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ABSTRACT: Bacterial resistance to conventional antibiotics has created an
urgent need to develop enhanced alternatives. Nanocomposites combined with
promising antibacterial nanomaterials can show improved antimicrobial activity
compared to that of their components. In this work, green synthesized CuO
nanoparticles (NPs) supported on an anionic clay with a hydrotalcite-like
structure such as Zn−Al layered double hydroxide (LDH) nanocomposite were
investigated as antimicrobial agents. This nanocomposite was synthesized using
Micromonospora sp. ISP-2 27 cell-free supernatant to form CuO NPs on the
surface of previously synthesized LDH. The prepared samples were
characterized using UV−Vis spectrophotometry, XRD, FTIR, Field emission
scanning electron microscopy with EDX, zeta potential, and hydrodynamic
particle size. UV−vis spectral analysis of the biosynthesized CuO NPs revealed a
maximum peak at 300 nm, indicating their successful synthesis. The synthesized
CuO NPs had a flower-like morphology with a size range of 43−78 nm, while the LDH support had a typical hexagonal layered
structure. The zeta potentials of the CuO NPs, Zn−Al LDH, and CuO NPs/LDH nanocomposite were −21.4, 22.3, and 30.8 mV,
respectively, while the average hydrodynamic sizes were 687, 735, and 528 nm, respectively. The antimicrobial activity of the
produced samples was tested against several microbes. The results demonstrated that the nanocomposite displayed superior
antimicrobial properties compared to those of its components. Among the microbes tested, Listeria monocytogenes ATCC 7644 was
more sensitive (30 ± 0.34) to the biosynthesized nanocomposite than to CuO NPs (25 ± 0.05) and Zn−Al LDH (22 ± 0.011). In
summary, the use of nanocomposites with superior antimicrobial properties has the potential to offer innovative solutions to the
global challenge of antibiotic resistance by providing alternative treatments, reducing the reliance on traditional antibiotics, and
contributing to the development of more effective and targeted therapeutic approaches.

1. INTRODUCTION
The increasing antibiotic resistance of pathogenic organisms can
be considered one of the most significant problems facing
humanity.1 This resistance can be attributed to several factors,
such as the enzymatic degradation of antibiotics, decreased drug
uptake, mutation in the drug target site, drug inactivation, and
active efflux through permeability barriers.2,3 To combat such
resistance, numerous pathways are available, such as modifying
antibiotic targets, improving drug release, decreasing the
consumption of antimicrobial compounds, and developing
novel antimicrobial medicines.4 Recently, nanotechnology has
emerged as a useful tool in numerous biomedical applications.
Novel nanomaterials and nanocomposites have shown promis-
ing antibacterial,5,6 antifungal,7,8 and antiviral9,10 effects against
numerous pathogens. Compared with those of their bulk
materials, the unique properties of nanomaterials can enhance
their antibacterial properties and allow for their application as
antibacterial agents.11 Furthermore, nanomaterials possess

unique characteristics that make them effective at combating
antibiotic resistance. The high surface area-to-volume ratio,
thermal and chemical stability, and optimized physicochemical
properties of these materials allow them to overcome the
limitations of traditional therapies and provide prolonged
protection against harmful microorganisms.12,13 These nano-
particles have the ability to disrupt the cell walls or membranes
of bacteria, effectively eliminating strains that have developed
resistance.14,15 They can also specifically target biofilms and
eradicate infections that are difficult to treat.16 Certain
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nanoparticles, such as silver, copper, gold, zinc oxide, and iron
oxide, have demonstrated remarkable antimicrobial properties
and use nonspecific mechanisms to kill bacteria, preventing the
development of resistance.17 Additionally, nanoparticles possess
advantageous characteristics, including active targeting, pro-
longed binding, and protection against enzymes, thereby
facilitating elevated antibiotic concentrations within cells and
diminishing the necessity for increased dosages, consequently
mitigating detrimental consequences.18 In addition, compared
with traditional antibiotics, nanomaterials may be less prone to
triggering resistance in bacteria. Therefore, compared with
traditional antibiotics,19 nanomaterials are advantageous for
combating microbial resistance because they can bypass
antibiotic resistance mechanisms and target biofilms, which
are difficult to treat.17 Additionally, nanomaterials provide
advantages over traditional antibiotics by offering sustained
release, targeted delivery, and reduced dosing frequency, which
can help combat microbial resistance.20 Additionally, nano-
particles have a high surface area-to-volume ratio, which
enhances their antimicrobial activity, providing an effective
alternative to traditional antibiotics.12

The main families of nanomaterials that have been
investigated for their antibacterial properties are metals, metal
oxides (MO), and carbonaceous nanomaterials. Silver nano-
particles, one of the most studied metal-based nanomaterials,
can be considered highly effective antibacterial agents that can
inhibit the growth of numerous pathogenic microorganisms,
including highly resistant strains, at very low concentrations,
showing no cytotoxicity to mammalian cells.21 In addition, gold
nanoparticles with different particle sizes, dispersibilities, and
surface modifications have shown promising antibacterial
properties.22 Other metal nanoparticles, such as zerovalent
iron,23−25 copper,26,27 zinc,28,29 bismuth,30,31 nickel,32−34 and
cobalt,35,36 have been tested. These metal nanoparticles, in
general, have antibacterial effects via different mechanisms, such
as cation release based on their oxidation susceptibility, Reactive
Oxygen Species (ROS) production, biomolecule damage,
membrane interactions, and ATP depletion.37

In addition to metals, MO nanomaterials have also attracted
wide interest as possible antimicrobial agents. For instance,
copper oxide nanoparticles, one of the most widely studied
metal oxide nanoparticles, were reported to possess high activity
against staphylococcal biofilm formation and to cause bacterial
leakage of the cellular content of methicillin-resistant Staph-
ylococcus aureus.21 Generally, CuO is widely studied due to its
superior antibacterial properties, which render it the most toxic
to Gram-positive bacteria such as Bacillus subtilis, among other
oxides such as NiO, ZnO, and Sb2O3.

38 Magnesium and calcium
oxide nanoparticles were also reported to possess strong
antibacterial properties due to their high alkalinity and ability
to produce ROS.21 Other MO, such as zinc oxide,39,40 nickel
oxide,41,42 iron oxide,43−45 cobalt oxide,46−48 and aluminum
oxide,49 have been investigated for their antibacterial properties.
In addition to metals and MO, carbon-based nanomaterials,
such as graphene,50,51 graphene oxide,52−54 and carbon
nanotubes,55,56 have also been investigated. However, such
nanomaterials are usually more expensive to produce and
require complicated synthesis procedures and/or hazardous
chemicals.
In addition to the above-mentioned families of nanomaterials,

layered double hydroxides (LDHs) have emerged as promising
2D nanomaterials for numerous applications. LDH, popularly
called anionic clay, has a hydrotalcite-like structure that can be

obtained naturally in the form of minerals and is also easily
synthesized in the laboratory.57 LDHs are 2D structural
materials with the general formula [(MII)1−x(MIII)x(OH)2]x+
(Am−

x/m)·nH2O], where MII refers to divalent cations such as
Ni2+, Zn2+, Mg2+, and Co2+; MIII refers to trivalent cations such
as Al3+, Fe3+, and Cr3+; and Am− is considered an active anion
such as Cl−, NO3

−, and CO3
−.58 The remarkable properties of

LDHs, such as their special layered structure, significant anion
substitution capacity, high surface area, and high thermal
stability, make them promising candidates for a wide range of
applications, including as catalysts, photoresponsive materials,
and drug carriers.59 Recent papers published in the open
literature have investigated the antibacterial properties of LDH
materials such as CuAl,60,61 MgAl,61−63 NiAl,61 ZnFe,64,65

ZnMgFe,66 CoNiZnFe,67 CoAl,61 CuZnAl,68 and ZnAl.61,69

One of the approaches to enhancing the antibacterial
properties of such nanomaterials is to combine two or more
members of a nanocomposite, such as metal/MO,70−72 MO/
LDH, or M/LDH,73−75 which can result in higher activity than
the individual constituents of the composite. The combinations
of nanomaterials play a crucial role in today’s scientific research
due to their potential to yield innovative properties and
functions that are distinct from those of their constituent
elements. By merging different nanoscale materials, these hybrid
nanostructures, also known as nanocomposites, effectively
integrate the various functionalities and advantages of multiple
nanoscale materials into a single nanoobject. This integration of
diverse materials at the nanoscale level opens up new avenues for
material design and engineering, paving the way for the
development of advanced technologies and applications.76

One of the challenges with metal synthesis is that it can be
prone to oxidation after production and during storage, which
will alter its chemical structure and hence its properties.77,78

Therefore, MO/LDH nanocomposites can be regarded as
simple, cost-effective, and promising types of nanocomposites
for use as antibacterial agents. No previous work has attempted
to study the antibacterial properties of such composites. Rasouli
et al. prepared such a composite but calcined the product at 500
°C to transform the LDH phase into the corresponding mixed
metal oxide.79 However, the calcination step can be regarded as
an expensive step that can increase the overall cost of the
product, and in this work, the chemical structure of LDH was
preserved with no oxidation. In this work, CuO was chosen to
represent the oxide phase, while ZnAl was used as the model
LDH support. This work represents the first study to investigate
the antibacterial properties of MO/LDH nanocomposites.
Future work can be conducted to investigate more combinations
of theMO and LDH phases to optimize the antibacterial activity
against various pathogens.
The investigation of nanomaterials for antibacterial applica-

tions has yielded promising outcomes in current research.
However, there is a noticeable gap in the literature in regard to
exploring the antibacterial properties of MO/LDH (metal
oxide/LDH) nanocomposites. To the best of our knowledge,
there has been limited comprehensive exploration into the
synergistic effects and unique attributes that MO/LDH
nanocomposites may possess in the context of combating
bacterial infections. The novelty of our study lies in its specific
focus on MO/LDH nanocomposites, which combine the
advantageous properties of MO and LDHs (LDH). Although
both MO42,43,48 and LDHs60,62,64 have individually exhibited
antibacterial potential, the synergistic interactions and enhanced
efficacy resulting from their combination remain largely
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unexplored. Through the investigation of MO/LDH nano-
composites, our study aims to bridge this gap in the literature by
providing valuable insights into the combined antibacterial
properties of these materials. We anticipate that the unique
physicochemical characteristics of MO/LDH nanocomposites,
such as their size, charge, and composition, may lead to
improved antimicrobial activity compared to that of their
individual components. This exploration holds great promise for
the development of advanced antibacterial agents that exhibit
enhanced efficacy, reduced toxicity, and potential applications in
addressing antibiotic-resistant bacterial strains. In summary, our
research addresses the limited understanding of the antibacterial
properties of MO/LDH nanocomposites. Our study seeks to
contribute novel insights into the synergistic effects of these
nanomaterials, providing innovative solutions for the fight
against bacterial infections.

2. MATERIALS AND METHODS
2.1. Soil Sample Collection and Actinobacteria

Isolation. The soil samples were collected from the eastern
desert, Beni-Suef, Egypt. The soil samples were obtained
aseptically at a depth of 15−20 cm from the rhizosphere of
the dominant plants, such as Zilla spinosa and Zygophyllum
album, with a collecting spatula in sterile plastic bags. Afterward,
they were air-dried for 7 days at room temperature to reduce the
population of vegetative bacterial cells. The isolation of
Actinobacteria was performed by the serial dilution plate
technique; approximately 1 g of soil sample was subjected to
serial dilution until a dilution of 10−5, after which approximately
100 μL of the diluted sample was spread on ISP-2 (International
Streptomyces Project 2) isolation medium (10 g/L malt extract,
4 g/L yeast extract, 4 g/L glucose, and 20 g/L agar, and the final
pH was adjusted to 7.2 ± 0.2). The ISP-2 plates were incubated
at 30 °C for 14 days. Various colonies of Actinobacteria were
subcultured until pure cultures were obtained, and then the
isolates were stored as spore suspensions in glycerol (20%) at
−80 °C for further experiments.
2.2. Characterization of Actinobacteria Isolate.

2.2.1. Morphological Characteristics. The technique of
coverslip culture, as described by Okami and Suzuki 1958,80

was utilized to explore the morphological characteristics of our
actinobacteria isolate on yeast extract-malt extract agar (ISP-2)
media, as established by Pridham et al., 1957.81 A trough was
created by removing a strip of agar from the poured plates, with
the margins of said trough being inoculated with the chosen
actinobacterial strain. Sterile coverslips were then placed over
the trough, and the plates were incubated at 28 °C for 7, 14, and
21 days. Once this incubation period had elapsed, the coverslips
were removed along with any adhering growth, and the resulting
coverslip cultures were subjected to microscopic examination
and imaging using an electron microscope at an appropriate
magnification. This approach was designed to facilitate a
thorough analysis of the morphological features of the
actinobacterial strains being studied.
2.2.2. Cultural Characteristics. The cultural features of the

chosen actinobacteria isolate were examined on the following
ISPmedia: tryptone-yeast extract medium (ISP-1), malt extract-
yeast extract medium (ISP-2), oatmeal agar medium (ISP-3),
inorganic salt-starch agar medium (ISP-4), glycerol-asparagine
agar medium (ISP-5), and tyrosine agar (ISP-7).82

2.2.3. Biochemical and Physiological Characterization.
2.2.3.1. Utilization of Various Carbon Sources. The ability of
the actinobacterial strains to employ various substances as the

sole carbon sources for both energy and growth was evaluated
through the use of the protocol proposed by Shirling and
Gottlieb, 1966.82 The basal medium composition (ISP-9)83,84 is
shown in Table 1.

The trace salt solution is composed of a variety of
components, including CuSO4·5H2O, FeSO4·7H2O, MnCl2·
4H2O, ZnSO4·7H2O, and distilled water, each in precise
amounts of 0.64 g, 0.11 g, 0.79 g, 0.15 g, and 100 mL,
respectively.
The carbon sources employed in this study include a range of

monosaccharides, disaccharides, and polysaccharides, including
D-glucose, D-xylose, D-mannitol, D-fructose, D-galactose, D-
lactose, D-mannose, maltose, sucrose, and starch.
2.2.3.2. Enzymes and Related Biochemical Tests. The

amylolytic activity and catalase activity of the actinobacterial
strain studied were evaluated using modified Bennett’s agar
(MBA) media, as proposed by Jones, 1949.85 Lipase activity can
be demonstrated by the technique of Sierra, 1957.86

2.2.3.3. Physiological Characterization. The growth ca-
pacity of the test strain was evaluated onMBAmedia at different
temperatures ranging from 4 to 45 °C, different concentrations
of sodium chloride (1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11 and 12% w/v),
and various pH values ranging from 3 to 10.
2.2.4. Molecular Studies. 2.2.4.1. DNA Preparation,

Amplification, and 16S rDNA Gene Sequencing. Chromoso-
mal DNA was extracted and amplified following the method-
ology employed by Kim et al., 2000.87 Subsequently, the
amplified products were separated via gel electrophoresis. This
separated preparation was then purified using a Nucleospin
Extraction Kit manufactured by Biogen Ltd. and subjected to
direct sequencing. Direct sequencing was performed using a Taq
DyeDeoxy Terminator Cycle Sequencing Kit produced by
Applied Biosystems and oligonucleotide primers as previously
described by Chun and Goodfellow, 1995.88 Then, gel
electrophoresis was performed to determine the sequence of
the nucleotide sequences. This was accomplished by employing
an Applied Biosystems DNA sequencer (model 373A) and the
accompanying software provided by the manufacturer.
2.2.4.2. Phylogenetic Analysis. Alignments were performed

between almost all the full-length 16S rRNA gene sequences and
the reference sequences obtained from EzBioCloud utilizing
CLUSTAL W.89 The resulting 16S rRNA sequences were
examined and matched for sequence similarity with those of
EzBioCloud.90 Then, the phylogenetic tree was developed using
MEGA 11 software with confidence checking through the
bootstrap value of 1000 repeats.
2.3. Preparation of Cell-Free Supernatant. Actino-

bacterial strains were inoculated on ISP-2 agar media for 7
days at 28 °C. A loopful of well-grown culture was then
inoculated in 20 mL of ISP-2 broth medium within a 100 mL
Erlenmeyer flask and incubated for 2 days at 28 °C at 150 rpm in

Table 1. ISP-9 Medium Composition

ingredients (G/Liter)

(NH4)2SO4 2.64 g
K2HPO4 5.65 g
MgSO4·7H2O 1 g
KH2PO4 2.38 g
trace salts solution 1 mL
agar 15 g
final pH 7.2 ± 0.2
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a shaker incubator. After growth, the prepared inoculum was

transferred to a freshly prepared medium within a 500 mL flask

and then kept in a shaker incubator at 30 °C for 7 days at 150

rpm. After incubation, the culture was subjected to centrifuga-

tion at 6000 rpm for 10 min to clear the supernatant from the
actinobacteria cells.
2.4. CuO Nanoparticles Biosynthesis. The steps for CuO

biosynthesis are illustrated in Figure 1. As shown, cells from the
actinobacteria culture (1) were separated, and a cell-free extract

Figure 1. Schematic representation of the actinobacteria-mediated synthesis of CuO flower-like structures.

Figure 2. Schematic representation of the CuO NPs/Zn−Al LDH synthesis procedure.
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solution was prepared (solution 2). An equivalent of 10 mM of a
solution of copper acetate [Cu (COOCH3)2·H2O] (solution 3)
was prepared next. The supernatant cell-free extract solution was
introduced dropwise to the copper acetate aqueous solution
under continuous stirring (step 4), and the mixture was kept at
room temperature for 24 h using a shaker. The bioreduction of
Cu metal ions and the formation of CuO nanoparticles due to a
color change (step 5) were detected using a UV−vis
spectrophotometer. The synthesized CuO NPs were collected
via centrifugation for 10 min at 6000 rpm (step 6) and then
washed several times in deionized water. Then, the CuO NPs
were dried at 80 °C and stored for later use (step 7). The
prepared samples were characterized using several techniques, as
described in the next subsection (step 8).
2.5. Zn−Al LDH Synthesis. Using the coprecipitation

method, Zn−Al LDH (4:1 M ratio) was produced. Energy-
dispersive X-ray spectroscopy was used, however, to examine the
chemical composition of the organized Zn−Al LDH. After
mixing the zinc chloride solution and aluminum chloride salts,
100 mL of deionized water were dissolved at room temperature
(25 °C) while stirring continuously. A sudden increase in pH
that could lead to the formation of carbonate-containing LDH
was avoided, and the mixture was not heated to 80 °C when the
base was added by gradually blending in a sodium hydroxide
solution (2 mol/L) until the precipitate was fully blended and
pH 9 was reached.91 The system was vigorously shaken for an
additional twenty-4 h at room temperature (25 °C). After that,
the system was repeatedly cleaned and filtered using distilled
water and then treated with ethanol until the pH reached 7 to
partially remove the carbonaceous products that had
adsorbed.92 The resultant precipitate was dried in a vacuum
oven for 24 h at 60 °C.93 After that, the Zn−Al LDHwas ground
to a uniform particle size.
2.6. Preparation of CuO NPs/Zn−Al LDH Nano-

composite. First, 2 g of LDH was suspended in 100 mL of
aqueous copper acetate and stirred continuously for 24 h. Then,
the cell-free supernatant of an Actinobacteria isolate was added
dropwise to the previous suspension, which was aged overnight,
under continuous stirring. Finally, the precipitate was
centrifuged and washed with distilled water, and the collected
powder was dried at 80 °C for 24 h. These steps are
schematically illustrated in Figure 2.
2.7. Characterization of Synthesized Nanomaterials. A

UV−vis spectrophotometer with a wavelength ranging from 200
to 800 nm was used to track the biosynthesis of CuO
nanoparticles. Moreover, the XRD patterns were collected
using an X-ray diffractometer (Panalytical Empyrean) operating
at 40 kV with a current of 35 mA and Cu Ka radiation
(wavelength of 0.154 nm), and the (2θ) scanning rate was 5 to
80° at 8 min−1. In addition, the biomolecules and functional
groups of the samples were identified using a Fourier transform
infrared (FTIR) spectrometer (Bruker-Vertex, Germany) with a
wavenumber range of 400−4000 cm−1. Field emission scanning
electronmicroscopy was used to investigate themorphology and
particle size of the synthesized nanomaterials. Zeta potential and
hydrodynamic particle size measurements were conducted using
a Zetasizer Nano (Malvern Instruments Ltd.).
2.8. Estimation of the Antimicrobial Activity of CuO

NPs, Zn−Al LDH, and CuO/Zn−Al LDH Nanocomposite.
2.8.1. Culture Media. To evaluate the biological efficacy of the
CuO NPs, Zn−Al LDH, and CuO NPs/Zn−Al LDH nano-
composite, the culture media of Nutrient Broth and Nutrient
agar were procured from HiMedia Laboratories (Mumbai,

India). These culture media were subsequently prepared and
used for bacterial growth following the guidelines provided by
the manufacturers.
2.8.2. Bacterial and Fungal Strains. All bacterial strains,

including methicillin-resistant S. aureus ATCC 43300, Listeria
monocytogenes ATCC 7644, (a Gram-positive bacterium),
Salmonella typhimurium ATCC 14028, Pseudomonas aeruginosa
ATCC 9027 (a Gram-negative bacterium), and the fungal strain
Candida albicans ATCC 60913, were obtained from the
microbial culture collection of the Department of Botany and
Microbiology, Faculty of Science, Beni-Suef University, Beni-
Suef, Egypt.
2.8.3. Inoculum Preparation.The suspensions were carefully

prepared from recently cultivated cultures. First, the cultures
were plated on nutrient agar and incubated at 37 °C for 24 h.
After the incubation period, approximately 1−2 colonies were
transferred to test tubes containing 5 mL of 0.9% saline solution
using a sterile loop. The suspensions were then vigorously
stirred for 15 s using a vortex apparatus to ensure thorough
mixing. Then, the turbidity of the final inoculum was
standardized. This was achieved by using a carefully measured
barium sulfate suspension with a value of 0.5 on the McFarland
scale. The resulting standardized inoculum had a final
concentration of approximately 1.5 × 108 colony-forming
units per milliliter (cfu/mL).
2.8.4. Agar-Well Diffusion Technique. The antimicrobial

properties of CuONPs, Zn−Al LDH, and the CuONPs/Zn−Al
LDH nanocomposite were evaluated for their effectiveness
against a variety of microorganisms, including methicillin-
resistant S. aureus ATCC 43300, L. monocytogenes ATCC 7644,
(a Gram-positive bacterium), S. typhimurium ATCC 14028, P.
aeruginosa ATCC 9027 (a Gram-negative bacterium), and the
fungal strain C. albicans ATCC 60913. To assess the
antimicrobial activity of our samples against the bacterial
isolates, the agar-well diffusion technique was employed by
creating 6 mm-diameter wells in an agar plate using a sterile
plastic pipet. To carry out this technique, a bacterial culture with
a concentration of 0.5 McFarland was inoculated onto nutrient
agar plates using the pour plate method. Next, the wells were
filled with 100 μL of the tested sample, which was prepared at
various concentrations (0.125, 0.25, 0.5, 1, and 5 mg/mL) and
allowed to incubate at room temperature for 2 h. Subsequently,
the plates were incubated at 37 °C for 24 h. After the incubation
period, the inhibition zones resulting from the antimicrobial
activity of the samples were carefully observed and recorded in
mm.
2.8.5. Minimum Inhibitory Concentration Determination.

The determination of the minimum inhibitory concentration
(MIC) was performed utilizing amodified dilution technique. In
this particular approach, sterile nutrient broth was used to dilute
the generated nanomaterials (CuONPs, Zn−Al LDH, and CuO
NPs/Zn−Al LDH nanocomposite) to various concentrations
ranging from 7.8 to 250 μg/mL in test tubes. Subsequently,
approximately 10 μL of methicillin-resistant S. aureus ATCC
43300 culture and 0.5 McFarland standard were introduced into
test tubes containing 1 mL of prepared sample concentrations in
nutrient broth. The same procedure was applied to S.
typhimurium ATCC 14028, L. monocytogenes ATCC 7644, P.
aeruginosa ATCC 9027, and C. albicans ATCC 60913. Next, the
tubes were incubated at 37 °C for 18 to 24 h and observed for
any indications of growth or turbidity. The MIC was identified
as the lowest concentration of the tested substance that
demonstrated observable inhibition of bacterial growth.
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2.8.6. Kill-Time Curve of the CuONPs, Zn−Al LDH, and CuO
NPs/Zn−Al LDH Nanocomposite. Time−kill curve assays were
conducted to confirm the microbicidal activity of the CuO NPs,
Zn−Al LDH, and CuO NPs/Zn−Al LDH nanocomposite
against S. aureus and C. albicans. In this study, S. aureus and C.
albicans cells were cultured in Mueller−Hinton broth at 28 °C
for 24 h. The cells were then centrifuged, washed, and
resuspended at a concentration of 2.5 × 105 cells/mL, with
the addition of CuO NPs, Zn−Al LDH, or CuO NPs/Zn−Al
LDH at a concentration equivalent to their MICs. The mixtures
were incubated at 28 °C, and 50 μL aliquots were taken at
specific time intervals (0, 1, 2, 4, 6, and 24 h). Serial dilutions
were performed, and 50 μL from each dilution was spread onto
tryptic soy agar plates, which were then incubated at 37 °C for 48
h to determine the number of colony-forming units (cfus) per
mL.
2.8.7. Effect of the Synthesized CuO NPs, Zn−Al LDH, and

CuO NPs/Zn-AL LDH on Bacterial Protein Leakage. A mature
bacterial culture of 18 h was adjusted to a 0.5 McFarland
standard, equivalent to 1.5 × 108 colony-forming units per
milliliter (cfu/mL). Then, 100 μL of this culture was introduced
into 10 mL of nutrient broth containing well-dispersed CuO
NPs, Zn−Al LDH, and CuO NPs/Zn-AL nanocomposite at
varying concentrations (0.125, 0.25, 0.5, and 1.0 mg/mL).
Nutrient broth without nanocomposites inoculated with the
culture served as the control group. Following treatment, the
samples were incubated at 37 °C for 5 h and then centrifuged at
6000 rpm for 20 min. From each sample, 100 μL of the
supernatant was mixed with 1 mL of Bradford reagent. The
optical density of these mixtures was determined at 595 nm after
allowing them to sit in the dark for 10 min94

2.8.8. Transmission Electron Microscopy Analysis of S.
aureus Bacteria Treated with CuO NPs, Zn−Al LDH, and the
CuO NPs/Zn−Al Nanocomposite. The structural changes in S.
aureus treated with 2× MIC of synthesized CuO NPs, Zn−Al
LDH, and CuO NPs/Zn−Al LDH nanocomposite at 37 °C for
24 h were analyzed using Transmission Electron Microscopy
(TEM). Bacterial cells were isolated from 24 h-old cultures in
nutrient broth by centrifugation at 4000 rpm for 10min and then
washed with distilled water. The samples were then fixed in a 3%
solution of glutaraldehyde, washed with PBS, and further fixed
with a potassium permanganate solution for 5 min at ambient
temperature. Following fixation, the samples underwent a
dehydration process using an ethanol gradient from 10 to 90%
for 15 min in each concentration of ethanol and finally in
absolute ethanol for 30 min. The samples were then gradually
infiltrated with a mixture of epoxy resin and acetone, ending in
pure resin. Ultrathin sections were prepared on copper grids,
which were subsequently stained with uranyl acetate and lead
citrate. The stained sections were examined using a JEOL-JEM
1010 transmission electronmicroscope at 70 kV at The Regional
Center for Mycology and Biotechnology, Al-Azhar University.

3. RESULTS AND DISCUSSION
3.1. Isolation and Identification of Actinobacteria

Isolate. A total of 49 Actinobacteria were obtained from the
collected soil samples. All the Actinobacteria isolates were
examined for their ability to synthesize CuO NPs. One of the
isolated actinobacteria, ISP-2 27, showed the most promising
findings with the highest optical density. Therefore, we utilized it
for the remainder of the study. Morphological characteristics
revealed that the ISP-2 27 strain was able to produce good and
branched substrate hyphae when cultured on ISP-2 medium.

Figure 3. SEM image of the actinobacteria isolate ISP-2 27.

Table 2. Cultural Characteristics of the ISP-2 27 Isolate

medium character ISP-2 27

ISP-1 growth moderate
aerial mycelium greenish gray
substrate mycelium olive dark
soluble pigments none

ISP-2 growth abundant
aerial mycelium dark green
substrate mycelium dark green
soluble pigments none

ISP-3 growth weak
aerial mycelium light yellow
substrate mycelium pale yellow
soluble pigments none

ISP-4 growth moderate
aerial mycelium pale green
substrate mycelium blackish green
soluble pigments none

ISP-5 growth weak
aerial mycelium pale yellow
substrate mycelium pale yellow
soluble pigments none

ISP-7 growth weak
aerial mycelium dark grayish brown
substrate mycelium brownish black
soluble pigments none

Table 3. Utilization of Various Carbon Sources by the
Selected Actinobacterial Strain (ISP-2 27)a

Carbon source ISP-27

D-glucose ++
D-xylose +
D-mannitol ±
D-fructose ++
D-galactose +
D-lactose ++
D-mannose −
maltose +
sucrose +
starch ++

a++ Good utilization, + moderate utilization, ± Weak or doubtful
utilization, − No utilization.
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Moreover, the nonmotile and oval spores were observed to be
borne singularly on the substrate mycelium. The spore surface
was found to be smooth in texture, as shown in Figure 3.
3.2. Cultural Characteristics. Table 2 displays the culture

characteristics of the actinobacterial strain ISP-2 27, which was
chosen for this study. Strain ISP-2 27 exhibited weak growth on
ISP-3, ISP-5, and ISP-7 media, moderate growth on ISP-1 and
ISP-4 media, and abundant growth on ISP-2 media, wherein the
aerial mycelium ranged in color from pale yellow to dark grayish
brown, while the substrate mycelium varied in color from pale
yellow to black. No soluble pigments were detected on any of the
utilized media.
3.3. Biochemical and Physiological Characterization.

3.3.1. Carbon Source Utilization. Table 3 presents the
utilization of carbon sources by the selected actinobacteria
isolate for this study. Our strain exhibited good to moderate
growth when provided with D-glucose, D-xylose, D-fructose, D-
galactose, D-lactose, maltose, sucrose, and starch as the sole
carbon sources for both growth and energy production but
exhibited weak or no growth on D-mannitol and D-mannose,
respectively.
3.3.2. Enzymes and Physiological Characterization. Table

4 presents a comprehensive overview of the physiological and
biochemical characteristics of the tested actinobacterial strain.
The data clearly showed that the tested strain exhibited
remarkable amylase, catalase, and lipase enzyme production.
The tested actinobacterial strain showed good growth between
20 and 40 °C, with the optimal temperature being approximately
30 °C. Additionally, our isolate showed good growth when
exposed to NaCl concentrations of up to 5%. Furthermore, the
isolate exhibited good growth rates when exposed to a wide
range of pH conditions, specifically between 6 and 10. However,
it is important to note that our isolate displayed exceptional
abilities to thrive at a lower pH until it reached pH 4.

Table 4. Physiological and Biochemical Characterization of
the Selected Actinobacterial Straina

characteristic ISP-2 27

Biochemical Tests
amylase test +
catalase test +
lipase test +

Effect of Temperature
4 °C −
10 °C −
15 °C −
20 °C +
25 °C +
30 °C +
35 °C +
40 °C +
45 °C ±

Effect of Salinity (NaCl)
2% +
5% +
7% −
10% −
12% −

Growth at Different pH
3 −
4 +
5 +
6 +
7 +
8 +
9 +
10 +

a+: Growth, ±: Weak or doubtful growth, −: No growth.

Figure 4. Relationships between the ISP-2 27 strain and closely associated species of the genus Micromonospora in a neighbor-joining tree based on
nearly complete 16S rRNA gene sequences. The numbers at the nodes represent the percentages of the bootstrap levels based on 1000 resampled data
sets. Only percentages greater than 50% are provided. Bar = 0.01 substitutions for each positional nucleotide. Streptacidiphilus hamsterleyensis
HSCA14T (KC111778) was used to estimate the root position of the tree.
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3.4. Molecular Studies. Nearly complete 16S rRNA
sequences were obtained for the actinobacteria isolate ISP-2
27. A preliminary examination was conducted to compare the
16S rRNA sequence of strain ISP-2 27 with those available in the
EzBioCloud database, revealing that it belongs to the genus
Micromonospora. The phylogenetic tree shown in Figure 4
represents the relationship between strain ISP-2 27 and other
Micromonospora species. Furthermore, based on phylogenetic
tree analysis, the Actinobacteria isolate ISP-2 27 was found to be
closely associated with the type strain of Micromonospora
provocatoris MT25T, with a bootstrap value of 99% in the
neighbor-joining tree, as shown in Figure 4.

3.5. Characterization of the Prepared Nanomaterials.
Biosynthesized CuO nanoparticles (NPs) were primarily
confirmed through visual observation of a significant color
change from blue to green. This transformation occurred when a
10mM solution of copper acetate was introduced to the cell-free
supernatant of the actinobacteria isolate. The alteration in color
can be attributed to the excitation of surface plasmon resonance
(SPR) effect,95 as well as the bioreduction of copper acetate [Cu
(CO2CH3)2·H2O]. In contrast, when aqueous copper acetate
was incubated under the exact conditions without the addition
of the cell-free supernatant, no change was detected.
Subsequently, the presence of nanomaterials was verified using
UV−visible spectrophotometry, which allowed for analysis
within a wavelength range of 200−800 nm. Within this analysis,
the absorption peak of CuONPswas identified between 290 and
330 nm, indicating that CuONPs were successfully produced, as
illustrated in Figure 5. Furthermore, the UV−vis spectrum of the
biosynthesized CuONPs displayed an optimum peak at 300 nm,
which was directly associated with the shift in SPR. Additionally,
based on the phenomenon of interband switching, which refers
to the transition of copper metal core electrons from one energy
band to another, it can be observed that CuO NPs exhibit a
distinct peak. This peak arises due to the aforementioned
interband switching of the electrons within the metal core of
copper, confirming that CuO NPs were formed.96 Similar
absorbance peaks were reported for CuO nanoparticles in the
open literature.97,98

The exact mechanisms by which microorganisms such as
actinobacteria, fungi, and yeast produce nanoparticles are still
being studied; however, their synthesis involves extracellular and
intracellular pathways in which enzymes have a significant
impact, contributing to the overall mechanism of nanoparticle
production.99,100 The possible mechanism involved in the
bioreduction, capping, and stabilization of Cu2+ into metallic
form is promoted by the presence of enzymes, proteins,
peptides, reducing cofactors, phytochemicals, and organic
materials found in the cell wall or released from the cell into
the growth media.101,102 An illustration of the proposed
mechanism involved in the production of CuO nanoparticles
utilizing the cell-free extract of the actinobacteria isolate ISP-2
27 is shown in Figure 6.
The X-ray diffraction patterns of the CuO nanoparticles, Zn−

Al LDH, and CuONPs/Zn−Al LDH nanocomposite are shown
in Figure 7. Figure 7a shows typical XRD diffraction patterns of
the LDH material. As shown, the sharpness of the diffraction
peaks in the Zn−Al LDH XRD pattern illustrates its high
crystallinity.103 The peaks at 2 theta angles of 11.26 and 22.57°
can be attributed to the basal plane peaks (003) and (006),
respectively. On the other hand, the peaks at 31.7, 34.27, 38.64,
45.4, 59.67, and 60.91° can be attributed to the nonbasal plane
peaks (101), (015), (018), (012), (110) and (113),
respectively.104 XRD analysis of the biosynthesized CuO NPs
is presented in Figure 7b. The diffraction peaks at 2θ values of
35.5, 38.4, and 58.3° can be attributed to the (002), (111), and
(202) planes, respectively, which are consistent with those of the
monoclinic phase of CuO (JCPDS 45-0937). These results
match the findings of other researchers who reported the
monoclinic phase of CuO.96,105 As shown, CuO is formed in an
amorphous structure, probably due to the biosynthesis
procedure that lacks control over the long-range order of the
crystallized oxide. For the nanocomposite, both phases had
common peaks, as illustrated in Figure 7, but no distinct peaks
for the CuO phase could be observed, and the peaks of the LDH

Figure 5. (a) UV−vis spectra of the CuO NPs biosynthesized from
actinobacteria isolate cell-free supernatant, (b) actinobacteria-free
extract, (c) copper metal ions solution, (d) copper oxide nanoparticles,
and (e) CuO NPs/Zn−Al LDH nanocomposite.
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phase were dominant. This may be due to the amorphous nature
of the CuO phase in the composite. The average crystallite size
was calculated using the Debye−Scherrer equation (eq 1).106

D K / cos= (1)

strain cos /4= (2)

Here, D is the nanocomposite crystallite’s size, k represents
the lattice constant, (0.9), λ is the X-ray wavelength of the CuKα
radiation (0.15406 nm), and β refers to the full width at half-
maximum and indicates the incident angle. The average
crystallite sizes calculated for CuO NPs, LDH, and CuO NPs/
Zn−Al LDH, according to eq 1, were 17.43, 2.01243, and
2.76147 nm, respectively. The strains were 0.00329, 0.012132,
and 0.012696 for CuONPs, LDH, and CuONPs/Zn−Al LDH,
respectively. From the results, we conclude that the changes in
the crystallite size and strain confirm the loading of CuO on
LDH.
Concerning LDH, the average distance between cation−

cation interactions in the brucite-like layer can be determined by
using the lattice parameter “a”, which is calculated using the
equation: a = 2d (110). This lattice parameter provides
important insights into the structural arrangement of the
material. Additionally, the lattice parameter “c” indicates the
thickness of the films and can be calculated as c = 3d (003).
Specifically, the lattice parameters “a” and “c” for LDH have
been determined to be 0.3084 and 2.3026 nm, respectively.
These lattice parameters agree well with those reported for
hydrotalcite-like compounds.107

The morphology of the prepared nanomaterials is illustrated
in the SEM images presented in Figure 8. The SEMmicrographs
of the biosynthesized CuO NPs revealed a flower-like
morphology with high porosity, as shown in Figure 8a,b. The
SEM images of Zn−Al LDH revealed a traditional hexagonal
plate-like morphology arranged in a lamellar structure, as shown
in Figure 8c,d, which is characteristic of LDH materials.103,108

The SEM micrographs in Figure 8e of the CuO NPs/Zn−Al
LDH nanocomposite show both the flower-like structure of the

Figure 6. Proposed mechanism involved in the production of CuO nanoparticles utilizing the cell-free extract of the actinobacteria isolate ISP-2 27.

Figure 7. XRD patterns of the (a) Zn−Al LDH, (b) CuONPs, and (c)
CuO NPs/Zn−Al LDH nanocomposite.
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biosynthesized CuO NPs and the plate-like structure of Zn−Al
LDH, which provided clear evidence of the loading of CuONPs
onto the LDH surface. The aggregated LDH plates can be
clearly observed in the magnified image presented in Figure 8f,
while the flower-like CuO phase is illustrated in Figure 8g. The
size of the synthesized CuO phase in the nanocomposite ranged
from 43 to 78 nm, as shown in Figure 8h.
EDX spectroscopy was performed to investigate the elemental

composition of all the prepared materials. The EDX results of

the CuONPs, ZnAl LDH, andCuONPs/LDHnanocomposites
are shown in Figure 9a−c, respectively. As shown in Figure 9a,
the pure signals for Cu indicate only the purity of the prepared
sample with no foreign elements present. The C signal can
originate from the background holder and/or from the
carbonaceous compounds and biomolecules attached to the
CuO surface from the biosynthesis process. Similarly, Figure 9b
shows that the ZnAl LDH phase was formed with high purity

Figure 8. SEM images of (a,b) CuONPs, (c,d) ZnAl LDH, and (e,h) CuONPs/LDH nanocomposite. (f) Magnified image of the area shown in (e,g)
an illustrative image of (e).
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with no signals for any other foreign elements. This is also true
for the nanocomposite, as shown in Figure 9c.
The FTIR spectra of all the prepared nanomaterials are

presented in Figure 10. For the biosynthesized CuO phase, the
broadband at 3395 cm−1 could be attributed to OH stretching in
adsorbed water molecules, alcohols, and phenols present in the
bacterial media that were attached to the CuO surface. The
peaks at 2929 and 2377 cm−1 were assigned to the stretching
vibrations of C−H in alkanes and C�C stretching of alkyne or
CO2 peak adsorbed onto protein molecules, respectively.

109,110

The peak observed at 1405 cm−1 indicates the presence of the
O−H bending mode characteristic of carboxylic acid.110

Furthermore, the band at 1644 cm−1 represents the C�O
stretching of the amide I band of proteins.111 The peaks
observed at 1056 and 1234 cm−1 were related to the C−N
stretching modes of amines. The presence of the monoclinic
phase of the CuO NPs is supported by the peak at 608 cm−1,
which can be attributed to the metal−oxygen vibration (Cu−
O).110,112 All these peaks indicate the presence of several
molecules, including proteins, which are essential for the
stability, capping, and reduction of the produced CuO phase.
For LDH, the broad broadband at 3450 cm−1 is attributable to

hydrogen bond stretching vibrations in the O−H group of
interlayer molecules of water.113 Moreover, the peak at 1625
cm−1 is related to the stretching vibration of H2O molecules
between layers. The peak that appeared at 1370 cm−1 could be
attributed to the symmetric and asymmetric stretching of the
C−O in the carbonate group (CO3)2− that was produced during

Figure 9. EDX spectra of the (a) CuO NPs, (b) Zn−Al LDH, and (c) CuO NPs/LDH.

Figure 10. FTIR spectra of the CuONPs, Zn−Al LDH, and CuONPs/
LDH nanocomposite.
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the preparation process.103 The peaks at 1034, 658, and 430
cm−1 could be attributed to the M−O and M−O−M stretching
vibrations in the LDH.114 The CuO NPs/Zn−Al LDH
nanocomposite showed FTIR peaks that originated from both
phases, as shown in Figure 10. Additionally, several peaks shifted
to various wavenumbers, such as the peak attributed to the−OH
group at 3450 cm−1 at 3447 cm−1 and the peak attributed to the
stretching vibration of OH at 1625 cm−1 at 1620 cm−1,
demonstrating that LDH and CuO NPs possibly interact via
hydrogen bonds.108,115

Figure 11a−c show the hydrodynamic particle distributions of
the CuO NPs, Zn−Al LDH, and CuO NPs/LDH nano-
composite, respectively. As shown, the formed nanomaterials
show large hydrodynamic sizes and broad peaks, indicating
aggregation in suspension. The average hydrodynamic sizes of
the CuO NPs, Zn−Al LDH, and CuO NPs/LDH nano-
composites were 687, 735, and 528 nm, respectively.

The measurements of the zeta potential provide information
on the stability of the synthesized nanomaterials. The surface
charge of nanomaterials can indicate how strongly the particles
in the suspension repel or are attracted to one another, thereby
affecting the stability of the suspension. The zeta potentials of
the CuO NPs, Zn−Al LDH, and CuO NPs/LDH nano-
composite are shown in Figure 11d−f and were−21.4, 22.3, and
30.8 mV, respectively. These values indicate that the suspension
of such nanomaterials can have a reasonable degree of
stability.1,116 These findings indicate that the high positive
zeta potential of the CuO NPs/Zn−Al LDH nanocomposite
could be related to the interaction between the biomolecules
capping the biosynthesized CuONPs and the central metal ions
in the Zn−Al LDH. The increase in zeta potential after loading
CuO NPs onto the LDH was attributed to surface charge
modification. Surface charge modification occurs when the CuO
NPs have a different charge (−21.3 mV) than the original LDH

Figure 11. Hydrodynamic sizes of the (a) CuO NPs, (b) Zn−Al LDH, and (c) CuO NPs/LDH nanocomposite; and the zeta potentials of the (d)
CuO NPs, (e) Zn−Al LDH, and (f) CuO NPs/LDH nanocomposite.
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surface (22.3 mV). A higher charge density of the LDHmaterial
can effectively increase the overall zeta potential of the particle.
This occurs due to the introduction of more charged species or
functional groups and the addition of MO onto the particle
surface.117 A high zeta potential of the material can promote
particle stability and prevent aggregation. This ensures a greater
surface area and better contact between the material and
microorganisms, increasing the chances of antimicrobial
interactions and effectiveness.118,119

3.6. Antimicrobial Activity Assay. 3.6.1. Zone Detection.
The antimicrobial activity of all the produced materials (CuO
NPs, Zn−Al LDH, and CuO NPs/LDH nanocomposite) was
evaluated toward yeast (C. albicans ATCC 60913), Gram-
positive bacteria (L. monocytogenes ATCC 7644, methicillin-
resistant S. aureusATCC 43300) and Gram-negative bacteria (S.
typhimuriumATCC 14028, P. aeruginosaATCC 9027) using the
agar-well diffusion technique. The inhibition zones of the
synthesized nanomaterials at various concentrations (0.125,
0.25, and 0.5 to 1 and 5 mg/mL) showed strong antimicrobial
effects on all the tested organisms in a concentration-dependent
manner. As shown in Table 5, the inhibition zone increased with
increasing concentrations of the synthesized nanomaterials
(Figure 12). Furthermore, the results demonstrated that the
synthesized nanomaterials were effective against a variety of
organisms. DMSO was utilized as a control, while distilled H2O
was used as a blank. DMSO showed no antimicrobial activity
against the selected test organisms. On the other hand, CuO
NPs showed significant antimicrobial properties against all the
tested pathogens, which agrees with the findings of Nabila and
Kannabiran, 2018,100 and Bukhari et al., 2021,120 who reported
that the actinobacteria-mediated synthesis of CuO NPs has an
effective antibacterial capability toward both Gram-negative and
Gram-positive bacteria. The inhibitory effect of the biosynthe-
sized CuO NPs can be attributed to the high surface area-to-
volume ratio of the 3D flower-like structures, which allows better
contact with the microbial cell membrane. In addition, this
enhanced antibacterial activity can be attributed to the copper
ions released from the CuO nanoparticles. These copper ions
can penetrate the bacterial cell membrane and disrupt the cell
membrane structure by adhering directly to the cell wall, which

has a negative charge.121,122 By binding with microbial DNA
molecules, copper ions cause cross-linkage within nucleic acid
strands, which can lead to a disordered helical structure of DNA
molecules followed by protein denaturation and other cell
biochemical processes, ultimately resulting in full destruction of
the microbial cell.123−125 Moreover, Santo et al., 2008126

revealed the inhibitory effect of CuO NPs associated with a
deactivated surface protein responsible for material transport via
cytoplasmic membranes and the destruction of selective
permeability.
Table 5 shows that the tested pathogens exhibited great

sensitivity for the used Zn−Al LDH, which is in agreement with
previous research showing that Zn−Al LDH has antimicrobial
effects on Gram-positive bacteria, Gram-negative bacteria, and
fungi.127,128 The antimicrobial capability of the prepared Zn−Al
LDH may be due to the hydroxyl ions liberated in the aqueous
medium. These ions are well-known as extremely oxidizing free
radicals that exhibit excessive reactivity with various biomole-
cules, such as the bacterial cytoplasmic membrane and DNA,
and cause the denaturation of proteins.129 Another explanation
for the inhibitory properties of the prepared Zn−Al LDH is that
zinc ion release works well not only on bacteria but also on fungi
by connecting to microorganism membranes comparable to
those of mammalian cells.130 This zinc ion can penetrate the
microbial cell membrane through the membrane pore channel
by attaching to the plasmamembrane via electrostatic attraction,
which decreases cell membrane permeability, leading to the loss
of low-molecular-weight metabolites and intracellular ions.131

Moreover, zinc ions extend both the growth cycle lag phase and
the microorganism generation time, which delays the full cell
division of each organism.132 An increase in the concentration of
Zn−Al LDH is expected to lead to increase the production of
H2O2, which in turn will affect the structural integrity of the
bacterial cell membrane.133 This process is likely to result in the
release of cellular contents and eventual cell death. Furthermore,
the antimicrobial properties of Zn−Al LDH nanoparticles can
be attributed to their accumulation on the bacterial surface,
where they promote the production of ROS and interact with
the bacterial cell wall. These ROS have the ability to cause
damage to the bacterial cell wall, as well as important cellular

Table 5. Zone of Inhibition of CuO NPs, Zn−Al LDH, and CuO NPs/LDH Nanocomposite

concentration
(mg/mL)

methicillin-resistant S. aureus
ATCC 43300

L. monocytogenes
ATCC 7644

S. typhimurium
ATCC 14028

P. aeruginosa
ATCC 9027

C. albicans
ATCC 60913

CuO NPs inhibition zone (mm)
0.125 13 ± 0.03 16 ± 0.1 0 15 ± 0.3 16 ± 0.6
0.25 16 ± 0.1 17 ± 0.6 0 18 ± 0.1 19 ± 0.05
0.5 19 ± 0.5 20 ± 0.5 0 22 ± 0.01 21 ± 0.1
1 21 ± 0.13 22 ± 0.04 0 23 ± 0.011 23 ± 0.3
5 22 ± 0.3 25 ± 0.05 23 ± 0.23 26 ± 0.21 24 ± 0.3

Zn−Al LDH inhibition zone (mm)
0.125 14 ± 0.4 15 ± 0.3 0 15 ± 0.01 13 ± 0.5
0.25 16 ± 0.2 17 ± 0.03 0 17 ± 0.1 15 ± 0.1
0.5 17 ± 0.3 19 ± 0.1 0 20 ± 0.5 18 ± 0.6
1 18 ± 0.6 21 ± 0.04 0 23 ± 0.6 19 ± 0.6
5 25 ± 0.02 22 ± 0.011 21 ± 0.3 24 ± 0.6 22 ± 0.4

CuO NPs/Zn−Al LDH inhibition zone (mm)
0.125 20 ± 0.03 21 ± 0.4 13 ± 0.06 16 ± 0.5 17 ± 0.25
0.25 23 ± 0.1 23 ± 0.6 15 ± 0.013 19 ± 0.6 19 ± 0.1
0.5 24 ± 0.6 25 ± 0.1 18 ± 0.1 24 ± 0.1 22 ± 0.3
1 26 ± 0.012 26 ± 0.15 20 ± 0.13 26 ± 0.13 24 ± 0.23
5 27 ± 0.18 30 ± 0.34 25 ± 0.17 28 ± 0.03 26 ± 0.21
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components such as proteins and nucleic acids, ultimately
resulting in the death of the bacterial cells.133 Figure 13
illustrates the possible antimicrobial mechanisms of the
synthesized nanomaterials.
The presence of both phases in the nanocomposite increased

the inhibitory efficiency compared to that of either of the single
phases, which was revealed by the diameter of the inhibition
zones, as shown in Table 5. Other studies in the open literature
have shown that a composite can have better antimicrobial
activity than its single constituents. For instance, Delgado et al.,
2011 illustrated that CuO nanoparticles embedded in

polypropylene had better antimicrobial properties than metal
copper nanoparticles.134 Additionally, Syame et al., 2017
reported that the biocidal activity of CuO NPs improved with
the addition of chitosan.135 The superior inhibitory effect of
CuO NPs/Zn−Al LDH may be attributed to the inhibitory
activity of Cu2+ ions from CuO NPs and Zn2+ ions from Zn−Al
LDH. The release of both ions from the nanocomposite is
thought to be the main mechanism behind the observed
enhancement in antibacterial activity compared to either phase
alone. This is due to the direct interaction between the CuO
NPs/Zn−Al LDH nanocomposite and the microbial cell walls,
as well as the liberation of antimicrobial ions such as Cu2+ and
Zn2+. These ions have lethal effects on microbial cells, leading to
enhanced antimicrobial efficiency and complete destruction of
the cell. The antimicrobial properties of the CuO NPs/Zn−Al
LDH nanocomposite can also be attributed to its extremely high
surface area, which allows for better interaction with micro-
organisms. Additionally, the electrostatic attraction between the
positively charged surface of the nanocomposite and the
negatively charged microbial cell reduces the charge density
on the bacterial surface, resulting in a decrease in microbial cell
viability. Furthermore, both CuO nanoparticles (NPs) and Zn−
Al LDH (LDH) have the ability to produce ROS such as
hydroxyl radicals (OH•) and superoxide radicals (O2

•−). These
ROS cause oxidative damage to microorganisms, resulting in the
breakdown of cell membranes and subsequent cell death.136,137

In addition, this composite showed a positive zeta potential
(30.8 mV) that was greater than that of the LDH phase (22.3
mV); therefore, the electrostatic attraction toward the bacterial
cell wall can be greater. Compared to the nanocomposite, the
pure CuO sample showed a zeta potential of −21.4 mV,
indicating possible repulsion from the bacterial cell wall.
Therefore, Zn−Al LDH support can be thought of not only as
an ion release platform for Zn ions but also as a facilitator to
facilitate the possible interaction of CuO with the bacterial cell
wall. The zeta potential of nanoparticles plays a crucial role in
their antimicrobial activity. The results of our experiment
showed that the CuO NPs/Zn−Al LDH nanocomposite, with a
higher absolute zeta potential (30.8 mV), had a stronger
bactericidal effect. This can be attributed to the fact that particles
with a greater positive zeta potential are able to form stronger
electrostatic interactions with the negatively charged cell
membranes of microorganisms. This attractive force allows the
nanoparticles to adhere to the microbial surface, potentially
leading to increased internalization. Additionally, this enhanced
adhesion can disrupt various cellular structures, increase
permeability, cause leakage of intracellular components, prevent
microbial adhesion and biofilm formation, and ultimately result
in cell death. These multifaceted mechanisms collectively
contribute to the superior antimicrobial efficacy of nanoparticles
with higher positive zeta potentials.138,139 Several investigations
have been conducted to explore the correlation between zeta
potential and the effectiveness of antimicrobial substances. In a
study conducted by Jastrzeb̨ska et al., 2015,140 it was observed
that nanocomposite powders with higher zeta potential values
demonstrated commendable antimicrobial properties. Similarly,
Oñate-Garzo ́n et al., 2017 also reported an increase in
antimicrobial activity when cationic peptides with a greater
net charge were utilized.141 Additionally, Du et al., 2009
presented data indicating that the strength of antibacterial
activity was directly associated with the zeta potential of metal-
associated CS-NPs.117 Furthermore, Qi et al., 2004 revealed that
the zeta potential of Cu2+-loaded NPs was markedly greater, at

Figure 12. Inhibition zones detected in the well diffusion assay when
various pathogens were tested against CuO NPs, Zn−Al LDH, and
CuO NPs/Zn−Al LDH nanocomposite.
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96 mV, than that of CS-NPs, which was recorded at 51 mV.
Moreover, Cu2+-loaded CS-NPs displayed greater antibacterial
activity than did native CS and slightly surpassed the
antibacterial activity of CS-NPs.142 Numerous research
investigations have documented the eco-friendly production of
copper oxide nanoparticles (CuO NPs) and zinc−aluminum
LDHs (Zn−Al LDH) along with their antibacterial properties,
but no previous work has attempted to study the antibacterial
properties of such nanocomposites (CuO NPs/Zn−Al LDH).
Table 7 presents an overview of the antibacterial properties
documented in the literature for biosynthesized CuO NPs and
Zn−Al LDH.
3.6.2. MIC Determination. It is important to mention that the

MIC values of the synthesized nanomaterials under inves-
tigation concerning the previously mentioned bacterial species
are shown in Table 6. The MICs of the synthesized
nanomaterials differ significantly among species. Furthermore,
Table 6 shows that the MICs of the synthesized CuONPs/Zn−
Al LDH nanocomposites decreased compared to those of their
individual components. This phenomenon could be attributed
to the synergistic antimicrobial impact resulting from the
combination of CuO nanoparticles and Zn−Al LDH. This
combination enables the effective suppression of bacterial
pathogens at much lower concentrations than when the
components are used individually.143

3.6.3. Time-Kill Curve Assay. The evaluation of time-kill
kinetics is crucial for determining the effectiveness and rate of
elimination of antimicrobial compounds. Figure 14 shows a
significant reduction in the number of colony forming units
(cfus) of both S. aureus and C. albicans after treatment with
various substances, including CuO NPs (MIC concentration of
31.25 μg/mL), Zn−Al LDH (MIC concentration of 62.50 μg/
mL), CuO NPs/Zn−Al LDH nanocomposite (MIC concen-

tration of 15.6 μg/mL), CuONPs (MIC concentration of 62.50
μg/mL), Zn−Al LDH (MIC concentration of 125 μg/mL), and
CuO NPs/Zn−Al LDH nanocomposite (MIC concentration of
31.25 μg/mL), for both S. aureus and C. albicans, which resulted
in a significant decrease in the cfus of S. aureus and C. albicans.
Interestingly, the most effective eradication of both S. aureus and
C. albicans was observed after 24 h compared to that in the
untreated control group.
3.6.4. Assessment of Protein Leakage from the S. aureus

Cell Membrane. The quantities of protein released into the
suspension from treated S. aureus cells were measured using the
Bradford method. According to Figure 15, the release of cellular
protein from S. aureus correlates with the concentration of
synthesized CuO NPs, Zn−Al LDH, and CuO NPs/Zn−Al
LDH nanocomposites. Specifically, protein concentrations of
86.99, 93.64, and 163.58 μg/mL were detected after treatment
with 1.0 mg/mL CuO NPs, Zn−Al LDH and CuONPs/Zn−Al
LDH nanocomposites, respectively. This indicates the anti-
bacterial properties of the nanocomposites, as evidenced by the
formation of holes in the cell membrane of S. aureus, leading to
the leakage of proteins from the cytoplasm. These findings
suggest that the CuO NPs/Zn−Al LDH nanocomposite
enhances the permeability of the S. aureus cell membrane
more effectively than do the CuO NPs and Zn−Al LDH,
implying that disruption of membrane permeability plays a
crucial role in inhibiting bacterial growth. This is supported by
similar studies.144,145 These studies have shown that when Cu
ions and Zn ions are introduced, there is a concentration-
dependent disruption of bacterial cell membranes, leading to the
release of their internal contents into the surrounding medium
(bacterial cell suspension).
3.6.5. Ultrastructure of S. aureus Bacteria Treated with

CuO NPs, Zn−Al LDH, and CuO NPs/Zn−Al LDH Nano-

Figure 13. Antimicrobial mechanisms of the synthesized nanomaterials (CuO NPs, Zn−Al LDH, and CuO NPs/Zn−Al LDH nanocomposite).

Table 6. MIC Values for Various Concentrations of the Produced Nanomaterials after 24 h

species
methicillin-resistant S. aureus

ATCC 43300
L. monocytogenes
ATCC 7644

S. typhimurium
ATCC 14028

P. aeruginosa
ATCC 9027

C. albicans
ATCC 60913

CuO NPs
MIC (μg/mL) 31.25 15.6 � 15.6 62.5

Zn−Al LDH
MIC (μg/mL) 62.5 31.25 � 62.5 125

CuO NPs/Zn−Al LDH
MIC (μg/mL) 15.6 7.8 125 15.6 31.25
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composite. TEM was utilized to examine the effects of CuO
NPs, Zn−Al LDH, and the CuO NPs/Zn−Al LDH nano-
composite on S. aureus, specifically observing different types of
cellular damage. This study explored the antibacterial action of
CuO NPs, Zn−Al LDH, and CuO NPs/Zn−Al LDH nano-
composite by exposing pathogenic microbial cells to 2xMIC in a
PDA liquid media for a period of 24 h. As shown in Figure 16a,
the TEM observations indicated that the control group cells did
not exhibit significant damage, including the absence of pit
formation or cell wall rupture. The cell wall appears to be well-
defined, and the internal contents of the cells are homoge-
neously distributed. The cells maintain their characteristic
spherical shape. Figure 16b shows that CuONPs appear to have
some irregularities in the cell walls of S. aureus cells, with slight
indentations that could indicate the beginning stages of CuO
NPs interaction. The internal structure of the cells shows some
heterogeneity, which might be a sign of stress or damage.
However, the overall morphology of the bacteria remains
relatively intact, and there is no clear evidence of extensive
damage or leakage of cellular contents. Zn−Al LDH had a more
pronounced effect on the cells (Figure 16c). The cell walls are
visibly compromised, with significant indentations and dis-
ruptions. The internal contents of the cells appear to leak out,
which is a strong indicator of the cytotoxic effects of

nanoparticles. Compared with those of CuO NPs, the
morphology of the cells was altered, and the damage was more
severe, suggesting a greater degree of Zn-AL LDH interaction
and effect. Figure 16d shows the most severe effects of the CuO
NPs/Zn−Al nanocomposite interaction on bacterial cells. The
bacterial cells are heavily damaged, with large portions of the cell
walls disintegrated or completely missing. The internal contents
of the cells are extensively leaked into the surrounding area,
indicating a high degree of cytotoxicity. The cells lost their
characteristic shape and were no longer intact, which is
consistent with the strong antibacterial effect of the nano-
composite. The results from the TEM images suggest that the
nanocomposite can have a significant impact on the viability and
integrity of S. aureus cells. The observed damage to the cell walls
and the leakage of cellular contents are indicative of the ability of
the nanoparticles to disrupt bacterial membranes, which is a
common mechanism of antibacterial action. This disruption can
lead to cell death and is a promising avenue for the development
of new antibacterial treatments, especially in the face of
increasing antibiotic resistance.
This combination of CuO and Zn−Al LDH can be further

investigated in numerous applications. In addition, other oxides
or a mixture of different oxides can be used instead of CuO.
Similarly, LDH phases with different chemical properties can be
used instead of Zn−Al LDH. These combinations can be
investigated for their antibacterial, antiviral, and antifungal
properties. Promising candidates can be investigated for
applications such as antibacterial clothing, face masks, protective
clothing, and antibacterial sprays.

4. CONCLUSIONS
In the present work, a combinedMO/LDH nanocomposite was
investigated to study its possible enhancement in antimicrobial
properties compared to those of the individual phases. No such
combination has been reported before in the open literature. A
facile method to produce CuO NPs/Zn−Al LDH nano-
composite using a two-stage technique was followed. In the
first stage, Zn−Al LDH was synthesized using a simple
coprecipitation process. The second stage involves reducing
Cu metal ions utilizing cell-free supernatant from Micro-
monospora sp. ISP-2 27, which is subsequently oxidized to
form CuO flower-like structures on the surface of Zn−Al LDH.
The prepared nanocomposite was characterized using XRD,
FTIR, SEM, EDX, zeta potential, and hydrodynamic particle size

Figure 14. Time-kill curves of the CuO NPs, Zn−Al LDH, and CuO NPs/Zn−Al LDH nanocomposite against (A) S. aureus and (B) C. albicans.

Figure 15. Effect of CuONPs, Zn−Al LDH, and the CuONPs/Zn−Al
LDH nanocomposite on the protein leakage from S. aureus cell
membranes.
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analyses. The characterization techniques showed the successful
incorporation of CuO flower-like particles on the surface of the
LDH phase, which showed a typical hexagonal layered structure.
The formed CuO phase was coated with biomolecules
originating from the cell-free supernatant used during the
preparation procedure, as revealed by the FTIR spectra. The
antimicrobial activity of the produced CuO NPs/Zn−Al LDH
nanocomposite, as well as the individual CuO NPs and Zn−Al
LDH, was tested against Gram-negative bacteria (S. typhimu-
rium ATCC 14028, P. aeruginosa ATCC 9027), Gram-positive
bacteria (methicillin-resistant S. aureus ATCC 43300, L.
monocytogenes ATCC 7644), and yeast (C. albicans ATCC
60913). The results showed that the zones of inhibition for the
CuONPs/Zn−Al LDH nanocomposite were greater than those
for CuONPs or Zn−Al LDH alone. This shows that the synergy
between the MO and the LDH phase can enhance the
performance of the nanocomposite compared to that of either
individual phase. This work paves the way toward investigating
more MO/LDH composites with different chemistries and
morphologies that may prove to possess significant antimicro-
bial properties and could be promising candidates for several

biomedical and bioengineering applications. Such composites
are expected to decrease the cost of implementation of such
applications due to their low cost of preparation and ease of
synthesis. In addition, such composites are expected to show
promising results compared to currently reported materials due
to their versatile chemistries, morphologies, sizes, and
synergistic effects of combining MO and LDH phases. Our
future goal is to design a wider range of nanocomposites with
enhanced properties. For instance, instead of solely utilizing
binary LDH, we aim to incorporate ternary LDH. Additionally,
we plan to move away from using monometallic nanoparticles
and instead incorporate bimetallic and trimetallic nanoparticles
to further enhance the properties of our nanocomposites.
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Figure 16. TEM images of S. aureus treated with synthesized materials, (a) healthy S. aureus cells, (b) S. aureus treated with CuO NPs, (c) S. aureus
treated with Zn−Al LDH, and (d) S. aureus treated with CuO NPs/Zn−Al LDH nanocomposite.
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