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Abstract

:

Admirable studies have been established on the utilization of ligand-materials as bimetallic nanoparticles in the field of nanoscience and biotechnology. UV-Vis, XRD, HR-TEM, STEM-HAADF, EDS, FTIR, and DPPH analyses characterized the optical, structural, compositional morphological, and antioxidant properties of synthesized Cu-Ag nanostructures. The spectrum of UV-Vis exhibited absorption bands at 590 and 413 nm, which reflects the surface plasmon resonance of copper-silver nanostructures. Herein, our exploration of alkylamine stabilized copper/silver nanostructures while using hexadecylamine as capping material and their primary biomedical investigation on antimicrobial and antioxidant studies is reported. Cu-Ag bimetallic nanostructures were more effective against gram-negative bacteria E. coli and Klebsiella when compared to gram-positive bacteria. The antioxidant activity of Cu-Ag nanoparticles was comparable with Ascorbic acid.
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1. Introduction


Metal nanoparticles (NPs) have enormous and admirable important applications for antimicrobials, optics, biotechnology, medicine, catalysis, microelectronics, and energy conversion, with various sizes, shapes, and composition [1]. One of the most common elements in essential biochemical pathways is copper (Cu), which is a transition metal. There have been several biologically important molecules that exhibit transfer processes, such as oxygen transfer and metal transition in their active sites. Therefore, the more biocompatible of Cu nanoparticles (NPs) eradicate the toxicity probability, which is the main drawback of other metal NPs with medicinal value. Therefore, biosynthetic metal NPs with a variety of therapeutic potentials have recently become increasingly important. Besides, silver (Ag) is another benign and active bactericidal metal as Ag is less toxic to animal cells and very toxic to bacteria. Currently, Ag NPs are prepared by various synthesis procedures [2]. Ag NPs have antioxidant, anticancer, antiviral, anti-inflammatory, and antimicrobial properties. Furthermore, Ag NPs are used for coating or embedding for medical purposes. Moreover, to the medical applications, Ag NPs are also used in food-technology, fashion technology, paints, cosmetics, electronics, and other technologies [3]. Recent studies on bimetallic nanostructures have shown that metal-based nanomaterials can be promising catalysts by reducing material cost and improving the performance after proper moderation of their surface, composition, and nanoscale structure [4,5]. The two metal ions that are placed in the single nanostructures give the synergistic interface perspective that results in better electrical, physical, chemical properties, and biological properties leading to medical applications. Nanostructures can improve the active surface and initial electrical, optical, and chemical properties of the material [6]. In recent years, several nanocatalysts have been developed, such as noble metal catalysts Au, Pt, Ag, Pd, and Cu, for hydrogenating aromatic compounds to amino compounds [7,8,9,10,11]. The bimetallic alloy nanostructures have received more significant consideration due to their synergetic effects on optoelectronic and medical devices in addition to the applications of sensors, catalytic, and antioxidant in several fields. Its enormity comes from its exclusive properties, which are very different from the properties of individual metal nanoparticles [12,13,14,15]. Even though the alloy bimetallic nanomaterials, such as Pd/Cu, Pd/Ni, Au/Cu, Au/Ag, Cu/Ni, and Pd/Pt [16,17,18], have been reported. Recently, reports on Cu-Ag bimetallic nanoparticles have been limitedly reported. Subsequently, it is difficult to produce their alloys, because the lattice constants of Ag (0.409 nm) and Cu (0.361 nm) are different [19]. Methods have been established due to the variety and importance of these applications, such as wet, hydrothermal, microwave, and laser chemical ablation to produce nanostructure alloyed Cu-Ag [20,21]. To succeed in the above problems, a stable silver and copper catalyst is proposed, which contains a method of synthesizing bimetallic alloy nanostructures, in which silver will help to alleviate the copper oxidation. Besides, the activity can be controlled by changing the Ag and Cu ratio.



The design and development of new and advanced antibacterial agents is a very important research area due to the occurrence of novel strains of bacteria, fungi, and viruses. Additionally, many microbes acquiring resistance towards old/already present antimicrobial agents. In present situations, nanotechnology can provide the best formulations using noble metals as mono, bi, and composites form. Silver nanoparticles alone were used as antimicrobial agents against several infectious microbes and in wastewater treatment by many investigators and established its mechanism of action. Recently, very few studies were conducted on the bimetallic nanoparticle effect on microbial growth and inhibition [22,23]. Cu-Ag and other bimetallic nanoparticles were reported with enhanced activities when compared to their monometallic nanoparticle for catalytic applications [19,24]. Therefore, in this study, the copper-silver bimetallic nanostructure with dumb-bell shapes was developed while using a one-pot green synthesis method. In this synthetic process, water is used as a solvent and HDA is used as a surfactant. This simple method is useful for the fabrication of other bimetallic nanostructures at low-temperature. Moreover, the advantage of the prepared Cu-Ag nanostructures in primary medicinal applications was studied through the preliminary studies, like microbial inhibition of gram-negative and gram-positive bacterial strains, and their antioxidant properties evaluated.




2. Experimental Details


CuCl2.2H2O, AgNO3, and dextrose were acquired from Sigma–Aldrich (St. Louis, MO, USA), hexadecylamine purchased from TCI chemicals (Chuo-ku, Tokyo, Japan). In the preparation Cu-Ag dumbbell-shaped nanostructures, equal wt% of copper and silver precursors (25 mg: 25 mg; 50:50 wt%) were added to the 20 mL DI water to a glass vial (20 mL) and add 280 mg of hexadecylamine, then stir the mixture at 35 °C for 30 min. After the 100 mg of dextrose to the mixture keep stirring for one more hour, the glass vial sealed with paraffin tape kept in the oven apply the heating 102 °C for six hours. Subsequently, the reaction vial cooled to room temperature and the compound was cleaned with IPA (isopropanol) several times.



Several analytical techniques characterized the structural and morphological properties. The optical absorption properties of Cu-Ag nanostructures were analyzed through the Thermo Scientific Genesys 10S spectrophotometer. The signature of crystallinity was obtained through the PANalytical X’pert Pro X-ray diffractometer coupled with CuKα radiation (0.154 nm). The morphological features size shape distribution and their elemental composition of the Cu-Ag nanostructure studied through the FEI Tecnai G2 F20 transmission electron microscopy that was equipped with an EDS analyzer. The functionalized modes of molecules are studied through the Thermo Scientific FTIR spectrophotometer.



2.1. Antimicrobial Activities


The antimicrobial activity of the synthesized Cu and Cu-Ag NPs was determined while using Gram-negative (E.Coli and Klebsiella pneumonia) and Gram-positive (Bacillus sublists and Staphylococcus aureus) bacteria. The microbial cultures were procured from MTCC, Chandigarh, India. The disc diffusion method was used in order to evaluate the antimicrobial potential of Cu and Cu-Ag NPs. 100 μL of overnight bacterial cultures were spread with sterile glass rod on prepared agar in Petri plates. 10 μL of 0.1 mg/mL Cu-Ag NPs were dissolved in DMSO and utilized to test the antimicrobial potential. The inhibition zone diameter (mm) was measured using Vernier calipers after incubating the bacteria for 12 h at 37 °C. The minimum inhibition concentration of the prepared nanoparticles was determined with broth by the usual twofold serial dilution method [25]. The minimum inhibition concentration (MIC) was defined as the lowest concentration of prepared NPs that inhibited the visible microbial growth after 16 h of incubation at 37 °C. The minimum bactericidal concentration (MBC), as the lowest concentration of prepared NPs that kills 99.9% of the bacteria, was also determined from the broth culture studies. MBC (lowest concentration causing bactericidal effect) was calculated as per Avadi et al. [26].




2.2. Antioxidant Activity Studies


The antioxidant activity (AA%) of Cu and Cu-Ag NPs was evaluated through the DPPH free radical scavenging capacity. The reaction mixture was comprised of 0.5 mL of Cu and Cu-Ag NPs (10–200 ug/mL), 3 mL of absolute ethanol, and 0.3 mL of DPPH solution (prepared by dissolving 0.5 mM in ethanol). The reaction between DPPH and hydrogen donating antioxidant compound resulted in the reduction of DPPH and it led to the color change from deep violet to light yellow. The absorbance (Abs) of the resulting product was read at 517 nm after 30 min. of dark incubation. The blank contains ethanol (3.3 mL) and a sample (0.5 mL). The control comprises ethanol (3.5 mL) and DPPH radical solution (0.3 mL). Finally, the DPPH free radical scavenging activity of Cu-Ag NPs was calculated from the equation below.


  % I =    A  b l a n k   −  A  s a m p l e      A  b l a n k     × 100  



(1)




where %I = percentage inhibition, Ablank = absorbance of the control reaction, and Asample = absorbance of the test compound.





3. Results and Discussion


The characterization of Cu-Ag bimetallic NPs was carried out while using UV-Vis spectroscopy. Figure 1 shows the absorbance spectra of copper-silver bimetallic nanostructures. The spectrum shows that the absorption band is shown at 413 nm and 590 nm. Ag NPs exhibit an absorption edge around 400–500 nm, and the Cu NPs exhibit an absorption edge around 500–600 nm, because surface plasmon resonance shows the formation of Cu and Ag NP spectral characteristics. Due to the resonance effect of surface plasmon, noble-metal nanostructures possess collective oscillation of valance electrons and absorb the visible light region [27]. The blue shift in absorbance spectra is expected to the Cu NPs and redshift is expected to the Ag NPs. We found that the obtained results are in good agreement with the previous reports for Cu: Ag ratio [28,29,30]. The location of the precise metal NPs plasmon absorption band determines the shape and size of the NPs. From the above results, the coexistence of Cu and Ag indicates the formation of the bimetallic compound. For further confirmation, XRD, HR-TEM, and EDX elemental and mapping analysis were performed.



The XRD pattern of copper-silver bimetallic NPs was recorded in the range of 2θ = 30–80°, as shown in Figure 2. The crystalline nature of the XRD peaks and possible peaks of the bimetallic copper-silver NPs are consistent with previous reports [31]. The diffraction peak positions of Ag NPs were observed at 38.2°, 44.2°, 64.3°, and 77.4° corresponding to the planes of (111), (200), (220), and (311) face-centered cubic (FCC) lattices of silver and the diffraction peak positions of Cu NPs were observed at 43.2° and 50.4° correspond to the planes of (111) and (200), and FCC lattices, respectively. The diffraction pattern of Cu-Ag NPs showed two strong (111) reflections peaks for Cu and Ag. The broadness in the peaks indicates that the Cu-Ag bimetallic is formed by the nanocrystals. The obtained results of the XRD pattern were good agreement with the Joint Committee Powder Diffraction Standards of (JCPDS) 00-04-0783 (Ag) and 00-70-3039 (Cu) diffraction data. The formation of Cu-Ag bimetallic NPs with Cu: Ag metal nanoparticles was confirmed by the XRD studies, as evidenced by the EDS analysis. Therefore, a mixture of Ag and Cu peaks were observed and no prominent XRD peaks have appeared in the possible phases of the Cu-Ag NPs. When the size of the crystallites is less than 50 nm, there is considerable broadening in the X-ray diffraction line. The particle size was estimated by the Scherrer formula to the line width of the high intense XRD peak,


  D =   k λ   β c o s θ    



(2)




where D = average crystallite size, k = shape factor (0.94),   β   = angular width at FWHM,   θ   = Bragg angle, and   λ   = X-ray wavelength. The calculated crystallite size of the nanostructure was 37 nm; it matched with the TEM results well.



The HR-TEM is the simplest and most reliable way to quantify the size of the metal NPs. It can provide the information on size and shape, but it also provides the information on the crystal structure of NPs. When energy dispersive X-ray microanalysis is used with the combination of TEM, localized basic information can be obtained. Figure 3 shows the different magnified images of HR-TEM of bimetallic nanostructures of copper-silver. From the HR-TEM images of the copper-silver bimetallic nanostructures that the image is dumb-bell shaped and the average particle size is 30–45 nm in range. The dark contrast suggested that the Ag crystals have a larger mass thickness, and light contrast indicates Cu metals. Interestingly, each particle has two distinct regions with different contrasts. Moreover, this can be observed in the HR-TEM image (Figure 3b) and Cu-Ag nanostructures evidently that are enclosed with a protecting HDA layer with a thickness of 2 ± 1 nm. Furthermore, the lattice fringes of Cu and Ag parts were observed and represented in Figure 3c, with the interplanar distance of 0.24 nm for Ag(111) and 0.21 nm represents Cu(111). In addition to that, the crystalline planes of the prepared Cu-Ag nanostructures studied through the SAED pattern (Figure 3d), which suggests the highly crystalline nature. The obtained results from HR-TEM and XRD are good consistency with the particle size. The minimum and optimal dumb-bell shape particle size dispersion of Cu-Ag NPs leads to the more active sites and large surface regions and responsible for its effective antioxidant property as well as antibacterial and electrocatalytic applications [9].



To confirm the composition and distribution of NPs, EDX analysis is applied to the spectra and elemental mapping. Figure 4 shows STEM-HAADF image, elemental mapping, and EDX spectrum images of copper-silver bimetallic nanostructures. Studies on size, shape, and morphology of the Cu-Ag nanostructures were carried out by the HR-TEM (Figure 4) and high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM), which is shown in Figure 4a. The elemental mapping profile of synthesized copper-silver bimetallic NPs shows the presence of copper (Figure 4b) and silver (Figure 4c). From the elemental mapping (Figure 4b,c), it is indicated that the Cu and Ag are mostly separately distributed. The presence of Cu and Ag elements was observed (Figure 4d) and no other impurities were founded, as observed from the EDX spectrum.



Generally, the qualitative and quantitative analysis of the material’s homogeneity was studied by the Fourier transform infrared (FT-IR). FTIR spectroscopy is a significant technique for studying the role of hexadecylamine (HDA) in the synthesis of Cu-Ag bimetallic nanostructures and their surface environments. It can be seen from Figure 5 that the N-H stretching produces symmetrical (3329 cm−1), asymmetrical (3251 and 3153 cm−1) stretching vibration peaks, and the vibration modes at 2918 and 2854 cm−1 are correspondingly assigned to the C-H stretching terminal modes of the CH3 and CH2 group alkyl chains of HDA [32]. The peak that was obtained at 1607 cm−1 is related to the vibration modes of N-H bending and modes at 1464 and 1362 cm−1 are related to the C-H bending vibration modes of the CH3 and CH2, respectively [33]. For the bimetallic nanostructures of Cu-Ag, there is a lower wavenumber of about 45 cm−1 due to the binding of the amine group that was adsorbed on the HDA surface of the bimetallic nanostructures of Cu-Ag, indicating that the organic residue is part of the fabrication of bimetallic nanostructures [34].



The antimicrobial property of Copper and synthesized copper and silver nanostructures was evaluated through the zone inhibition test. The prepared nanomaterials were screened for their antimicrobial property on both Gram-positive and Gram-negative microorganisms. For this, we have selected two Gram-positive (Bacillus subtilis, Staphylococcus aureus) and two Gram-negative (E. coli, Klebsiella pneumonia) microorganisms. Cu-Ag nanostructures showed higher inhibition activity for both Gram-positive and Gram-negative microorganisms when compared to Cu alone. Minimum inhibition concentration (MIC) and minimum bactericidal concentration (MBC) were also calculated for prepared Cu-Ag nanostructures. Table 1 and Figure 6 provide the zone of inhibition measurements, MIC, and MBC values. From the table, one can suggest that Cu-Ag nanostructures at 100 µg/mL have better antimicrobial activity when compared to 50 µg/mL NPs. Cu NPs and Ag NPs each alone have antimicrobial activity. Soluble copper that entered into bacteria is toxic; hence, it is antimicrobial. Particulate copper had a low association with the bacterial membrane, but the soluble one easily enters and accumulates high intra-bacterial levels and, hence, the solubility is very important for copper antimicrobial activity [35]. In the case of Cu-Ag bimetallic nanostructures, the inhibition zone increases with increasing Ag concentrations, which again supports the efficiency of Ag nanoparticles. The figure indicates that Cu-Ag bimetallic nanostructures were more effective against gram-negative bacteria E. coli and Klebsiella, due to the difference in cell wall structure between gram-negative and gram-positive microorganisms. From the bimetallic nanostructures, silver and copper ions released and attach to the negatively charged bacterial cell wall and disrupt it, in this manner causing protein denaturation and cell death [36]. MIC and MBC of Cu-Ag nanoparticles against the screened four bacterial cultures indicated that the metallic nanoparticles showed very good antibacterial activity against bacteria, even at concentrations as low as 23 µg/mL. Therefore, it could be concluded that silver and copper ions could benefit long duration activity and preserve sustained microbial inhibition.



Antimicrobial activity of Cu-Ag NPs is mainly because of the silver or copper ions released from the Cu-Ag NPs may attach to the negatively charged bacterial cell wall and damage it and lead to intracellular entry and cause protein and genetic material denaturation and, finally, cause the cell death [37].



Antioxidant Activity of Cu-Ag Nanostructures


DPPH is a stable free radical scavenger that exhibits characteristic absorption at 517 nm and 700 nm wavelength. After reduction, the color becomes different from violet to yellow [38]. The antioxidant property was measured according to Ferrari et al. [39]. Figure 7a displays the DPPH free radical scavenging activity of Cu-Ag NPs. DPPH has been widely used as a stable free to assess reducing substances and their useful reagent to study the free radical scavenging activity. The antioxidant reacts with DPPH and converts it to 1, 1- diphenyl-2-picryl hydrazine with de-colorization. Cu-Ag NPs exhibited the higher free radical scavenging ability than Cu NPs (Figure 7b), due to the effective oxidation of Cu-Ag NPs. The Cu-Ag NPs satisfied the DPPH activity by providing copper electrons. Finally, the DPPH free radical scavenging activity of Cu-Ag NPs was calculated from the equation given below in the Methods section [40].





4. Conclusions


In the present work, the Cu-Ag NPs were synthesized by the easy, cost-effective, and eco-friendly one-pot green synthesis process. The synthesized Cu-Ag bimetallic NPs were stable and reproducible. The characterizations, such as UV–vis, FT-IR, XRD, EDS, and HR-TEM analysis, showed the formation of Cu-Ag bimetallic NPs. The synthesized copper-silver nanoparticles were in a dumb-bell shape with the size range of 30–45 nm. The Cu-Ag NPs had excellent antioxidant activity and the antioxidant activity was performed using DPPH assay. The dumbbell-shaped Cu-Ag bimetallic nanostructures were more effective against gram-negative bacteria E. coli and Klebsiella than gram-positive microorganisms. The Cu-Ag bimetallic NPs can be used as a very good antioxidant medicine in the future.
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Figure 1. UV-Vis spectra of copper-silver bimetallic nanostructures. 
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Figure 2. XRD spectrum of copper-silver bimetallic nanostructures. 
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Figure 3. Different magnification HR-TEM images of copper-silver bimetallic nanostructures: (a) 100 nm; (b) representing the silver and copper nanoparticles with hexadecylamine (had) layer; (c) lattice fringes of Cu-Ag nanoparticle; and, (d) SAED pattern of Cu-Ag nanoparticles. 
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Figure 4. STEM-HAADF, elemental mapping, and EDX spectrum of copper-silver bimetallic nanostructures: (a) STEM-HAADF image; (b) copper; (c) silver; and, (d) EDX spectrum. 
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Figure 5. FTIR spectra of copper-silver bimetallic nanostructures and hexadecylamine. 
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Figure 6. Photographs of Antimicrobial activity of Cu-Ag NPs against different bacteria: (a) Bacillus, (b) Staphylococcus, (c) Klebsiella, and (d) E. coli (P–Penicillin, 1-DMSO, 2- Cu (50 ug), 3- Cu-Ag (100 ug). 
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Figure 7. (a). Antioxidant activity Cu-Ag NPs by DPPH assay at a characteristic absorption of 517 nm (b) antioxidant activity Cu-Ag NPs by DPPH assay at a characteristic absorption of 700 nm. 
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Table 1. The comparison of antibacterial studies of prepared nanostructures with gram-negative and gram-positive bacterial strains.
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Activity Name

	
Zone of Inhibition (mm)

	
MIC (µg/mL)

	
MBC (µg/mL)




	
P

	
Cu-Ag (50 µg/mL)

	
Cu-Ag (100 µg/mL)






	
E. coli

	
23

	
20

	
28

	
23

	
85




	
K. pneumoniae

	
15

	
15

	
20

	
36

	
97




	
B. subtilis

	
18

	
14

	
20

	
38

	
132




	
S. aureus

	
20

	
12

	
16

	
40

	
148
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