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Abstract

:

This article outlines the preparation of manganese-doped copper nanoparticles (Mn + Cu NPs) using Vinca rosea (L.) leaf extract as a convenient and environmentally friendly substance. UV–vis, FT–IR, XRD, SEM–EDAX, and DLS instrumental techniques were employed to describe the physical and chemical properties of synthesized V. rosea extract-mediated Vr-Mn + Cu NPs. The synthesized Vr-Mn + Cu NPs were observed to be monodispersed and spherical, with an average size of 412 nm. The plant extract includes a variety of phytochemical components. The Vr-Mn + Cu NPs also have potential antioxidant and antibacterial properties against selected pathogens. The green synthesized Vr-Mn + Cu NPs showed a maximum inhibition zone of 16.33 ± 0.57 mm against E. coli. For dye degradation, MR, EBT, and MO showed the highest degradation percentage capabilities with Vr-Mn + Cu NP-based adsorbents, which were determined to be 78.54 ± 0.16, 87.67 ± 0.06, and 69.79 ± 0.36. The results clearly show that biosynthesized Vr-Mn + Cu NPs may be employed as an antioxidant, antibacterial, photocatalytic dye degradation, and catalytic agent, as well as being ecologically benign.
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1. Introduction


Nanotechnology plays a vital role in enhanced wastewater treatment and biological therapy as well as in environmental cleanup. Nanoparticles operate as a potential catalyst in the oxidation process to cleanse sewage water from industries due to their chemical, physical, electrical, catalytic, and optical features [1,2,3]. Due to their excellent properties, nanoparticles are extensively used in medicines, food, optoelectronics, sensors, and cosmetic applications [4,5,6,7]. Several biogenic, physical, and chemical methods have been applied to prepare nanoparticles with different morphologies and sizes [8,9].



Bimetallic nanoparticles have recently gained a lot of attention due to their usefulness in a range of disciplines, and their worth comes from their specific features, which are obviously different from those of monometallic nanoparticles [10,11,12,13]. When comparing three methods of synthesis, biological synthesis is the least expensive and has more significance than chemical and physical synthesis of nanoparticles, paving the way for a new era, i.e., bio-nanotechnology [14]. Different strategies have been used for the synthesis of nanomaterials, such as the chemical and biological methods. In chemical strategies, different chemical precursors are used to synthesize the nanoparticle, where most of the chemicals are highly toxic in nature and are considered potential hazards, like for environmental toxicity [15]. The basic use of chemical substances, like organic solvents, reducing agents, and other metallic particles, increases their toxicity. In addition to that, these chemicals limit the colloidal agglomeration and limit the use of nanoparticles in several applications, like clinical and biomedical applications [16]. In addition to the above-mentioned properties, the surface morphology of chemically synthesized nanoparticles is highly dependent on the chemical concentrations and condition of the reaction, such as the different temperatures and pH values. Such nanoparticles have many drawbacks, such as their environmental stability, bioaccumulation/toxicity, expensiveness, and challenges in assembling in devisees. On the other hand, green synthesis is considered as clean, eco–friendly, and biologically appropriate. The green synthesized nanoparticles are considered to have a broad area to study with respect to their shape, size, composition, and physicochemical properties. The biosynthesis approach is a particular stage in producing less costly nanoparticles that are environmentally benign [17,18]. Several environmentally friendly methods of producing various types of bimetallic nanoparticles in solution have been disclosed. Aside from these well-defined/pure reducing agents for the production of nanoparticles, mixture/undefined reducing agents may create noble nanoparticles. Recently, environmental issues, including hazardous wastes and toxic water contaminants, have received a lot of attention. Organic dyes are one of the principal contaminants in wastewater produced by textile and other industrial activities [19,20,21,22]. Among the different chemical, physical, and biological strategies for wastewater management, heterogeneous photocatalysis has been identified as a cost-effective choice for water remediation [23]. The superiority of photocatalytic approaches in wastewater treatment is due to its advantages over conventional procedures, such as fast oxidation, the lack of generation of polycyclic products, and the oxidation of pollutants in the ppb range [24,25]. Photocatalysis is a process in which a semiconductor material absorbs light with energy greater than or equal to its bandgap, thereby creating electrons and holes that can then oxidize the substrate in the system. The resultant free radicals are particularly effective oxidizers of organic matter [26,27].



The synthesis of the diverse sizes and forms of semiconductor material nanoparticles has been a popular topic of investigation in recent years. The purpose of these operations is to improve the performance and use of nanoparticles in several applications, ranging from device detection to photonic materials in molecular electronics and enhanced oxidation processes. These nanoparticles’ size and shape-dependent electrical and optical characteristics make them an intriguing candidate for use in light-induced chemical reactions. Moreover, biomolecule reductants are thought to be more significant than chemicals. Unquestionably, the concept of biological nanoscience was developed to build unique nanomaterials that are ecologically sustainable and biocompatible with people [28]. These nanoparticles have been shown to have antibacterial, antifungal, insecticidal, and anticancer activities [29,30].



Vinca rosea L is an herbaceous subshrub known as Lochnera rosea, Madagascar periwinkle around the globe. It is primarily grown for its alkaloids, which have anticancer properties [31]. Vinca’s active chemicals fall into two categories: tannins and alkaloids. Catharanthus roseus generates hundreds of monoterpenoids and indole alkaloids (TIA) in various organs [32]. The leaves and stems contain dimeric alkaloids, vinblastine, and vincristine, which are essential cancer treatments, while the roots include antihypertensive serpentine and ajmalicine agents [33]. The leaves have long been used to treat diabetes in numerous parts of the globe, including India, Nigeria, and the West Indies [34]. Among other pharmacologically active chemicals, the leaves have been shown to contain 150 valuable alkaloids.



In this present study, green synthesis of bimetallic manganese-doped copper nanoparticles was achieved using V. rosea leaf extracts, and their application is discussed in the following sections. The synthesized Vr-Mn + Cu NPs were characterized using various techniques including UV–visible analysis, Fourier transform infrared studies, X-ray diffraction analysis, dynamic light scattering, and scanning electron microscopy–energy dispersive analysis. Most importantly, the applications of the antioxidant, antibacterial, photocatalytic, and catalytic properties for waste management are evaluated.




2. Materials and Methods


2.1. Materials


V. rosea extract was used as both a reducing and capping agent. Copper (II) sulfate (CuSO4·2H2O) and manganese (II) chloride tetrahydrate (MnCl2·4H2O) were used as the precursor materials for the synthesis of the bimetallic nanoparticles. Antioxidant chemicals, Mueller–Hinton broth, Mueller–Hinton agar, and 3-(4,5-dimethylthiazol-2yl) were acquired from Sigma-Aldrich (St. Louis, MO, USA). Methyl red (MR), eriochrome black T (EBT), methyl orange (MO), and 4-nitrophenol were used as pollutants to evaluate the efficiency of the synthesized nanoparticle. All of the purchased chemicals were of a pure and analytical grade. Deionized water was utilized during the entirety of the experiments.




2.2. Plant Collection and Extract Preparation


The plant V. rosea was taxonomically identified, and fresh leaves of V. rosea were collected from Coimbatore, Tamil Nadu, India (Figure 1). The leaf materials collected from the plants were washed thoroughly using double-distilled water. The leaves were cut into small pieces and ground using a mixer grinder. They were then extracted at a ratio of 1:5 wt/v using deionized water, boiled for 45 min after being filtered with Whatman Grade 1 filter paper, and then stored at 4 °C.




2.3. Synthesis of Vr-Mn + Cu NPs


The 5 mM CuSO4 and 5 mM MnCl2 were dissolved in double-distilled water (1:1 ratio at 80 mg/mL) and stirred to form a pale blue colloid at room temperature. Then, the aqueous solution of the V. rosea plant leaf extract that was prepared was added to the colloid suspension, and stirring continued for 5 min, after which heat was applied at 90 °C. The aqueous solution converted to a dark green color, followed by a clear solution 5 min later. The unreactive plant components and metal precursors were eliminated by centrifuge at 3000 rpm for 10 min and washed using water and ethanol. Then, the Vr-Mn + Cu NP solution was air-dried at 28 °C and stored at 4 °C for future use.




2.4. Characterization of Vr-Mn + Cu NPs


The synthesized Vr-Mn + Cu NPs were characterized with the help of several analytical techniques, namely UV–vis, FT–IR, XRD, SEM, EDAX, and DLS. UV–visible spectroscopy was evaluated using the Cary UV–visible spectrophotometer, which was carried out using a Shimadzu UV-1800 spectrophotometer (Shimadzu, Kyoto, Japan) within the 200 to 800 nm wavelength. The graph of the bimetallic NPs was plotted with the wavelength on the x-axis and the absorbance on the y-axis. The FT–IR analysis of the Vr-Mn + Cu NPs was completed using the Fourier Transform Infrared Spectrophotometer (Shimadzu 8400S, Kyoto, Japan), which noted the wavelength range from 4000 to 400 cm−1. The composition and morphology of the synthesized bimetallic nanoparticles were found by scanning electron microscopy together with EDAX (SEM, Hitachi S-4700, Tokyo, Japan). The electron dispersive X-ray microanalysis affirms the presence of elemental Mn + Co signals. The particle size analyzer was used to define the size and charge of the synthesized nanoparticles (Horiba SZ 100,Kyoto, Japan). Using the Shimadzu SALD-2300 equipment (WingSALD II: version 3.1.1, Kyoto, Japan), photon correlation spectroscopy (PCS) was employed to measure the mean particle size (Z-average) of the newly synthesized Vr-Mn + Cu NPs.




2.5. DPPH Scavenging Activity


The DPPH (2,2-diphenyl-1-picryl-hydrazyl-hydrate) scavenging activity of the bimetallic Vr-Mn + Cu NPs was measured using the protocols reported by Gülçin [35], with minor modifications. Different concentrations (200–1000 µg/mL) of the NPs and the standard ascorbic acid were taken in different test tubes. Thereafter, 1 mL of freshly prepared DPPH (0.3 mM) was added to each test tube, vortexed thoroughly, and left to remain at RT for 30 min in the dark to see whether any radical antioxidant reactions occurred. Finally, the optimum density (OD) value of these combinations was determined at 517 nm. The DPPH activity was estimated utilizing the variation in the OD value between the bimetallic NP samples and the control, which refers to the concentrations of the bimetallic NP samples that provide percentages of radical scavenging activity.




2.6. Hydrogen Peroxide Activity


The hydrogen peroxide (H2O2) scavenging activity was measured using the bimetallic NPs by adopting the procedure of the study referenced by [36]. For this analysis, H2O2 (100 mM) was dissolved in phosphate-buffered saline (PBS) with a pH of 7.4. Then, 300 μL of the solution, containing varying concentrations of Vr-Mn + Cu NPs (200–1000 µg/mL), was mixed with 600 μL of H2O2 and the final volume was brought up to 1 mL with (100 mM) PBS. The absorbance range was at 230 nm and compared with the individual sample blanks. The percentage of inhibition was then determined using ascorbic acid as the positive control.




2.7. Hydroxyl Radical Scavenging Activity


The extracts were tested for their ability to scavenge hydroxyl radicals using the protocols mentioned by Halliwell and Gutteridge [37]. Briefly, 200–1000 µg/mL of different concentrations of the sample were combined with EDTA solution of 1.0 mL (0.13 g of ferrous ammonium sulphate and 0.26 g of EDTA were dissolved in 100 mL of water). Then, 1.0 mL of DMSO (0.85%) in 0.1 M phosphate buffer (pH 7.4) and 0.5 mL of 0.22% ascorbic acid were added. The reaction was stopped by adding 1.0 mL of ice-cold 17.5% trichloroacetic acid to the reaction mixture, which was maintained in a steam bath at 90 °C for 15 min. All of the test tubes received a Nash reagent of 3.0 mL (3.0 mL glacial acetic acid, 75 g ammonium acetate, and 2.0 mL acetyl acetone in 1.0 L of water) and were kept warm for 15 min for color development. At 412 nm, the absorbance was measured. As a control, the reaction mixture was made without ascorbic acid.




2.8. FRAP


The FRAP (ferric ion reducing antioxidant power) test was performed with slight modifications according to Benzie and Strain’s technique [38]. The FRAP chemical was prepared by diluting sodium acetate buffer to 300 mM with a pH of 3.6. Then, 10 mM TPTZ solution was prepared using 40 mM HCl as a solvent and a ferric chloride (20 mM) solution in a volume fraction of 10:1:1 with distilled water. The FRAP reagent was newly made every time and heated to 37 °C by keeping it in a steam bath prior to use. Next, 3 mL of the diluted NP sample was mixed with the FRAP reagent (3 mL). After 4 min, the absorbance of the reaction mix was evaluated at 593 nm. The findings were represented as Vr-Mn + Cu NPs, and the ascorbic acid in methanol was employed as a positive control.




2.9. Minimum Inhibitory Concentration (MIC)


The MIC was determined using the methods described by Zhu et al. [39]. For this, 100 mL of Mueller–Hinton broth (MHB) with varying concentrations was used. For the first 10 wells, the NPs were diluted on a flat-bottom 96-well Microtiter plate (Tarsons) and 5 mL of each of the 12 h-old test pathogens was individually introduced to each well. For 12 h, the plates were incubated at 37 °C. Following incubation, 10 mL of the 0.5% freshly prepared MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenlyltetrazolium bromide) was added to all wells and incubated for 2 h in dark conditions, before 100 mL of 2% DMSO (dimethyl sulfoxide) was added as the solubilization solution and incubated for 30 min at room temperature (RT). Following incubation, the OD at 595 nm was measured in an ELISA reader to assess the percentage of cell death. All pathogens were tested against commercially available antibiotic chloramphenicol.




2.10. Antibacterial Activity


The disk diffusion method was used to test the antibacterial efficacy according to Garibo et al. [40]. The bacterial pathogens, such as Escherichia coli, Klebsiella pneumonia, Salmonella typhi, and Staphylococcus aureus, were sub-cultured in Mueller–Hinton broth and incubated for 6 h at 35 °C on a shaker at 200 rpm. The sub-cultured strains were then washed with 0.9 percent saline solution until the strain intensity was reached at 0.5 OD at 570 nm. Using sterile cotton swabs, each strain was then swabbed equally on the surface of the individual Mueller–Hinton agar plates and discs were placed inside after adding the required concentration of the NPs. The stock solution of the NPs was prepared as 10 mg/mL concentrations. From the stock solution, 25, 50, and 100 µL was taken to evaluate the antibacterial study. After 24 h of incubation at 37 °C, the zone of inhibition was measured, and the results were mentioned in millimeters (mm). The antibiotic stock solution was prepared by dissolving a 0.1 mg/mL concentration of chloramphenicol, and it was used as a positive control.




2.11. Degradation of Dye using Vr-Mn + Cu NPs


The photocatalytic activity of the Vr-Mn + Cu NPs in an aqueous solution against MR, EBT, and MO was investigated. In summary, a stock solution of MR, EBT, and MO (10 mg/L) was prepared using double-distilled water. In a separate flask, 100 mL of MR, EBT, and MO stock solution was added to 10 mg of Vr-Mn + Cu NPs. The samples were aliquoted at particular time intervals and centrifuged at 6000 rpm for 5 min before being observed in a UV–vis spectrophotometer for MR (λmax, 522 nm), EBT (λmax, 530 nm), and MO (λmax, 550 nm) to identify the concentration of dye molecules in the solution. The degradation percentage of MR, EBT, and MO was calculated using the following equation:


   Degradation     ( % )     C i  − C    C i    × 100  








where Ci denotes the initial concentration of dye solution and C denotes the concentration of dye solution after photocatalytic activity.




2.12. Catalytic Efficiency in Reduction of 4-Nitrophenol


In the 4-nitrophenol reduction, Vr-Mn + Cu NPs were used as a catalyst. The reduction reaction was carried out at room temperature. About 1 mM of 4-nitrophenol was dissolved and the solution was made up using deionized water in a standard 100 mL flask. Simultaneously, 50 mg of sodium borohydride was dissolved in 5 mL of deionized water. Sodium borohydride was generally used as a reducing agent. Approximately 20 mL of prepared 4-nitrophenol and sodium borohydride solutions were poured into a 100 mL beaker. Both solutions were allowed to continuously stir for 15 min. Then, 0.25 mg of the Vr-Mn + Cu NPs was added to the reaction mixture and stirring was continued for another 5 min. The absorbance values were recorded using a UV–vis spectrophotometer for every 1 min time interval of the reaction mixture. The same procedure was followed for the different catalyst weights, such as 0.5 and 1 mg.





3. Result and Discussion


3.1. UV–Visible Spectrophotometer Analysis


The UV–visible spectrophotometer was used to analyze the formation of the Vr-Mn + Cu NPs. Phytochemicals such as alkaloids, terpenoids, triterpenoids, tannins, flavonoids, amino acids, saponins, aromatic acids, and phenolic compounds were found in the V. rosea leaf extract and worked as reducing and stabilizing agents [41]. UV–visible spectroscopy was used to examine the solution, and absorbance peaks were noted at 269 and 372 nm, which may be ascribed to the Surface Plasmon Resonance (SPR) effect of the Vr-Mn + Cu NPs (Figure 2). The appearance of the SPR band was determined by the shape and size of the NPs as well as the concentration of the reducing agent [42]. A similar finding was discovered in a recent study confirming the creation of green synthesized bimetallic Mn + Cu nanoparticles [43].




3.2. FT–IR Analysis


The stability and functional groups present in the V. rosea and Vr-Mn + Cu NPs were identified by FT–IR analysis. During the analysis of V. rosea, the broad and small band observations at 3425 and 1648 cm−1, respectively, were due to the stretching and bending vibrations of the water molecules (O–H group) present in the plant extract. The band detected at 614 cm−1 was attributed to the =C–H bending vibration, and the characteristic peak that appeared at 2859 and 2925 cm−1 was assigned to the –C–H stretching vibration. The presence of a C–C stretching vibration in the aromatic ring was confirmed by the peak that appeared at 1438 cm−1. The C–N stretching vibration in the aromatic amine and the C–N stretching vibration in the aliphatic amine were verified by the peaks detected at 1257 and 1058 cm−1, respectively. The FT–IR analysis was performed for the Vr and Vr-Mn + Cu NPs, and it is shown in Figure 3. The broad band was detected at 3415 cm−1, which may be due to the stretching vibration, as the material absorbed the moisture present in the environment. The peak observed at 1627 cm−1 was assigned to the bending vibrations of the –O–H group present in the water molecule. The –C–H stretching vibration present in the material was confirmed by the peak, which appeared at 2925 cm−1. The C–O deformation was confirmed by the peak that appeared at 1110 cm−1. The presence of a C=N stretching vibration was verified by the peak at 1389 cm−1. The –C–H stretching vibration was confirmed by the peak observed at 614 cm−1.




3.3. XRD Analysis


The X-ray diffraction pattern of the Vr-Mn + Cu NP is shown in Figure 4. An XRD study is the most important instrument for the qualitative verification of the expected material formation in materials research. The analysis shows characteristic peaks with less intensities and substantial broadening. The inferior intensities are a credit to the hindering effect of amorphous particles. This essentially indicates the formation of nanostructured bimetallic nanoparticles. However, it can appear that noises are observed with incredibly low intensities in the 2θ range between 10° and 90°. This specifies that several amorphous contaminations/phases of the preferred material exist in the synthesized particle, which might be due to the unreactive materials present in the bimetallic particle. The 2θ = 31.84°, 33.35°, 36.20°, 50.83°, 64.42° and 83.64°, which correspond to the Miller indices (002), (200), (111), (112), (020), and (205). The observed XRD pattern of the synthesized bimetallic nanoparticles matches with the JCPDS card no. 65-2308, and the nanoparticle is monoclinic in structure. The crystallite size of the nanoparticle was found to be 19.41 nm. Hemalatha et al. reported the monoclinic crystalline copper-doped manganese oxide nanoparticles in different ratios (Cu0.975Mn0.025O, Cu0.95Mn0.05O, and Cu0.9Mn0.1O), which had crystallite sizes of 18.7 nm, 20.2 nm, and 22.5 nm, respectively [44].




3.4. SEM and EDX Analysis


A SEM analysis was performed to characterize the green synthesized Mn + Cu NPs. In the micrograph, the particles of the Vr-Mn + Cu NPs were spherical in form (Figure 5). The Co NPs were photographed at 10 m magnification, 10.00 kV, WD-9 mm, and Mag-1.00 KX, revealing the morphology of the nanoparticles. The morphology suggests uniform particles, with a confined size variation in the range of the average scale length, which were roughly 420 nm. As synthesized nanoparticles have an exceptionally smooth surface, which allows for increased contact with the bacterial cell wall and thereby enhances the NPs’ bacterial growth-inhibiting properties. This kind of behavior of smooth-surfaced nanoparticles has already been shown in the literature [45]. An EDAX analysis indicated the element contained in the particle, atomic, and weight percentage for the Vr-Mn + Cu NPs. Figure 5 illustrates the EDX pattern of the Vr-Mn + Cu NPs, which demonstrated that a 13.74% copper, 10.36% manganese, and 47.41% oxygen weight was present in the nanoparticles. This substantiates the production of Vr-Mn + Cu NPs. This analysis revealed that there were no contaminants in the nanoparticles, by inference of the copper and oxygen peaks alone [46].




3.5. DLS Analysis


A DLS was used to determine the size distribution of the Vr-Mn + Cu NPs in a solution under varied synthesis conditions (Figure 6). As the extract concentration Mn and Cu dissolution rises, the nanoparticles become larger and less stable due to their proclivity to agglomerate. Vr-Mn + Cu NPs have a very narrow size distribution, with an average dimension size of around 136.9 nm. The negative result validates the repulsion of the particles and establishes their separation. The solvent, pH, and ionic strength all have major impacts on the surface charge of the NP [47]. As a consequence, since Milli-Q water is amphipathic and has no influence on surface charge during analysis, we used it as a solvent. The negative surface charge demonstrated that the NPs were very stable and maintained significant repulsion amongst themselves, thereby preventing nanoparticle aggregation. The charge on the nanoparticles is directly related to their stability [48]. The size and properties of metallic nanoparticles vary depending on the fabrication technique and the extract-to-salt ratio [49].





4. Antioxidant Activity


4.1. DPPH


A DPPH analysis is a stable free radical well known for its part in decreasing the receipt of hydrogens or electrons from donors [50]. The Vr-Mn + Cu NPs’ color shift was utilized to assess their DPPH reducing activity. When compared with ascorbic acid, DPPH scavenging activity greatly limited the action of the Vr-Mn + Cu NPs (Figure 7a). The Vr-Mn + Cu NPs had a high DPPH activity that was dose-dependent. As a consequence, the Vr-Mn + Cu NPs displayed more inhibition, with a DPPH scavenging activity of 51.44% for 1000 µg/mL. The antioxidant activity tends to rise with an increase in the concentration of the nanoparticle. The color change was seen after adding the NPs to a DPPH solution, which, as a consequence of the DPPH scavenging, was mediated by the donation of a hydrogen atom to stabilize the DPPH molecule [51]. The antioxidant activity of the Vr-Mn + Cu NPs may be attributed to the functional groups obtained from the maize stem extract.




4.2. H2O2


The hydrogen peroxide (H2O2) test is a spectrophotometric method used to detect hydroxyl radicals in biological materials. OH percent radicals, one of the most reactive oxygen species, may promote cell membrane disintegration and membrane protein degradation [52]. OH radical scavengers may be preferable solutions for avoiding tissue damage. In the present work, the percentage of scavenging ability was greater than before with the growing concentration of Vr-Mn + Cu NPs (Figure 7b). For the H2O2 test, the occurrence of phenolic compounds in the samples is critical. Yang et al. observed a dose-dependent manner of H2O2 scavenging activity for Co–Fe NPs and achieved comparable findings [53]. Uninhibited H2O2 buildup produces oxygen free radicals (peroxide and hydroxyl), which cause severe destruction to cell membranes in living systems. Spectrophotometry was used to assess the hydrogen peroxide scavenging activity of the Vr-Mn + Cu NPs. The inhibitory concentrations of the Vr-Mn + Cu NPs and ascorbic acid at 1 mg/mL were found to be 78.08% and 85.35%, respectively.




4.3. Hydroxyl Radical Scavenging Activity


The hydroxyl radical (OH) plays a vital role in the development of carcinogenesis, mutagenesis, and cytotoxicity by causing DNA damage [54]. The Vr-Mn + Cu NPs scavenged the OH radical in a dose-dependent manner, as shown in Figure 7c. Biosynthesized Vr-Mn + Cu NPs at doses of 0.2, 0.4, 0.6, 0.8, and 1.0 mg/mL inhibited the enzyme by 15.04, 22.02, 32.73, 40.73, and 57.88%, respectively. The standard ascorbic acid showed inhibition at 22.86, 32.37, 39.71, 47.29, and 57.88%, respectively. As OH radicals are involved in the peroxidation process, the ability of the Vr-Mn + Cu NPs to scavenge or suppress OH radicals show that Vr-Mn + Cu NPs may considerably reduce lipid peroxidation. The ability of a chemical to reduce this may be an essential indicator of its potential antioxidant action. In contrast to the ascorbic acid, the Vr-Mn + Cu NPs have reductive powers. It is also worth noting that the Vr-Mn + Cu NPs consistently exhibit a stronger reduction power than DPPH scavenging activity.




4.4. FRAP Assay


The maximum absorbance in the FRAP experiment was 0.198 for standard ascorbic acid and 0.176 for the produced Vr-Mn + Cu NPs at 1 mg/mL. At concentrations of 0.2, 0.4, 0.6, and 0.8 mg/mL, the FRAP absorbance values for Vr-Mn + Cu NPs were observed as 0.057, 0.083, 0.114, and 0.143, respectively, and the absorbance values for ascorbic acid were 0.094, 0.125, 0.146, and 0.166, respectively. Figure 7d depicts the outcomes of this study. It has been shown that there is a straight link between antioxidant and reducing capacity [38]. The ferric iron (Fe3+) to ferrous iron (Fe2+) conversion assay was used to assess the antioxidants’ capacity to donate electrons to free radicals [55].




4.5. Minimum Inhibitory Concentration


The minimum inhibitory concentration (MIC) is a term used to describe the smallest quantity required to prevent microbial growth. The emergence of bacterial resistance and the expensive prices of sophisticated antimicrobial treatments have prompted scientists to look for medications that are effective, commercially feasible, and universally applicable. In our quest for a novel treatment option, we used the broth micro-dilution technique to assess the MIC of the Vr-Mn + Cu NPs against Gram-positive and negative bacteria. Six human pathogenic strains were examined utilizing Vr-Mn + Cu NPs at 1 mg/mL, using a serial dilution approach. Microbial growth inhibition was visible in 96-well plates after 24 h treatments, as shown in Table 1, and complete inhibition was found in the following order: K. pneumonia, 0.64 mg/mL; S. aureus, 0.64 mg/mL; S. typhi, 0.64 mg/mL; and E. coli, 0.32 mg/mL. The standard positive control (chloramphenicol) showed an MIC value of 0.1 mg/mL against E. coli and K. pneumonia, followed by 0.2 mg/mL against S. typhi and S. aureus. The aqueous extract was independently tested for MIC at the same dose of 0.1 mg/mL in this test; however, it did not prevent any microbial growth. The findings were consistent with prior research presented by the study referenced by [56]. Smaller nanoparticles often have a high surface area, which facilitates contact with the bacterial cell membrane and may ultimately change basic activities, such as penetrability and cell respiration, leading to cell death [57,58]. As a consequence, our findings indicated that the Vr-Mn + Cu NPs inhibited the development of all pathogens examined.




4.6. Antimicrobial Susceptibility Testing


The antibacterial activity of biogenic Vr-Mn + Cu NPs on four clinical pathogenic organisms (E. coli, K. pneumonia, S. typhi and S. aureus) was evaluated using the disk diffusion technique, and the findings were compared to the chemically generated results obtained by the Vr-Mn + Cu NPs. The disk diffusion technique demonstrates the amount of pathogenic microorganism susceptibility. For all microbes, the aqueous extract created a diffuse ring. The Vr-Mn + Cu NPs outperformed chemical NPs in terms of antibacterial activity, as shown in Figure 8. Table 2 shows the mean of three replicates of the diameter of the inhibition zones (in millimeters) containing the Vr-Mn + Cu NPs’ suspension. The Vr-Mn + Cu NPs had a greater inhibitory impact on E. coli (16.33 ± 0.57 mm). The inhibition zones for these kinds of Vr-Mn + Cu NPs were 14.0 ± 0.57 mm for S. aureus, 14.67 ± 1.57 mm for K. pneumonia, and 15.33 ± 0.57 mm for S. typhi. Chemically produced standards have lower inhibition zones. The AZ31 (Mg alloy) substrate with the Na-MMT coating against E. coli and S. aureus showed no inhibition zone, thereby confirming that AZ31 and Na-MMT had no antibacterial effects. The Zn-MMT coating against E. coli and S. aureus showed 22 mm and 32 mm inhibition zones, respectively [59]. Doped ZnO showed moderate to good activity against E. coli than bare ZnO [60]. In another study, bare ZnO displayed lesser antibacterial activity against the selected pathogens [61]. These findings support the greater antibacterial efficacy of the Vr-Mn + Cu NPs in comparison with the standard. Several modifications with a major effect on antibacterial qualities are often used in pharmaceutical, medical, and industrial wastewater treatment. Due to their small size, NPs have a larger surface area, which increases interaction with the bacterial cell membrane and changes key cell membrane functions, such as permeability and cell respiration, thereby resulting in cell death [14]. Earlier studies stated that the bacterial cells treated with bimetallic nanoparticles induced morphological changes and that the nanoparticles were found to disseminate on the bacterial cell surface [62]. In a recent study [63], green synthesized Cu NPs show 14 ± 0.15 inhibition zones for 100 µL; however, in current research, the bimetallic Mn + Cu nanoparticles show a greater inhibitory impact on E. coli (16.33 ± 0.57 mm). Moreover, the doped-Mn + Cu shows a high response with other clinically pathogenic organisms (K. pneumonia, S. typhi and S. aureus). In comparison with the Cu nanoparticles, the bimetallic particles are proven to be very efficient for antimicrobial applications.




4.7. Photocatalytic Dye Degradation Activity


Textile dye wastewater is a significant cause of water contamination. Among the wastewater pollutants emitted by the textile industry, methyl red is one of the dye effluents that may affect the environment. As a result, methyl red-contaminated water treatment is in great demand. Using Vr-Mn + Cu NPs as a catalyst, along with visible light irradiation, the photocatalytic degradation of methyl red, eriochrome black, and methyl orange was examined. It was revealed that 78.54 ± 0.16% (240 µg/mL) of methyl red, 87.67 ± 0.06% (240 µg/mL) of eriochrome black, and 69.79 ± 0.36% (240 µg/mL) of methyl orange decayed (Figure 9). Dye degradation is mostly induced by electrons and hole production on the catalyst surface during irradiation. As a consequence of a series of events, these electrons and holes combine to form OH radicals. OH radicals are highly reactive oxygen species that break down dye molecules into inorganic compounds. The deposition of NPs increases photocatalytic activity by minimizing electron and hole recombination during irradiation [64].




4.8. Catalytic Efficiency


The catalytic efficiency of the Vr-Mn + Cu NPs were examined for the reduction of 4-nitrophenol as a pollutant. Figure 10a and b show the reduction percentage and ln (c0/ct) linear regression graph, with respect to the time of 4-nitrophenol reduction when using the Vr-Mn + Cu NPs. In this reduction process, 4-nitrophenol was reduced to 4-aminophenol, and this process was carried out at room temperature. During the process, 4-nitrophenol was changed to a phenolate ion as an intermediate, and finally, the intermediate was changed to 4-aminophenol (a lesser toxic chemical). The conversion reaction was completed within 5 min, and the absorption was recorded for every 1 min interval during the reduction process. A sharp peak with high intensity around 400 nm was observed, which can be accredited to the 4-nitrophenol at 0 min and a broad peak was observed at 300 nm, which can be accredited to the 4-aminophenol at 3 min. When using 0.25 and 0.5 mg catalysts, they showed reduction percentages up to 94.90 and 96.27% at 4 min, respectively, and a 1 mg catalyst showed 97.58% efficiency at 2 min. It was found that, when the catalyst dosage increased, the concentration of 4-nitrophenol decreased rapidly. This is because, with more catalysts used, there will be more active surface sites available for a reaction with 4-nitrophenol. Figure 11 shows the absorbance graph with respect to the time of reduction of 4-nitrophenol when using the Vr-Mn + Cu NPs.





5. Conclusions


The current work reveals a green and simple approach to manufacturing an Mn + Cu nanoparticle using V. rosea leaf extract, which acts as a reducing and stabilizing agent in the absence of organic solvents. We used a simple, natural, ecologically friendly, and non-hazardous substance in our synthetic method, eliminating the need for costly or hazardous chemical reagents and organic solvents. The FT–IR spectrum of the Mn + Cu NPs with V. rosea leaf extract revealed that alkaloids, flavonoids, and other compounds included in the extract were important in bioreduction. As an effective heterogeneous catalyst for the reduction of nitro compounds and organic dyes, the Vr-Mn + Cu NPs demonstrated outstanding antioxidant, antibacterial, photocatalytic, and catalytic activities.
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Figure 1. Vinca rosea. 
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Figure 2. UV–vis analysis of Vr-Mn + Cu NPs. 
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Figure 3. FT–IR analysis of Vr-Mn + Cu NPs. 
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Figure 4. XRD pattern of Vr-Mn + Cu NPs. 
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Figure 5. SEM–EDX analysis of Vr-Mn + Cu NPs. 
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Figure 6. DLS analysis of Vr-Mn + Cu NPs. (a) Volume distribution and (b) Autocorrelation function. 
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Figure 7. Antioxidant study by Vr-Mn + Cu NPs with different assays: (a) DPPH; (b) H2O2; (c) hydroxyl radical; and (d) FRAP. 
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Figure 8. Antibacterial activity by Vr-Mn + Cu NPs with different strains: (a) E. coli; (b) K. pneumonia; (c) S. typhi and (d) S. aureus. 
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Figure 9. Plot of concentration vs. degradation percentage for dye degradation by Vr-Mn + Cu NPs. 
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Figure 10. (a) Plot of time vs. percentage of 4-nitrophenol reduction by Vr-Mn + Cu NPs; (b) Plot of time vs. percentage ln (c0/ct) with linear regression. 
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Figure 11. Plot of time vs. absorbance percentage for 4-nitrophenol reduction by Vr-Mn + Cu NPs. 
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Table 1. MIC of Vr-Mn + Cu nanoparticles.
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Minimum Inhibitory Concentration (MIC) (mg/mL)






	
E. coli

	
K. pneumonia

	
S. typhi

	
S. aureus




	
PC

	
NP

	
PC

	
NP

	
PC

	
NP

	
PC

	
NP




	
0.1

	
0.32

	
0.1

	
0.64

	
0.2

	
0.64

	
0.2

	
0.64








NP: nanoparticles; PC: positive control.
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Table 2. Antibacterial activity of Vr-Mn + Cu nanoparticle compounds against pathogens.
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Bacteria

	
Zone of Inhibition (mm)




	
Standard

	
25 µL

	
50 µL

	
100 µL






	
E. coli

	
7.33 ± 0.57

	
9.00 ± 1.00

	
11.33 ± 0.57

	
16.33 ± 0.57




	
K. pneumonia

	
8.67 ± 0.57

	
7.33 ± 0.57

	
10.67 ± 0.57

	
14.67 ± 1.57




	
S. typhi

	
10.7 ± 0.57

	
9.33 ± 0.57

	
11.33 ± 0.57

	
15.33 ± 0.57




	
S. aureus

	
9.00 ± 0.00

	
11.00 ± 1.00

	
12.66 ± 0.57

	
14.33 ± 0.57
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