The increasing copper ions concentration in the initial solution leads to the color intensity changes of irradiated solutions from ruby-red (for Cu-Au (1:1) NPs) to pale pink (for Cu-Au (9:1) NPs).




3.2. UV-VIS Spectroscopy


UV-VIS spectroscopy is one of the most used techniques for the primary characterization of metal NPs, synthesis monitorization, and long-term stability assessment of nanoparticle suspensions [48]. In general, metal NPs have unique optical properties, with very close valence and conduction bands in which electrons move freely. Upon excitation with external electromagnetic radiation, with a frequency equal to the oscillation frequency of these electrons, a characteristic UV-Vis absorption band occurs, known as Localized Surface Plasmon Resonance (LSPR) [49]. The characteristics of this band (e.g., position, height, full width at half maximum) are strongly dependent on the shape, average size, and concentration of the synthesized NPs [6,49].



The UV-Vis absorbance spectra recorded on the irradiated solutions (Figure 3) present a monoband structure in the wavelength range of 450–700 nm, with different LSPR characteristics as a function of copper concentration. This monoband structure, with absorption maxima between that of Au NPs (usually positioned at higher wavelengths than 520 nm [50]; 524 nm in our case) and those of Cu NPs (usually, between 550 and 650 nm [51]), is a confirmation of the formation of Cu-Au alloy nanoparticle structures through gamma radiation. The increase of Cu concentration leads to a red-shift of the absorption band, ranging from 532 nm (for Cu-Au (1:1) NPs) to 540 nm (for Cu-Au (9:1) NPs), accompanied by a decrease of the maximum absorption intensity.



With the increase in the copper content, a bathochromic shift is recorded, which can be associated with an increase in the particle dimensions [25]. The position of the UV-Vis peak represents a very good indicator regarding the particle dimensions. The 524 nm position of the pure gold NPs (0% copper) (Figure 3) suggests nanoparticle dimensions of around 20 nm [52].



In addition, UV-VIS spectroscopy is used for determining the stability of metal nanoparticle solutions immediately after synthesis and after long-term storage under defined conditions. These solutions show high stability during storage for 1 year, in laboratory conditions (i.e., r.t, alternance day/night), obviously because their UV-Vis absorption spectra remain practically unchanged for Au NPs and Cu-Au (1:1) NPs, and a slight absorbance increase for Cu-Au (3:1) NPs and Cu-Au (9:1) NPs (Figure 4).



It is worth mentioning that the NPs keep their stability at dilution with tap water for more than one year. The tap water dilution test is performed to provide an appropriate dilution method (antimicrobial efficiency tests will show that the solution is still effective at dilutions of over 75% for bacteria and over 50% for fungi and viruses).




3.3. FTIR Spectroscopy


FTIR spectroscopy is employed to understand the role and mechanism of the coating agent (SDS) used in the synthesis of Cu-Au NPs. FTIR spectra (Figure 5) are dominated by the characteristic bands of SDS [53,54]: 3382 cm−1 (OH stretching vibration), 2951, 2920, 2850, 1646, and 1462 cm−1 (different FTIR vibration modes of C-H), 1231 cm−1 (S-O stretching vibration), 1075 cm−1 (C-C stretching vibration), and 827 and 579 cm−1 (asymmetric CH bending vibration).



The FTIR spectrum recorded on Cu-Au NPs coated with SDS shows certain spectral displacements: the OH vibration occurs at 3357 cm−1, S-O stretching vibration occurs at 1220 cm−1, and some bands change their intensity becoming smaller such as 2750–3000 cm−1 (CH3 symmetric and asymmetric stretching vibrations), 1582–1806 cm−1, and 1140–1300 cm−1. All these changes suggest the existence of powerful electrostatic interactions between the hydrophobic structure of the alkyl chain of SDS molecules and the surface of the Cu-Au alloy NPs. The stability in time of the UV signal corroborated with the detection in the IR spectrum of the SDS bands proves that the NPs are in the covered state.




3.4. XRD


Cu-Au NPs show the crystallographic phases of Au (PDF file #01-071-4616), cubic simple (space group Pm-3m (221)) and/or Au3Cu (PDF file #01-081-8007), and face centered cubic (space group Fd-3m (225)). The XRD pattern of the crystallized residue from the SDS/EG system is presented in Figure 6a to confirm the existence of some diffraction peaks from the matrix medium of the NPs; the matrix solution has been analyzed following the same preparation as presented previously. Qualitatively, after 1 year the NPs keep their stability, i.e., no occurrence of supplementary crystalline phase is noticed.



Table 1 shows the diffraction peaks’ main parameters (angular position, interplanar distance) for the crystallographic phases associated with the NPs, respectively, and the crystallite size is calculated according to the Debye–Scherrer relation:


  D = k λ / β c o s θ  



(6)




where k is a form factor (usually k = 0.9), λ—wavelength of the X-ray, β—full width at half maximum of the diffraction peak, θ—angular position.



Considering the theoretical elementary cell parameter (according to the ICDD PDF2 database) of the crystallographic phases of Au, respectively of Au3Cu, a slight difference in what concerns the experimental elementary cell parameter is observed. It can be explained by the existence of superficial stresses on the NPs (contribution of the reaction medium and the matrix medium in which they are immersed, imperfections (distortions) at the surface of the particles, etc.).



It should be noted that through the X-ray diffraction analysis the determination of the crystallite size does not always equate to the particle size. Theoretically, a particle can contain several crystallites (regions where the crystalline planes are arranged in parallel according to a given crystallographic direction), so the size of a particle should be larger than that of the crystallite. Experimentally, the characteristic peak, and its shape, sum up the contribution (distortions of the crystal lattice, interstitial impurities, surface tensions of NPs, etc.) of all crystallites oriented according to a certain crystallographic plane, so enough repetitive crystalline planes are needed to produce the diffraction phenomenon. Considering a uniform arrangement of NPs on the sample holder (as a result of exposing the solutions to eliminate the liquid matrix medium), but also the fact that the diffractogram sums the contribution of all these particles, the indication of the crystallite size calculated according to the Debye–Scherrer relation can be considered rather as a dimensional range in which their real dimension falls, so an average value of the particle size is as a qualitative indication and not purely quantitative.




3.5. TEM


The transmission electron microscopic analysis confirms the presence of the different shape morphology (usually spherical) of the prepared Cu-Au NPs (Figure 7).



The diameter of the Cu-Au NPs range from 20 nm to 90 nm. No obvious differences in morphology are found between the initial sample and after 1 year storage, proving also the dimensional stability of Cu-Au NPs. However, there is a high tendency for the particle’s agglomeration. Generally, the dispersion and aggregation behavior of NPs is well controlled in the liquid phase by different mechanisms of surface particle interactions [55]. The FTIR analysis shows (Figure 5) that Cu-Au NPs are stabilized by some electrostatic interactions between the surface of the Cu-Au NPs and SDS. In addition, both the UV-Vis and ELS analyses also demonstrate the high stability over time of the nanoparticle solutions, with all these tests being performed in the liquid phase. Therefore, the tendency of particle agglomeration observed in TEM is explained by the fact that the TEM analysis is on an NPs solution deposited (by evaporation) on a solid support. By evaporation, the SDS passes into a crystalline state, and the stabilization mechanism of the NPs may be different from that in the liquid phase.




3.6. DLS and ELS


In DLS measurements, the results are calculated from a Cumulants analysis, in which a single particle size mode is assumed and a single exponential fit is applied to the autocorrelation function and the polydispersity describes the width of the assumed Gaussian distribution [56].



The hydrodynamic diameter (dH) that is equivalent to the effective diameter (deff) is calculated from the autocorrelation function of the intensity of light scattered from particles with the assumption that the particles have a spherical form. It is the diameter of a compact sphere that diffuses at the same speed as the particle being measured, having the same translational diffusion coefficient as the particle being measured, defined via the Stokes–Einstein equation (Equation (7)) [57,58].


   d H  =    k B  T   3 π η  D      



(7)




where kB is the Boltzmann constant, T is the absolute temperature, η is the viscosity of the liquid medium, and D is the translational diffusion coefficient. In the case of the synthesized Cu-Au NPs solution, deionized water is used that has the viscosity at 25 °C of 0.89 cP.



Although the fundamental size distribution generated by DLS is an intensity distribution, it is converted into a number distribution, using a multimodal size distribution (MSD) model to compare the results obtained by the TEM analysis.



The number distribution mean is calculated from the deconvolution of the measured intensity autocorrelation function of each Cu-Au NPs solution using a numerical algorithm and Mie theory, assuming all particles are spherical and homogeneous, and considering into calculation the real and imaginary components of the refractive index of Cu-Au NPs.



Figure 8 shows the graphs of the particle size distribution by intensity, and number, respectively, obtained by the DLS measurements for the biologically relevant Cu-Au NPs solution (Cu-Au (1:1) NPs). Table 2 summarizes the results for all the synthesized Cu-Au NPs solutions.



The DLS measurements (Table 2 and Figure 8) reveal polydispersed particles with polydispersity values ranging around 0.22–0.33 and a small hydrodynamic diameter ranging around 60–92 nm, whereas the MSD mean diameter weighted by number varies around 1.8–3.3 nm.



The hydrodynamic diameter increases with the Cu content increase in the Cu-Au NPs solution. This finding is in agreement with the UV-Vis results, where from the recorded UV-Vis spectra (Figure 3) it is clear that the size of the Cu-Au NPs increases with the Cu content increase since the absorbance maxima are broadened and LSPR maxima are red-shifted.



The hydrodynamic diameter of Cu-Au NPs shows higher values than the MSD mean diameter weighted by number, which is close with the particle size determined by the TEM analysis (Figure 7). This is because the translational diffusion coefficient depends not only on the size of the particle “core”, but also on any surface structure, as well as the content and type of ions in the liquid medium [59]. The DLS analysis measures the hydrodynamic diameter, while in electron microscopy such as TEM the projected area of the particles is measured. The DLS analysis in general detects low amounts of large particles or clusters of smaller particles, while the TEM analysis usually reflects the size of primary particles and it is possible to not include larger clusters depending on sampling [60].



For all the Cu-Au NPs solutions, the number-weighted distribution shows a particle size distribution with the main population in a narrow range. All these distributions are right-skewed showing distortion from a symmetrical distribution with a steep rise on the left and long tail on the right side. In addition, the largest number of values is toward the left side of the distribution. The main population that is the most intense population contains a few groups of finer particles, while the other populations are in the form of a long tail with coarser particles. These particles can represent some aggregates or particles with different shapes than the spherical one that is considered in the Stokes–Einstein equation for the hydrodynamic diameter calculation. Since their relative percentage contribution of the size range is 0%, these populations can be neglected.



In ELS measurements with the 90Plus apparatus with BI-Zeta option, the velocity of Cu-Au NPs’ movement is measured under a current of 18.30–19.44 mA corresponding to an applied electric field of 15.37–15.78 V/cm by evaluating the frequency shift (Doppler shift) of scattered laser light relative to the reference beam (local oscillator) of 250 Hz. The signal strength is given by the magnitude of the scattered light seen by the detector (in kcps). The sample count rate is the signal scattered by the sample of the Cu-Au NPs solution, whereas the reference count rate is the signal from the reference beam. After the evaluation of the Doppler shift, the electrophoretic mobility (velocity per unit electric field) and zeta potential are determined (Table 3). Moreover, the optoelectronics of the 90Plus apparatus automatically allows for the detection of sign so that if the resultant Doppler shift is less than the frequency of the reference beam of 250 Hz, the sign of zeta potential is negative, as the obtained results confirm. The negative mobility of the charged Cu-Au NPs dispersed in an aqueous solution containing SDS/EG agents under the applied electric field means the surface of Cu-Au NPs is negatively charged.



The zeta potential is a function of the surface charge that develops when any material is placed in a liquid medium, and the functional groups on its surface will react with the surrounding liquid medium. As a result, the negative surface charge of Cu-Au NPs will attract the accumulation of positively charged ions existing in the liquid medium, and the counterions will form an electrostatic double layer composed by a Stern layer (ions strongly bound) and a diffused layer (ions loosely bound).



The magnitude of the final surface charges will depend on the strength of the acidic or basic groups of the surface or the amount of ions adsorbed to the surface of Cu-Au NPs and the pH of the colloidal solution. Thus, the zeta potential is given by the sum of the initial surface charge and the accumulated layer of ions. The potential at the surface of the electrostatic double layer (slipping plane) is defined as the zeta potential. Therefore, it is a very good index of the magnitude of the electrostatic repulsive interaction between particles [61].



The zeta potential is often used to predict and control dispersion stability since the sign and magnitude of the zeta potential, as a function of pH, and content of salts, or dispersing and stabilizing agents are indicators of stability against flocculation or coagulation of particles [62]. The colloidal suspensions with zeta potentials more negative than −30 mV and more positive than +30 mV are considered stable because the particles have sufficient mutual repulsive forces to prevent the aggregation of particles leading to the dispersion stability [63]. The ELS measurements reveal that the Cu-Au (1:1) NPs from the colloidal solution have a negative zeta potential (Table 3 and in Figure 9) with values ranging between −41.49 ± 1.67 mV and −44.81 ± 2.07 mV that are more negative than -30 mV. As a result, Cu-Au (1:1) NPs are stable in the colloidal solution due to a strong electrostatic repulsion of their negatively charged surface. The obtained values of zeta potential showing a good stabilization of the Cu-Au NPs are probably the main reason in producing NPs with a narrow size distribution (as was disclosed from the DLS measurements) and a very low tendency towards aggregation.




3.7. Biocidal Activity


3.7.1. Qualitative Assessments


As was already mentioned, the purpose of this paper was to develop a solution for the decontamination of surfaces based on Cu-Au alloy NPs. The preliminary microbiological tests showed a different bactericidal behavior, the most performant being the Cu-Au (1:1) NPs.



The tests were performed using an adapted disc diffusion [64] method on undiluted solution cu Cu-Au (1:1) NPs and diluted up to 12.5% with deionized water (Figure 10), against Escherichia coli ATCC 25922 and Staphyloccocus aureus ATCC 9737. The antibacterial efficiency was evaluated by measuring the growth diameter of inhibitions zones (Table 4).



The decrease in the inhibition zone of the Cu-Au Np solutions with the increase of the copper content is also a proof of the fact that the average dimensions of the NPs increase, according to the UV-Vis and DLS analyses, contributed to a decrease of the antimicrobial efficiency.




3.7.2. Quantitative Assessments


Evaluation of the Bactericidal and Fungicidal Activity


First, a quantitative experiment was carried out to simulate some real operating conditions, the antibacterial activity of Cu-Au (1:1) NPs being tested on a laboratory surface and compared with a solution of 70% ethanol (Figure 11).



The results show the high antibacterial efficiency of Cu-Au (1:1) NPs solution, much more efficient than the ethanol solution, traditionally used as the main component for most disinfectants [65]. This phenomenon can be explained by the fact that ethanol, a volatile compound, retains its antibacterial capacity only until its complete evaporation (i.e., 15–20 min). Thus, this time is not enough to reduce the entire bacterial load. In the case of Cu-Au (1:1) NPs, the bacterial load was reduced to a level where bacterial colonies for S. aureus can be counted (maximum six colonies/25 cm2), and for E. coli the elimination was almost complete (maximum one colony/25 cm2). The obtained results demonstrate the long-term antimicrobial efficacy of Cu-Au alloy NPs, proving, at the same time, their bacteriostatic properties.



As shown in Table 5, the Cu-Au (1:1) NPs solution proved to be bactericidal (decimal lg reduction ≥ 5) on three defined strains after 60 min of contact in dirty conditions (according to [39]). A significant difference was not observed between the results obtained for the tested bacterial strains. This could suggest that the solution is highly efficient for both types of bacteria, Gram-positive (Staphylococcus aureus and Enterococcus hirae) and Gram-negative (Pseudomonas aeruginosa). The values obtained for the tested Cu-Au (1:1) NPs solution were almost similar with those obtained for other disinfectant formulations, such as chlorhexidine digluconate, isopropyl alcohol, hydrogen peroxide, etc. [66,67].



According to EN 13624 [40], the Cu-Au (1:1) NPs solution exerted a fungicidal activity after 60 min of contact at 20 °C in dirty conditions only against Candida albicans (Table 5). Similar results were previously described for aqueous solutions containing chlorhexidine digluconate [67]. The tested solution did not prove efficiency against Aspergillus brasiliensis. These results show that the Cu-Au (1:1) NPs solution had only yeasticidal activity and no fungicidal activity. This could be explained by the high tolerance exerted by A. brasiliensis to disinfectants, as it was previously reported that this strain was not inactivated by 50% ethanol [68] or other formulations (chlorhexidine digluconate, iodine, and hydrogen peroxide) [66].




Evaluation of the Virucidal Activity


Additionally, we evaluated the virucidal efficiency of the Cu-Au (1:1) NPs solution against various viruses (Poliovirus type 1, Adenovirus 5, Murine Norovirus, and Coronavirus 229E). The results obtained under dirty conditions at 80% solution concentration showed virucidal activity against Adenovirus 5, Coronavirus 229E, and Murine Norovirus when the requirements of the EN 14476 standard [41] were applied (Table 6). In contrast, the solution did not exert virucidal activity against Poliovirus type 1.



The differences observed in the virucidal activity between the tested strains could be related to the classification of the viruses according to their structure [69]. As previously reported, enveloped viruses (e.g., coronaviruses) are more susceptible to disinfectants than non-enveloped viruses, which are the most resistant to disinfectants due to their strong hydrophilic properties (e.g., poliovirus) [70]. In contrast, the non-enveloped viruses with reduced hydrophilic properties (e.g., adenoviruses, rotaviruses, and noroviruses) are slightly more sensitive to disinfectants [70]. The viruses that are the most susceptible to disinfectants are the enveloped viruses with a high lipid content, such as coronaviruses.



The virucidal effect was also validated for the diluted Cu-Au (1:1) NPs solution (50% v/v), only against Murine Norovirus and Coronavirus 229E, but not for Adenovirus and Poliovirus.






3.8. Evaluation of Human Cytotoxicity


Because toxicity can result from disinfectant residues leaching from improperly handling nanoparticle solutions, we assessed the cytotoxicity following standard reference methods used for that purpose [71]. These standards have been extensively used to evaluate new formulations that can contact human tissues and are particularly relevant for predicting in vivo toxic responses.



The effect on cell viability was studied by the MTT assay after an incubation period of 6 h. This time exposure was selected as an average daily time of working before washing. As shown in Figure 12, the dilutions of 1/1000, 1/500, and 1/200 did not significantly affect the number of viable cells after 6 h of incubation compared to the control.



The amount of NO released in the culture medium was assessed as a valuable indicator of inflammation and cell membrane damage after incubation with disinfectant solution. Figure 1 shows increases in NO release only after cell exposure to the dilution of 1/100, with the 1.2-fold increase of control correlating very well with the decrease by 37% for this dilution. These results prove that low quantities of the tested solution did not induce inflammation.





4. Conclusions


In this work, Cu-Au alloy NPs were obtained by gamma radiations, in a one-step process, in an aqueous solution, without the use of reducing agents.



The formation of NPs was confirmed both visually (by color change) and by different analysis techniques. Cu-Au nanoparticle solutions have high stability over time (>1 year), maximum absorption in UV-Vis between 524 and 540 nm (depending on the copper content), mostly spherical shapes, and dimensions between 20 and 90 nm.



Our study demonstrated the efficient bactericidal, fungicidal, and virucidal activity of Cu-Au nanoparticle solutions. Considering the solution’s biocidal efficiency, this could be used as a professional liquid or spray disinfectant on highly contaminated surfaces in medical units or other institutions. Besides this advantage, this radiochemically synthesized solution has mild toxicity in low doses on human skin fibroblasts, and the possible toxic responses in sensitized health care personnel have to be considered.




5. Patents


The results presented in this paper are the subject of a European patent application entitled “Copper-gold alloy nanoparticles and their manufacturing method”—PCT/RO2020/000017.







Author Contributions


Conceptualization, E.-M.L., N.-O.N., and R.S.; methodology, E.-M.L., R.S., M.V.L., and N.-O.N.; investigation, E.-M.L., R.S., M.V.L., D.P., I.I., R.-C.F., R.Ș., M.S., and N.-O.N.; data curation, E.-M.L., M.V.L., D.P., and N.-O.N.; visualization, E.-M.L.; resources, E.-M.L., N.-O.N.; writing—original draft preparation, E.-M.L., M.V.L., and N.-O.N.; writing—review and editing, E.-M.L., R.S., E.A.P., M.V.L., D.P., I.I., R.-C.F., R.Ș., M.S., and N.-O.N.; supervision, E.-M.L.; project administration, E.-M.L.; funding acquisition, E.-M.L. and E.A.P. All authors have read and agreed to the published version of the manuscript.




Funding


The financial support was provided by the Ministry of Research, Innovation and Digitization through contracts: PN 19310101-46N/2019, 22Sol/2020 and project number PN-III-P2-2.1-PED-2019-3073—Contract 446PED/2020; Internal funds of the INCDIE ICPE-CA, Bucharest, Romania; R.-C.F. and R.Ș. gratefully recognize the financial support obtained through a grant of the Romanian National Authority for Scientific Research and Innovation, CCCDI—UEFISCDI, project number PN-III-P2-2.1-PED-2019-3166, contract 299PED/2020, within PNCDI III.




Institutional Review Board Statement


Not applicable.




Data Availability Statement


Data are available upon request from the corresponding author.




Acknowledgments


The authors would like to thank JS Hamilton Romania and the National Institute for R&D Medico-Military “Cantacuzino” for the help provided in performing the quantitative tests to assess the biocidal efficiency of Cu-Au NPs.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kampf, G. Potential role of inanimate surfaces for the spread of coronaviruses and their inactivation with disinfectant agents. Infect. Prev. Pract. 2020, 2, 100044. [Google Scholar] [CrossRef] [PubMed]

	



van Doremalen, N.; Bushmaker, T.; MORRIS, D.H.; Holbrook, M.G.; Gamble, A.; Williamson, B.N.; Tamin, A.; Harcourt, J.L.; Thornburg, N.J.; Gerber, S.I.; et al. Aerosol and Surface Stability of SARS-CoV-2 as Compared with SARS-CoV-1. N. Engl. J. Med. 2020, 382, 1564–1567. [Google Scholar] [CrossRef] [PubMed]

	



Viana, R.E.H.; Santos, S.G.D.; Oliveira, A.C. Recovery of resistant bacteria from mattresses of patients under contact precautions. Am. J. Infect. Control 2016, 44, 465–469. [Google Scholar] [CrossRef] [PubMed]

	



ECDC Distribution of HAI Types in Long-Term Care Facilities in EU/EEA, 2017. Available online: https://www.ecdc.europa.eu/en/all-topics-z/healthcare-associated-infections-long-term-care-facilities/surveillance-and-disease-3 (accessed on 2 September 2021).

	



Nazarenko, Y. Air Filtration and Severe Acute Respiratory Syndrome Coronavirus 2. Epidemiol. Health 2020, e2020049. [Google Scholar] [CrossRef]

	



Thota, S.; Wang, Y.; Zhao, J. Colloidal Au–Cu alloy nanoparticles: Synthesis, optical properties and applications. Mater. Chem. Front. 2018, 2, 1074–1089. [Google Scholar] [CrossRef]

	



Lungulescu, E.M.; Sbarcea, G.; Setnescu, R.; Nicula, N.; Ducu, R.; Lupu, A.M.; Ion, I.; Marinescu, V. Gamma Radiation Synthesis of Colloidal Silver Nanoparticles. Rev. Chim-Buchar. 2019, 70, 2826–2830. [Google Scholar] [CrossRef]

	



Huynh, K.-H.; Pham, X.-H.; Kim, J.; Lee, S.H.; Chang, H.; Rho, W.-Y.; Jun, B.-H. Synthesis, Properties, and Biological Applications of Metallic Alloy Nanoparticles. Int. J. Mol. Sci. 2020, 21, 5174. [Google Scholar] [CrossRef]

	



Ankudze, B.; Pakkanen, T.T. Gold nanoparticle decorated Au-Ag alloy tubes: A bifunctional substrate for label-free and in situ surface-enhanced Raman scattering based reaction monitoring. Appl. Surf. Sci. 2018, 453, 341–349. [Google Scholar] [CrossRef]

	



Niu, H.; Chen, Q.; Lin, Y.; Jia, Y.; Zhu, H.; Ning, M. Hydrothermal formation of magnetic Ni–Cu alloy nanocrystallites at low temperatures. Nanotechnology 2004, 15, 1054. [Google Scholar] [CrossRef]

	



Shah, A.; Khan, S.B.; Asiri, A.M.; Hussain, H.; Han, C.; Qureshi, R.; Ashiq, M.N.; Zia, M.A.; Ishaq, M.; Kraatz, H.-B. Synthesis, characterization, and application of Au–Ag alloy nanoparticles for the sensing of an en-vironmental toxin, pyrene. J. Appl. Electrochem. 2015, 45, 463–472. [Google Scholar] [CrossRef]

	



Ferk, G.; Stergar, J.; Drofenik, M.; Makovec, D.; Hamler, A.; Jagličić, Z.; Ban, I. The synthesis and charac-terization of nickel–copper alloy nanoparticles with a narrow size distribution using sol–gel synthesis. Mater. Lett. 2014, 124, 39–42. [Google Scholar] [CrossRef]

	



Pal, A. Gold–platinum alloy nanoparticles through water-in-oil microemulsion. J. Nanostruct. Chem. 2015, 5, 65–69. [Google Scholar] [CrossRef]

	



Nguyen, M.T.; Zhang, H.; Deng, L.; Tokunaga, T.; Yonezawa, T. Au/Cu bimetallic nanoparticles via dou-ble-target sputtering onto a liquid polymer. Langmuir 2017, 33, 12389–12397. [Google Scholar] [CrossRef]

	



Shubin, Y.; Plyusnin, P.; Sharafutdinov, M.; Makotchenko, E.; Korenev, S. Successful synthesis and thermal stability of immiscible metal Au–Rh, Au–Ir andAu–Ir–Rh nanoalloys. Nanotechnology 2017, 28, 205302. [Google Scholar] [CrossRef]

	



Njoki, P.N.; Rhoades, A.E.; Barnes, J.I. Microwave-Assisted synthesis of Anisotropic copper–silver na-noparticles. Mater. Chem. Phys. 2020, 241, 122348. [Google Scholar] [CrossRef]

	



Kugai, J.; Dodo, E.; Seino, S.; Nakagawa, T.; Okazaki, T.; Yamamoto, T.A. Effect of organic stabilizers on Pt–Cu nanoparticle structure in liquid-phase syntheses: Control of crystal growth and copper reoxidation. J. Nanopart. Res. 2016, 18, 1–9. [Google Scholar] [CrossRef]

	



Harika, V.K.; Sadhanala, H.K.; Perelshtein, I.; Gedanken, A. Sonication-assisted synthesis of bimetallic Hg/Pd alloy nanoparticles for catalytic reduction of nitrophenol and its derivatives. Ultrason. Sono-Chem. 2020, 60, 104804. [Google Scholar] [CrossRef]

	



Elegbede, J.A.; Lateef, A.; Azeez, M.A.; Asafa, T.B.; Yekeen, T.A.; Oladipo, I.C.; Hakeem, A.S.; Beukes, L.S.; Gueguim-Kana, E.B. Silver-gold alloy nanoparticles biofabricated by fungal xylanases exhibited potent biomedical and catalytic activities. Biotechnol. Prog. 2019, 35, e2829. [Google Scholar] [CrossRef]

	



Abbasi, B.H.; Zaka, M.; Hashmi, S.S.; Khan, Z. Biogenic synthesis of Au, Ag and Au–Ag alloy nanoparti-cles using Cannabis sativa leaf extract. IET Nanobiotechnol. 2018, 12, 277–284. [Google Scholar] [CrossRef]

	



Sangeetha, J.; Thangadurai, D.; Hospet, R.; Purushotham, P.; Manowade, K.R.; Mujeeb, M.A.; Mundaragi, A.C.; Jogaiah, S.; David, M.; Thimmappa, S.C. Production of bionanomaterials from agricultural wastes. In Nanotechnology; Springer: Singapore, 2017; pp. 33–58. [Google Scholar]

	



Sutan, N.A.; Manolescu, D.S.; Fierascu, I.; Neblea, A.M.; Sutan, C.; Ducu, C.; Soare, L.C.; Negrea, D.; Avramescu, S.M.; Fierascu, R.C. Phytosynthesis of gold and silver nanoparticles enhance in vitro antioxidant and mitostimulatory activity of Aconitum toxicum Reichenb. rhizomes alcoholic extracts. Mat. Sci. Eng. C Mater. 2018, 93, 746–758. [Google Scholar] [CrossRef]

	



Kumar, R.M.; Rao, B.L.; Asha, S.; Narayana, B.; Byrappa, K.; Wang, Y.; Yao, D.; Sangappa, Y. Gamma radia-tion assisted biosynthesis of silver nanoparticles and their characterization. Adv. Mater. Lett. 2015, 6, 1088–1093. [Google Scholar] [CrossRef]

	



Abedini, A.; Daud, A.R.; Hamid, M.A.A.; Othman, N.K.; Saion, E. A review on radiation-induced nucleation and growth of colloidal metallic nanoparticles. Nanoscale Res. Lett. 2013, 8, 474. [Google Scholar] [CrossRef] [PubMed]

	



Fierascu, R.C.; Fierascu, I.; Lungulescu, E.M.; Nicula, N.; Somoghi, R.; Ditu, L.M.; Ungureanu, C.; Su-tan, A.N.; Draghiceanu, O.A.; Paunescu, A.; et al. Phytosynthesis and radiation-assisted methods for obtaining metal nanoparticles. J. Mater. Sci. 2020, 55, 1915–1932. [Google Scholar] [CrossRef]

	



Shah, A.; Akhtar, M.; Aftab, S.; Shah, A.H.; Kraatz, H.-B. Gold copper alloy nanoparticles (Au-Cu NPs) modified electrode as an enhanced electrochemical sensing platform for the detection of persistent toxic organic pollutants. Electrochim. Acta 2017, 241, 281–290. [Google Scholar] [CrossRef]

	



He, R.; Wang, Y.-C.; Wang, X.; Wang, Z.; Liu, G.; Zhou, W.; Wen, L.; Li, Q.; Wang, X.; Chen, X.; et al. Facile synthesis of pentacle gold–copper alloy nanocrystals and their plasmonic and catalytic properties. Nat. Commun. 2014, 5. [Google Scholar] [CrossRef]

	



Kadhim, R.J.; Karsh, E.H.; Taqi, Z.J.; Jabir, M.S. Biocompatibility of gold nanoparticles: In-vitro and In-vivo study. Mater. Today Proc. 2021, 42, 3041–3045. [Google Scholar] [CrossRef]

	



Kiriyanthan, R.M.; Sharmili, S.A.; Balaji, R.; Jayashree, S.; Mahboob, S.; Al-Ghanim, K.A.; Al-Misned, F.; Ahmed, Z.; Govindarajan, M.; Vaseeharan, B. Photocatalytic, antiproliferative and antimicrobial properties of copper nanoparticles synthesized using Manilkara zapota leaf extract: A photodynamic approach. Photo-Diagn. Photodyn. Ther. 2020, 32, 102058. [Google Scholar] [CrossRef]

	



Wang, J.; Zhao, X.; Tang, F.; Li, Y.; Yan, Y.; Li, L. Synthesis of copper nanoparticles with controllable crystallinity and their photothermal property. Colloids Surf. A Physicochem. Eng. Asp. 2021, 626, 126970. [Google Scholar] [CrossRef]

	



Wei, C.; Liu, Q. Shape-, size-, and density-tunable synthesis and optical properties of copper nanopar-ticles. CrystEngComm 2017, 19, 3254–3262. [Google Scholar] [CrossRef]

	



Rotimi, L.; Ojemaye, M.O.; Okoh, O.O.; Sadimenko, A.; Okoh, A.I. Synthesis, characterization, antimalar-ial, antitrypanocidal and antimicrobial properties of gold nanoparticle. Green Chem. Lett. Rev. 2019, 12, 61–68. [Google Scholar] [CrossRef]

	



Ruparelia, J.P.; Chatterjee, A.K.; Duttagupta, S.P.; Mukherji, S. Strain specificity in antimicrobial activity of silver and copper nanoparticles. Acta Biomater. 2008, 4, 707–716. [Google Scholar] [CrossRef]

	



Zhang, Y.; Dasari, T.P.S.; Deng, H.; Yu, H. Antimicrobial Activity of Gold Nanoparticles and Ionic Gold. J. Environ. Sci. Health C Environ. Carcinog. Ecotoxicol. Rev. 2015, 33, 286–327. [Google Scholar] [CrossRef]

	



Zheng, K.; Setyawati, M.I.; Leong, D.T.; Xie, J. Antimicrobial Gold Nanoclusters. ACS Nano 2017, 11, 6904–6910. [Google Scholar] [CrossRef]

	



Dhull, N.; Nidhi; Gupta, V.; Tomar, M. Antimicrobial properties of metallic nanoparticles: A qualitative analysis. Mater. Today Proc. 2019, 17, 155–160. [Google Scholar] [CrossRef]

	



Sharmin, S.; Rahaman, M.M.; Sarkar, C.; Atolani, O.; Islam, M.T.; Adeyemi, O.S. Nanoparticles as antimi-crobial and antiviral agents: A literature-based perspective study. Heliyon 2021, 7, e06456. [Google Scholar] [CrossRef]

	



Order of the Ministry of Health no. 961/2016 for the Approval of the Technical Norms Regarding the Cleaning, Disinfection and Sterilization in Public and Private Sanitary Units, Working Techniques and Interpretation for the Tests to Evaluate the Efficiency of the Cleaning and Disinfection Procedure, the Recommended Procedures for Hand Disinfection, Depending on the Level of Risk, Methods for Applying Chemical Disinfectants Depending on the Substrate to be Treated and Methods for Evaluating the Performance and Efficiency of the Sterilization Process. Annex 2. Working Technique and Interpretation for the Tests to Evaluate the Efficiency of the Cleaning and Disinfection Procedure. Chapter II. Collection and Preparation of Primary Samples. Article 3. Control of Surfaces and Soft Inventory (in Romanian). 2016. Available online: https://insp.gov.ro/wpfb-file/ordin_961_2016-pdf/ (accessed on 8 November 2021).

	



EN13727, European Committee for Standardization. EN 13727:2015 + A2:2016. Chemical disinfectants. Quantitative Suspension Test for the Evaluation of Bactericidal Activity for Instruments Used in the Medical Area. Test Method and Requirements (Phase 2/Step 1). 2016. Available online: https://nobelcert.com/DataFiles/FreeUpload/EN%2013727-2012%20plus%20A2-2015.pdf (accessed on 8 November 2021).

	



EN13624, European Committee for Standardization. EN 13624:2014. Chemical Disinfectants and Antiseptics-Quantitative Suspension Test for the Evaluation of Fungicidal Activity of Chemical Disinfectants for Instruments Used in the Medical Area—Test Method and Requirements (Phase 2, Step 1). 2014. Available online: https://nobelcert.com/DataFiles/FreeUpload/BS%20EN%2013624-2013.pdf(accessed on 8 November 2021).

	



EN14476, European Committee for Standardization. EN 14476:2013+A2:2019. Chemical Disinfectants and Antiseptics—Quantitative Suspension Test for the Evaluation of Virucidal Activity in the Medical Area—Test method and Requirements (Phase 2/Step 1). 2013. Available online: https://nobelcert.com/DataFiles/FreeUpload/EN%2014476-2013%20plus%20A2-2019.pdf(accessed on 8 November 2021).

	



Kharisov, B.I.; Kharissova, O.V.; Méndez, U.O. Radiation Synthesis of Materials and Compounds; CRC Press: Boca Raton, FL, USA, 2016. [Google Scholar]

	



Abedini, A.; Menon, P.S.; Daud, A.R.; Hamid, M.A.A.; Shaari, S. Radiolytic formation of highly luminescent triangular Ag nanocolloids. J. Radioanal. Nucl. Chem. 2016, 307, 985–991. [Google Scholar] [CrossRef]

	



Belloni, J. Nucleation, growth and properties of nanoclusters studied by radiation chemistry: Application to catalysis. Catal. Today 2006, 113, 141–156. [Google Scholar] [CrossRef]

	



Rojas, J.V.; Castano, C.H. Production of palladium nanoparticles supported on multiwalled carbon nanotubes by gamma irradiation. Radiat. Phys. Chem. 2012, 81, 16–21. [Google Scholar] [CrossRef]

	



Haynes, W.M. CRC Handbook of Chemistry and Physics; CRC Press: Boca Raton, FL, USA, 2014. [Google Scholar]

	



Shah, V.; Bharatiya, B.; Mishra, M.K.; Ray, D.; Shah, D.O. Molecular insights into sodium dodecyl sulphate mediated control of size for silver nanoparticles. J. Mol. Liq. 2019, 273, 222–230. [Google Scholar] [CrossRef]

	



Zhang, X.F.; Liu, Z.G.; Shen, W.; Gurunathan, S. Silver Nanoparticles: Synthesis, Characterization, Prop-erties, Applications, and Therapeutic Approaches. Int. J. Mol. Sci. 2016, 17, 1534. [Google Scholar] [CrossRef]

	



Hutter, E.; Fendler, J.H. Exploitation of localized surface plasmon resonance. Adv. Mater. 2004, 16, 1685–1706. [Google Scholar] [CrossRef]

	



Huang, X.; El-Sayed, M.A. Gold nanoparticles: Optical properties and implementations in cancer diagnosis and photothermal therapy. J. Adv. Res. 2010, 1, 13–28. [Google Scholar] [CrossRef]

	



Dhas, N.A.; Raj, C.P.; Gedanken, A. Synthesis, Characterization, and Properties of Metallic Copper Nanoparticles. Chem. Mater. 1998, 10, 1446–1452. [Google Scholar] [CrossRef]

	



Fierascu, I.; Georgiev, M.I.; Ortan, A.; Fierascu, R.C.; Avramescu, S.M.; Ionescu, D.; Sutan, A.; Brinzan, A.; Ditu, L.M. Phyto-mediated metallic nano-architectures via Melissa officinalis L.: Synthesis, characterization and biological properties. Sci. Rep. 2017, 7, 12428. [Google Scholar] [CrossRef]

	



Singh, M.K.; Agarwal, A.; Gopal, R.; Swarnkar, R.K.; Kotnala, R.K. Dumbbell shaped nickel nanocrystals synthesized by a laser induced fragmentation method. J. Mater. Chem. 2011, 21, 11074–11079. [Google Scholar] [CrossRef]

	



Viana, R.B.; da Silva, A.B.F.; Pimentel, A.S. Infrared Spectroscopy of Anionic, Cationic, and Zwitterionic Surfactants. Adv. Phys. Chem. 2012, 2012, 1–14. [Google Scholar] [CrossRef]

	



Kamiya, H.; Gotoh, K.; Shimada, M.; Uchikoshi, T.; Otani, Y.; Fuji, M.; Matsusaka, S.; Matsuyama, T.; Tatami, J.; Higashitani, K.; et al. Characteristics and Behavior Of Nanoparticles And Its Dispersion Systems. In Nanoparticle Technology Handbook; Hosokawa, M., Nogi, K., Naito, M., Yokoyama, T., Eds.; Elsevier: Amsterdam, The Netherlands, 2008; pp. 113–176. [Google Scholar]

	



Koppel, D.E. Analysis of macromolecular polydispersity in intensity correlation spectroscopy: The method of cumulants. J. Chem. Phys. 1972, 57, 4814–4820. [Google Scholar] [CrossRef]

	



Baalousha, M.; Stolpe, B.; Lead, J. Flow field-flow fractionation for the analysis and characterization of natural colloids and manufactured nanoparticles in environmental systems: A critical review. J. Chromatogr. A 2011, 1218, 4078–4103. [Google Scholar] [CrossRef]

	



Anwar, M.F.; Yadav, D.; Kapoor, S.; Chander, J.; Samim, M. Comparison of antibacterial activity of Ag nanoparticles synthesized from leaf extract of Parthenium hystrophorus L. in aqueous media and gentamicin sulphate: In-vitro. Drug Dev. Ind. Pharm. 2015, 41, 43–50. [Google Scholar] [CrossRef]

	



Kaszuba, M.; McKnight, D.; Connah, M.T.; McNeil-Watson, F.K.; Nobbmann, U. Measuring sub nanometre sizes using dynamic light scattering. J. Nanoparticle Res. 2008, 10, 823–829. [Google Scholar] [CrossRef]

	



Hackley, V.A.; Clogston, J.D. Measuring the Hydrodynamic Size of Nanoparticles in Aqueous Media Using Batch-Mode Dynamic Light Scattering. In Characterization of Nanoparticles Intended for Drug Delivery; Springer: Berlin/Heidelberg, Germany, 2011; pp. 35–52. [Google Scholar]

	



Karmakar, S. Particle size distribution and zeta potential based on dynamic light scattering: Techniques to characterise stability and surface distribution of charged colloids particle. Recent Trends Mater. Phys. Chem. 2019, 117–159. [Google Scholar]

	



Weiner, B.; Tscharnuter, W.; Fairhurst, D. Zeta Potential: A New Approach. In Proceedings of the Canadian Mineral Analysts Meeting, Manitoba, ON, Canada, 8–12 September 1993. [Google Scholar]

	



Xu, R. Electrophoretic Light Scattering: Zeta Potential Measurement. In Particle Characterization: Light Scattering Methods; Scarlett, B., Ed.; Springer: Berlin/Heidelberg, Germany, 2002; pp. 289–343. [Google Scholar]

	



Clinical and Laboratory Standard Institute. Performance Standards and Antimicrobial Susceptibility Testing, 30th ed.; Supplement M100; CLSI: Waine, PA, USA, 2020. [Google Scholar]

	



Reynolds, K.A.; Sexton, J.D.; Pivo, T.; Humphrey, K.; Leslie, R.A.; Gerba, C.P. Microbial transmission in an outpatient clinic and impact of an intervention with an ethanol-based disinfectant. Am. J. Infect. Control 2019, 47, 128–132. [Google Scholar] [CrossRef] [PubMed]

	



Şahiner, A.; Halat, E.; Yapar, E.A. Comparison of bactericidal and fungicidal efficacy of antiseptic for-mulations according to EN 13727 and EN 13624 standards. Turk. J. Med Sci. 2019, 49, 1564–1567. [Google Scholar] [CrossRef] [PubMed]

	



Salvatico, S.; Pereira, D.; Feuillolay, C.; Bégeault, N.; Roques, C. Chlorhexidine Digluconate Formulations Used for Skin Antisepsis. Open J. Med. Microbiol. 2019, 9, 95. [Google Scholar] [CrossRef]

	



Stauf, R.; Todt, D.; Steinmann, E.; Rath, P.; Gabriel, H.; Steinmann, J.; Brill, F. In-vitro activity of active in-gredients of disinfectants against drug-resistant fungi. J. Hosp. Infect. 2019, 103, 468–473. [Google Scholar] [CrossRef]

	



Tarka, P.; Nitsch-Osuch, A. Evaluating the Virucidal Activity of Disinfectants According to European Union Standards. Viruses 2021, 13, 534. [Google Scholar] [CrossRef]

	



Eggers, M.; Schwebke, I.; Suchomel, M.; Fotheringham, V.; Gebel, J.; Meyer, B.; Morace, G.; Roedger, H.J.; Roques, C.; Visa, P. The European tiered approach for virucidal efficacy testing–rationale for rapidly selecting disinfectants against emerging and re-emerging viral diseases. Eurosurveillance 2021, 26, 2000708. [Google Scholar] [CrossRef]

	



Ryu, M.; Matsumura, R.; Quan, G.; Furuta, T. Comparison of the cytotoxicity of high-level disinfectants by the MTT assay and direct contact assay. Biocontrol Sci. 2013, 18, 221–225. [Google Scholar] [CrossRef]








[image: Nanomaterials 11 03388 g001 550] 





Figure 1. Radiochemical synthesis of Cu-Au NPs and role of SDS. 
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Scheme 1. The mechanism of hydroxyl radicals scavenging by EG. 
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Scheme 2. The mechanism of Cu2+ reduction by EG radicals. 
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Figure 2. Color change of the solution induced by irradiation (30 kGy) and Cu-Au ions concentration. 
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Figure 3. LSPR maxima recorded on radiochemically synthesized NPs. 
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Figure 4. Stability of radiochemically synthesized Au NPs and Cu-au NPs. 
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Figure 5. FTIR spectrum of Cu-Au (1:1) NPs compared to the irradiated SDS/EG system. 
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Figure 6. XRD patterns of SDS/EG system (a) and Cu-Au (1:1) NPs just after irradiation (b) and after 1 year (c). 
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Figure 7. Representative TEM images of the obtained Cu-Au NPs (Cu-Au (1:1) NPs) just after irradiation (a) and after 1 year (b). 
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Figure 8. Particle size distribution of Cu-Au (1:1) NPs solution reported by intensity (a) and number (b). 
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Figure 9. Comparing graphs of (a) frequency shift, (b) mobility, and (c) zeta potential of Cu-Au (1:1) NPs solution. 
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Figure 10. Typical antimicrobial efficiency assessment of Cu-Au (1:1) NPs against: (a) Escherichia coli ATCC 25922 and (b) Staphylococcus aureus ATCC 9737. 
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Figure 11. The surface decontamination efficiency of Cu-Au (1:1) NPs solution. Contact time: 1 h. 
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Figure 12. Cell viability results obtained by MTT assay and NO release measured by Griess assay after 6 h of cell growth in the presence of Cu-Au (1:1) NPs. Results are presented as mean ± standard deviation of three independent experiments (** p < 0.05, compared to control). 
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Table 1. The diffraction main parameters of Cu-Au (1:1) NPs and ICDD PDF files of indexed crystalline phases.
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Sample

	
Cryst. Phase

	
Cryst. Plane

	
Angular Position

2theta (°)

	
Interplanar

Distance

d (Å)

	
Cryst. Size

D (nm)

	
Lattice

Parameter

a (Å)






	
Cu-Au (1:1) NPs just after irradiation

	
Au3Cu

	
(111)

	
38.113

	
2.35924

	
18.46

	
4.0863




	
Cu-Au (1:1) NPs after 1 year

	
Au3Cu

	
38.213

	
2.35329

	
17.92

	
4.0760




	
PDF file #01-071-4616

	
Au

	
38.175

	
2.35590

	
-

	
4.0876




	
PDF file #01-081-8007

	
Au3Cu

	
38.101

	
2.35998

	
-

	
4.0800
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Table 2. Results obtained by DLS measurements and MSD mode for the synthesized Cu-Au NPs solutions.
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	Solution Type
	Mean

Hydrodynamic Diameter (dH) ± SD

(nm)
	Mean

Polydispersity

± SD
	MSD Mean Diameter

Weighted by Number

(nm)
	MSD Diameter

Weighted by Number for

G(d) = 100%

(nm)





	Au NPs
	66.9 ± 0.5
	0.217 ± 0.011
	3.5 ± 0.001
	3.3



	Cu-Au (1:1) NPs
	59.7 ± 1.6
	0.326 ± 0.008
	2.1 ± 0.027
	1.8



	Cu-Au (3:1) NPs
	73.0 ± 1.2
	0.296 ± 0.013
	2.1 ± 0.015
	1.9



	Cu-Au (9:1) NPs
	92.0 ± 0.1
	0.302 ± 0.011
	2.3 ± 0.947
	2.5
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Table 3. Results obtained by ELS measurements for Cu-Au (1:1) NPs as a function of the measurement parameters.
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	Current

(mA)
	Electric Field

(V/cm)
	Conductance

(µS)
	Sample

Count Rate

(kcps)
	Reference

Count Rate

(kcps)
	Frequency Shift

(Hz)
	Electro-Phoretic

Mobility

(μs−1V−1cm)
	Zeta Potential

(mV)





	19.44
	15.37
	3578
	1817
	8812
	−21.96 ± 1.45
	−3.47 ± 0.18
	−44.39 ± 2.36



	18.39
	15.64
	3385
	1657
	8579
	−23.73 ± 1.65
	−3.47 ± 0.08
	−44.35 ± 1.00



	18.30
	15.78
	3369
	1714
	8965
	−22.91 ± 1.55
	−3.50 ± 0.16
	−44.81 ± 2.07
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Table 4. Antimicrobial efficiency by diameter of the growth inhibition zone measurements.
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Solution Type

	
Concentration (%)

	
Diameter of the Growth Inhibition Zone (mm)




	
E. coli

ATCC 25922

	
S. aureus

ATCC 9737






	
SDS/EG

	
-

	
8

	
15




	
Cu-Au (1:1) NPs

	
100

	
29

	
27




	
50

	
23

	
19




	
25

	
18

	
18




	
12.5

	
-

	
-




	
Cu-Au (3:1) NPs

	
100

	
26

	
27




	
50

	
23

	
22




	
25

	
14

	
12




	
12.5

	
-

	
-




	
Cu-Au (9:1) NPs

	
100

	
25

	
27




	
50

	
19

	
21




	
25

	
-

	
-




	
12.5

	
-

	
-
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Table 5. Bactericidal and fungicidal activity of pure (80% v/v) tested product in dirty conditions after a 60 min contact determined according to [39,40]. The results are an average of two replicates.
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	Test Organism
	Decimal lg Reduction in Bacterial or Fungal Counts





	Staphylococcus aureus ATCC6538
	>5.13



	Pseudomonas aeruginosa ATCC15442
	>5.31



	Enterococcus hirae ATCC10541
	>5.11



	Candida albicans ATCC10231
	>4.10



	Aspergillus brasiliensis ATCC16484
	<1.37
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Table 6. Virucidal activity of pure (80% v/v) and 50% v/v of the tested solution in dirty conditions after a 60 min contact determined according to [41] and expressed in units of TCID50/mL.
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Test Organism

	
Decimal lg Reduction (TCID50/mL)




	
Dilution of Cu-Au (1:1) NPs

	
80% v/v

	
50% v/v






	
Adenovirus 5 ATCC VR-5

	
>5.57

	
3.66




	
Coronavirus 229E ATCC VR-740

	
>4.99

	
4.49




	
Murine Norovirus strain S99 Berlin

	
>5.91

	
4.08




	
Poliovirus type 1 ATCC VR-192

	
3.00

	
1.74
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