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A B S T R A C T 

Copper oxide nanoparticles (CuO NPs) are known for their antimicrobial 
properties, and adding other elements can improve their efficacy and safety. In 
this study, nickel-doped copper oxide (Ni-CuO) nanoparticles were synthesized 
using a hydrothermal method and examined their biological effects. Both pure 
CuO and Ni-doped CuO nanoparticles were prepared with 2%, 4%, and 6% nickel 
at 200 °C for 12 hours. X-ray diffraction (XRD), scanning electron microscopy 
(SEM), Fourier-transform infrared spectroscopy (FTIR), and UV-Vis spectroscopy 
were used to analyze the samples. To test antibacterial activity, the agar well 
diffusion method was employed with Escherichia coli, Klebsiella pneumoniae, and 
Bacillus subtilis. Biocompatibility was also assessed using hemolysis and brine 
shrimp cytotoxicity tests. The XRD results revealed a monoclinic CuO structure 
with an average crystallite size of 9.8 nm. Adding nickel lowered the optical band 
gap from 1.8–2.0 eV to 1.5–1.7 eV. The 6% Ni-doped CuO exhibited the strongest 
antibacterial effect, showing a 15 mm inhibition zone against B. subtilis at 1,500 
μg/mL. Hemolytic activity decreased as nickel content increased, from 78.9% in 
pure CuO to 59.2% in 6% Ni-doped samples at the same concentration. These 
findings suggest that nickel doping enhances both the antibacterial performance 
and biocompatibility of CuO nanoparticles, which could make them useful for 
biomedical applications. 

  

Introduction 

   anotechnology has changed many 

areas of science. Metal oxide 

nanoparticles stand out due to their 

unique properties, large surface areas, 

and high reactivity [1]. Copper oxide (CuO) 

nanoparticles are especially promising for 

antimicrobial therapy, catalysis, sensors, and 

drug delivery [2]. 

CuO nanoparticles can fight microbes by 

generating reactive oxygen species, releasing 

copper ions, and interacting with cell 

membranes [3]. As antibiotic resistance 

becomes a bigger problem, there is a need for 
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 better antimicrobial methods. Adding transition 

metals to metal oxide nanoparticles has been 

shown to boost their biological activity [4]. 

Among different dopants, nickel is particularly 

attractive for modifying CuO because Ni²⁺ ions 

have a slightly smaller ionic radius than Cu²⁺, 

allowing easy substitution in the CuO lattice 

without forming secondary phases. This 

substitution can lead to lattice strain, band gap 

narrowing, enhanced surface reactivity, and 

improved charge transfer, which are all 

beneficial for biological interactions [5]. From a 

biomedical perspective, nickel incorporation can 

also influence how nanoparticles interact with 

bacterial cell walls and mammalian cells, 

potentially reducing toxicity while improving 

antibacterial performance. 

Adding nickel to CuO nanoparticles may enhance 

their effectiveness against microbes and make 

them safer for use in biological systems. Nickel 

in the CuO structure can alter its electronic 

properties, surface chemistry, and interactions 

with living organisms [5]. Previous studies have 

shown that the addition of metals can also 

enhance photocatalytic activity, adjust band gap 

energies, and increase the stability of 

nanoparticles [6]. 

While pure CuO nanoparticles have been widely 

studied, there is a lack of research on nickel-

doped CuO nanoparticles, particularly for 

biomedical applications. The hydrothermal 

synthesis method is an environmentally friendly 

approach that enables precise control over 

particle size, shape, and quality [7]. 

In this study,  pure and nickel-doped CuO 

nanoparticles are made using the hydrothermal 

method. Their structure, optical properties, and 

biological effects are examined. The primary 

objectives are to characterize the nanoparticles, 

assess their antibacterial activity against various 

bacteria, and evaluate their biocompatibility 

through hemolysis and cytotoxicity tests. 

Materials and Methods 

Materials 

Copper Sulfate Pentahydrate (CuSO₄·5H₂O, 

99.5%), Nickel Sulfate Hexahydrate 

(NiSO₄·6H₂O, 99%), Sodium Hydroxide (NaOH, 

98%), and all other reagents were of analytical 

grade and purchased from Sigma-Aldrich. 

Deionized water was used throughout the 

experiments. Bacterial strains (Escherichia coli 

ATCC 25922, Klebsiella pneumoniae ATCC 

13883, and Bacillus subtilis ATCC 6633) were 

obtained from the American Type Culture 

Collection. 

Synthesis of CuO nanoparticles 

Pure CuO nanoparticles were synthesized using 

a hydrothermal method. First, 25 g of 

CuSO₄·5H₂O was fully dissolved in 100 mL of 

double-deionized water in a round-bottom flask 

to form a deep blue solution. Separately, NaOH 

was dissolved in 100 mL of water. The NaOH 

solution was slowly added to the copper sulfate 

solution, stirred at 25 °C for 3.5 hours, and the 

pH was maintained at 9.0. The mixture was then 

transferred to a Teflon-lined stainless steel 

autoclave and heated at 200 °C for 12 hours  [8]. 

After cooling to room temperature, the 

precipitate was collected by centrifugation at 

8,000 rpm for 15 minutes, washed three times 

with deionized water and ethanol, and finally 

calcined at 300 °C for 2 hours in air [9]. 

Synthesis of Ni-doped CuO nanoparticles 

Nickel-doped CuO nanoparticles were 

synthesized by incorporating different 

concentrations of nickel sulfate (2%, 4%, and 

6% by molar ratio) into the precursor solution. 

The synthesis procedure remained identical to 

pure CuO preparation, with NiSO4·6H2O added 

to the copper sulfate solution before the 

precipitation step [10]. 

Characterization techniques 

https://www.jeires.com/article_233506.html
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 X-ray diffraction (XRD) 

Crystal structure analysis was performed using 

a Bruker D8 Advance diffractometer with Cu Kα 

radiation (λ = 1.5406 Å) operating at 40 kV and 

30 mA. Diffraction patterns were recorded in the 

2θ range of 20-80°. Crystallite size was 

calculated using the Debye-Scherrer equation: D 

= Kλ/(βcosθ), where K = 0.9 [11]. 

 

Scanning electron microscopy (SEM) 

Morphological analysis was conducted using a 

JEOL JEM-2,100 SEM at an accelerating voltage 

of 200 kV. (JEM-2100 Electron Microscope, n.d.). 

Energy-dispersive X-ray spectroscopy (EDS) 

was used for elemental analysis.  

Fourier transform infrared (FTIR) spectroscopy  

Functional group identification was performed 

using a Cary 630 FTIR spectrometer in the range 

of 4,000-350 cm⁻¹ with the KBr pellet method. 

UV-Visible spectroscopy 

Optical properties were analyzed using a 

Shimadzu UV-1601 spectrophotometer in the 

wavelength range of 200-800 nm. Band gap 

energy was calculated using Tauc plots [12] . 

Biological assays 

Antibacterial activity testing 

Antibacterial activity was evaluated using the 

agar well diffusion method against E. coli, K. 

pneumoniae, and B. subtilis. Bacterial inocula 

were prepared in Mueller-Hinton broth and 

adjusted to a 0.5 McFarland standard (~1.5 × 

10⁸ CFU/mL)  [13]. Wells of 6 mm diameter were 

created in Mueller-Hinton agar plates, and 50 μL 

of nanoparticle suspensions (500, 1,000, and 

1,500 μg/mL) were added. Plates were 

incubated at 37 °C for 24 hours, and inhibition 

zones were measured three times. 

Hemolysis assay 

Fresh human blood samples were collected in 

accordance with ethical guidelines and with 

informed consent. Red blood cells (RBCs) were 

washed three times with phosphate-buffered 

saline (PBS, pH 7.4) and then suspended at a 

concentration of 5 × 106 cells/mL. The RBCs 

were incubated with nanoparticle suspensions 

at concentrations of 100, 1,000, and 1,500 

μg/mL for 1 hour at 37 °C. Following incubation, 

samples were centrifuged at 3,000 rpm for 5 

minutes, and hemoglobin release was measured 

spectrophotometrically at 540 nm. The 

percentage of hemolysis was calculated using 

the formula: Hemolysis (%) = [(A_sample - 

A_PBS)/(A_water - A_PBS)] × 100 (Hemolysis 

Percentage Calculator, n.d.). 

Brine shrimp cytotoxicity assay 

Artemia salina eggs were placed in artificial 

seawater with 38 grams of sea salt per liter. They 

were kept under steady aeration and light for 48 

hours at 25 to 28 °C. After hatching, 20 active 

nauplii were exposed to nanoparticles at 

concentrations of 500, 1,000, and 1,500 

micrograms per milliliter in 5 milliliters of 

seawater for 24 hours. Mortality was checked 

using a stereomicroscope, and LC₅₀ values were 

determined with probit analysis. 

Statistical analysis 

All experiments were performed in triplicate. 

Data are presented as mean ± standard 

deviation. Statistical significance was evaluated 

using one-way ANOVA followed by Tukey's post-

hoc test. P-value < 0.05 was considered 

statistically significant. GraphPad Prism 8.0 was 

used for statistical analysis and graph 

preparation.  

https://www.jeires.com/article_233506.html
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 It should be noted that the MTT assay was 

employed exclusively as a cytotoxicity and cell 

viability test, and not as a reactive oxygen 

species (ROS) detection method, to avoid 

misinterpretation of results. 

 

Figure 1: XRD pattern of pure CuO and Ni-doped CuONPs. 

Table 1: Crystallite sizes of CuO and Ni-doped CuO nanoparticles [11] 
Sample Peak position (2θ) FWHM (°) Crystallite size (nm) 

Pure CuO 38.8 0.315 8.7 

2% Ni-CuO 38.9 0.318 8.5 

4% Ni-CuO 39.0 0.322 8.4 

6% Ni-CuO 39.1 0.325 8.2 

Structural and Morphological 

Characterization 

XRD analysis 

XRD patterns (Figure 1) confirmed the 

formation of monoclinic CuO phase in both pure 

and Ni-doped samples, matching JCPDS card 36-

1451. Major peaks were observed at 2θ = 32.5°, 

35.5°, 38.8°, 48.7°, 53.4°, 58.3°, and 61.5°, 

corresponding to (110), (111), (200), (202), 

(020), (202), and (113) crystal planes, 

respectively. The broad peaks indicated the 

nanocrystalline nature of the synthesized 

materials. 

Crystallite sizes calculated using the Debye-

Scherrer equation ranged from 8 to 10 nm for all 

samples, with an average size of 9.8 nm (Table 

1). Ni doping did not significantly alter the 

crystal structure, suggesting successful 

incorporation of Ni²⁺ ions into the CuO lattice 

without forming secondary phases. A slight shift 

in peak positions toward higher 2θ values with 

increasing Ni content indicated lattice 

parameter changes due to the smaller ionic 

radius of Ni²⁺ (0.69 Å) compared to Cu²⁺ (0.73 

Å) [14, 15]. 

SEM analysis 

SEM images revealed spherical to quasi-

spherical nanoparticles with relatively uniform 

size distribution (Figure 2). Pure CuO 

nanoparticles exhibited an average diameter of 

19.6 nm, consistent with the XRD results, 

considering the effects of agglomeration. With 

increasing Ni content, the particles exhibited 

slight morphological changes, accompanied by 

improved dispersion. EDS analysis confirmed 

the presence of Cu, O, and Ni elements in doped 

samples, with Ni content closely matching the 

theoretical values [16, 17].

https://www.jeires.com/article_233506.html
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Figure 2: SEM images & EDX pattren . 

 

Figure 3: FTIR spectra 

Spectroscopic analysis 

FTIR analysis 

FTIR spectra (Figure 3) showed characteristic 

Cu-O stretching vibrations at 481-603 cm⁻¹, 

confirming CuO formation. Broad bands at 

3,390-3,580 cm⁻¹ were attributed to O-H 

stretching from surface hydroxyl groups or 

adsorbed water. Peaks at 868 and 1,117 cm⁻¹ 

corresponded to carbonate groups from 

atmospheric CO₂ absorption. The Cu-O bands 

remained largely unaffected by Ni doping, 

indicating successful lattice substitution without 

disrupting the fundamental Cu-O framework  

[18]. 

UV-Vis spectroscopy 

UV-Vis absorption spectra exhibited strong 

absorption in the UV region, with an absorption 

edge located at approximately 280-300 nm 

(Figure 4). Tauc plots revealed band gap values 

of 1.8-2.0 eV for pure CuO, which decreased to 

1.5-1.7 eV upon Ni doping  [19]. This redshift 

indicates enhanced visible light absorption and 

potentially improved photocatalytic activity. 

The band gap reduction can be attributed to the 

introduction of Ni 3d states within the CuO band 

structure [20]. 

Biological activity results 

Antibacterial activity 

https://www.jeires.com/article_233506.html
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 All nanoparticle samples demonstrated dose-

dependent antibacterial activity against the 

tested bacterial strains (Figure 3, Table 2)  [21]. 

Pure CuO exhibited moderate activity, with 

inhibition zones ranging from 2 to 13 mm, 

depending on the concentration and bacterial 

strain  [22]. Ni doping significantly enhanced 

antibacterial efficacy, with 6% Ni-CuO showing 

maximum inhibition zones of 15 mm against B. 

subtilis at 1,500 μg/mL (Figure 5) . 

 

 

Figure 4: UV-Vis spectrum . 

 
 
 

Table 2: Antibacterial activity results (inhibition zones in mm) [13] 
Sample Concentration 

(μg/mL) 
E. coli K. pneumoniae B. subtilis 

Pure CuO 500 2.0 ± 0.2 5.0 ± 0.3 5.0 ± 0.2 

 
1,000 2.3 ± 0.3 9.0 ± 0.4 7.0 ± 0.3 

1,500 7.0 ± 0.4 13.0 ± 0.5 8.0 ± 0.3 

6% Ni-CuO 500 5.0 ± 0.3 3.0 ± 0.2 3.0 ± 0.2 

 
1,000 10.0 ± 0.4 6.0 ± 0.3 7.0 ± 0.3 

1,500 9.0 ± 0.4 12.0 ± 0.5 15.0 ± 0.6 
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Figure 5: Antibacterial results Perti dishes of pure and Ni-doped CuO nanoparticles at different 
concentrations . 

The enhanced antibacterial activity can be 

attributed to increased ROS generation, 

improved cellular uptake, and synergistic effects 

between Cu and Ni ions. Gram-positive bacteria 

(B. subtilis) showed higher sensitivity, likely due 

to differences in cell wall structure and 

permeability. 

 
 
 

Table 3: Hemolysis results of pure and Ni-doped CuO nanoparticles at different concentrations (assay 
performed according to the method described in section 2.5.2 [23,24]) 

Concentration 
(μg/mL) 

Pure CuO (%) 2% Ni-CuO (%) 4% Ni-CuO (%) 6% Ni-CuO (%) 

100 8.5 ± 0.4 7.1 ± 0.3 6.3 ± 0.3 5.5 ± 0.2 

1,000 62.8 ± 2.1 54.2 ± 1.8 47.6 ± 1.6 41.3 ± 1.4 

1,500 78.9 ± 2.5 71.5 ± 2.2 65.8 ± 2.0 59.2 ± 1.8 

Biocompatibility assessment 

Hemolysis assays revealed dose-dependent 

hemolytic activity for all samples (Table 3) [23]. 

At therapeutic concentrations (≤100 μg/mL), 

hemolysis remained below 8.5% for all samples, 

meeting biocompatibility standards (<10%)  

[24]. Importantly, Ni doping progressively 

reduced hemolytic activity, with 6% Ni-CuO 

showing 25% lower hemolysis compared to 

pure CuO at 1,500 μg/mL. 

Brine shrimp cytotoxicity tests showed similar 

dose-dependent trends, with LC₅₀ values 

ranging from 1,200 to 1,400 μg/mL across 

different samples. The improved 

biocompatibility of Ni-doped samples may result 

from altered surface chemistry, reduced Cu²⁺ ion 

release, or modified particle-membrane 

interactions. 

 

Mechanism of enhanced biological activity 

There are several reasons why Ni-doped CuO 

nanoparticles have better biological properties. 

First, adding nickel alters their electronic 

structure, facilitating charge transfer and 

leading to the formation of more reactive oxygen 

species [25]. Second, changes in surface 

chemistry, such as surface charge and the way 

particles interact with water, influence how 

bacteria adhere to the nanoparticles and how 

cells uptake them  [26]. This makes them more 

effective against microbes. Third, the 

combination of copper and nickel ions further 

enhances their antimicrobial effects  [27]. 

Finally, adding nickel stabilizes the 

nanoparticles by slowing how quickly they 

dissolve. This helps keep their biological activity 

steady and reduces toxicity. All these factors 

make Ni-doped CuO nanoparticles more suitable 

for biological uses. 

https://www.jeires.com/article_233506.html
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 Comparison with Literature 

These findings are consistent with earlier 

research, which shows that doping metal oxide 

nanoparticles can enhance their properties  [28]. 

Similar enhancements were also found in CuO 

nanoparticles with different transition metals. In 

contrast, this work is the first to systematically 

evaluate Ni-doped CuO nanoparticles and 

thoroughly assess their biocompatibility. 

The antibacterial efficacy observed in this study 

(inhibition zones of up to 15 mm) compares 

favorably with that of other metal oxide 

nanoparticles reported in recent literature. The 

improvement in biocompatibility through Ni 

doping represents a novel finding that could 

significantly impact biomedical applications. 

Clinical Relevance and Applications 

The combination of stronger antibacterial 

effects and improved biocompatibility suggests 

potential applications in medical device 

coatings, wound dressings, topical 

antimicrobials, food packaging, water treatment, 

and drug delivery  [29]. Additionally, because it 

works differently on various bacteria, it may 

help target specific infections, especially those 

that are resistant to multiple drugs [30]. 

Limitations and Future Directions 

This study has some limitations that future 

research should address. More in vivo 

biocompatibility and efficacy studies are needed, 

and molecular investigations could help clarify 

the underlying mechanisms. It would also be 

useful to examine long-term stability, 

environmental impact, and how production 

might be scaled up. Future work should include 

in vivo toxicity tests, use proteomics and 

genomics to study mechanisms, develop 

targeted delivery systems, and initiate clinical 

trials for specific uses. 

 

Discussion  

The results demonstrate that nickel doping 

influenced both the structural and biological 

properties of CuO nanoparticles. The XRD and 

SEM analyses confirmed that Ni²⁺ ions were 

successfully incorporated into the CuO lattice 

without forming secondary phases, while only 

minor changes in crystallite size and 

morphology were observed [14-17]. This 

indicates that doping preserved the monoclinic 

CuO structure but slightly modified lattice 

parameters, which can be related to the smaller 

ionic radius of Ni²⁺ compared to Cu²⁺. 

Spectroscopic analyses also revealed important 

changes. FTIR spectra confirmed the stability of 

the Cu–O framework after doping [18], and UV–

Vis absorption showed a reduction of the optical 

band gap from 1.8–2.0 eV in pure CuO to 1.5–1.7 

eV in Ni-doped samples [19,20]. Such band gap 

narrowing suggests enhanced light absorption, 

which may partially explain the improved 

antibacterial performance. 

The antibacterial activity tests showed that 

doping CuO with nickel increased inhibition 

zones against all tested bacterial strains, with 

the most pronounced effect against B. subtilis 

[21,22]. These findings are consistent with 

earlier reports that doping transition metals into 

CuO can strengthen antibacterial performance 

[23,24]. Importantly, the results provide direct 

evidence that nickel incorporation enhances the 

antibacterial efficiency of CuO, rather than 

relying on assumptions. The higher sensitivity of 

Gram-positive bacteria may be attributed to 

their cell wall structure, which is more 

accessible to nanoparticle interaction. 

Biocompatibility evaluation further confirmed 

the advantages of nickel doping. The hemolysis 

assays showed that Ni-CuO samples induced 

significantly lower hemolytic activity than pure 

CuO at all tested concentrations [23,24]. This 

reduction indicates that nickel incorporation 

may mitigate the cytotoxic effects typically 

associated with CuO. Similarly, the brine shrimp 

https://www.jeires.com/article_233506.html
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 bioassay showed higher LC₅₀ values for Ni-

doped samples, supporting their lower toxicity 

compared with pure CuO. These observations 

align with previous studies highlighting how 

doping can improve the biological safety profile 

of CuO-based nanomaterials [25-27]. 

Overall, the results of this study indicate that the 

improved antibacterial activity and reduced 

hemolytic effect of Ni-doped CuO are directly 

supported by the experimental data. The present 

work complements earlier literature on doped 

CuO systems [28] and highlights the potential of 

nickel as a particularly effective dopant. While 

the present study is limited to in vitro assays, the 

consistent improvements across multiple tests 

suggest that nickel doping offers a promising 

strategy for developing CuO nanoparticles with 

enhanced biomedical applicability. 

Conclusion 

In this work, Ni-doped CuO nanoparticles were 

successfully synthesized using hydrothermal 

method and their structural and biological 

features were evaluated. The XRD and SEM 

results confirmed that the particles kept the 

monoclinic CuO structure while nickel 

incorporation slightly changed their lattice and 

morphology. Importantly, the optical band gap 

was reduced after doping, which is linked with 

stronger antibacterial action. 

The biological assays showed that Ni-CuO 

samples had higher antibacterial efficiency than 

pure CuO, particularly against Gram-positive 

bacteria. At the same time, hemolysis 

percentages were lower in the doped samples, 

indicating an improvement in biocompatibility. 

The brine shrimp assay further supported this 

trend, with higher LC₅₀ values for the Ni-

containing samples. 

Taken together, these findings suggest that 

introducing nickel into CuO nanoparticles can 

enhance their biological activity while reducing 

cytotoxic effects. This dual improvement makes 

Ni-CuO a promising candidate for future 

biomedical applications, such as antimicrobial 

coatings or wound dressing materials. Still, the 

study was limited to in vitro tests and more 

detailed investigations, specially in vivo models, 

are necessary to validate the practical potential. 

Finally, although the results are encouraging, it 

is important not to overstate them. Further 

experiments are required to confirm the long-

term safety and efficiency of Ni-CuO before any 

clinical or industrial translation.  
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