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Abstract 

The regulatory role of zinc in bone formation extends to the activation of proteins associated with bone homeostasis. 
Furthermore, copper is well known for its antibacterial properties. This dual function underscores the significance 
of zinc and copper in maintaining a balance of bone structure and function. In light of the aforementioned, zinc 
sulphide/copper oxide nanocomposites were created in this instance using a straightforward coprecipitation tech-
nique. Copper oxide was used as a nanocomposite to improve the structural, morphological, and biological perfor-
mance of zinc sulphide nanoparticles. The X-ray diffraction pattern confirmed a transformation in the crystal structure 
from cubic to rhombohedral, along with increase in intensity. Fourier transforms infrared analysis indicated the pres-
ence of functional groups. Scanning electron microscopy images demonstrated a morphological shift from non-uni-
form to distinct spherical nanoparticles, impacting the enhancement of material properties. The pathogenic activity 
of the zinc sulphide/copper oxide nanocomposites was tested against nine bacterial strains. In antimicrobial testing, 
zinc sulphide/copper oxide nanocomposites showed promising results, particularly against Klebsiella pneumoniae 
(zone of inhibition: 14 mm at 100 µg/mL compared to 7 mm by standard) and Escherichia coli (zone of inhibition: 
11 mm at 100 µg/mL compared to 10 mm by standard) after 24 h with zone of inhibition matching or exceeding 
that of the standard (chloramphenicol). Zinc sulphide nanoparticles and zinc sulphide/copper oxide nanocomposites 
were evaluated for their antifungal activity against fungal stains from Trichophyton rubrum, Aspergillus niger, and Asper-
gillus flavus. After a 24-h period, it was discovered that zinc sulphide/copper oxide nanocomposites were effective 
against Aspergillus flavus (zone of inhibition: 19.4 mm at 100 µg/mL compared to 6.3 mm by standard) at all concen-
trations (25–100 mg/mL), with zones of inhibition identical to or greater than those of the standard (fluconazole). 
Certainly, based on these results, zinc sulphide/copper oxide nanocomposites could be promising materials for drug 
delivery.
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Introduction
Nanomedicine (or the use of materials with nanometer 
dimensions in medicine) has shown promise in treat-
ing osteomyelitis by delivering targeted therapies to 
infected bone tissue, prolonging drug delivery, avoiding 
immune system clearance, and reducing side effects [1]. 
Research in this area has explored the use of nanoparti-
cles for improved drug delivery and imaging modalities 
for improved disease diagnosis and treatment monitoring 
[2]. Furthermore, the biogenic (or biological) synthesis 
of nanoparticles has enhanced antimicrobial properties 
and reduced the toxicity of such materials in the body [1, 
2]. A class of nanomaterials known as nanocomposites 
(NCs) consist of two or more solid materials that have 
various physical and chemical characteristics. The dis-
tinctive catalytic, optical, and electrical characteristics 
of metal-based NCs can be tailored by modifying their 
size, shape, and surface. At the molecular level, they can 
be synthesized using inorganic or organic components to 
acquire new features.

A possible strategy for realizing broad functionality is 
the production of NCs. Blumstein reported the first study 
on NCs in 1961, and his subsequent investigations in 
1965 showed even greater promise [1]. A NC can serve 
as a representative of synergistic properties that lacks in 
individual components. The high surface/volume ratio of 
NCs enables them to become materials for future appli-
cations. These findings also indicate new methods for 
eliminating the current constraints of microcomposites 
and monolithics. The overall characteristics of the end 
product can differ from and are more effective than those 
of the individual components. Batteries, gas sensing, 
prosthetic implants, and targeted drug delivery have all 
been improved from the use of NC materials compared 
to conventional materials [2].

As a consequence of their ability to accommodate bio-
logical functionalization, nanofeatures, etc., NCs are rec-
ognized for their use in the biomedical industry, such 
as for the treatment of infections and/or cancer cells [3, 
4]. Additionally, they combat drug resistance and sig-
nificantly reduce systemic toxicity. Despite the potent 
effects of the new generation of medications, the major-
ity of them have drawbacks such as limited gastrointesti-
nal permeability, poor stability, poor solubility in water, 
and resistance to bacteria and/or cancer cells [3]. It is 
important to explore sustainable alternatives and inno-
vative approaches for therapeutic techniques to address 
environmental concerns and minimize impacts on future 
generations. Research on inorganic and polymeric car-
riers aims to identify materials with enhanced perfor-
mance for various applications, including drug delivery 
and other therapeutic techniques. Advances in materials 
science can lead to more efficient and environmentally 

friendly solutions [4]. Modern society, industrializa-
tion, and innumerable human activities cause a variety 
of bacterial and viral ailments. In many scientific fields, 
including healthcare, manufacturing, food preservation, 
and water purification, the role of antibacterial agents is 
indispensable.

Osteomyelitis is a serious bone infection typically 
caused by pyogenic (pus-producing) bacteria, such 
as Staphylococcus aureus [5]. The infection can occur 
through bloodstream dissemination, direct bone contam-
ination, or continuous spread from nearby tissues. Bacte-
ria are indeed common causes of infection, but viruses, 
fungi, and parasites can also lead to various infections 
[5]. Osteomyelitis treatment is challenging due to anti-
microbial resistance, antibiotic tolerance from metabolic 
changes or biofilm formation, limited antibiotic penetra-
tion into infected bone, and colonization of antibiotic-
protected reservoirs within the bone substructure [5].

Compared with conventional antibiotics, NCs show 
promise for preventing existing resistance mechanisms, 
potentially reducing the likelihood of resistance develop-
ment. The unique properties and mechanisms of action 
of these bacteria contribute to their potential effective-
ness in addressing antibiotic resistance challenges [5, 
6]. Researchers are currently particularly interested in 
producing NCs using different reducing and capping 
agents and evaluating how effective they are biologically 
in getting rid of bacteria and viruses [1, 2, 6]. Using this 
method, the precursors are allowed to dissolve in the 
selected solution, and under favourable thermodynamic 
conditions, the reaction produces simultaneous forma-
tion, growth, and coarsening. This approach’s primary 
determinants of product morphology and size are the 
ripening, nucleation, and aggregation processes [6].

Since metals do not attach to a particular receptor on 
a bacterial cell, metal-based nanoparticles (NPs) function 
as nonspecific antibacterial agents. Additionally, metal-
based NPs broaden the spectrum of their antibacterial 
activity and prevent germs from becoming resistant. The 
findings indicate that the first step toward nanotoxicity 
is electrostatic interactions between the cell surface and 
NPs, which are followed by an increase in the perme-
ability of the membrane, morphological alterations in the 
cell, and their formation in the cytoplasm [5]. The use of 
semiconductor materials, especially metal chalcogenides, 
in photoluminescence, optoelectronics, solar cells, opti-
cal sensor devices, and other technologies has drawn 
attention because of the broadband gap [3, 4]. Zinc sul-
phide (ZnS) is a metal chalcogenide that has been stud-
ied and shown to be beneficial for a number of specific 
applications. It exhibits bandgaps of 3.68 and 3.77  eV 
and is found in the sphalerite cubic phase at normal 
temperature or the hexagonal wurtzite phase at a higher 
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temperature. It has typically been used in the optoelec-
tronic industry because of its broadband bandgap [7–9]. 
There is a large surface-to-volume ratio in ZnS nanocrys-
tals. Transition metals, including Ni, Mn, Cu, and Co, 
may be added in minuscule quantities to ZnS to adjust 
the band gap energy. This may result  in better lumines-
cence characteristics over a larger spectrum range as well 
as novel characteristics achieved by the dopants. In addi-
tion, the material has excellent thermal stability, strong 
chemical stability, low toxicity, high electronic mobility, 
and environmental safety.

The most common methods involved in the synthesis 
of metal NCs include the sol–gel method, spray pyroly-
sis, electrodeposition, vapor techniques, and so on [1]. 
Metal-doped ZnS was reported via different chemical 
methods by many researchers due to its excellent pho-
tocatalytic efficiency [10–23]. Sathishkumar et al. previ-
ously reported on ZnS nanocrystalline thin films doped 
with copper and aluminium using a sol–gel dip coating 
method [24]. When compared to other bacteria and con-
centrations, the resultant material demonstrated higher 
antibacterial activity against Escherichia coli because of 
the reduced crystallite size and strong surface-to-vol-
ume ratio of Cu doping (4%) in ZnS thin films. Similarly, 
Chaliha et al. produced Cu-doped ZnS NPs using a solvo-
thermal method using mercaptosuccinic acid (MSA) and 
sodium citrate (SC) as capping agents [25]. When MSA 
was utilised as a capping agent, the particles demon-
strated outstanding antibacterial activity against Bacillus 
subtilis. Many studies have concentrated on employing 
polymers or a reduced graphene oxide matrix to enhance 
ZnS properties. Researchers reported a nano-ZnS/poly-
styrene composite by using a surfactant-free emulsion 
polymerization method. By adjusting the reaction param-
eters, they tuned the morphology of the composite from 
that of a raspberry to that of a hollow sphere [26]. ZnS/
polyaniline NCs prepared by the coprecipitation method 
acted as efficient electrocatalysts for oxygen evolution 
[27]. Using a hydrothermal approach, a ZnS-reduced 
graphene oxide (ZnS/rGO) NC has also been reported 
[28]. The prepared NC also functioned as a superior pho-
tocatalyst for synthesizing benzazoles. By photocatalyti-
cally degrading methyl orange in an aqueous solution, the 
photocatalytic activity of ZnS/rGO NCs produced using 
a single-step solvothermal technique were examined [29]. 
Furthermore, the surface reaction rate constant of the 
ZnS/rGO NCs was six times greater than that of the ZnS 
NPs, indicating that the NCs exhibited more photocata-
lytic activity than the former. Dadi et al. investigated the 
antibacterial properties of zinc oxide (ZnO) and copper 
oxide (CuO) NPs produced via the sol–gel method [30].

Experiments against Staphylococcus aureus, Escheri-
chia coli, and Pseudomonas aeruginosa were conducted 

using the disc and well diffusion method [29]. During 
the terminal stationary phase, the ZnO NPs lose activ-
ity, while the CuO NPs maintain this activity. To create 
CuO NPs, Khatoon et al. employed a chemical reduction 
technique involving oxalic acid, sodium borohydride, 
and trisodium citrate as different chelating and reducing 
agents [31]. Among other agents, sodium borohydride-
assisted CuO exhibits greater bacterial activity against 
a range of pathogens. As one of the simplest, economi-
cal, and quick processes, coprecipitation offers perfect 
stoichiometry control, low-temperature synthesis, and 
good chemical uniformity and can be readily applied on 
a wider scale for commercial applications. It produces 
an extremely pure nanomaterial in a way that is safe for 
the environment and does not require the use of hazard-
ous chemical solvents or high-pressure or temperature 
treatments [32]. Several metal oxide-based NCs have 
been investigated for dye removal/degradation, photo-
catalytic properties, antioxidant potential, and antibacte-
rial activity [33–39]. ZnO and CuO-based nanomaterials 
have also been investigated for dye removal/degrada-
tion in the literature [40–42]. Many studies have been 
conducted on Cu/ZnS, but they have all been aimed at 
improving the luminescence and catalytic activity of vari-
ous dyes [9, 19–23]. Various ZnO and CuO/CuS-based 
NCs have also been studied for their antibacterial activity 
and adsorption potential [43–46]. However, the informa-
tion regarding the antibacterial and antifungal potential 
of ZnS/CuO@NCs is scarce in the literature. As a result, 
the objective of the present study was to determine the 
potential of enhancing the bioactivity (antibacterial and 
antifungal) of ZnS/CuO@NCs for osteomyelitis therapy. 
The ZnS/CuO@NCs used in this work were synthesized 
using a low-cost, one-pot coprecipitation technique, and 
their antibacterial, antifungal, optical, and structural 
properties were assessed. Chemical coprecipitation is 
one of the best options for synthesizing ZnS NPs since 
it has several benefits, including excellent purity and a 
uniform chemical structure [14, 22]. Furthermore, copre-
cipitating ZnS is a preferable option for synthesizing the 
material since it reduces the possibility of turning ZnS 
into ZnO even at higher temperatures during calcination. 
They can provide controlled drug release, improving the 
effectiveness of antibiotics at the infection site while min-
imizing systemic side effects. Additionally, NCs may offer 
enhanced mechanical properties for bone regeneration in 
osteomyelitis-affected areas.

Materials and methods
Chemicals and reagents
Himedia (Mumbai, India) provided the analytical grade 
ethanol, copper acetate (Cu(CH3COO)2), sodium sul-
phide nonahydrate  (Na2S⋅9H2O), and zinc acetate 
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dihydrate (Zn(CH3CO2)2·2H2O). Chloramphenicol 
(CMP; 50 mg/L) and fluconazole (FCZ; 5000 mg/L) were 
obtained from Sigma Aldrich (Mumbai, India) and sued 
as antibacterial and antifungal standard, respectively. 
Double distilled water (DDW) was employed throughout 
the experiment for dilituion purpose. Semisolid Mueller–
Hinton agar (MHA) was purchased from SD Fine Chemi-
cals (Mumbai, India). The detail information regarding 
each material is presented in Table  1. Abbes Biotech 
(Coimbatore, India) provided the bacterial strains of E. 
coli, K. pneumoniae, S. dysenteriae, P. vulgaris, P. aerugi-
nosa, S. aureus, S. pneumoniae, and B. subtilis, while K.G. 
Hospital (Coimbatore, India) provided the fungal strains.

The purity was provided by supplier of each material.

Synthesis of ZnS and ZnS/CuO nanocomposites
After adding Zn(CH3CO2)2·2H2O (0.2  M) to 100  mL 
of DDW at room temperature, the mixture was con-
tinuously agitated for 30  min using a mechanical stir-
rer. Zn(CH3CO2)2·2H2O was aggressively agitated and 
allowed to completely dissolve in DDW, forming a 
transparent, homogenous solution. The zinc precur-
sor solution was added dropwise to an equimolar  Na2S. 
 9H2O solution that had been prepared independently. 
When the  Na2S.9H2O solution was completely mixed, 
a milky mixture developed, indicating the start of the 
ZnS NPs production. For two hours, the resultant liquid 
was continuously churned. By centrifuging the solution 
at 3000 rpm, a white precipitate appeared was removed 
followed the removal of residual salts using  DDW and 
ethanol. After washing, the precipitate was recovered and 
dried at 80 °C. In the same way, 0.4 M and 0.6 M ZnS NPs 
were prepared [27]. The formation of ZnS NPs is exhib-
ited in Scheme 1. To prepare ZnS/CuO@NCs, 100 mL of 
a 0.1 M Cu(CH3COO)2 solution was added dropwise to 
a 0.5  M ZnS solution under continuous stirring for 2  h 
at room temperature. To eliminate any residual material 
present in the mixture, the retrieved precipitate was cen-
trifuged initially with DDW and then with ethanol. The 
samples were subsequently dried in an oven at 80 °C and 

utilized for further characterization. Each synthesis was 
performed in triplicates. The yield (% w/w) of ZnS NPs 
and ZnS/CuO@NCs was determined to be 84.12 ± 1.54 
and 86.32 ± 1.64% w/w, respectively.

Characterization
X‑ray diffraction (XRD)
XRD is a widely acknowledged non-destructive method 
that yields detailed information about the chemical 
composition and crystal structure of many substances. 
An X’Pert PRO BRUKER diffractometer equipped with 
CuKα radiation (λ = 1.5406  Å) was used to analyze the 
structural phase and crystallinity of the resultant nano-
composite at an angle (2θ) ranging from 10 to 80°.

Fourier transform infrared (FTIR) spectroscopy
To investigate the presence of vibrations between 4000 
and 400  cm−1, the prepared materials were exposed to a 
FTIR utilizing a Bruker Alpha II spectroscope.

Scanning electron microscopy (SEM) and energy dispersive 
X‑ray (EDX) analyses
The surface morphology of the synthesized nanocompos-
ites was investigated using a SEM (SEM; JEOL JSM 6390, 
Tokyo, Japan). The presence of different elements in the 
NP sample was determined by EDX analysis in conjunc-
tion with SEM. ZAF correction was applied during EDX 
programming to resolve the specimen, where Z indicates 
the atomic number, A represents  the absorbance, and F 
indicates fluorescence. To obtain the final elemental char-
acterization results for the sample, data were extracted 
from the perfectly formed particles exposed on the top 
of the plate.

Antibacterial activity
Following guidelines from the Clinical Laboratory Stand-
ards Institute (CLSI), the antibacterial performance of 
ZnS NPs and ZnS/CuO@NCs was investigated using 
the well diffusion method against eight different organ-
isms at different concentrations (25, 50, 75, and 100 µg/

Table 1 The information regarding the materials used

Compound Molecular formula Grade Purity (%) Source

Copper acetate Cu(CH3COO)2 Analytical 98.5 Himedia

Sodium sulphide Na2S.9H2O Analytical 99.1 Himedia

Zinc acetate Zn(CH3CO2)2·2H2O Analytical 98.6 Himedia

Chloramphenicol C11H12ClN2O5 Pharmaceutical 98.0 Sigma Aldrich

Fluconazole C13H12F2N6O Pharmaceutical 98.0 Sigma Aldrich

Ethanol C2H5OH Analytical 99.8 Himedia

Water H2O Double distilled – Distillation unit



Page 5 of 14Sharmila et al. BMC Chemistry          (2024) 18:204  

mL): E. coli, K. pneumoniae, S. dysenteriae, P. vulgaris, 
P. aeruginosa, S. aureus, S. pneumoniae, and B. subtilis 
[47]. In summary, 20 mL of semisolid MHA were added 
to Petri dishes. Before being cultured with 1.5 ×  106 CFU/
mL suspensions of each bacteria separately on the sur-
face of the solid medium MHA using a sterile brush, the 
bacteria were cultivated in nutrient broth (NB) for 24 h. 
On the surface of the inoculated agar plates, NPs at dif-
ferent concentrations  (ranging from 25 to 100  µg/mL) 
were impregnated into the wells (6 mm in diameter). The 
plates were incubated at 37 °C for 24 h. The antibacterial 
activity was ascertained by measuring the diameter of the 
inhibitory zone (mm). The diameter of zone of inhibition 
was measured using a metric ruler. CMP  was used as a 
positive control.

Antifungal activity
The effectiveness of the synthesized ZnS NPs and ZnS/
CuS@NCs was assessed against three different fun-
gal strains, i.e., T. rubrum, A. niger, and A. flavus. Three 
types of fungal strains were segregated on agar with 
potato dextrose. The turbidity of the well after 24  h at 
30  °C was used to compute the minimum inhibitory 
concentration [45]. Following a 24-h incubation period, 
the cultivated fungus was swabbed onto potato dextrose 
agar plates using cotton-tipped swabs. The standard drug 
used was FCZ. Phosphate buffer saline was used to pre-
pare the samples at various concentrations (25, 50, 75, 

and 100  µg/mL) via the well diffusion method and well 
puncture. Approximately 20 µL of the appropriate sample 
concentration was added to each well. The samples were 
incubated at room temperature for 24 h.

Statistical analysis
One-way analysis of variance (ANOVA) followed by 
Dunnett’s test was used for the statistical analysis, with a 
P value of 0.05 considered significant. Graph-Pad Prism 
Software (San Diego, CA, USA) was utilized for all data 
analysis, and the tests were run three times.

Results and discussion
XRD
Figure  1 shows the structural information, such as the 
phase purity, crystalline nature, and structure of the 
ZnS NPs and ZnS/CuO@NCs. Three noticeable broad 
peaks that corresponded to the (1 1 1), (2 2 0), and (3 1 
1) reflection planes were seen in the XRD pattern of ZnS 
(0.2, 0.4, and 0.6 M) for all three samples. The produced 
powder’s diffraction peak positions all match the cubi-
cal zinc mixed structure and are in good agreement with 
the results presented in JCPDS No. 05–0566 [23–25, 48]. 
Peak broadening signifies the NPs’ creation. A small vari-
ation was seen with different ZnS concentrations (0.2, 0.4, 
and 0.6 M), as Fig. 1 illustrates. The results showed that 
0.6 M was optimized to attain a better intensity, and the 
NCs were prepared using the same concentration. The 

Scheme 1 Scheme for the synthesis of ZnS NPs using a simple coprecipitation approach
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XRD pattern of ZnS/CuO in Fig.  1 displays extra peaks 
at 32.63°, 36.54°, and 61.57°, which correspond to the 
(110), (111), and (220) planes, respectively. These peaks 
suggest that the ZnS/CuO@NCs display the following 
peaks, which correspond to ZnS: (1 1 1), (2 2 0), and (3 1 
1), as well as additional metallic peaks from CuO. On the 
other hand, the structural deformation (monoclinic) that 
occurs due to the formation of the NC and the crystalline 
nature of the material also increase upon the addition of 
CuO without any further impurities. Using the Debye-
Scherer formula, the average crystallite size of the nano-
materials was calculated as follows:

where D is the crystalline size, K indicates Scherrer’s 
constant (0.98), λ denotes the wavelength (1.54 Å), and β 
represents the full width at half maximum. Using the fol-
lowing equations, the dislocation density and microstrain 
were estimated and are shown in Table 2.

(1)D =

K�

βcosθ

(2)δ =
1

D2

(3)ε =

βcosθ

4

Table 2 indicates that as molarity increased, grain size 
increased while strain and dislocation density dropped. 
The development of a NC led to a considerable reduction 
in the size of the crystallite. Alharbi et al. found similar 
results for a ZnS/chitosan composite utilizing the hydro-
thermal method, observing that the average crystallite 
size was 11.50 nm [49]. A ZnS-silver sulphide NC made 
by Srivastava et  al. using the precipitation method had 
larger crystallites than the crystals found in the present 
work [48].

FTIR
Figure  2a, b shows the FTIR transmittance spectra of 
ZnS and ZnS/CuO@NCs. The transmittance peaks for 
ZnS were found at 612, 668, 1020, 1341, 1428, 1559, 
2103, and 3301   cm−1, as per the FTIR spectrum analy-
sis. The Zn–S stretching vibration mode and the cubic 

Fig. 1 XRD patterns of a ZnS NPs and b ZnS/CuO@NCs to identify crystallinity of prepared materials

Table 2 XRD parameters of ZnS NPs and ZnS/CuO@NCs at 
different concentrations

Concentration (M) Crystallite 
size (nm)

Dislocation 
density (×  1014 
lines/m2)

Strain (×  10–3 
 lines2m−4)

0.2 37.80 6.998 9.5747

0.4 59.35 2.838 6.0997

0.6 61.10 2.675 5.9247

ZnS:CuO 11.36 77.48 32.67
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Zn–S features are associated with the peaks at 612 and 
668   cm−1, respectively [50–52]. Organic molecules have 
a vibrational mode, and their presence was established 
by the discovery of a peak at 1020   cm−1 [51]. The peak 
at 1428 and 1559  cm−1 was caused by symmetric stretch-
ing modes in the carboxylic group of the precursor (zinc 
acetate) and –C=O on the surface of the generated NPs 
during the spectrum recording process [52]. The strong 
and broad transmittance peak that is observed for all ZnS 
NPs between 3410 and 3465  cm−1 is consistent with the 
O–H stretching and bending modes of  H2O [53]. The 
transmittance peak moved from 612   cm−1 to 522   cm−1 
as a result of the Cu–O vibration mode (Fig.  2b). Fur-
ther, the addition of copper acetate suppressed the ZnS 
peak found at 668 and 1020   cm−1, and the presence of 

CuO in ZnS was indicated by a sharp peak at 1133  cm–1. 
Additionally, the broad transmittance peak caused by the 
O–H molecule shrank.

SEM and EDX analysis
Surface respite, grain formation, and the effects of 
the addition of the composites were all examined by 
SEM. Figure 3a–d displays SEM images of ZnS/CuO@
NCs and 0.2  M, 0.4  M, and 0.6  M ZnS NPs that were 
annealed at 80  °C. The results obtained from 0.2 and 
0.4  M ZnS NPs exhibited nonuniform surface mor-
phologies with agglomeration due to the experimen-
tal conditions, including temperature, pH, precursor 
composition, reaction time, etc. By further increasing 

Fig. 2 FTIR spectra of a ZnS NPs and b ZnS/CuO@NCs to identify the crystallinity and different functional groups of prepared materials
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the molar concentration to 0.6 M, the accumulation of 
small spherical particles occurred (Fig. 3c) [54, 55]. The 
ZnS/CuO@NCs exhibited smooth surface spherical 
particles, as illustrated in Fig.  3d. These results imply 
that the shape and size  of  ZnS are influenced by CuO 
and molar concentration. This confirmed the excellent 
sedimentation and well-dispersed nature of the synthe-
sized ZnS/CuO@NCs. The purity and composition of 
the produced materials were determined from the EDX 
spectrum, as shown in Fig.  3e, f. The spectrum shows 
the distributions of Zn, S, Cu, and O relative to their 
stoichiometric ratios without the presence of any other 
extra compounds, according to the obtained results.

Antibacterial activity
Against various gram-positive and gram-negative bac-
teria, the antibacterial efficacy of ZnS NPs and ZnS/
CuO@NCs was assessed at varying concentrations (25, 
50, 75, and 100  µg/mL) over a 24-h period. The anti-
bacterial activity of different samples was statistically 
compared using one-way ANOVA followed by Dun-
nett’s test. The antibacterial activity of the produced 
materials against E. coli, S. dysenteriae, B. subtilis, P. 
aeruginosa, P. vulgaris, K. pneumoniae, and S. aureus 
is displayed in Fig.  4. It was concluded that with an 
increase in concentration, a zone of inhibition was 
sufficient for most of the  bacteria. ZnS NPs exhibited 
a better response against S. aureus than against other 

Fig. 3 SEM images of a 0.2 M, b 0.4 M, c 0.6 M ZnS NPs and d ZnS/CuO@NCs to identify the size and shape of prepared materials. EDX spectra of e 
0.6 M ZnS NPs and f ZnS/CuO@NCs to identify the elemental distribution in prepared materials
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microorganisms; when 0.1 M CuO was introduced, the 
NCs produced good results for K. pneumoniae, fol-
lowed by E. coli (#p < 0.01, *,**p = 0.05-comparison using 
ANOVA and Dunnett’s method). Gram-positive bac-
teria are surrounded by a thick layer of peptidoglycan, 
while it is absent in gram-negative bacteria. However, 
two thin layers—an exterior layer called lipopoly-
saccharide and an interior layer called peptidogly-
can—protect gram-negative bacteria. Gram-negative 
bacteria’s vulnerability to NCs may be influenced by 

the negative charge of lipopolysaccharide molecules. 
The majority of NPs produce positive ions  (Zn+), which 
these negatively charged molecules have a larger affin-
ity for. This enhances ion uptake and causes intracellu-
lar damage [56]. The antibacterial efficiency of NPs is 
often influenced by a variety of parameters, including 
size, surface area, polarity, and shape. Furthermore, the 
electrostatic interaction between positively charged 
NPs and negatively charged bacterial cells is essen-
tial for the efficiency of NPs as bactericidal materials. 

Fig. 4 Antibacterial effects of a 0.6 M ZnS NPs and b ZnS/CuO@NCs over various gram positive and gram-negative pathogen in comparison 
to standard CMP. #p < 0.01, *,**p = 0.05-comparison using ANOVA and Dunnett’s method
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Reactive oxygen species (ROS) are produced as a result 
of this interaction, which inhibits bacterial growth and 
causes cell death [57–59]. Since 0.6  M ZnS exhibits 
good structure and morphology, this composition was 
utilized to examine the biological performance of the 
materials. Except for S. aureus, the ZnS NPs had no 
inhibitory effect at concentrations less than 25 µg/mL. 
Almost all bacteria displayed the least zone of inhibi-
tion upon the addition of CuO at 50 µg/mL and above. 
ZnS produces ROS, including superoxide anions (O–), 
hydroxyl ions (OH–), and hydroxyl radicals (OH) [57]. 
Furthermore,  Cu2+ ions bind to protein reactive groups 
such as carboxyl (–COOH), imidazole  (C3H4N2), thiol 
(R-SH), and amino (–NH2) groups. This disrupts cell 
activity and eventually results in bacterial mortality. 
The antibacterial effects of prepared CuO/ZnS@NCs 
against various bacterial strains were also compared to 
the similar nanomaterials reported in the literature and 
results are presented in Table 3. The zone of inhibitions 
for ZnO/CuO@NC against E. coli, K. pneumoniae, P. 
auruginosa, and S. aurius have been repoerted to be 
24.00, 0.00, 13.00, and 18.50  mm, respectively [43]. 
The zone of inhibitions for ZnO/CuO@NC against E. 
coli, K. pneumoniae, P. auruginosa, and S. aurius have 
been repoerted to be 12.83, 9.11, 12.17, and 18.00 mm, 
respectively by another research [46]. The zone of inhi-
bitions for ZnS thin films against E. coli, B. subtilis, P. 
auruginosa, and S. aurius have been repoerted to be 

11.00, 11.00, 12.00, and 13.00  mm, respectively [24]. 
The antibacterial results of present ZnO/CuO@NC 
showed the significant antibacterial activity against K. 
pneumoniae compared to those reported in the litear-
ture [43, 46]. However, the antibacterial effects of pre-
sent ZnO/CuO@NC were inferior to those reported 
for other bacterial strains [43, 46]. Overall, the results 
obtained in the present study are in line with previ-
ous reports by Dwivedi et  al. [59] and Sathishkumar 
et  al. [24]. CuO/ZnS@NC exhibited potent antibacte-
rial effects against K. pneumoniae compared to other 
pathogens and the positive control. Zinc ions  (Zn2+) 
released from ZnS NPs can exhibit osteogenic proper-
ties, as zinc plays a crucial role in enzyme catalysis and 
activation reactions important for bone health [59–61]. 
Furthermore,  Zn2+ can promote bone growth by accel-
erating apatite nuclei to fasten mineralization [61].

Antifungal activity
T. rubrum, A. niger, and A. flavus were among the spe-
cies against which the antifungal efficacy of ZnS NPs and 
ZnS/CuO@NCs was investigated at minimum inhibitory 
concentration of 0.6  M during a 24-h period at doses 
of 25, 50, 75, and 100  µg/mL as compared with stand-
ard FCZ. The antifungal activity of different samples 
was statistically compared using one-way ANOVA fol-
lowed by Dunnett’s test. The results of antifungal activity 
are shown in Fig.  5. Antifungal results reveal that ZnS/
CuO@NCs can kill gram-negative bacteria (#p < 0.01, 
*,**p = 0.02 comparison using ANOVA and Dunnett’s 
method) more efficiently by adhering to nucleic acids 
and connecting to functional domains of crucial proteins 
because their protective barrier is thinner and because 
they have a lipopolysaccharide layer surrounding their 
membrane [59]. ZnS NPs showed better activity against 
T. rubrum at all concentrations than did the NCs; how-
ever, the ZnS NPs did not show any activity against A. 
niger or A. flavus at 25  mg/mL. Both the NPs and NCs 
exhibited better inhibition of A. flavus at all concentra-
tions (50, 75, and 100 mg/mL) than did the other fungi. 
The biological performance of the composite, ZnS/
CuO@NCs, increased with increasing concentration 
compared with that of the ZnS NPs, which may be due 
to its cell structure. The standard (FCZ) did not inhibit A. 
flavus. The addition of CuO to ZnS composites produced 
the strongest antibacterial effect since it released copper 
ions, which are highly reactive and have significant bac-
tericidal effects [59]. The synergistic effects of ZnS NPs 
with CuO as NCs in antibacterial and osteogenic appli-
cations hold promise. Investigating the specific underly-
ing mechanisms and optimizing the composition will 
contribute to advancing these beneficial effects in prac-
tical applications. The potential of ZnS NPs to promote 

Table 3 Comparison of antibacterial activity (zone of inhibition) 
of ZnS/CuO@NCs with similar materials reported in the literature

Material Bacterial strain Zone of 
inhibition 
(mm)

Refs.

ZnO/CuO@NC E. coli 24.00 [43]

K. pneumoniae 0.00

P. aeruginosa 13.00

S. aurius 18.50

ZnS films E. coli 11.00 [24]

B. subtilis 11.00

P. aeruginosa 12.00

S. aurius 13.00

ZnO/CuO@NC E. coli 12.83 [46]

K. pneumoniae 9.11

P. aeruginosa 12.17

S. aurius 18.00

ZnS/CuO@NC E. coli 11.00 Present work

K. pneumoniae 14.00

P. aeruginosa 3.00

S. aurius 11.00

B. subtilis 5.00
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cartilage formation and influence bone homeostasis 
could lead to significant advancements in regenerative 
medicine and orthopedic treatments, opening new ave-
nues for therapeutic strategies.

Limitation of the study and potential areas 
for future work
In the present study, both ZnS NPs and ZnS/CuO@
NCs were successfully synthesized, characterized, and 
evaluated for their antibacterial and antifungal activi-
ties. However, the main limitation of the study is that 

all evaluations were performed at in  vitro models. As a 
result, there are several potential areas such as stability 
studies, in vivo pharmacodynamics studies, pharmacoki-
netics studies, toxicity studies, and clinical studies are 
still available for future work.

Conclusion
We effectively synthesized ZnS NPs and ZnS/CuO@
NCs using a simple coprecipitation approach. Their 
biological performance was assessed, and 0.6  M ZnS 
NPs and ZnS/CuO@NCs were found to be promising 

Fig. 5 Antifungal effects of a 0.6 M ZnS NPs and b ZnS/CuO@NCs against T. rubrum, A. niger and A. flavus at 25, 50, 75, 100 mg/mL, and FCZ 
(standard. #p < 0.01, *,**p = 0.02 comparison using ANOVA and Dunnett’s method)
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in all the studies. FTIR analysis verified the presence 
of various functional groups in the NPs as well as in 
the NCs. ZnS NPs had a nonuniform shape at 0.2 and 
0.4  M, which changed to spherical-like particles at 
0.6 M according to the SEM analysis. However, the NC 
had a transparent, smooth surface with spherical par-
ticles. The efficiency of ZnS against bacteria increased 
when it was prepared as a composite, and high inhibi-
tion was obtained  for K. pneumoniae at all concen-
trations (25–100  µg/mL) after 24  h. Additionally, the 
ZnS/CuO@NCs performed better against A. flavus as 
antifungal agents after 24 h. Exploring the preparation 
methods, mechanisms, influencing factors, and recent 
research progress on the antifungal and antibacterial 
properties of ZnS/CuO@NCs provides a holistic view 
of their potential applications and safety considera-
tions, especially for osteomyelitis, where Zn has been 
commonly used. The use of ZnS/CuO@NCs in regen-
erative medicine holds promise for enhancing cartilage 
formation and impacting bone homeostasis, poten-
tially revolutionizing orthopedic treatments and paving 
the way for innovative therapeutic approaches. While, 
there are indications of positive effects on bone-related 
cells, additional research in terms of characterization, 
stability, preclinical, and clinical studies is needed to 
conclusively determine the impact of these agents on 
osteomyelitis and overall efficacy in musculoskeletal 
applications. As the prepared NCs revealed superior 
biological performance compared with previous find-
ings, the osteosarcoma performance of the material will 
be examined in the future. After the collection of pre-
clinical and clinical data, the prepared material could 
be explored for biomedical applications in the treat-
ment of osteomyelitis and musculoskeletal disorders.
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