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for enhancing antibacterial activity against
methicillin-resistant Staphylococcus aureus, beta-
lactamase and tetracycline-resistant Escherichia
coli†
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Tania Faruqe,c Gautam Kumar Deb,d Taehyeong Ha,e Khandker Saadat Hossain,b

Muhammad Tofazzal Hossain, a Md. Abdul Kafi *a and Jeong-Woo Choi *e

Antimicrobial resistance (AMR) resulting from indiscriminate use of antibiotics in various fields of agriculture

such as livestock farming, aquaculture, and croup fields become an emerging catatroph for the health

(human, animal) and environment. Among those, poultry farming has been considered as one of the major

contributors of multidrug-resistant (MDR) bacteria. Focusing this, the present research is designed for green

synthesis of copper oxide nanoparticles (CuONPs) with the aim of their application in antibiotic-free poultry

farming for curving use of antibiotics in that sector. For that, antibacterial CuONPs were nanoformulated to

decrease the required doses of bulk CuSO4. We used a CuSO4$5H2O solution as a Cu2+ source and Citrus

limon juice as a reducing agent as well as capping agent. Particle yield was initially confirmed by the lmax

specific to CuONPs (295 nm) using UV-Vis spectroscopy. The presence of the Cu–O group during particle

formation and crystallinity with the purity of yielded NPs was confirmed with Fourier-transform infrared

spectroscopy and X-ray diffractometry. The round to spherical CuONPs of 92–155 nm average size was

confirmed with atomic force, scanning electron, and transmission electron microscopy. The concentration

of yielded NPs was calculated with the dynamic light scattering. The physical characterization tools

indicated a maximum CuONPs yield with a 0.001 M ion source with 15% reducing agents after 12 h

reduction. Antibacterial effectivity was tested against methicillin-resistant Staphylococcus aureus and

tetracycline- and beta-lactamase-resistant Escherichia coli, confirmed by PCR amplicon band at 163 bp,

643 bp, and 577 bp for the mecA, blaTEM-1 and tetA genes, respectively. An antibiogram assay of CuONPs

showed a maximum zone of inhibition of 26 ± 0.5 mm for the synthesized particles. The minimum

inhibitory and bactericidal concentrations were 1.6 mg ml−1 and 3.1 mg ml−1, respectively, for broad-

spectrum application. Finally, the biocompatibility of CuONPs was determined by demonstrating

a nonsignificant decrease of BHK-21 cell viability at <2MIC doses for complying their future in vivo applicability.
1. Introduction

Antimicrobial resistance (AMR) represents a public health
threat worldwide.1 The excessive use of antibiotics in human,
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veterinary medicine, and agriculture has further aggravated this
situation, and an emerging public health catastrophe is being
predicted.2 Numerous studies have shown that the environment
has already been exposed to many antimicrobial-resistant
bacteria because of excess use of antibiotics in agricultural
sectors including crops, livestock, and aquaculture.3,4 Public
health has been seriously affected by the presence of antimi-
crobial residues in food.5 Environment exposure to such resi-
dues occurs in a wide variety of ways, such as horizontal
spreading of resistant bacteria from human medical waste,
livestock farms and household wastes.2 This in turn results in
the appearance of antimicrobial-resistant microbes, both
through alteration of gene sequences as an adoptive mecha-
nism and through transfer of resistance gene during plasmid
sharing.6 The antibacterial residues in various farm products
RSC Adv., 2023, 13, 29363–29375 | 29363
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that result from injudicious usage of antibiotics are therefore
considered as major cause of emergence of AMR.1,6 Antibiotics
are usually administered as a prophylactic measure to reduce
disease or bacteriological spoilage-related losses of products
both on the farm and in the live animal market, without
considering withdrawal periods.7 Consequently, a signicant
amount of the applied antibiotics remains in the food chain as
residue.8 This situation is common inmany least developed and
developing countries, where agricultural farming has increased
in step with socio-economic development. In addition to inju-
dicious antibiotics use on farms, several other factors
contribute to the problem including lack of public awareness
regarding the use of antibiotics and lack of regulation governing
antibiotic prescriptions.9 AMR is thus emerging at catastrophic
levels among underdeveloped nations around the world, where
medically important microorganisms have frequently stopped
responding to widely used antibiotic treatments.9 It is therefore
crucial to nd appropriate measures for breaking the pattern of
resistance emergence through interrupting the spread of resi-
dues and of resistant bacteria from potential farm sources.

MDR in poultry farming appears as a serious threat that
resulted nonresponsive antibiotic therapy.10 As a result, farmers
have been using antibiotics repeatedly and indiscriminately for
protecting their farms.11 Such indiscriminate use of antibiotics
creates several aermath like, (i) costly production, (ii) antibi-
otic residue laden products, (iii) severe public health impact
due to the presence antibiotic in food chain.12,13 Thus, curving
use of antibiotics could be an useful step to overcome this
alarming situation. A recent review enlightened about the use of
antimicrobial nanomaterials for tackling such alarming situa-
tion.1 Gao et al. 2021 suggested that with continued research
and development, nanomaterials may become a mainstay for
treating bacterial infections in the era of antibiotic resistance.1

Hence, this research aimed on the development and applica-
tions of antimicrobial nanomaterials as an alternate of antibi-
otics in poultry farming. Many naturally available antimicrobial
materials have already been employed for such purpose.3,14–16

However, none of them found suitable because of their costly,
laborious and bioincompatible extraction and nanoformulation
process.17–19 Therefore, a cost effective, facile, biocompatible
green antibacterial nanomaterials synthesis method is critically
required.

Copper sulphate (CuSO4$5H2O) is a widely used antimicro-
bial agent with demonstrated germicidal power.20 Many studies
have investigated the use of CuSO4$5H2O as a feed and soil
additive, sewage water treatment agent, supplementary agent
for cosmetics, pesticide, fungicide, etc.14,21,22 However, applica-
tion of bulk CuSO4$5H2O still faces many challenges such as
high dose requirements, bio-incompatibility, corrosiveness
when applied to surfaces, and high cost.23 The present research
focused on overcoming these limitations by enhancing func-
tionality through nanoformulation of CuSO4$5H2 and thus
lower dosage requirements. Nano-formulated products (nano-
particles) offer many advantageous attributes such as increased
surface areas, exposed functional groups, and enhanced ion-
exchange and -absorption ability, all of which result in
enhanced functionality.24–26 Various studies have therefore
29364 | RSC Adv., 2023, 13, 29363–29375
investigated nanoformulation of CuSO4$5H2O with the aim of
developing antimicrobial nanomaterials.27–30 Nahar et al.
synthesized copper(II) oxide nanoparticles (CuONPs) and eval-
uated their antibacterial effects against S. aureus.31 Other
researchers evaluated the antibacterial effects of CuONPs
against Klebsiella aerogenes, E. coli, S. aureus, Pseudomonas
desmolyticum, Enterobacter aerogenes, Shigella spp., and
others.27,28,30,32,33 While antibacterial activity against all these
bacteria was demonstrated, the required doses still did not
much differ from those of the bulk state.29 The average
minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC) of previously synthesized
CuONPs was 200–500 mg ml−1 and 125–1000 mg ml−1, respec-
tively, while that of the bulk state not signicantly different at
200–400 mg ml−1 and 400–1600 mg ml−1, respectively.31,34

Current state of the art CuONPs cannot overcome the limita-
tions of bulk CuSO4$5H2O as long as they are not sustainable
for low-input, maximum-output-based farming systems.22,26,35,36

A nanoformulation satisfying these criteria is in urgent demand
for reducing the doses of NPs used for the mitigation of the
spread of environmental AMR bacteria. Moreover, while the
previously synthesized NPs were able to produce an inhibitory
zone against bacteria, they were not suitable for application in
biological systems.36 Previous synthesis protocols for CuONPs
employed chemical reducing agents in their reduction process,
producing cytotoxic effects, and previous research investigating
the cytotoxicity of CuONPs and hybrid NPs demonstrated toxic
effect against mammalian cells.21 Therefore, an effective anti-
microbial, biocompatible, and cost-effective nanomaterial is
critically required. To this end, the present study focused on the
uncomplicated synthesis of CuONPs for obtaining biocompat-
ible antibacterial nanomaterials useable against AMR threats.

In this study, CuONPs were synthesized employing CuSO4-
$5H2O solution as an ion source, and Citrus limon juice as a bio-
compatible reducing agent that constitutes an alternative to
chemical reducing agents. The resultant nanoparticles were
subjected to physical characterization through UV-Vis spectro-
scopic analysis, Fourier-transform infrared spectroscopy (FTIR),
X-ray differentiation (XRD), atomic force microscopy (AFM),
scanning electron microscopy (SEM), transmission electron
microscopy, (TEM), and dynamic light scattering (DLS). Then
the physically conrmed nanoparticles were subjected to an
evaluation of antimicrobial activity against MDR S. aureus and
E. coli using antibiogram proling aer PCR detection of MDR
genes. MIC and MBC of yielded NPs were determined following
broth dilution methods. The biocompatibility of the yielded
NPs was evaluated using BHK-21 cells following MTT assay
prior to in vivo application for producing antibiotic-free safe
poultry without incurring AMR risks.

2. Materials and methods
2.1. Materials

Copper sulphate pentahydrate (CuSO4$5H2O) was purchased
from local market of Mymensingh Sadar, Bangladesh (BD).
Phosphate buffered saline (PBS) and sodium chloride (NaCl)
were purchased from Merck Life Science Pvt. Ltd, Mumbai,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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India. Alcohol and other chemical disinfectants were purchased
from the local supplier (ZH chemicals, Hatkhola, Dhaka, BD).
Antibiotic disks and blotting papers were purchased from HI-
Media Laboratories Pvt. Ltd, Mumbai, India. Nutrient broth,
Eosin Methylene Blue agar, Mannitol Salt agar, Muller Hilton
agar, Muller Hilton broth and Gram's staining materials were
also purchased from Hi-Media Laboratories Pvt. Ltd, Mumbai,
India. PCR master mixes were purchased from Promega, Mad-
ison, USA. Primer sets (16s rRNA gene, mec gene, malB gene,
blaTEM-1 gene, tetA gene), agarose powder, DNA ladder, Tris-
Acetate-EDTA buffer, Nuclease free water, were purchased
from Biotech Concern, Dhaka, BD. A total of 10 (Ten) Staphy-
lococcus aureus and 10 (Ten) Escherichia coli stock from poultry
sources were collected from the laboratory stock of the
Department of Microbiology and Hygiene, BAU, and used for
the present study.
2.2. Methods

2.2.1. Green synthesis of copper oxide nanoparticles
(CuONPs). CuSO4$5H2O solutions of various molarities (M)
were prepared in deionized water (DIW) as ion source and
stirred until a homogenous solution was achieved. A freshly
cleaned lemon was cut and the juice was extracted using
a lemon squeezer. The juice was centrifuged to remove bres
and the supernatant was collected. Various concentrations of
lemon juice were added into CuSO4$5H2O solution and the
reduction reaction was allowed at room temperature until
a visible color shi was noted. Then the solutions were centri-
fuged at 1300 rpm for 3 min and the supernatants were
collected, then subjected to physical and biological character-
ization. The CuONPs formation was initiated by dissolving
CuSO4$5H2O in water at 100 °C and thus Cu2+ ions were formed
(Fig. 1).37 The Cu2+ was reduced through bonding with OH
groups of C6H8O7 (citric acid obtained from lemon juice38) to
Fig. 1 Schematic illustration of CuONPs formation mechanism.

© 2023 The Author(s). Published by the Royal Society of Chemistry
form Cu0.39 With the continued stirring, the Cu0 was oxidized at
the presence of atmospheric oxygen to form CuO atoms.39 The
CuO atoms were nucleated, grown, and nally capped with the
remaining citric acid to form CuONPs.40

2.2.2. Physical characterization of CuONPs. UV visible
spectra were recorded with UV-Vis spectrophotometry (UV-
1600PC, VWR, Radnor, PA, USA) at a wavelength range of 200–
700 nm for the conrmation of CuONPs yield.24 The UV-Vis
analysis was performed every 3 h until the color of the yielded
solution was xed. Data obtained from reference solution (DIW)
and synthesized CuONPs solutions were compared based on
shis of the absorption peak (lmax). The chemical changes and
bonding between functional groups of synthesized CuONPs was
conrmed with FTIR investigation (PerkinElmer, FTIR in basic
mode of Golden Gate using PerkinElmer IR spectroscopy so-
ware). For X-ray diffraction (Multipurpose X-Ray Diffractometer-
SmartLab) CuONPs solutions were drop casted and dried on
a silicon wafer.41 The samples were examined using an FTIR
spectrometer (PerkinElmer, Waltham, MA, USA) recorded at
resolutions from 300 cm−1 to 4500 cm−1 and scan rates of 4–
64 cm−1 in basic mode (Golden Gate) using PerkinElmer IR
spectroscopy soware.42 The Atomic Force Microscopy (Flex-
AFM, Nanosurf, Liestal, Switzerland) was performed to deter-
mine size of the yielded particles, using non-contact mode for
analyzing surface roughness. Before scanning, the CuONPs
solution was spin-coated at 1300 rpm and dried at 60 °C in an
oven.3 The nanostructural morphology and surface topography
of synthesized CuONPs was investigated using Scanning Elec-
tron Microscopy (FESEM, Hitachi S-470) and Transmission
Electron Microscopy (F200X G2 TEM)43 For this, a thin layer of
Au was sputtered on a silicon wafer surface drop-casted with
CuONPs. Images were obtained at an accelerated voltage of 10
kV and a current of 10 mA. The TEM was set with voltage of 80
kV and Ceta 16 M camera with 4k × 4k images with 512 × 512
pixels at 320 fps mood.
RSC Adv., 2023, 13, 29363–29375 | 29365
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Table 1 List of primers used in this study

Target
gene Primer Sequences (5′-3′)

Amplicon
size Ref.

16srRNA F GTAGGTGGCAAGCGTTATCC 228 bp 46
R CGCACATCAGCGTCAG

mecA F ACTGCTATCCACCCTCAAAC 163 bp 47
R CTGGTGAAGTTGTAATCTGT

malB F GACCTCGGTTTAGTTCACAGA 585 bp 48
R CACACGCTGACGCTGACCA

blaTEM-1 F ACTCCCCGTCGTGTAGATAA 643 bp 49
R TGGCCGTTGCCGTTATCTAC

tetA F GGTTCACTCGAACGACGTCA 577 bp 50
R CTGTCCGACAAGTTGCATGA
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2.2.3. Identication and characterization of revived S.
aureus and E. coli. Ten bacterial samples from laboratory stock
were reconrmed by colony morphology, staining properties,
and molecular detection.44 For colony characteristic of S. aureus
and E. coli, isolates were streaked on mannitol salt agar (MSA)
media and eosinophil methylene blue (EMB) agar media and
incubated at 37 °C for 24 h. For microscopic characterization,
pure single colonies were selected from MSA and EMB and
stained with gram's staining materials following standard
procedures.3 Bacterial DNA for molecular characterization was
extracted using the boiling method.45 The extracts were sub-
jected to PCR conrmation of bacterial identity under standard
conditions (Tables S1–S3,† and 1).

2.2.4. Determination of antibiotic resistant pattern. For
determination multidrug resistance (MDR) patter of bacteria,
twelve commonly used antibiotics, namely-Trimethoprim (COT-
25), Cefuroxime (CXM-30), Cefotaxime (CTX-30), Cexime
(CFM-5), Linezolid (LZ-30), Kanamycin (K-30), Ciprooxacin
(CIP-5), Levooxacin (LE-5), Erythromycin (E-15), Oxacillin (OX-
30), Ampicillin (AMP-10), and Clindamycin (CD-2) (Table S3†)
was performed following disk diffusion test.51 The bacterial
suspension was compared with 0.5 McFarland standard
following CLSI guideline and spread over the entire surface of
Mueller-Hinton (MH) agar medium by cotton swab.52 The
antimicrobial disks were placed on the MH agar and incubated
at 37 °C temperature for overnight. Aer incubation the zone of
inhibitions were measured to determine MDR patter pheno-
typically (Fig. S1†). The phenotypically conrmed MDR bacteria
were subjected to PCR detection of MDR genes (methicillin
resistance mecA gene for S. aureus, beta-lactamase resistance
blaTEM-1, and tetracycline resistance tetA genes for E. coli) for
further conrmation of MDR bacteria.

2.2.5. Antibiogram proling of CuONPs against resistant
bacteria. The MDR isolates were spread on the freshly prepared
MH agar, then CuONP-impregnated disks were placed over the
inoculated medium and incubated overnight at 37 °C. The zone
of inhibition surrounding the impregnated disks was deter-
mined as detailed above.

2.2.6. MIC and MBC determination of CuONPs. The
Minimum Inhibitory Concentration (MIC) and Minimum
Bactericidal Concentration (MBC) of CuONPs was determined
following the standard broth dilution method and agar
29366 | RSC Adv., 2023, 13, 29363–29375
diffusion method53 against MDR isolates (Fig. S2†). Aerwards,
turbidity was measured by calculating absorbance value using
UV-Vis spectroscopy.3 The lowest concentration of CuONPs that
suppressed bacterial growth was considered the MIC, and the
lowest concentration that completely inhibited bacterial growth
was considered the MBC.

2.2.7. Biosafety evaluation of CuONPs. For biosafety eval-
uation, the viability of CuONP-treated BHK-21 cells was deter-
mined using MTT assay.54

2.2.8. Cell culture and maintenance. BHK-21 cells seeded
from the frozen stock were thawed and installed in the cell
culture plates at a density of 0.4 × 103 cells per cm2 and
maintained in a standard cell culture incubator providing all
necessary nutrients (DMEM supplemented with 1% penicillin-
streptomycin and 10% FBS) and maintained aseptically at 37 °
C under 70% humidity and 5% CO2 for achieving a monolayer
culture. The cells from the third passage were utilized for MTT
assay.

2.2.9. MTT assay of NP-treated cell. MTT assay was per-
formed according to Singh et al.54 BHK-21 cells at a concentra-
tion of 0.5 × 105 cells per well were seeded on a 96-well tissue
culture plate and allowed to incubate at 37 °C while maintain-
ing cell culture conditions. Aer 48 h, 80–90% of conuent cells
were treated with various doses of NPs and cultured for another
24 h for evaluation of the effects of NPs. Then, 10 ml of the MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
stock solution (0.5 mg ml−1) was added to each well and incu-
bated for 4 h. Then the medium with MTT reagent was dis-
carded and 100 mL of DMSO was added into each well for 15
minutes to dissolve insoluble formazan. Finally, the plate was
examined using an ELISA reader.

2.2.10. Statistical analysis. All values were expressed as
mean ± standard deviation, and all experiments were carried
out in triplicate. Data were analyzed with one-way ANOVAs fol-
lowed by paired t-tests using Origin 18 (Origin Lab, North-
ampton, MA, USA). Signicant differences were evaluated at p <
0.05 (*) and p < 0.01 (**).

3. Results and discussion
3.1. Simplied synthesis of CuONPs

The green CuONPs synthesis approach used in this study
employed copper sulphate pentahydrate (CuSO4$5H2O) as Cu

2+

source and Citrus limon juice (citric acid) as reducing agent. The
reaction conditions were empirically optimized for particle yield
through several experiments. To this end, reaction parameters
such as percentage of reducing agents, concentration of ion
source, and period of reduction were altered. The formation of
CuONPs was initially conrmed visually by observing changes
in solution color, which is indicative of size-specic NP surface
plasmon resonance and thus considered a primary indicator for
the formation of NPs in the reaction solution.55 When varying
the reducing agent's concentration, a green color was achieved
at 15% (Fig. 2a(iii)), whereas whitish, transparent, and light
green solutions resulted from concentrations of 5%, 10%, and
20%, respectively (Fig. 2a(i), (ii), and (iv)). This concentration-
based color shi appeared due to the alteration of ratio
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Post-reduction solution color shift under (a) different concentrations of reducing agent (i. 5%; ii. 10%; iii. 15%; iv. 20%), (b) different
concentrations of ion solution (i. 0.1 M; ii. 0.01 M; iii. 0.001 M; iv. 0.0001 M), and (c) different reduction reaction durations (i. 3 h; ii. 6 h; iii. 9 h; iv.
12 h; v. 15 h). (d–f) UV-visible absorption spectra for experiments (a–c), respectively.
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between reducing agents and ion source.56 The whitish to light
green color shi was due to the presence of insufficient
reducing agent for accomplishing the complete reduction of
Cu2+ in the solution. When testing ion source different molar-
ities, green color was obtained from 0.001 M Cu2+ solution
(Fig. 2b(iii)), while transparent, deep green, and light green
solutions resulted from molarities of 0.1 M, 0.01 M, and
0.0001 M, respectively (Fig. 2b(i), (ii), and (iv)). The green color
solution indicated complete reduction of the Cu2+ at a suitable
ratio of reducing agent and ion source,32 while lighter color
indicated incomplete reduction.57 When testing time-based
differences, green color was achieved aer 12 h and 15 h of
reduction (Fig. 2c(iv) and (v)), while whitish, transparent, and
light green solutions resulted aer 3 h, 6 h, and 9 h, respectively
(Fig. 2c(i–iii)). As before, the lighter solutions indicated
incomplete reduction. We thus concluded that an ion source of
0.001 M concentration combined with 15% reducing agent for
12 h represented suitable conditions for a maximum yield of
CuONPs.

This visual observation was further veried by UV-Vis spec-
troscopic analysis of the specic absorption peak of CuONPs
(lmax), which is at 280–320 nm.58 Many previous studies have
shown that absorption peak intensity was correlated with
particle yield in such experiments.32,59 We found that the
maximum lmax of 295 nm was present when using 15%
reducing agent (Fig. 2d, blue line), while the other concentra-
tions resulted in lesser absorption peaks and thus CuONP yields
(Fig. 2d, other lines), thus validating the conclusion from the
visual assessment. Similarly, the strongest absorption peak for
different ion source molarities (295 nm) was present at 0.001 M
(Fig. 2e, blue line), indicatedmaximum yield of CuONPs,60while
other concentrations yielded weaker peaks at 315 nm. Such ion
source concentration-based variation of lmax peak has been
reported in many previous studies.28,31,34,39,61 Finally, the
© 2023 The Author(s). Published by the Royal Society of Chemistry
strongest absorption peak among different reduction periods
(295 nm) was found at 12 h (Fig. 2f, blue line), while the other
reaction times yielded lower peaks. Again this correlation of
reduction reaction period with particle yield has been previ-
ously reported for other nanoparticles.62 In summary, UV-Vis
analysis conrmed the visual assessment-based selection of
optimal yield synthesis conditions of 15% reducing agent with
a 0.001 M concentration of ion source and a 12 h reduction
period. We then subjected the initially conrmed CuONPs to
FTIR investigation to conrm the mechanism of NPs formation.

3.2. FTIR and XRD investigations of green CuONPs

The mechanism of CuONPs formation was investigated by
observing chemical bond-specic vibrations at the respective
resonant frequencies using FTIR (Fig. 3a and Table 2). The high
spectral region at 620 cm−1 intense broad band generated by
Cu–O stretches in CuONPs during the reduction of CuOS4-
$5H2O,63 as previously reported.64 Another high spectral region
at 3360 cm−1 was generated by the formation of O–H bonds in
all cases because the acidic hydroxyl groups surrounding the
NPs act as capping agents.65 These hydroxyl groups appeared
aer employing lemon juice as reducing agent.66 The vibration
bands at 1657 cm−1 and 1046 cm−1 are characteristic of the
formation of C]O and C–O bonds, respectively in the CuO–
citric acid complex, while the peak at 2071 cm−1 derives the
formation of C–H bonds, as previously reported.63 These nd-
ings serve as elemental conrmation of CuONPs formation.
This result indicated the nano formulated of bulk CuOS4$5H2O
was achieved through reducing with lemon juice.67 In the case
of lemon juice, the FTIR data revealed a strong peak at
3290 cm−1 due to the presence of O–H group while the peaks
1712 cm−1, 1105 cm−1, and 778 cm−1 due to the presence of C]
O, C–OH, and CH2. Such peaks were appeared due to the
presence of citric acid in the solution as described in many
RSC Adv., 2023, 13, 29363–29375 | 29367
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Fig. 3 FTIR spectra and XRD data obtained from lemon juice and green synthesized CuONPs using lemon juice as reducing agent.

Table 2 The FTIR stretching of different functional groups formed
during synthesis of NPs and fresh lemon juice

Name of
materials

Functional
groups

Frequency
(cm−1) References

CuONPs Cu–O 620 31,39,61,64,65
O–H 3360
C]O 1657
C–O 1046
C–H 2071

Lemon
juice (citric acid)

O–H 3290 67,68
C]O 1712
C–OH 1105
CH2 778
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previous research.67,68 While other phytochemicals of the lemon
juice, such as Sugar, Ascorbic acid, Malic acid etc. would have
been involved with reduction of cupper ion to form CuONPs.68

The CuONPs suffer from their amorphous nature which
disabled the use X-ray crystallography to discuss the exact
crystallinity of the of the yielded products.69 The XRD pattern of
the synthesized CuONPs depicted in Fig. 3b reveals its amor-
phous nature and the absence of crystalline phase. It means
that like other polymerization approach of nanoparticle
synthesis, this lemon juice based reduction method does not
follow ideal crystallinity which oen results in amorphous
structure.70
3.3. AFM, SEM, TEM and DLS investigations of CuONPs

Three-dimensional (3D) topographic AFM images obtained
from a surface spin coated with the yielded CuONPs were
analyzed to determine the morphological features and dimen-
sions of the particles. Surface roughness analysis revealed that
NP formation was initiated at 3 h of reduction (Fig. 4a) and
increase in particles continued until 12 h. Such increasing
particle yield over the reduction period have been reported
before.71 The homogenously dispersed CuONPs observed aer
29368 | RSC Adv., 2023, 13, 29363–29375
12 h constitute maximum particle yield (Fig. 4d) since the
reduction reaction was complete. Lesser continued growth until
15 h (Fig. 4e) was caused by the aggregation of particles,3 as
previously described.3,72 The control surface showed no such
growth (Fig. 4f). Surface roughness analysis using AFM images
revealed average particle dimensions of 92 nm× 155 nm at 12 h
(Fig. 4g). A nonsignicant decrease (p > 0.05) in height and
width was observed between 12 h and 15 h, while the increase
observed between 9 h and 12 h was highly signicant. This
reduction period-based size distribution of yielded particles was
reported previously.3,73 We therefore considered a reduction
period of 12 h as the optimum duration for maximum yield of
particles.

The yielded CuONPs were also drop-casted on a silicon wafer
and subjected to SEM and TEM investigations. The SEM image
analysis of yielded CuONPs drop-casted surface revealed round
to spherical shaped with agglomerated NPs as shown in
Fig. 4(i). The SEM has already been proven as a potential tool for
determining the shape of the nanoparticles.58 The TEM image
analysis also revealed round to spherical shaped with agglom-
erated NPs as was revealed from SEM.69 During the drop casting
and curing of the CuONPs solution, nanoparticles tend to
agglomerate and hence the larger size particles were revealed.
While many non-agglomerated individual nanoparticles of
around 150 nm were also realized from both the SEM and TEM
images.74,75 Besides, the spin coated sample for AFM analysis
realized homogenously dispersed without such agglomeration
indicating that the nanoparticle will remain uniformly
dispersed without agglomeration in liquid phase for obtaining
the optimum effect for in vitro and in vivo antibacterial appli-
cation.76 This observation was further veried with the deter-
mination of average hydrodynamic size of CuONPs solution
using DLS. The DLS spectrum revealed that homogenous pop-
ulations of CuONPs dispersed in the solution without any
agglomeration and the hydrodynamic size of synthesized
CuONPs were ranges from 50.5 nm to 295 nm and the average
particle size was 142.9 nm (Fig. 5). Such hydrodynamic size
distribution of CuONPs were revealed from many previous
studies.26,58,59
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Showed topographic andmorphological images of CuONPs where three-dimensional AFM images of yielded CuONPs after reduction for
(a) 3 h, (b) 6 h, (c) 9 h, (d) 12 h, and (e) 15 h, (f) control surface, (g) height and width profile of yielded CuONPs from AFM image, (h) SEM image of
CuONPs after 12 h, and (i) TEM image of CuONPs after 12 h.

Fig. 5 The hydrodynamic size distribution spectrum of CuONPs using
DLS.
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3.4. Identication and characterization of MDR-positive S.
aureus and E. coli

For antibiogram proling, multidrug-resistant (MDR) S. aureus
and E. coli were collected from laboratory stock and recon-
rmed following standard microbiological procedure77

(culturing, gram staining, and PCR) (Fig. 6). The Gram-positive
S. aureus was identied from yellow colonies on yellowish
Mannitol Salt Agar plates (Fig. 6a), appearing as round purple
© 2023 The Author(s). Published by the Royal Society of Chemistry
clusters with cocci arrangements under microscopic observa-
tion aer Gram staining (Fig. 6b), and showing an amplied
band at 228 bp for the 16srRNA gene under PCR (Fig. 6c).3 The
Gram-negative E. coli were identied from round colonies with
a metallic green sheen on eosinophil methylene blue agar
(Fig. 6d), large pink cells with a rod-shaped structure under
microscopic observation (Fig. 6e), and presence of a PCR-
amplied band at 585 bp for the malB gene (Fig. 6f).78 The
PCR conrmed S. aureus and E. coli were then subjected to
determination of MDR genes.

3.5. Determination of multidrug resistance gene

The multidrug resistance (MDR) pattern of PCR-conrmed S.
aureus and E. coli was investigated both phenotypically by
antibiogram assay and genotypically by PCR test of MDR genes.
Based on the zone of inhibition surrounding the disks, both S.
aureus and E. coli were resistant to six groups of antibiotics:
cephalosporins, sulfonamides, oxazolidinone, macrolides,
penicillin, and lincosamides (Table S4, Fig. S1a and b†), indi-
cating that both isolates were MDR (i.e., resistant to more than
three antibiotics classes).79 These phenotypically conrmed
MDR isolates were further subjected to PCR analysis to detect
the methicillin resistance gene mecA of S. aureus and the beta-
lactamase resistance gene blaTEM-1 and tetracycline
RSC Adv., 2023, 13, 29363–29375 | 29369
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Fig. 6 Cultural, morphological, and molecular characterization of S. aureus: (a) yellow colony on MSA, (b) purple cocci, (c) 228 bp band for the
16s rRNA gene. For E. coli: (d) round colonies withmetallic green sheen on EMB, (e) pink, rod-shaped cells, and (f) 585 bp band for themalB gene.

Fig. 7 PCR-amplified bands of (a) 163 bp for methicillin resistance genemecA, (b) 643 bp for the beta-lactamase resistance gene blaTEM-1, and
(c) 577 bp for the tetracycline resistance gene tetA.
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resistance gene tetA of E. coli (Fig. 7). The amplied band at 163
bp for mecA (Fig. 7a) indicates the presence of methicillin-
resistant S. aureus,47 as conrmed previously.80,81 The ampli-
ed bands at 643 bp and 577 bp for blaTEM-1 (Fig. 7b) and tetA
(Fig. 7c) indicate beta-lactamase and tetracycline resistance in
E. coli, as reported previously.82,83 These MDR conrmed
isolates were then subjected to antibacterial evaluation using
the disk diffusion method,77 with the aim of interpreting the
zone of inhibition of caused by CuONPs.
3.6. Antibacterial activity of yielded CuONPs

The zones of inhibition of disks impregnated with CuONPs
synthesized under different reduction conditions were
measured to evaluate their antibacterial activity against MDR
bacteria (Fig. S2†). For reducing agent concentration, the
maximum zone of inhibition (18 ± 0.8 mm) was found for the
15% reducing agent treatment (Fig. S2a†) while signicantly
29370 | RSC Adv., 2023, 13, 29363–29375
smaller zones of inhibition appeared for lower reducing agent
concentrations (14 ± 0.3 mm, 16 ± 0.2 mm, and 17 ± 0.7 mm
for 5%, 10%, 20% reducing agent, respectively), a correlation of
reducing agent concentration to inhibition zone size was
previously observed.3,84 A signicantly (p # 0.001) greater zone
of inhibition (20 ± 0.8 mm) was found for ciprooxacin (posi-
tive control) (Fig. S2a and d†). For the treatments with variable
ion source concentrations, the maximum zone of inhibition (26
± 0.1 mm) appeared at 0.001 M (Fig. S2b†), while signicantly (p
# 0.01) smaller zones were found for the other treatments (16 ±
0.2 mm, 21 ± 0.5 mm, and 17 ± 0.2 mm for 0.1 M, 0.01 M, and
0.0001 M, respectively) and for positive control (23 ± 0.4)
(Fig. S2b and e†), a response that has been previously demon-
strated.3,85 Finally, among different reduction periods, the
maximum zone of inhibition (26 ± 0.5 mm) was present for the
12 h treatment (Fig. S2c†), while signicantly (p# 0.01) smaller
zones were found for the other treatment durations (19 ± 0.5
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Comparative performance of the antibacterial activity of CuONPs synthesized with different conditions

Use of reducing agents

Evaluation pattern
against MDR
bacteria

The source of
bacteria
investigated Name of organisms

Doses of
NPs (mg ml−1) Zone of inhibition

(mm)/growth of
bacteria ReferencesMIC MBC

Gloriosa superba L.
extract

Not done Laboratory stock 1. Klebsiella aerogenes 100 — 12.00 � 0.00 33
2. Escherichia coli 7.33 � 0.33
3. Staphylococcus aureus 3.33 � 0.33
4. Pseudomonas
desmolyticum

2.67 � 0.33

Morinda tinctoria Not done Unknown 1. S. aureus 500 1000 10 61
2. B. subtilis 16
3. E. coli 12
4. P. aeruginosa 10

Acanthospermum
hispidum L. leaves
extract

Not done Human pathogen 1. E. coli 25 — 13 87
2. P. aeruginosa 50 12
3. S. pyogenus 100 17
4. S. aureus 250 18

Gum karaya Not done Laboratory stock 1. E. coli 103 �
4.7

125 �
5.5

16.2 � 0.8 88

2. S. aureus 120 �
8.1

135 �
8.8

14.5 � 0.6

Aerva javanica leaf
extract

Not done Laboratory stock 1. E. coli 128 128 6 � 1 64
2. P. aeruginosa 10 � 1
3. S. aureus 12 � 1
4. Acenetobacter 12 � 1

Citrus limon Not done Laboratory stock 1. S. aureus N/A — 20 64
2. E. coli 25

Bifurcaria bifurcate
extract

Not done Laboratory stock 1. Enterobacter aerogenes 20 — 14 55
2. S. aureus 16

Justicia gendarussa 1. E. coli 75 — 16 58
2. S. aureus 18

Citrus limon Done Laboratory stock 1. S. aureus 0.8 1.6 26 � 0.5 This study
2. E. coli 1.6 3.1 24 � 0.1
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mm, 20 ± 0.5 mm, and 23 ± 0.1 mm for 6 h, 9 h, 15 h,
respectively) and control (24 ± 0.1 mm) (Fig S2c and f†), which
agreed with previous results.3,86 We therefore conclude that 15%
reducing agent with a 0.001 M concentration of ion source and
a 12 h reduction reaction period considered as optimum
conditions for yielding maximum CuONPs. Additionally, the
green synthesized CuONPs found superior to other previously
synthesized nanoparticles in terms of zone of inhibition, MIC
and MBC value and effectiveness against MDR bacteria as
shown in the Table 3.
Fig. 8 Antibacterial effect evaluation of CuONPs against (a) methicillin (m
and (c) tetracycline resistant (tetA) E. coli.

© 2023 The Author(s). Published by the Royal Society of Chemistry
The antibiogram result revealed that, CuONPs showed 18 ±

96 mm, 19 ± 98 mm, and 18 ± 98 mm sensitive zones of
inhibition against methicillin resistant S. aureus (Fig. 8a), beta-
lactamase resistant (blaTEM-1) E. coli (Fig. 8b), and tetracycline
resistant (tetA) E. coli (Fig. 8c) respectively. While such zone of
inhibitions was absence when only lemon juice (15% lemon
juice, as use for reduction) and bulk Copper salt (0.001 M
CuSO4$5H2O, as use for iron source) solution was employed
against all those resistant isolates. In case of positive control
(Amikacin), the sensitive zones of inhibition appeared showing
ecA) resistant S. aureus, (b) beta-lactamase resistant (blaTEM-1) E. coli,

RSC Adv., 2023, 13, 29363–29375 | 29371
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nonsignicant difference with the yielded CuONPs indicating
the effectiveness of the yielded particle against MDR bacteria.
Besides, the absence of zone of inhibition surrounding the
lemon juice and bulk Copper salt solution indicated that the
sensitive zone of inhibition appeared aer their nano-
formulation. Thus, the green synthesized CuONPs proved to be
effective against bacteria irrespective of their antibiotic
resistance.

The synthesized CuONPs with enhanced antibacterial
activity were also subjected to determination of MIC and MBC
by spectrochemical analysis of the optical density (OD) of
bacteria-inoculated cultured broth treated with various
concentrations of NPs (Fig. 9). OD <0.06–0.07 was considered as
Fig. 9 (a) MIC and (b) MBC of CuONPs against MDR E. coli and S. aureu

Fig. 10 MTT assay of CuONPs using ELISA reader. (a) OD of CuONP-trea
21 cells at 72 h post seeding, and (d) CuONP-treated cells at 24 h post t

29372 | RSC Adv., 2023, 13, 29363–29375
representing an inhibitory concentration.89 The complete inhi-
bition of MDR-positive E. coli growth was observed at 2−5 dilu-
tion with a MIC of 1.6 mg ml−1, while the complete inhibition of
MDR S. aureus was observed at 2−6 dilution with a MIC of 0.8 mg
ml−1 (Fig. 9a). TheMBC of CuONPs was determined by counting
colony-forming units (CFUs) according to agar diffusion
methods,85 where a CFU <30 was considered as the minimum
bactericidal concentration.85 A bactericidal effect of CuONPs
against MDR E. coli was observed at 2−4 dilution (Fig. S3b†) with
MBC 3.1 mg ml−1, while that for MDR S. aureus was observed at
2−5 dilution (Fig. S3a†) with MBC 1.6 mg ml−1 (Fig. 9b). Finally,
we conrmed that dose of 8 mg ml−1 of CuONPs functioned as
the bactericidal concentration for broad-spectrum application.
s.

ted cells, (b) cell viability assay of CuONP-treated cells, (c) control BHK-
reatment.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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This indicates that the yielded CuONPs can be considered as
better antibacterial agents than previously synthesized CuONPs
(Table 3), which also were not bio-compatible due to the use of
chemical reducing agents.90 Previous attempts to address this
issue using natural extracts as reducing agents still required
large doses because most of the synthesis protocols employed
additional capping agents which oen inhibit exposure of the
functional groups of NPs during antibacterial activity.40 The
simplied synthesis employed here, using only lemon juice as
reducing agent, produced enhanced antibacterial effects with
low MIC and MBC doses against MDR bacteria because most of
the functional groups of NPs were open and effective. Similarly,
while excellent antibacterial effects against normal S. aureus
and E. coli were previously demonstrated3,44 (Table 3), compa-
rable effectivity against MDR bacteria yet remains to be shown.
MDR bacteria are increasingly regarded as a major challenge
because mechanisms required for their inhibition are totally
different than for normal bacteria. Considering their resistance
patterns, this study used MDR S. aureus and E. coli for evalu-
ating the antibacterial performance of yielded NPs (Table 3).
Overall, we here have demonstrated that our synthesis program
is simple to implement, ecologically friendly, and biocompat-
ible for use of controlling MDR bacteria in the environment.
3.7. Biosafety evaluation of CuONPs

The biosafety compliance of any therapeutic substance is
considered as crucial step prior to its in vivo application. We
performed biosafety evaluation of CuONPs using the BHK-21
cell line (Fig. 10a and b) by measuring mitochondrial reduc-
tase enzyme activity in a colorimetric MTT assay.91 In principle,
the mitochondrial reductase enzyme of any healthy living cell
reduces MTT reagent (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium Bromide) to form insoluble formazan,
and upon hydrolysis with DMSO this produces a coloured
solution.91 Measuring this color by its OD allowsmonitoring cell
health status.92 Colorimetric biosafety assessment showed
a nonsignicant (0.01 < p# 0.05) difference in cell viability and
OD value between the control and cells treated with NP doses of
∼MIC (Fig. 10c and d), whereas signicant differences were
present at double MIC dose. In the latter case, cell viability was
decreased due to the changes in pH of the cell-containing
medium because of the presence of citric acid.,93 this is
because we employed the yielded CuONPs in a solution con-
taining unused citric acid. However, lyophilized CuONPs from
the yielded solution could sidestep this issue of pH-based
viability decrease. We therefore conclude that the CuONPs
created by our process can be regarded as biocompatible for any
therapeutic in vivo applications.
4. Conclusions

This green synthesis program successfully synthesized CuONPs
employing CuSO4$5H2O solution as ion the source and citrus
lemon juice as reducing as well as capping agent for antibacte-
rial application against MDR bacteria. The particle yield was
conrmed primarily by UV. Vis analysis and the particles yield,
© 2023 The Author(s). Published by the Royal Society of Chemistry
size distribution, elemental conrmation, and other morpho-
logical features were conrmed by AFM, SEM, TEM, DLS, FTIR,
XRD etc. Most of the physical investigations demonstrated the
maximum yield of NPs from a 0.001 M ion source by reducing
with 15% reducing agent over 12 h. The yielded CuONPs
showed effective antibacterial effects against both methicillin-
resistant (mecA-positive) S. aureus (Gram-positive) and beta-
lactamase- (blaTEM-1-positive) and tetracycline-resistant (tetA-
positive) E. coli (Gram-negative). The antibacterial effects of the
yielded CuONPs showed superior to other previously synthe-
sized nanoparticles in terms of maximum zone of inhibition,
MIC and MBC values. These results suggest that the yielded
particles can be used in broad-spectrum applications against
both Gram-positive and Gram-negative bacteria irrespective of
their resistance patterns. Although double MIC doses showed
pH change-based effects on cellular viability, dosage at MIC
level did not signicantly affect the mammalian cell system,
indicating that the synthesized CuONPs are biocompatible for
in vivo applications. We therefore suggest that CuONPs gener-
ated by our approach can be applied in poultry farms for safely
controlling environmental MDR bacteria.
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