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A B S T R A C T

The rise of drug-resistant microbes presents a critical global health challenge in the 21st century, necessitating 
the development of potent antimicrobial agents with broad-spectrum activity. Therefore, in this study, we 
explored the antimicrobial activity of copper oxide (CuO) and cerium-doped CuO (Ce-doped CuO) obtained 
through a facile green synthesis approach. The nanoparticles were synthesized using aqueous extract of Dioscorea 
spp (yam peel) and characterized for their physicochemical properties using X-ray diffraction (XRD), Fourier- 
transform infrared spectroscopy (FTIR), electron microscopy, and UV–Vis spectroscopy. Their antimicrobial ef
ficacy was tested against three bacterial strains—Enterococcus faecalis, Escherichia coli, and Listeria mono
cytogenes—and three fungal strains—Aspergillus niger, Mucor mucedo, and Penicillium chrysogenum. The results 
demonstrated that cerium doping significantly altered the physicochemical properties of CuO, leading to 
enhanced antimicrobial activity. The antibacterial zone of inhibition ranged from 7.50 to 16.55 mm for CuO and 
11.80–19.50 mm for Ce-doped CuO. For antifungal activity, the minimum inhibitory concentration (MIC) ranged 
from 0.25 to 0.30 mg/mL for CuO and 0.025–0.03 mg/mL for Ce-doped CuO. Notably, the Ce-doped CuO 
nanoparticles exhibited antimicrobial effects comparable to standard antibiotics. These findings highlight the 
potential of green-synthesized Ce-doped CuO nanoparticles as effective antimicrobial agents. By leveraging green 
synthesis and elemental doping, this study offers a promising solution to combat a wide spectrum of infectious 
pathogens.

1. Introduction

Antimicrobial agents have been used for over 70 years in the man
agement of infections caused by pathogenic microbes [1]. However, the 
recent emergence of drug-resistant mutants of these microbes has led to 
a decrease in effectiveness and withdrawal of some antimicrobial agents 
from circulation [2]. This has resulted in widespread suffering and is a 

major global challenge of the twenty-first century [3]. This shows there 
is a need for novel and improved antimicrobial agents, which have 
increased research effort into the development and screening of poten
tial antimicrobial agents.

Nanoparticles with antimicrobial activity have emerged as innova
tive materials due to their capability of generating reactive oxygen 
species (ROS) such as O2

•–, and ⦁OH, which can effectively kill pathogens. 
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In addition, the antimicrobial activity of these materials could also be by 
enzyme inhibition, metal ion release and membrane disruption [4]. 
Nanoparticles are increasingly being used as alternatives to antibiotics 
in different ways including antibiotic delivery systems, antimicrobial 
coatings in implantable devices, infection prevention, wound healing 
and microbe detection [5–7]. Several characteristics make nanoparticles 
suitable alternative to traditional antibiotics such as 
large-surface-area-to-volume ratio which increases the contact area with 
target organisms [8]. Furthermore, a complex relationship between the 
physicochemical properties of nanoparticles such as shape, and the 
antimicrobial activity of the nanoparticle has been established [9]. This 
offers a wider room for enhancing the activity of the nanoparticles. Also, 
a synergistic effect between nanoparticles and traditional antibiotics 
have been reported [10]. Furthermore, nanoparticles can act on mi
crobes through multiple targets or unique mechanisms, thus making 
antimicrobial resistance unlikely [11].

Different classes of nanoparticles including metalls, lipid, metal ox
ides and carbon-based materials have been explored recently as anti
microbial agents. Among these materials metal oxides have gained much 
attention because of their unique physical and chemical characteristics. 
The versatility of these materials have also been explored in several 
applications including drug delivery, sensing, and catalysis. The anti
microbial activity of metal oxides has been ascribed to different prop
erties such as alkalinity, nature of ionic charge and semiconductivity 
[12–14].

Recently, copper-based nanoparticles such as CuO have gained sig
nificant attention in optical sensing, catalysis and therapeutic applica
tions [15,16]. Numerous reports on their antimicrobial activity are also 
available in literature [17,18]. The interest in these materials is based on 
their cheaper price and relative abundance in nature, compared to other 
metals such as gold and silver [19]. Furthermore, the antimicrobial 
activity of CuO is induced by its generation of oxidative stress and its 
tendency to alternate between the Cu2+ and Cu+ oxidation state [19]. 
This makes CuO a potential material as an antimicrobial agent. Despite 
its huge antimicrobial potential, CuO nanoparticles suffer from insta
bility when dispersed due to their tendency to aggregate, leading to the 
formation of large clusters with reduced surface energy [20,21]. This 
reduces the reactivitiy and antimicrobial efficacy of CuO nanoparticles 
[21]. To prevent this, CuO nanoparticles are often produced using 
chemical surfactants such as cetyltrimethylammonium bromide (CTAB) 
and sodium dodecylbenzene [22,23].

To avoid the use of toxic and expensive surfactants, green synthesis 
which involves the use of biological components and extracts from 
plants and organisms such as fungi, algae and bacteria offers a safe and 
effective route to obtain nanomaterials [24]. Green synthesis offers a 
synthetic technique with minimized waste generation, environmentally 
sustainable reaction conditions and the use of nontoxic precursors [25,
26]. Interestingly, waste peels from plants such as fruit peels can also be 
used in the synthesis of nanoparticles [27]. Furthermore, elemental 
doping reportedly influences nanoparticle morphology alongside, their 
optical, physical and chemical properties [28]. Also, reports have shown 
the potential of elemental doping in enhancing the antimicrobial ac
tivity of nanoparticles. Cerium ion in particular has been reported to 
possess unique biological activity due to the tendency to change be
tween the Ce3+ and Ce4+ oxidation state [29,30]. The dynamic transi
tion between Ce3+ and Ce4+ is important for maintaining antimicrobial 
activity. Ce4+ initiates ROS production, while Ce3+ is reoxidized back to 
Ce4+. This cycle leads to the continuous generation of ROS and a sus
tained oxidative stress on microbial cells [31]. Therefore, a Ce-doped 
CuO nanoparticle synthesized through a green synthesis technique 
could offer an antimicrobial agent with enhanced antimicrobial activity.

In this study, we report for the first time the green synthesis of CuO 
and Ce-doped CuO nanoparticles using aqueous extract of waste yam 
peel. The obtained nanoparticles were characterized for their physico
chemical and electronic properties. The antimicrobial efficacy of the 
nanoparticles was evaluated against three bacterial strains: Enterococcus 

faecalis, Escherichia coli, and Listeria monocytogenes and three fungi 
strains: Aspergillus niger, Mucor mucedo. and Penicillium chrysogenum. The 
study showed the potential of CuO and Ce-doped CuO obtained through 
a facile green synthesis as an alternative antimicrobial agent for tradi
tional antibiotics.

2. Materials and methods

2.1. Materials

Cerium (IV) sulphate tetrahydrate (Ce(SO4)2⦁4H2O), sodium hy
droxide (NaOH), and copper nitrate trihydrate (Cu(NO3)2⦁3H2O) were 
purchased from Merck, South Africa, while potato dextrose broth (PDB), 
Muller-Hinton Broth (MHB) and Muller-Hinton Agar (MHA) were pur
chased from Sisco research laboratories (Mumbai, India). All the 
chemicals were of analytical grade and were used without further 
purification.

2.2. Yam peel extract preparation

The yam peel was collected from domestic waste and sun-dried 
before being ground into powder. Afterwards, 20 g of the yam peel 
powder was weighed into a 200 mL beaker and 100 mL of distilled water 
was added. The mixture was stirred at 80 ◦C for 1 h and was allowed to 
cool to room temperature. The mixture was filtered, and the obtained 
aqueous extract was stored in a sealed container at 4 ◦C for future use.

2.3. Synthesis of CuO and Ce-doped CuO nanoparticles

The method reported by Ogwuegbu et al. [32] with slight modifi
cation was used in the synthesis of CuO and Ce-doped CuO nano
particles. In the synthesis of CuO, 5 g of Cu(NO3)2⦁3H2O was dissolved 
in 10 mL of distilled water. Subsequently, 20 mL of the aqueous yam peel 
extract was added to the mixture. To adjust the pH to 10, 1 M NaOH was 
drop wisely added to the mixture and the deep blue mixture obtained 
was stirred vigorously at 80 ◦C for 2 h. The product was recovered and 
washed (with a 50:50 vol ratio of water/acetone) by centrifuging the 
mixture at 5000 rpm for 10 min. The obtained precipitate was dried 
overnight under vacuum and subsequently calcined for 3 h at 400 ◦C. 
For the synthesis of Ce-doped CuO, 0.5 g of Ce(SO4)2⦁4H2O was added to 
the Cu(NO3)2⦁3H2O solution. Afterwards the method described for CuO 
synthesis followed. The schematic for the synthesis of Ce-doped CuO is 
shown in Fig. 1.

2.4. Characterization of CuO and Ce-doped CuO nanoparticles

A D8 advance diffractometer (BRUKER AXS, Germany) with Cu Kα 
radiation (λ = 154.18 p.m.) and operating in Bragg-Brentano mode was 
used in studying the structural properties of the material. The functional 
groups present in the materials were investigated through Fourier- 
transformed infrared spectroscopy (FTIR) carried out on a Spec
troquant® 300 spectrophotometer with a wavenumber range of 
500–5000 cm− 1. Morphological studies were carried out with scanning 
electron microscopy (SEM) and transmission electron microscopy (TEM) 
recorded on TECNAI G2 (ACI) equipment (Hillsboro, OR, USA) oper
ating with an accelerating voltage of 200 kV. A spectroquant® Prove 
300 spectrophotometer was used for studying the optical properties of 
the materials. The absorbance of the samples was measured using 
methanol as solvent within the wavelength range of 200–900 nm.

2.5. Microbial strain preparation

In this study, one Gram-negative (Eschericiah coli, ATCC 25922) and 
two Gram-positive strains (Enterococcus faecalis, ATCC 29212 and Lis
teria monocytogenes, ATCC 7644) bacteria strains were used. These 
strains were kept on Mueller Hinton Agar (MHA) and subculturing was 
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also done on the same media at 37 ◦C. The fungi strains–Aspergillus niger, 
Mucor mucedo, and Penicillium chrysogenum,–were isolated from decayed 
strawberry fruit. The fungi showing fast growth were consistently iso
lated and identified as described by Campbell et al. [33] and López et al. 
[34]. The fungal pathogens were maintained and subcultured using a 
Potato Dextrose Agar (PDA) medium at 25 ◦C.

2.6. Evaluation of antibacterial activity

The agar well diffusion method described by Valgas et al. [35] was 
used to evaluate the in vitro antibacterial effectiveness of CuO and 
Ce-doped CuO nanoparticles. Furthermore, the direct suspension 
method was employed in preparing the inoculum for Enterococcus fae
calis, Escherichia coli, and Listeria monocytogenes bacterial strains. Col
onies of each bacterium were cultured on a MHA medium, after which 
the colonies were suspended into Mueller Hinton Broth (MHB). The 
optical density of the suspended colonies was subsequently adjusted to 
match that of 0.5 McFarland standard. Afterwards, the final inoculum 
density of approximately 1.5 × 106 was achieved by preparing 1:100 
dilutions of the adjusted suspension in sterile MHB. Each inoculum (100 
μL) was then pipetted into a MHA plate in triplicates and spread evenly 
on the surface with a metal spreader. After drying, 6 mm holes were 
made on each agar plate with aid of a sterile borer. About 80 μL of each 
test solution of the nanoparticles (6.4, 3.2, 1.6, and 0.8 mg/mL) was 
pipetted into the wells and the plates were incubated at 36 ± 1 ◦C under 
aerobic conditions for 24 h. Neomycin (3.2 mg/mL) was used as the 
positive control, while sterile distilled water acted as the negative con
trol. The zones of inhibition were measured in mm after incubation and 
the analyses were done in triplicates.

2.7. Evaluation of antifungal activity

The antifungal activity of the nanoparticles was assessed using the 
broth microdilution technique, following the procedure outlined by 
Berkow et al. [36] with minor adjustments. To prepare the inoculum for 
Aspergillus niger, Mucor mucedo, and Penicillium chrysogenum a 5 × 5 mm 
section of agar was taken from 5-day-old fungal cultures and placed into 
McCartney bottles containing 15 mL of potato dextrose broth (PDB) with 
0.1 % (v/v) Tween 80 for 72 h. After incubation, the cell suspensions 
were vortexed and adjusted to match the turbidity of a 0.5 McFarland 
standard, equivalent to 1-5 × 10⁶ CFU/mL. A working suspension was 
prepared by diluting each adjusted inoculum 1:10 in sterile PDB to 
achieve a final inoculum size of approximately 1-5 × 10 CFU/mL. The 
CuO and Ce-doped CuO nanoparticles were dissolved in PDB to create 
stock solutions, and two-fold serial dilutions were prepared in 96-well 
plates at twice the desired final concentration, with a total volume of 
100 μL per well. Each well was inoculated with 100 μL of the prepared 
fungal suspension. After inoculation, the nanoparticle concentrations 
ranged from 3.2 to 0.025 mg/mL. Amphotericin B (1.6 mg/mL) served 
as the positive control, while sterile and growth control wells contained 
PDB and inoculum, respectively. The plates were sealed with parafilm 
and incubated at 37 ◦C for 48 h. Fungal growth was visually inspected 
after incubation, and the Minimum Inhibitory Concentrations (MIC) 

were defined as the lowest nanoparticle concentrations that completely 
inhibited fungal growth, expressed in mg/mL.

3. Results and discussions

3.1. Structural and chemical properties of CuO and Ce-doped CuO 
nanoparticles

The formation of CuO and Ce-doped CuO and the crystallinity of the 
obtained nanoparticles were confirmed from the XRD pattern presented 
in Fig. 2. The CuO pattern showed peaks that were consistent with the 

Fig. 1. Schematic for the synthesis of Ce-doped CuO from aqueous extract of yam peel.

Fig. 2. XRD spectra of CuO and Ce-doped CuO nanoparticles obtained from 
aqueous extract of yam peel.
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monoclinic crystal structure (JCPDS–01–089–5899) [37]. The intensity 
of the peaks showed highly crystalline CuO nanoparticles were obtained. 
The XRD pattern of Ce-doped CuO showed a similar pattern to that of 
CuO, however, the (200) plane was observed to show preferential 
growth than the (002) plane. This shows the introduction of Ce influ
enced the direction of growth of the CuO nanoparticle. Furthermore, no 
addition peaks due to CeO2 (JCPDS No: 43–1002) was observed in the 
pattern of Ce-doped CuO, which could be accounted for by the small 
amount of the dopant.

The crystallite size for the nanoparticles was calculated using the 
Scherrer equation (Eq. (1)) [38], 

D=
kλ

β cos θ
1 

where λ is the wavelength of X-ray, k is a constant (0.94), β is the full 
width at FWHM of the peak and θ is the diffraction angle. The estimated 
crystallite size for CuO and Ce-doped CuO is 31.0 and 18 nm respec
tively. This shows that the introduction of Ce influenced the growth 
kinetic of the CuO NPs.

Furthermore, to explore the effect of Ce-doping on the structural 
property of CuO, the lattice strain (ε) inherent in the crystal of the 
nanoparticles was estimated using Eq. (2). 

ε= β
4 tan θ

2 

The lattice strain in the crystal of CuO and Ce-doped CuO was esti
mated to be 3.94 × 10− 4 and 7.52 × 10− 4. An increase in the lattice 
strain was observed with the introduction of Ce, which could be assigned 
to lattice compression [39]. The dislocation density (ρd), a measure of 
the line defect can also be used to estimate the effect of Ce-doping on the 
CuO crystal. The dislocation density was calculated using Eq. (3): 

ρd =
1
D2 3 

The ρd for CuO and Ce-doped CuO was 3.2 × 10− 2 and 5.5 × 10− 2 

line/nm2. The higher ρd aligns with the increased lattice strain in Ce- 
doped CuO, confirming the alteration in the crystal of CuO induced by 
doping with Ce.

The lattice parameters of the CuO and Ce-doped CuO nanoparticles 
(a, b, c and β) were estimated using Eq. (4): 

1
d2 =

1
sin2 β

(
h2

a2 +
k2 sin2 β

b2 +
l2

c2 −
2hlcosβ

ac

)

4 

where d is the d-spacing and h, k, l are the planes of the CuO structure. 
The calculated lattice parameters are shown in Table 1. The lattice pa
rameters showed a significant alteration of the crystal structure along 
the c-plane, arising from Ce-doping.

The FTIR spectrum of the synthesized CuO and Ce-doped CuO are 
shown in Fig. 3. In the spectra of CuO, the band at 1638 cm− 1 is ascribed 
to the O–H group, while the stretching vibrations of the C–H bond was 
observed at 1061 cm− 1. The Cu–O bond was observed at 480 cm− 1 [40]. 
In Ce-doped CuO, all the peaks were observed to have shifted into higher 
wavenumber. This could be ascribed to the introduction of Ce atoms 
which has different valency, atomic radii and electronic configurations 
to the host lattice, thus modifying its physical and chemical 

environment. This results in lattice distortions, strains and variations in 
bond strength, which influences the vibrational frequencies of the 
bonds. The overall effect often depends on the dopant’s nature, size 
relative to host ion and its interaction with oxygen atoms in the lattice. 
The doping of CuO with Ce led to the shortening of the Cu–O bond 
length, resulting in the shifting of the peaks to higher wavenumbers 
[41]. In addition, the Ce–O stretching vibration band was observed at 
592 cm− 1 [42]. This confirms the doping of the CuO by Ce.

3.2. Morphological properties of CuO and Ce-doped CuO nanoparticles

The SEM and TEM images of CuO and Ce-doped CuO are shown in 
Fig. 4. The CuO particles appeared as agglomerated particles with a 
relatively smooth surface. The granularity of the surface suggests the 
presence of smaller particles on the surface of large crystallites. The Ce- 
doped CuO showed significantly altered morphology with the particles 
appearing more distinct with less agglomeration compared to CuO. The 
surface appears rougher compared to CuO and the presence of more 
isolated particles was observed. This shows the presence of Ce influ
enced the nucleation and growth process of the nanoparticle. The TEM 
image of CuO shows densely packed clusters of particles. The aggrega
tion of the nanoparticles into large, irregular mass makes the size and 
shape of the nanoparticle difficult to discern. However, in Ce-doped 
CuO, the particles show dispersed distribution and are less dense, with 
more clearly defined individual particles. In addition, the particles 

Table 1 
Calculated crystallite size, lattice strain and lattice parameters for CuO and Ce- 
doped CuO.

Crystalline 
size

Lattice 
strain

a (Å) b (Å) c (Å) β

CuO 31.0 3.94 × 10− 4 4.61 2.70 3.97 127.8
Ce-doped 
CuO

18.1 7.52 × 10− 4 4.61 2.69 5.00 128.3

Fig. 3. FTIR spectra of CuO and Ce-doped CuO obtained from the aqueous 
extract of yam peel.
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appear more uniform compared to CuO, signifying a more controlled 
growth arising from Ce doping. The EDS spectra of CuO, show the 
presence of Cu and O, which confirms the presence of CuO. The other 
elements such as Fe, N, are from the plant extracts. The Ce-doped CuO 
showed the presence of Ce, confirming the doping of the CuO 
nanoparticle.

3.3. Optical property of CuO and Ce-doped CuO nanoparticles

The optical property of the CuO and Ce-doped CuO nanoparticles 

was studied through the UV–Vis spectroscopy. Fig. 5a shows the ab
sorption spectra for both CuO and Ce-doped CuO across the UV–Vis 
spectrum. CuO nanoparticles absorbs mostly in the UV region, around 
200–400 nm, beyond which the absorption decreased, showing limited 
visible light absorption. For Ce-doped CuO, a shift in the absorption edge 
towards longer wavelengths compared to CuO was observed. In addi
tion, absorption in the UV and visible region was enhanced, implying 
that Ce-doping enhanced the optical activity in the visible region. This 
shows the alteration of the electronic structure of CuO by Ce-doping, 
with a resultant improvement in the utilization of the visible light 
spectrum. The optical band gap (Eg) of the CuO and Ce-doped CuO were 
estimated using the Tauc plot as shown in Fig. 5b. The estimated band 
gap for CuO and Ce-doped CuO was 2.65 eV and 2.41 eV, respectively. 
The doping of Ce, therefore led to a reduction in band gap allowing it to 
absorb visible light radiation.

3.4. Antimicrobial study

3.4.1. Antibacterial activity of CuO and Ce-doped CuO nanoparticles
Antibacterial activity of CuO and Ce-doped CuO nanoparticles were 

analysed against three bacterial strains Enterococcus faecalis, Esherichia 
coli, and Listeria monocytogenes. Table 2 and Fig. 6 shows the antibac
terial activity of CuO and Ce-doped CuO against the bacterial strains in a 
well-diffusion assay. The result showed that CuO and Ce-doped CuO 

Fig. 4. SEM images of (a) CuO, and (b) Ce-doped CuO; TEM images of (c) CuO, 
and (d) Ce-doped CuO and EDX spectra of (e) CuO, and (f) Ce-doped CuO.

Fig. 5. (a) UV–Vis spectra of CuO and Ce-doped CuO nanoparticles and (b) Tauc plots of CuO and Ce-doped CuO nanoparticles.

Table 2 
Effect of concentration of CuO and Ce-doped CuO nanoparticles on zone of in
hibition of the growth of some pathogenic bacteria.

Enterococcus 
faecalis

Escherichia 
coli

Listeria 
monocytogenes

CuO-NPs
6.4 mg/mL 16.00 ± 0.21b 16.55 ± 0.12b 15.85 ± 0.15b

3.2 mg/mL 13.05 ± 0.41c 12.93 ± 0.61c 13.50 ± 0.38c

1.6 mg/mL 10.17 ± 0.35d 11.23 ± 0.13d 11.20 ± 0.17c

0.8 mg/mL 8.00 ± 0.09e 7.50 ± 0.27e 9.50 ± 0.16d

Neomycin (3.2 
mg/mL)

20.00 ± 0.13a 20.00 ± 0.51a 20.50 ± 0.53a

CuO–Ce-NPs
6.4 mg/mL 19.00 ± 0.36ab 19.50 ± 0.69b 19.00 ± 0.69ab

3.2 mg/mL 16.75 ± 0.57b 16.50 ± 0.53c 16.55 ± 0.64b

1.6 mg/mL 14.50 ± 0.74b 13.60 ± 0.65c 19.20 ± 1.03ab

0.8 mg/mL 12.00 ± 0.56c 12.05 ± 0.43d 11.80 ± 0.06c

Neomycin (3.2 
mg/mL)

21.00 ± 0.63a 23.00 ± 0.32a 21.50 ± 1.14a

a,b,c,d,e Colums means with different superscripts for each organism between the 
different concentrations are significantly (P < 0.05) different (n = 3).
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demonstrated excellent antimicrobial activity against all three bacterial 
strains. CuO nanoparticles showed a concentration-dependent activity, 
with the highest activity observed at 6.4 mg/mL of the nanoparticle. It 
was also observed that the highest activity of the nanoparticles was 
against E. coli compared to the other bacterial strains. The CuO nano
particles also exhibited an inhibition zone comparable to the Neomycin 
standard, showing its potential application for exploration as an anti
bacterial agent. For Ce-doped CuO nanoparticles the antibacterial ac
tivity was observed to be improved relative to CuO. The inhibition zone 
of CuO nanoparticles ranged from 7.50 to 16.55 mm, whereas for Ce- 
doped CuO nanoparticles, it ranged from 11.80 to 19.50 mm. Antibac
terial activity of nanoparticles has been reported to be significantly 
influenced by the particle size [43]. Reduced particle size has been re
ported to enhance the antibacterial activity of nanoparticle [44]. 
Therefore, the improved activity of Ce-doped CuO nanoparticles could 
be attributed to its reduced crystallite size compared to CuO. Further
more, doped nanoparticles have been reported to possess improved ROS 
generation, which plays an important role in antibacterial activity [45].

Table 3 shows the antibacterial activity of CuO nanoparticles re
ported in literature compared to this study against E. Coli. The Ce-doped 
CuO compared favourably with other CuO nanoparticles showing their 
potential antimicrobial activity.

3.4.2. Antifungal activity of CuO and Ce-doped CuO nanoparticles
The antifungal activity of CuO and Ce-doped CuO were evaluated 

against three fungal species – Aspergillus niger, Mucor mucedo. and 
Penicillium chrysogenum. The activity of the nanoparticles was compared 
to the standard antifungal agent, amphotericin. Table 4 and Fig. 7 shows 
the minimum inhibitory concentration (MIC) of CuO, Ce-doped CuO and 
amphotericin against the fungal species. The MIC value for CuO ranged 
from 0.25 to 0.3 (mg/mL), while Ce-doped CuO showed a MIC in the 
range 0.025–0.03 mg/mL. The highest activity of both CuO and Ce- 
doped CuO was observed for Mucor mucedo, with MIC values of 0.25 
mg/mL and 0.025 mg/mL, respectively. The higher activity of Ce-doped 
CuO compared to CuO could be ascribed to Ce-doping. The Ce-doped 

CuO nanoparticles showed comparative activity to the amphotericin 
standard, which had a MIC value of 0.025 mg/mL for Mucor sp. The size 
and shape of nanomaterials have been reported to influence their anti
fungal activity. The large surface-area-to-volume ratio have also been 
shown to impart enhanced antifungal activity [48]. The lower crystallite 
size and the alteration in the morphology of Ce-doped CuO could have 
played a significant role in its improved antifungal activity.

The antifungal activity of CuO and Ce-doped CuO nanoparticles 
synthesized using aqueous extract of yam peel against Aspergillus niger 
compare favourably with other CuO nanoparticles reported in literature 
as shown in Table 5.

4. Conclusions

This study presents the facile synthesis of CuO and Ce-doped CuO 
nanoparticles and the enhanced antimicrobial activity achieved by 
elemental doping. The improved activity of the doped nanoparticles is 
ascribed to the modification of the physicochemical property of the 
nanoparticles, and the tendency of the metal ions to exist in multiple 
oxidation state. This finding shows that antimicrobial agents with 
enhanced antimicrobial activity can be obtained through a facile, cost- 
effective green synthesis route. Furthermore, successful evaluation of 
the biocompatibility and toxicity of these nanoparticles could make 
them available for use as alternatives to traditional antimicrobial agents.
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Fig. 6. Multilevel pie chart showing the zone of inhibition of (a) CuO and (b) Ce-doped CuO against Enterococcus faecalis, Escherichia coli, and Listeria monocytogenes.

Table 3 
Comparison of the antibacterial activity of CuO and Ce-doped CuO with other 
reported CuO nanoparticles in literature against E. coli.

Nanoparticle Inoculum 
density

Nanoparticle 
concentration

Zone of 
inhibition

Ref

Cu0.96Ag0.02Zn0.02O 
NPs

108 CFU/ 
mL

50 mg/mL 18.5 [46]

CuO NPs 108 CFU/ 
mL

25 mg/mL 
50 mg/mL

11.3 
13.0

[46]

Mg-doped CuO NPs 108 CFU/ 
mL

3 mg/mL 22.3 [47]

CuO 105 CFU/ 
mL

6.4 mg/mL 16.55 This 
study

Ce-doped CuO 105 CFU/ 
mL

6.4 mg/mL 19.50 This 
study

Table 4 
Minimum Inhibitory Concentration (MIC) of CuO and Ce-doped CuO nano
particles on the growth of some pathogenic fungi using broth dilution assay.

Organism MIC value (mg/mL)

CuO Ce-doped 
CuO

Amphotericin (1.6 mg/ 
mL)

Aspergillus niger 0.3 ± 0.05a 0.04 ± 0.01a 0.02 ± 0.01a

Mucor mucedo 0.25 ±
000b

0.025 ±
0.01b

0.025 ± 0.01a

Penicillium 
chrysogenum

0.27 ±
0.00b

0.03 ± 0.00b 0.025 ± 0.00a

a,b Row means with different superscripts for each organism between the 
different concentrations are significantly (P < 0.05) different (n = 2).
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