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Abstract

:

The wide variety of uses for nanoparticles (NPs) is due to their unique combination of features in a single assembly. The arc melted copper-cobalt ingot sample were qualitatively studied using laser induced breakdown spectroscopy (LIBS). Later, using the fabricated alloy as a target material for Nd:YAG laser ablation, CuCo2O4 NPs were synthesized. The magnetic properties of the synthesized NPs were studied using a vibrating sample magnetometer (VSM). To determine the composition and morphology of the synthesized NPs, X-ray diffraction (XRD), energy dispersive X-ray (EDX) analysis, transmission electron microscopy (TEM), scanning electron microscopy (SEM), and dynamic light scattering (DLS) techniques were used. The TEM and DLS showed that particles were spherical in shape with an average size of 32 nm and 28 nm, respectively. The antibacterial activity of the synthesized NPs was studied against S. aureus and E. coli strains as positive and negative controls using a standard approach. CuCo2O4 nanoparticles exhibited non-mutagenic potential against S. typhimurium TA-98 and TA-100 strains. Furthermore, the magnetic hyperthermia study of CuCo2O4 nanofluid was examined using a lab-made apparatus. The specific absorption rates (SAR) of 4.57 and 5.17 W/g were determined for the magnetic field strength of 230 μT and 247 μT, respectively. The study shows antibacterial activity and magnetic hyperthermia potential of the synthesized nanoparticles.
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1. Introduction


Nanoparticles have a wide range of applications, including gas detection (such as methane) [1], photocatalysis [2], and high-performance supercapacitors [3], as well as in biological fields, notably for hyperthermia [4]. The use of temperature that is much higher than normal in the treatment of cancer is known as hyperthermia [5]. Many techniques, including Ohmic heating [6], whole-body hyperthermia [7], and microwave systems [8] have been used to create hyperthermia temperature for treating cancer. One issue with these methods is how to regulate the temperature to the targeted diseased area [9,10]. The best hyperthermia delivery system would be tissue-specific, noninvasive, and able to heat deep tissues with precise localization and high intensity. In the 1950s, Gilchrist was the first to suggest using magnetic materials for inducing hyperthermia. Since then, magnetic nanoparticles have been proven to be capable of achieving each of these conditions [11]. Numerous drug delivery methods may be used to distribute magnetic nanoparticles non-invasively in stable colloidal solutions. They can be remotely heated after delivery using alternating magnetic fields at frequencies that do not harm healthy tissues. This provides effective deep tissue heating with small energy delivery pathways. The majority of the magnetic particles used in hyperthermia research are made of magnetite and similar spinels with nickel, cobalt, or other replacements [12]. Magnetic hyperthermia involves heating cancerous tissue to 41–46 °C by exposing magnetic nanoparticles to an alternating magnetic field (AMF) [13,14]. AMF produced hyperthermia using magnetic nanoparticles may have the advantage of targeting the heating of cancer tissue with low collateral harm [15,16]. The Neel relaxation and Brownian relaxation of particles in the presence of external magnetic fields contribute to the generation of heat in magnetic fluid hyperthermia [17]. Particles made of cobalt ferrite have a high level of magnetization saturation in addition to a high level of heating efficiency. Heating efficiencies may go much higher in the future since techniques for controlling these particles’ size composition, shape, and size have not yet been completely developed as they have for iron oxides [18]. The sol-gel synthesis of cobalt-copper ferrite nanoparticles was investigated for their potential to induce magnetic hyperthermia [19]. The optimum temperature was achieved using copper-substituted CoFe2O4 nanoparticles coated with chitosan for magnetic fluid hyperthermia [20]. Aqueously dispersed CoFe2O4 nanoparticles have been reported to produce heat as heating mediators for magnetically driven drug delivery and magnetic hyperthermia [21]. CuFe2O4 nanoparticles were made using the solvothermal method for use in magnetic hyperthermia [22]. Cobalt-copper ferrite bioactive glass composites have been demonstrated in other studies to be effective materials for bone hyperthermia applications [23]. CuCo2O4/CuO nanoparticles were studied for their anti-cancer properties, and cytotoxic effects against malignant cells [24]. There have also been reports of the synthesis of magnetic nanoparticles utilizing the laser ablation approach for magnetic hyperthermia application [25]. Recently, copper-iron and copper-nickel NPs were synthesized through laser ablation in water for antibacterial activities and magnetic hyperthermia studies [26]. Notably, studies have indicated that bacteria, such as E.coli (Gram-negative) and S.aures (Gram-positive), which have been found on the surface of mobile phones and display screens, may cause septicemia, dermatitis, and pneumonia [27,28]. Isopropyl alcohol cleaning of the surface of the displays is an important step in removing harmful germs and fungus. However, this method does not provide permanent antibacterial action [29]. It has been shown that diffusing nanoparticles or nanoclusters onto the surface of glass may provide outcomes with significant antibacterial property and durability [30]. Cobalt-copper ferrite particles with aluminum substitution have been discovered to have increased antibacterial activity [31]. In testing against different bacterial strains, the antibacterial properties of Au-doped glass were shown to be significantly improved [32]. Sol-gel [33], chemical precipitation [34], hydrothermal [35], solvothermal [36], and thermal decomposition/combustion [37] synthesis techniques have all been used to create nanoparticles. These synthesis techniques may have complications despite their advancements. These complications may include the requirement for multiple purification steps, lengthy and convoluted pathways, and contaminations [38]. The following benefits have made the laser ablation technique a successful method for synthesizing nanoparticles. In contrast to chemical techniques, the laser ablation method generates very pure nanoparticles that may be used directly in the fields of chemical, biological, medical, and biochemical research [39]. With the appropriate laser ablation parameters, almost all materials, including metals, polymeric and dielectrics materials, may be used to synthesize nanoparticles according to requirements. Even complex alloy or multi-element nanoparticles are easily synthesized. Synthesis of nanoparticles is possible in the majority of the available solutions. It has a potential to generate particles with a wide range of characteristics, the process can be carried out in ambient atmosphere and at ambient temperature [39]. It is very effective, sustainable, only needs one step of synthesis, and is ecologically benign [40]. Pyrophoric, risky, or poisonous chemical precursors are not necessary. The substrate material in the laser ablation technique are often much less expensive than the compounds employed in chemical procedures. Additionally, there are no significant safety concerns [39]. One may find a complete overview [41] on the laser ablation of nanoparticles and the potential uses of these particles, and a summary of the literature on the growth of laser-ablated particles in liquids may be found in the review [42]. Precise size selection or control in various environments would be a crucial problem since direct laser ablation may produce a wide range of size distributions. During the process of laser ablation, the synthesis of nanoparticles can only take place in a small zone around the laser focus point. As a result, there was a decrease in the amount of nanoparticles synthesized by laser ablation [39]. Despite the fact that laser-assisted CuCo2O4 NPs are completely free of contaminants, very little study has been carried out on their usage for magnetic hyperthermia.



In this study, Cu and Co ingot was made through the arc melting process, and its composition was validated via the LIBS technique. Using a pulsed Nd:YAG 1064 nm laser, CuCo2O4 nanoparticles were produced. X-ray diffraction (XRD), scanning electron microscopy (SEM), energy dispersive X-ray (EDX), transmission electron microscopy (TEM), and dynamic light scattering (DLS) techniques were used to characterize the laser-assisted produced nanoparticles. The sample’s magnetic characteristics were measured using a VSM (vibrating sample magnetometer). The Ames test and antibacterial activity were conducted to examine the biological characteristics of the generated nanomaterials. The magnetic hyperthermia of CuCo2O4 NPs was then studied using a lab-built hyperthermia equipment.




2. Materials and Methods


Using the described method [43], a bulk alloy of Cu and Co was synthesized by the arc melting technique (samples purchased at a purity of 99.99% from ZhongNuo Advanced Materials Beijing, Beijing, China, available at https://www.enfsolar.com/znxc-tech (accessed on 26 March 2019). Here, we briefly describe the experimental setup of laser-induced breakdown spectroscopy (LIBS) (Laser is Quantel Q Smart (Paris, France), Spectrometer is Avantes (Apeldoorn, The Netherlands) and Delay Generator is SRS545 Sunnyvale, CA, USA), which was used for the qualitative analysis of the fabricated bulk ingot. A Nd:YAG pulsed laser (Q-smart 850, 532 nm), a sample holder, a delay generator, a four-channel avantes spectrometer, and avantes software are some of the parts of the commercial LIBS system. The Nd:YAG pulsed laser used in this study had a repetition rate of 10 Hz and an energy of 190 mJ. Using a convex lens with a 12 cm focal length, the laser’s beam was focused onto the ingot surface. The experiment used an optical multichannel analyzer with CCD pixels that could measure wavelengths from 190 nm to 770 nm with a resolution of 0.04 nm. Figure 1 depicts a LIBS configuration. For the synthesis of CuCo2O4 nanomaterials, a Nd:YAG pulsed laser beam (Q-smart 850, 6 ns, 1064 nm, 10 kHz, 190 mJ) was used. A lens with a focal length of 50 cm was used to focus the laser beam on the surface of an alloy target that was immersed in 15 ml of water solution and a schematic diagram is presented in Figure 2. Once mechanically polished and cleaned with deionized water, the bulk alloy target was placed in an ultrasonic tank for 15 min for washing before undergoing the synthesis process. The sample was ablated for 10 min, without being rotated, and the synthesis process using the identical production settings was repeated. An antibacterial response and Ames test were conducted to examine the biological activities of the synthesized NPs using standard procedures. The magnetic characteristics of the dried produced NPs were measured using a vibrating sample magnetometer (VSM; Lakeshore Model 7304, Westerville, OH, USA). For the study of compositions, shape, and size of the synthesized nanoparticles, X-ray diffraction (XRD; Miniflex 600; Rigaku; Austin, TX, USA), energy dispersive X-ray (EDX), scanning electron microscopy (FEI Nova 450 NanoSEM, Thermofisher Scientific, Waltham, MA, USA) and transmission electron microscopy (JEM-2100F, JEOL, Tokyo, Japan) were employed to analyze the compositions, shapes, and sizes of the produced nanoparticles. A lab-made setup was used to study the magnetic hyperthermia of the synthesized nanofluid. An infrared thermometer (MLX90614, Melexis, Ypres, Belgium) was used for non-contact temperature measurements.



Proposed Synthesis Mechanism of NPs


The plasma generated by the higher intensity laser beam on the surface of the targeted sample induces solvent molecule disintegration, ionization, and atomization, resulting in nanoparticle synthesis utilizing pulsed laser ablation in water. During the process of rapidly quenching the plasma, the energy is transferred from the plasma to the water and may cause bubbles to develop in the solution. Emitted material fragments have the ability to participate in electrochemical reactions with reactive specimens generated from the target sample and disintegrated liquid molecules when the plasma is being formed and then quenched. The high collision rate generated by the high temperature and pressure turns species into particles. Due to expansion and compression, the cavitation bubbles collapsed at their threshold volume, releasing particles into the liquid. These ligand-free reactive nanomaterials have the ability to develop a wide range of unique nanomaterials with a number of various geometries [44,45,46,47]. Irradiating a solution that already contains a broad range of nanoparticles with a pulsed laser results in the fragmentation of the nanoparticles, as well as the potential formation of alloyed NPs. Alloy NPs are formed when two individual NPs are brought into close proximity to one another while they are still in a molten state [48].





3. Results and Discussion


3.1. LIBS Spectrum of Bulk Alloy Fabricated Via the Arc Melting Technique


The LIBS technique makes use of the atomic emission spectroscopy of laser generated plasma in order to determine the elemental composition contents of the target. A target material is targeted by a high power laser, and a fraction of the target material is evaporated and ionized to produce plasma with a high pressure and temperature. Radiation that is distinctive of the elements present is emitted when the plasma starts to cool, and this radiation is recorded to generate a spectrum. This is subsequently used to find out about the sample’s composition [49,50]. As a potential analytical technique for both quantitative and qualitative analysis, LIBS has drawn more and more interest over the past several decades. The following are some major benefits of LIBS above the traditional methods, particularly when used to study multielement examination [51], there is no need for sample preparation [52], remote analysis is performed in situ [53], data are acquired in real-time [54], and there are only extremely small degrees of damage to the target materials [55]. The composition of bulk alloy synthesized using the arc-melting technique was studied using the LIBS method. Copper and cobalt elements were found from the laser induced plasma of the bulk alloy and LIBS spectrum is presented in Figure 3. The plasma parameters were also determined.




3.2. X-ray Diffraction Pattern of CuCo2O4 NPs


The X-ray diffraction pattern of CuCo2O4 nanoparticles synthesized via laser ablation is shown in Figure 4. Following the collection of X-ray powder diffraction data, it was found that copper-cobalt bimetallic particles showed diffraction peaks at 38.4, 44.5, and 65.1°, respectively, which correspond to the (222), (400), and (440) planes. CuCo2O4 nanoparticles displayed diffraction peaks at 38.3, 44.5, and 65.0° in the (222), (400), and (440) diffraction planes (PDF#76-1887) [56]. XRD characteristic diffraction peaks with minor differences, such as 38.3, 44.6, and 65.1°, corresponding to (222), (400), and (440) for CuCo2O4 particles have been reported in [57]. Diffraction peaks for CuCo2O4 nanoparticles have been found at 38.6, 44.8, and 65.2°, and they belong to (222), (400), and (440) planes, respectively [58,59,60].




3.3. VSM Study of Laser Assisted CuCo2O4 NPs


Figure 5 demonstrates the results of a study of magnetic hysteresis, that was performed for CuCo2O4 particles using the VSM technique. It was found that the nanomaterials synthesized via the laser ablation technique had a saturation magnetization of 1.64 emu/g, a coercivity of 424 Oe, and a magnetic remanence of 0.016 emu/g. Researchers found that copper doping is a useful tool for controlling the magnetic characteristics of a parent material by studying how the values of remanent magnetization, coercivity and saturation magnetization change as a function of the ratio of copper content. Thus, grain size, ion distribution, lattice distortion, and condensation may all have a role in the observed difference in magnetic properties [61]. It was found that there was a lower saturation magnetization than expected, and this was due to the fact that there was less amount of material present [62]. Furthermore, the NPs’ coercivity is influenced by several factors, including internal forces, particle size, secondary phases, magnetocrystalline anisotropy, lattice defects, and dislocations [63]. Saturation magnetization and coercivity are related to heat generation by the magnetic nanoparticles under alternating magnetic field.




3.4. SEM and EDX Results of CuCo2O4 NPs Synthesized Via Laser Ablation


The morphology of nanoparticles was examined using SEM. Figure 6a depicts the spherical structure of particles with a diameter of 219 nm that have tiny particles attached to them. The laser-assisted synthesized particles’ composition was determined by EDX analysis, and the corresponding spectrum is shown in Figure 6b. The copper, cobalt, and oxygen peaks were seen, and it is possible that the carbon-coated SEM grid would be responsible for the detection of a small peak of carbon. The EDX spectrum showed that there were significant peaks of cobalt, copper, and oxygen. The results of the EDX are presented in Table 1, which may be seen below. Cl originated from the used precursor, while Si, In, Na, Ca, and Mg originating from the indium tin oxide substrate have been observed [64].




3.5. TEM Image and Corresponding Histogram of CuCo2O4 NPs


Moreover, transmission electron microscopy was used to examine the size and shape of synthesized CuCo2O4 nanoparticles, as shown in Figure 7a, and the corresponding histogram is presented in Figure 7b. The average particle size is 32 nm, as seen by the histogram of the TEM image. The reported size of particles is 30–90 nm [60], while the average diameter of spherical microstructures is 20 nm [58], and the size of nanorods is 10–20 nm [65].




3.6. Dynamic Light Scattering Analysis of CuCo2O4 NPs


The hydrodynamic size of the nanofluid was recorded using dynamic light scattering, as shown in Figure 8. The hydrodynamic size of the nanoparticles produced via the laser ablation technique was found to be 28 nm. The polydispersity value for this sample was estimated to be 0.222. The polydispersity index determines the extent to which nanoparticles are of similar size [66].




3.7. Antibacterial Activities of CuCo2O4 NPs


The precise mechanisms of the nanostructure’s toxicity against different bacterial strains are not well known. NPs have the capacity to cling to bacteria. Low pH, high aeration, and high temperature all work against agglomeration to promote toxicity. For antibacterial applications, separate copper and cobalt nanostructures have been studied. As the quantity of agglomeration is lower, there is more surface area available to interact with bacterial cell membrane and solubilize copper ions, this results in increased toxicity. Copper in both its metallic and ionic forms generates hydroxyl radicals, which damage essential DNA and proteins [67]. The significant toxicity of CuO against E. coli, S. aureus, and B. subtilis strains has been demonstrated [68]. Improved bactericidal activity was seen in hydroxyapatite that had been doped with cobalt. It has not yet been determined how exactly cobalt kills bacteria; however, it is known that cobalt particularly affects DNA polymerization, that further damages DNA [69]. When cobalt binds to DNA, it may change the topology of the DNA and prevent DNA-binding proteins from functioning properly. This can have a negative impact on the efficiency of the DNA replication, repair, and transcription process. Additionally, cobalt is well-known to produce reactive oxygen constituents, which are responsible for the death of bacteria [70]. Cobalt nanomaterials have been proven to have antibacterial activity against different bacterial strains [71,72,73]. The phenomenon of targeting bactericidal nanostructures to particular bacteria or particular diseased tissue reduces side effects and boosts antibacterial activity, making it a promising approach for the treatment of infection [74]. Multifunctional nanomaterials may be quite helpful in this situation; for example, Fe3O4@TiO2 magnetic particles can effectively target various pathogenic bacteria and have effective antibacterial effect [75]. Magnetic hyperthermia and antibacterial properties of CuCo2O4 nanoparticles synthesized by laser ablation were studied in this research.



Figure 9 shows the results of a study employing the conventional agar well diffusion method to examine the antibacterial properties of CuCo2O4 nanoparticles [76] against strains of S. aureus (Gram-negative and -positive) and E.coli (Gram-negative and -positive). Both the positive and negative control groups showed an inhibition zone of 10 ± 0.4 mm when tested against S.aureus strains. However, when tested against E. coli strains, the inhibition zones recorded 13 ± 0.3 and 12 ± 0.3 mm for the positive and negative controls, respectively. The disruption of cell metabolism or the leaking of plasma after the insertion of the nanoparticles into the bacterial cell may both be used to explain the antibacterial activity of the produced nanoparticles [77,78]. When nanoparticles attacked cell organelles and caused cell line dissociations in bacteria, their normal metabolic activity might be disturbed. This led to cytoplasm leakage, which led to bacterial cell death and irregular expansion of the inhibitory process [79]. The schematic diagram in Figure 10, which was obtained from [80], illustrates how the bimetallic NPs exhibit their antibacterial action.




3.8. Mutagenicity by Ames Assay of CuCo2O4 Nanoparticles


The mutagenicity of synthesized nanomaterials was evaluated using the Ames test in accordance with the method described in the relevant reference [81]. Salmonella Typhimurium: TA-100 and TA-98 mutant strains were used to assess the mutagenicity of NPs. The test, background, and control plates were recorded visually. Purple wells were classed as negative wells, whereas partially and entirely yellow wells were considered positive wells. If the test plate wells turned purple, it meant the material is harmful to the test strain [82,83]. A fluctuation approach performed entirely in liquid culture was used to examine the gene mutation frequency and carcinogenicity. The color shifts of the sample wells were compared to those of the background wells. It was observed that CuCo2O4 particles synthesized through laser ablation method showed non-mutagenic capability against both S.typhimurium TA-98 and TA-100. Table 2 summarizes the results of the mutagenic activity. If the number of positive wells in the sample doubles when compared to the background, the sample is deemed to be mutagenic [81].




3.9. Magnetic Fluid Hyperthermia Study of Laser Synthesized CuCo2O4 Nanofluid


A lab-made magnetic setup was used to study the magnetic fluid hyperthermia of the synthesized CuCo2O4 nanofluid, and the schematic diagram is shown in Figure 11, as previously described in our work [26]. The rate of increase in temperature over time for the nanoparticles was studied in order to probe into the self-heating properties of particles for the magnetic hyperthermia, as shown in Figure 12.



The specific absorption rate (SAR) was recorded using the Equation (1) and SAR, defined as the amount of heat generated by the material per unit mass per unit of time, has been studied to gain insight into the heating capability of the magnetic sample [84,85]. The magnetic field intensity and frequency, the concentration of NPs, their shape, size, polydispersity, type, and the ferro-fluid chemical and physical properties are all known to affect the SAR [86]. According to a comprehensive study of magnetic hyperthermia conducted by various studies, the acceptable frequency range ranges from 10 kHz to 1 GHz [87,88], while the magnetic field’s amplitude may vary from 10 Oe to 1000 Oe [89,90].


  SAR =  C p    Δ T   Δ t      m s     m n     



(1)







In Equation (1),    m n    mass of the nanoparticles,      m   s    mass of the solution,    C p   , is the specific heat of solution, 4184 J⋅kg−1⋅K−1, and      Δ T     Δ t      is the initial slope of the heating curve. During magnetic fields of 230 and 247 μT, respectively, the specific absorption rates of 4.57 and 5.17 W/g were measured. The temperature of the sample initially begins to rise during the course of the experiment, but it eventually reaches a point where it is stable. This is because the heat that is generated by the nanoparticles is absorbed by the medium that is being used [91]. Recently, our group has reported the copper-iron and copper-nickel NPs for magnetic hyperthermia study synthesized using the laser ablation technique. For the copper-nickel nanomaterials, the SAR values of 5.04 and 2.18 W/g were reported, whereas the SAR values for the copper-iron nanomaterials were 9.74 and 7.39 W/g measured [26].



Magnetic Heating Mechanism


In general, Brownian relaxation and Néel relaxation, hysteresis loss and eddy currents are the four independent processes that can cause heating in magnetic nanoparticles, when exposed to high frequency magnetic fields. Eddy currents are not relevant for nanomaterial hyperthermia [92]. If a nanoparticle rotates as a consequence of this rotation, the nanoparticle has experienced Brownian relaxation and heat energy is transferred via shear stress in the fluid around it. Magnetic moment rotation without particle motion indicates Néel relaxation, and heat energy is released by the reorganization of atomic dipole moments in a crystal. In actual situations, both of these mechanisms could take place at the same time. However, an externally supplied magnetic field could give sufficient energy to shift the moments from its preferred direction. When the moment returns to equilibrium, this leads to the discharge of thermal energy, which causes local heating [18]. There have been many factors that may affect the magnetic nanoparticles’ heating efficiencies. As predicted, investigations reveal that the specific absorption rate (SAR) rises with the rising field strength, and the loss of power in the magnetic hyperthermia is proportional to the square of amplitude of the magnetic field [93,94,95]. The magnetic nanoparticles may generate thermal energy by following hysteresis loss, Brownian relaxation, and Néel relaxation, and exactly which of these mechanisms dominates depends largely on the size of the particle. In big particles, hysteresis losses predominate [93]. Anisotropy energy is the amount of energy needed to move a nanoparticle’s magnetic moment away from its preferred axis. Brownian rotation is made possible by this energy barrier. However, in Néel relaxation, where it has a huge impact on SAR due to its exponential effect on relaxation time, anisotropy plays a more prominent role. Controlling magnet anisotropy of the component particles in a particle system is thus very necessary in order to successfully optimize such a system for use in hyperthermia therapeutics. The higher nanoparticle concentrations needed for efficient hyperthermia can lead to systems with strong interactions. Therefore, measuring heating efficiency requires a thorough knowledge of the collective behavior of the particle systems in their entirety. Based on certain research, collective behavior may have a significant impact on SAR [18,93,96].






4. Conclusions


The bimetallic copper-cobalt alloy was fabricated using arc-melting technique and was analyzed using laser induced breakdown spectroscopy. This alloy was subsequently used to synthesize CuCo2O4 NPs using the environmentally friendly and contamination-free laser ablation technique. The TEM image showed that NPs were of spherical shape with an average size of 32 nm, while the DLS analysis showed hydrodynamic diameters of 28 nm. The synthesized NPs exhibited antibacterial activities. Both the positive and negative control groups showed an inhibition zone of 10 ± 0.4 mm when tested against S.aureus strains. For the positive and negative controls against the E. coli strain, the zones of inhibition were recorded as 13 ± 0.3 and 12 ± 0.3 mm, respectively. Further, nanomaterials showed non-mutagenic capability against both S. typhimurium TA-98 and TA-100 mutant strains. Finally, with magnetic fields of 230 and 247 μT, respectively, the specific absorption rates of 4.57 and 5.17 W/g were recorded. The results of the study on magnetic hyperthermia and antibacterial activity show that the synthesized nanoparticles can potentially be used in the treatment of cancer, as well as several other biological fields.
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Figure 1. Schematic diagram of the laser induced breakdown spectroscopy apparatus. 
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Figure 2. Laser ablation system for the generation of CuCo2O4 nanoparticles. 
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Figure 3. LIBS spectrum of arc-melting assisted synthesis of bulk alloy. 
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Figure 4. X-ray diffraction pattern of CuCo2O4 nanoparticles. 
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Figure 5. Magnetic hysteresis loop of CuCo2O4 nanoparticles. 
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Figure 6. (a) shows the SEM of laser synthesized NPs and (b) represents the EDX spectrum. 
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Figure 7. (a) shows the TEM of laser synthesized NPs and (b) represents the corresponding histogram. 
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Figure 8. DLS analysis of the laser fabricated CuCo2O4 nanoparticles. 
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Figure 9. (a,b) display of the inhibition zone (mm) of CuCo2O4 NPs against S.aureus for positive and negative controls and images (c,d) against E.coli for the positive and negative controls. 
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Figure 10. Schematic diagram, which was obtained from [80], illustrates how the bimetallic NPs exhibit their antibacterial action. 
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Figure 11. Shows the schematic diagram of magnetic hyperthermia. 
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Figure 12. Induction heating profile of time vs. temperature of CuCo2O4 nanoparticles. 
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Table 1. EDX analysis of the laser assisted synthesis of CuCo2O4.






Table 1. EDX analysis of the laser assisted synthesis of CuCo2O4.















	Element
	Line Type
	Apparent Concentration
	k Ratio
	Wt%
	Wt% Sigma
	Standard Label
	Factory Standard





	C
	K series
	0.59
	0.00592
	4.35
	1.03
	C Vit
	Yes



	O
	K series
	21.43
	0.07211
	20.7
	0.62
	SiO2
	Yes



	Co
	K series
	9.02
	0.09016
	15.16
	0.81
	Co
	Yes



	Cu
	L series
	20.96
	0.20956
	59.79
	1.06
	Cu
	Yes



	Total:
	
	
	
	100
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Table 2. Mutagenic activity of CuCo2O4 nanoparticles.






Table 2. Mutagenic activity of CuCo2O4 nanoparticles.





	
Samples

	
Number of Positive Wells/Number of Total Wells




	
S. typhimurium TA-98

	
Results

	
S. typhimurium TA-100

	
Results






	
Blank

	
0/96

	
Non-mutagenic

	
0/96

	
Non-mutagenic




	
Standard

	
78/96

	
Mutagenic

	
84/96

	
Mutagenic




	
Background

	
20/96

	
-

	
23/96

	
-




	
CuCo2O4 NPs

	
30/96

	
Non-mutagenic

	
38/96

	
Non-mutagenic
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