International Journal of

)ﬁ' Molecular Sciences

Article

In-Vitro Catalytic and Antibacterial Potential of Green
Synthesized CuO Nanoparticles against Prevalent Multiple
Drug Resistant Bovine Mastitogen Staphylococcus aureus

Anwar Ul-Hamid 120, Hatim Dafalla !, Abbas Saeed Hakeem 3, Ali Haider * and Muhammad Ikram >

check for
updates

Citation: Ul-Hamid, A.; Dafalla, H.;
Hakeem, A.S.; Haider, A.; Ikram, M.
In-Vitro Catalytic and Antibacterial
Potential of Green Synthesized CuO
Nanoparticles against Prevalent
Multiple Drug Resistant Bovine
Mastitogen Staphylococcus aureus. Int.
J. Mol. Sci. 2022, 23,2335. https://
doi.org/10.3390/ijms23042335

Academic Editors: Masaru Tanaka
and Mostafa Mabrouk

Received: 11 January 2022
Accepted: 16 February 2022
Published: 20 February 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 Core Research Facilities, King Fahd University of Petroleum & Minerals, Dhahran 31261, Saudi Arabia;
dmhatim@kfupm.edu.sa

Interdisciplinary Research Center for Advanced Materials, King Fahd University of Petroleum & Minerals,
Dhahran 31261, Saudi Arabia

Interdisciplinary Research Center for Hydrogen and Energy Storage, King Fahd University of Petroleum &
Minerals, Dhahran 31261, Saudi Arabia; ashakeem@kfupm.edu.sa

% Faculty of Veterinary and Animal Sciences, Muhammad Nawaz Shareef University of Agriculture (MNSUA),
Multan 66000, Pakistan; ali.haider@mnsuam.edu.pk

Solar Cell Applications Research Lab, Department of Physics, Government College University, Lahore 54000,
Pakistan; dr.muhammadikram@gcu.edu.pk

Correspondence: anwar@kfupm.edu.sa

Abstract: Nanoparticles prepared from bio-reduction agents are of keen interest to researchers around
the globe due to their ability to mitigate the harmful effects of chemicals. In this regard, the present
study aims to synthesize copper oxide nanoparticles (CuO NPs) by utilizing root extracts of ginger
and garlic as reducing agents, followed by the characterization and evaluation of their antimicrobial
properties against multiple drug resistant (MDR) S. aureus. In this study, UV-vis spectroscopy
revealed a reduced degree of absorption with an increase in the extract amount present in CuO.
The maximum absorbance for doped NPs was recorded around 250 nm accompanying redshift.
X-ray diffraction analysis revealed the monoclinic crystal phase of the particles. The fabricated NPs
exhibited spherical shapes with dense agglomeration when examined with FE-SEM and TEM. The
crystallite size measured by using XRD was found to be within a range of 23.38-46.64 nm for ginger-
doped CuO and 26-56 nm for garlic-doped CuO. Green synthesized NPs of ginger demonstrated
higher bactericidal tendencies against MDR S. aureus. At minimum and maximum concentrations
of ginger-doped CuO NPs, substantial inhibition areas for MDR S. aureus were (2.05-3.80 mm) and
(3.15-5.65 mm), and they were measured as (1.1-3.55 mm) and (1.25-4.45 mm) for garlic-doped NPs.
Conventionally available CuO and crude aqueous extract (CAE) of ginger and garlic roots reduced
MB in 12, 21, and 38 min, respectively, in comparison with an efficient (100%) reduction of dye in
1 min and 15 s for ginger and garlic doped CuO NPs.

Keywords: bactericidal potential; CuO; nanoparticles; dye degradation; MDR

1. Introduction

Bovine mastitis is represented by the inflammation of mammary gland parenchyma.
Across the global dairy industry, this endemic disease affects lactating animals. It has
emerged as a serious malaise that threatens to jeopardize the farm economy [1,2]. Among
one hundred various micro-organisms related to bovine mastitis, the most common are
Staphylococci and Gram-negative bacteria [3-5]. Moreover, Gram-positive and negative
bacteria represent a big threat to the community’s well-being due to the proliferation of
numerous drug resistant bacterial strains [6-8]. Staphylococcus aureus (S. aureus) is a com-
mon pathogenic bacterium responsible for up to 40% of mastitis cases in dairy animals [9].
Commonly used treatments for mastitis include p3-lactam antibiotics in dairy animals [10].
Irrational use of antibiotics results in the development of antibiotic resistance in bacteria [11].

Int. . Mol. Sci. 2022, 23, 2335. https:/ /doi.org/10.3390/ijms23042335

https:/ /www.mdpi.com/journal/ijms


https://doi.org/10.3390/ijms23042335
https://doi.org/10.3390/ijms23042335
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-0259-301X
https://orcid.org/0000-0003-1422-442X
https://orcid.org/0000-0001-7741-789X
https://doi.org/10.3390/ijms23042335
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms23042335?type=check_update&version=2

Int. ]. Mol. Sci. 2022, 23, 2335

2 of 26

The major etiology S. aureus for chronic, sub-clinical and clinical mastitis is challenging for
all types of treatments [12]. Numerous genetic capabilities endorse the pathogenicity of
microorganisms, and the methicillin-resistant S. aureus (MRSA) isolates boost its pathologi-
cal processes in mastitis by eluding the host’s immune responses [13,14]. MRSA has been
declared a threat to animals and humans [15,16]. The zoonotic potential of MRSA includes
direct contact with animals, contaminated environments, and fomites [17] as infectious
diseases, which are major threats to the livestock industry around the globe [18-20].

Multiple drug resistant (MDR) S. aureus infections result in huge economic losses
and high morbidity, as this organism is commonly found in bovine raw milk, which is
considered a major etiology of bovine mastitis as humans also consume raw milk [21,22].
Raw milk and its products are reported as a major source of S. aureus spread [23]. S. aureus
infections commonly lead to dermatitis, pneumonia, and septicemia [8]. S. aureus contains
various types of virulence factors which develop silently and generate toxins. Among these
are leukotoxins as leukocidin GH, Panton-Valentine leukocidin or leukocidin DE, as well as
modulins of type «, y-hemolysin and 8-toxins [24-28]. After the pathogen enters the skin
of the host, an inflammatory response occurs, and host cells enfold the pathogen to prevent
the formation of specific structures [29].

The latest advancements in nano-biotechnology have contributed towards the pro-
duction of new antimicrobial agents. In particular, this includes the synthesis of metal
oxide nanomaterials bearing a unique shape and size. The development of advanced
nanomaterials is a major contribution of nanotechnology. Nanoparticles (NPs) are usually
<100 nm in size, whereas particles of zero dimension are referred to as quantum dots [30].
The excessive use of antibiotics against pathogenic bacteria is the key underlying factor for
the development of multiple resistance genes and pathogen resistance in bacteria [31]. It is
estimated that 70% of microbe etiologies are resistant to one or more widely used antibi-
otics [32]. Due to this reason, advances in the synthesis of effective and novel bactericidal
agents carry huge significance [33]. Besides various techniques adopted for the develop-
ment of NPs, synthesis using natural green sources as reducing agents attained special
attention from researchers due to the latter’s eco-friendly nature, non-toxicity, ease-of-use,
energy efficiency, and cost-effectiveness [34].

The fabrication of nanoparticles from aqueous extracts of plant sources is a facile
process that uses plant extract as a reducing agent and a metallic salt solution [35]. Plant me-
diated nanoparticles depict a higher bactericidal potential to combat infections in humans,
which possess bacterial and fungal etiologies [36]. Various plants, such as Abies spectabilis
(Himalayan Fir) [37], Abutilon indicum (India Abutilon) [38], Azadirachta indica (neem) [39],
Banana Peel [40], Eucalyptus camaldulensis (river redgum) [41], Terminalia phanerophlebia
(Lebombo Cluster-leaf) [42], Pongamia pinnata (Karum Tree), Plectranthus amboinicus (Mexi-
can Mint), Justicia adhathoda (Malabar nut), Cassia auriculata (Tanner’s Cassia), Sedum alfredii
Hance (stonecrop), Trifolium (clover), Limonia acidissima (Wood Apple), Bauhinia racemosa
(bidi leaf tree), Aspidoterys cordata (Bokadvel), and Aloe barbadenis (aloe vera), have been
proclaimed as reducing agents in the green synthesis of NPs [43-45]. The plant extract
concentration is critical in enhancing the size and morphology of the nanoflowers syn-
thesized using Nyctanthes arbor-tristis (Coral Jasmine) and Calliandra haematocephala (Red
Powder Puff) aqueous extracts [46,47]. The spherical morphology stays uniform as the
concentration of plant extract increases, but the size changes. The rising concentration
of phytochemical compounds causes a change in the size of the NPs. According to A.P.
Angeline Mary and coworkers, increasing the sugarcane juice proportion in the production
of CuO NPs from 2 to 10 mL results in a change in the size of the biosynthesized NPs
from 29.89 to 23.93 nm [48]. Mahboubeh Kargar and colleagues demonstrated that altering
the quantity of plant extract used to generate CuO NPs, such as 20, 40, or 80 mL of sour
cherry juice, results in an average particle size of 105, 90, or 70 nm [49]. The aforementioned
findings demonstrate unequivocally that increasing the amount of plant extract in the
reaction mixture results in a reduction in the size of CuO NPs.
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Catalysis has been explored and reported in the literature as a crucial and potentially
useful topic for the efficient usage of biosynthetic CuO NPs [50]. For instance, Maham et al.
effectively manufactured CuO NPs using Euphorbi chamaesyce leaf extract and studied
their catalytic reduction of 4-nitrophenol [51]. They discovered that within 180 s, CuO NPs
could achieve 100% 4-nitrophenol removal. Additionally, after four consecutive runs, the
conversion was nearly undetectable. Additionally, Nasrollahzadeh et al. and Bordbar et al.
discovered that the production of CuO NPs utilizing Gundelia tournefortii and Rheum
palmatum L. root extracts may significantly decrease 4-nitrophenol [52,53]. On the other
hand, significant research has shown that biosynthetic CuO NPs may be used to remediate
the environment from various hazardous compounds and contaminants, such as potassium
periodate [54], thodamine B, and methylene blue [52].

The aim of the present study is to evaluate the catalytic potential and antimicrobial
activity of green synthesized nanostructures of CuO in regard to MDR S. aureus isolates of
bovine mastitis.

2. Results

The visual characteristics of green synthesized CuO comprising hydro extracts of
Gi and Ga with numerous ratios, i.e., 1200, 1800, 2400, 3000, 3600 and 4200 uL, were
measured in the 200-500 nm range, as seen in Figure 1a,b. Absorption peaks of Gi and
Ga root extracts presented by 1:0 (extract (uL):CuO) were depicted at 275 and 280 nm,
respecitvely. Absorption decreased as the extract amount of CuO increased, whereas the
highest absorbance in doped NPs was around 250 nm (3600 pL:1) followed by a redshift
in Gi and Ga with the optimized product. This shift is attributed to the surface plasmon
absorption of particles [55]. Abrupt color change and absorption at 250 nm indicate particle
formation and completion of the reduction reaction. Hence, in Figure 1a,b, results suggest
that absorption of synthesized NPs decrease with an increase or decrease in extract volume
beyond the optimized ratio (3600 nL:1).

Absorbance (Arb. Units)

Ginger (ul):(‘uOﬂ b Garlic (ul):('u()‘
—1:0 1:0

e 1200: 1 —1200:1
—1800:1 —1800:1
—2400:1 —)
—3000:1 —3000:1
—3600:1 —3600:1
2001 ——4200:1

Absorbance (Arb. Units)

v — —— y———
300 350 400 450 500 200 250 300

—T—
350 400 450 500

A (nm) A (nm)
Figure 1. Absorption spectra of (a) Gi-doped CuO and (b) Ga-doped NPs.

As shown in Figure 2a,b, XRD was used to determine crystal size, shape, and crys-
tallinity of doped CuO NPs. XRD data show an increase in crystallinity after doping, with
20 peak positions at 35.7°, 38.9°, 49.2°, 53.8°, 61.7°, 66.2°, 68.4°, and 75.3° corresponding to
crystal planes (—111), (111), (—202), (020), (—113), (022), (220), and (004), respectively. The
crystallite size was measured using Scherrer formula D = 0.9A/fcos® (where k is shape
factor (0.9), 0 is peak Bragg’s angle, A is X-ray radiation wavelength (1.54 A°) and 3 is the
broadening of the diffraction line measured at peak full width of half maximum (FWHM))
and ranged from 23.38 to 46.64 nm for Gi-doped CuO as shown in Figure 2a and 26-56 nm
for Ga-doped CuO as shown in Figure 2b [56].
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Figure 2. XRD patterns of various concentrations of (a) Gi-doped (b) and Ga-doped CuO NPs.

FTIR analysis revealed biomolecules as possible functional groups in Gi- and Ga-doped
CuO during synthesis, as shown in Figure 3a,b and in Tables 1 and 2. Observed FTIR bands
around 3640, 2535, 1828, 1661, 1585, 1238, 1104 and 865, and 735 and 621 cm ! are associated
with O-H, CO; stretching vibrations, C=C stretching of the aromatic ring, the C=0O carbonyl
group, aromatic ring C-C stretch, aliphatic nitro compounds, and CH functional groups,
respectively, at maximum dopant concentrations of root extracts. Similarly, at the lowest
concentration of extract dopant, absorption peaks appeared at 701, 1040, 1362, 1633, and
3582 cm~! as depicted in Table 1. These peak shifts with maximum doping of Gi root
extracts indicate phytochemicals to be o-Zingeberene, 6-gingerol, and 6-snogal of Gi, which
were found to be significant for bio-reduction. In the case of lowest Ga root extract doping,
the absorption peaks appeared at 701, 916, 1048, 1362, 1635, 2363, and 3582 cm~! as
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Figure 3. (a) FTIR analysis with Gi extract: CuO (b) Ga.
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Table 1. FTIR spectra of Gi doped CuO NPs.

1 Functional

. _1 . _1 2 . . .
Sr. No Absorption Peaks (cm~—1) Moieties/Bond Absorption Peaks (cm—1) Functional Moieties
1 701 S-O stretching band 584 Cu and O bond
2 1040 N stretch of aliphatic 621 C-H bend in alkynes
amines
3 1362 aromatic amines 735 metal-oxygen bonds
4 1633 C=0 865 CH functional groups
5 3582 hydroxyl bond 1104 C-OH
1238 aliphatic nitro compound
1585 aromatic ring C-C stretch
1661 C=0 carbonyl group
1828 Cc=C stretchl.ng of aromatic
ring
2535 CO; stretching vibrations
3640 O-H
! Functional moieties of Gi-doped CuO NPs at minimum plant concentration. 2 Functional groups of Gi-doped
CuO NPs at maximum plant concentration.
Table 2. FTIR spectra of Ga-doped CuO NPs.
Sr. No Absorption Peaks 1 Functional Bond Absorption Peaks 2 Functional Bond
1 701 S-O stretching band 584 Cu and O bond
2 916 primary/secondary 621 C-H bend in alkynes
amines
3 1048 O-C=0 735 metal-oxygen bonds
4 1362 aromatic amines 865 CH functional groups
5 1635 moisture content 1104 C-OH
—('= + 1
6 2363 C=NH n charged 1238 aliphatic nitro compound
amines
7 3582 hydroxyl-moiety 1585 C-C stretch
1661 Cc=0
1828 Cc=C
2535 CO; stretching vibrations
3640 O-H

! Functional moieties of Ga-doped CuO NPs at minimum plant concentration. 2 Functional groups of Ga-doped
CuO NPs at maximum plant concentration.

Sample morphology and the size of synthesized NPs were analyzed with the use of
scanning and transmission electron (FE-SEM and FE-TEM) microscopes as presented in
Figure 4a—d. Green synthesized CuO NPs displayed spherical structures and dense agglom-
eration, as shown in Figure 4a,b. From FE-TEM images, a high degree of agglomeration of
doped NPs was observed. It is noteworthy that the particle size of doped NPs is less than
50 nm, as shown in Figure 4c,d. Dense agglomeration was observed in Ga-doped CuO NPs
in comparison with Gi-doped NPs.

Energy dispersive X-ray spectroscopy (EDS) combined with SEM was used to in-
vestigate the elemental constitution of synthesized NPs. The EDS findingsin Figure 5b
confirmed pure Cu phases with distinct peaks within 1 and 10 keV energy range. These
peaks specifically indicate highly pure Cu in specimens under study. The atomic weight
percentages recorded with the spectra for Cu and O were 82.81% and 15.76%, respectively,
for Gi-doped CuO NPs. Figure 5c,d represents the EDS spectrum with an SEM image for
Ga-doped NPs with atomic weight percentages of Cu and O as 66.5% and 23.9%, respec-
tively. Additionally, the Au peak seen in Figure 5b is attributed to the Au sputtered coating
covering the sample for charge dissipation, and Zn can emanate from the sample holder
during SEM examination. In Figure 5d, S corresponds to flavonoids, phenols, and enzymes
capping fabricated CuO NPs [57].
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Figure 4. (a) SEM depiction of Gi-doped CuO (b) Ga-doped CuO (c) TEM depiction of Gi-doped
CuO (d) Ga-doped CuO.

Surface elemental components as well as surface state and binding energy changes
of green synthesized CuO NPs were investigated using XPS. Fabricated samples depicted
zero impurities in the XPS survey spectrum, as shown in Figure 6a. The O 1s, C 1s, and
Cu 2p high resolution spectrum is presented in Figure 6b—d for Gi and in Figure 6f-h
for Ga-doped CuO NPs. The O 1s spectrum depicted binding energies at 529.18 and
531.08 eV for both Gi and Ga doping, as shown in Figure 6b,{, corresponding to CuO lattice
oxygen [58,59]. Doped NPs contributed primarily to the C1s band at 284.3 eV through C-C
and C(H,C) bonds and C-O (hydroxyl and ether-like) moieties at 285.6 eV as presented in
Figure 6¢,g. At 287 and 288.7 eV, a significant and stable response of more oxidized species
(such as carbonyl and carboxylic) indicates the existence of highly oxidized species, which
might be attributable to the presence of C(O, =N), C-O-C, C-OH, and C-N species [60-62].
Particularly, Figure 6d shows a Cu 2p pattern of Gi-doped CuO with peak heights at
933.3 and 953.3 eV. The binding energies matched with Cu 2p3,, and Cu 2p; /, spin orbits
and indicated the samples’ divalent oxidation state. The other peaks at 942.2 and 962 eV
corresponded to satellite heights of Cu 2p3,, and Cu 2p;/», which appeared principally
due to the partially filled 3d” orbital in a divalent oxidation state [63]. Similarly, as shown
in Figure 6h, for Ga-doped CuO NPs, the binding energies of Cu 2P3,, and Cu 2P/, were
transferred from 933.05 and 953.1 eV to 942.2 and 962.1 eV, respectively. The prominent
peak appearing due to fitting for the Cu2P; , indicates a copper oxidation state [58].
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Figure 5. (a) SEM image and (b) EDS spectrum obtained from fabricated Gi-doped CuO NPs (c) SEM
image and (d) EDS spectrum of Ga-doped CuO NPs.
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M C+ve C-ve S1

PCR used for the molecular identification of isolated MDR S. aureus and nucA gene
partial fragments (270 bp) was amplified from 6/10 isolates (Figure 7) originating from
bovine mastitis. The PCR result emerged as a single DNA band of about the same size as the
267 bp band from the pBR322 Haelll DNA digest. This size is comparable to the predicted
PCR product value of 279 bp. Repeated testing of many of the strains revealed the same
outcome. This observation established the amplified products’ nuc gene identities [64].

S2 S3 S4 S5 S6

Figure 7. MDR S. aureus amplified nucA gene (270 bp) gel picture. Lane M designates 100 bp ladder,
C+ve indicates positive control, C—ve shows negative control, S1-S6 indicate MDR S. aureus positive
isolates from bovine mastitis.

The in vitro antimicrobial efficacy of Gi and Ga root hydro extracts, Copper(Il) nitrate,
as well as green synthesized CuO NPs, was assessed by resistance areas measurements
(mm) using a well diffusion method as demonstrated in Figure 8a—d and Table 3. The
findings reveal a clear relationship between the zone of inhibition and concentrations of
NPs (p < 0.05). Compelling inhibition areas were reported for specimens 1 (1200 uL:1), 2
(1800 pL:1), 3 (2400 pL:1), 4 (3000 nL:1), 5 (3600 pL:1), and 6 (4200 pL:1) against multi-drug
resistant (MDR) S. aureusranging (2.05-3.80 mm) and (3.15-5.65 mm) for both minimum and
maximum concentrations of Gi-doped CuO NPs. These measurements were (1.1-3.55 mm)
and (1.25—4.45 mm) for Ga-doped NPs. At low concentrations, aqueous extracts demon-
strated no efficacy, whereas at maximum concentrations, inhibition areas for Gi and Ga
were 1.9 mm and 1.45 mm, respectively. Similarly, Copper(Il) nitrate exhibited 1.05 mm and
2.15 mm inhibition areas at minimum and maximum concentrations, respectively, against
MDR S. aureus. All findings were compared to Ciprofloxacin (7.5 mm) and DW as control
positive and negative. In contrast to Ga-doped NPs, green synthesized NPs with Gi dopant
showed enhanced bactericidal activity for MDR S. aureus.
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Figure 8. (a,b) In vitro bactericidal potential of CuO NPs doped with Gi extract at minimum (J) and
maximum () doses (c,d) Ga-doped.

Table 3. Bactericidal action of CuO NPs.

1 Inhibition Zone (mm) 2 Inhibition Zone (mm)
Microorganism Sample
500 ug/50 uL 1000 pg/50 uL 500 pg/50 uL 1000 pg/50 uL
(1.2mL:1) 1 2.05 3.15 1.1 1.25
(1.8 mL:1) 2 2.45 3.45 2.15 24
(24mL:1) 3 2.8 3.8 2.3 2.7
(3.0mL:1) 4 3.15 4.5 2.8 3.05
MDR 5. aureus (3¢ n1.1) 5 3.8 5.65 355 445
(42mL:1)6 3.35 5.35 34 4.05
Ciprofloxacin 7.5 7.5 7.5 7.5
DIW 0 0 0 0

1 Inhibition zones of CuO NPs fabricated with Gi extract. 2 Inhibition areas (mm) of NPs fabricated with Ga extract.

The variation in oxidative stress resistance, which is based on several aspects such
as shape, composition, and particle size, plays a significant role in a synthesized nanoma-
terial’s antibacterial potential [65,66]. An electrostatic interface among bacterial strains
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and nanosized structures involves the production of reactive oxygen species causing cell
fatalities [67-72]. Two reactions were found to be feasible for a nanomaterial bactericidal
mechanism, the first of which is a heavy interaction between cations Cu?* and bacterial
cells with negativized sections accompanying collapse, followed by the second, which is a
reaction that leads to electronic excitation of CuO valance band surfaces through irradiation.
Additional electronic O, reactions produce O~2 radicals, leading to the generation of HyO,.
The resulting O~2 species have essential roles in the decomposition of the fat or protein
molecules in the outer cell surface of the bacteria [73,74], as illustrated in Figure 9.

e e e e e e e e e e — — — — — — —— ——— ————
“..‘ Oxygen Reactive Species (ROS) generation
f.\
NanoParticles . ® o e
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S X O D) avala’aials” ~

D m ﬂ :'mmn mmmmmm fs

OO A

—} Hydrophillic Head
Phospholipid bilayer
I_ =3 Hydrophobic Tail
Figure 9. Diagrammatic illustration of the mechanism of antimicrobial activity of garlic and ginger-
doped CuO NPs.

AT OOS _ -

Following 10 h of incubation with doped NPs (500-1000 pg / 0.05 mL), a dosage
and time dependent decrease in the proliferative yield (OD620 nm) of MDR S. aureus was
observed. ODgyy nm values ranged from 0.47 to 0.19, which are relatively smaller than
the ODgy9 nm value of 0.53 for the control samples. Additionally, the bactericidal efficacy
of doped CuO NP concentrations (500-1000 ng/0.05 mL) was determined after 24 h of
exposure. The percent survival of MDR S. aureus was reported to be 49% and 25% for
Gi-doped CuO NPs, whereas Ga-doped CuO demonstrated 53% and 41% survival at the
minimum and highest concentrations, respectively. At both concentrations, optimized
Gi-doped CuO enhanced cell viability by 52% and 76%, which, compared to Ga-doped
NPs, enhanced cell viability by 48% and 60%, respectively, as presented in Figure 10a,b.
The growth inhibitory findings corroborate the exact patterns of toxicity shown in well
diffusion data against MDR S. aureus. Similarly, MDR S. aureus cells treated with doped
CuO NPs produced holes and cavities. The initial spherical form was also destroyed during
the contact of NPs with the bacterial cells, as shown in Figure 11b,c.
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Figure 10. Reduction in percent cell viability of MDR S. aureus isolates treated with 500 and
1000 ug/0.05 mL of (a) ginger- and (b) garlic-doped CuO NPs.

Figure 11. TEM images of (a) control MDR S. aureus (b,c) interaction of doped CuO NPs with
bacterial cell.

The TEM study of MDR S. aureus treated with doped CuO NPs clearly suggests that
NPs are incorporated in substantial amounts, as presented in Figure 11a—c. However, it is
not clear if bacterial cells employ an endocytosis mechanism for external entity acquisition.
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As a result, it is possible that doped CuO NPs infiltrate cells via disruption to the intact cell
membrane, resulting in cytoplasmic permeability [75].

CuO NPs were subjected to a molecular docking investigation in order to further
understand their mechanistic linkages with the target enzymes. Enzymes involved in
the production of peptidoglycans and folic acid are well-characterized, interesting, and
plausible targets for antibiotic development. The D alanine-D-alanine ligase (ddIB) is a
component of the molecular machinery involved in peptidoglycan manufacturing, and its
suppression results in outer membrane rupturing and eventual death.

The binding energy of CuO NPs in the active pocket of D-alanine-D-alanine ligase
(ddIB) was measured as 6.08 eV. CuO formed H-bonds with Asn308, Asp293, Glu222,
Glu220, and Asn305, as illustrated in Figure 12d. Similarly, in the case of tyrosyl-tRNA
synthetase, the highest binding score of 6.73 was ascribed to the H-bonding link between
GIn190, Tyr36, Aspl77, and GIn174, as seen in Figure 12b.

Figure 12. Binding interaction pattern of CuO NPs with active site residues of (a) Dihydrofolate
reductase, (b) Tyrosyl-tRNA synthetase, (¢) Dihydropteroate synthase, and (d) D-alanine-D-alanine
ligase from S. aureus.

CuO NPs bound to Ile14, Thr12, GIn95, Phe92, Tyr98, Thr46, and Thr121 with a binding
index of 5.18, as shown in Figure 12a. Similarly, the best docking score for DHPS from
S. aureus was 4.08, indicating an H-bonding interaction with Ala173, Gly131, Asn130, and
Asn132 (Figure 12c). Table 4 lists the docking scores and critical residues implicated in
H-bonding for each protein. The significant binding score and interaction of the CuO NPs
suggested that they may be a potential inhibitor of dihydrofolate reductase, D-alanine-D-
alanine ligase B (ddIB), tyrosyl-tRNA synthetase, and dihydropteroate synthetase. These
NPs can be further investigated for their ability to inhibit enzymes.
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Table 4. Surflex score of docked ligand CuO.

Proteins CD ocking CScore ? Crash Score ? Polar Score ¢ G Score 4 PMF Score © D score f Chem Score & Amino Acid
omplex Interaction
114, T12,
B B B B Q95, F92,
DHFR CuO 5.18 0.04 4.63 42.4 0.257 285.8 3.7 Y98, T46,
T121
Q190, Y36,
TyrRS CuO 6.77 —0.11 6.41 —37.05 6.409 —338.9 —3.7 D177, Q174
N308, D293,
ddiB CuO 6.08 —0.23 5.59 —90.86 14.03 —217.0 —2.09 E222, E220,
N305
A173, G131,
DHPS CuO 4.08 —0.06 4.78 —32.55 2.892 —160.6 —0.36 N130, N132

@ CScore is a consensus scoring system that ranks a ligand’s affinity using a variety of scoring algorithms.
b Crash-score indicating inadvertent entry into the binding site. ¢ The ligand’s polar area. ¢ G-score indicating
the energies of hydrogen bonding, complex (ligand-protein), and internal (ligand-ligand) interactions. ¢ PMF-
score denotes the Helmholtz free energies of interactions between protein-ligand atom pairs (Potential of
Mean Force, PMF). f D-score denotes charge and van der Waals interactions between the protein and ligand.
& Hydrogen bonding, lipophilic contact, and rotational entropy are all assigned chem-score points, along with
an intercept term.

Catalytic Activity

Figure 13a—f shows the dramatic drop in catalytic MB with roots CAE and extract-
doped CuO NPs at an ambient temperature. The catalytic action of NaBH,4 and conventional
CuO NPs procured from Sigma-Aldrich is demonstrated in Figure 13a,b, and similarly, the
catalytic behavior of CAE of Gi and Gi-doped CuO are shown in Figure 13¢c,d. The catalytic
potential of Ga CAE and Ga-doped CuO NPs is illustrated in Figure 13e f. A small decrease
in absorption peaks was a result of the catalytic action of NaBHy in 12 min, as shown in
Figure 13a. Conventionally available CuO and CAE of Gi and Ga roots reduced MB in 12,
43, and 38 min (Figure 13b,c,e, respectively), which lies in comparison with the efficient
(100%) reduction of dye in 1 min and 15 s for Gi and Ga extracts doped CuO NPs, as shown
in Figure 13d,f.

()

Methylene Blue + NaBHy (c) MB + NaBH 4+ Ginger extract (e) MB + NaBH + Garlic extract
0 min
664 A 0 min
/ A\

664

S
5 ;' ;.'; 0 ; 4 5 r T T T T T 1 r T T T T T
450 500 S50 600 650 700 TS0 45y 500 550 600 650 700 750 450 500 SS0 600 650 700 750
Wavelength (nm) Wavelength (nm) Wavelength (nm)
Methylene Blue + NaBH g + CuO-NPs d MB + NaBH g+ Ginger 3.6 (ml):1 ( f) Methylene Blue + NaBH g + Garlic 3.6 (mil):1
0 min
(b) ( ) 664 0 min 664

664
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12 min 15 see
in L’“~—s
T T T T T T T T T T T T T T T T T & = . >
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Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 13. (a—f) Catalytic response of (a) NaBH;, (b) CuO (c) Gi CAE (d) Gi-doped CuO (e) Ga CAE
and (f) Ga-doped NPs.
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3. Discussion

In the UV-vis spectrum, a peak positioned at 220 nm indicates the occurrence of
polyphenol or aromatic molecular structures [76], and bands at 270 nm arise due to 7
— m* transitions. These absorption bands depict the existence of phenolic compounds
extract [77]. The band at 398 nm could be attributed to smaller sized particles in the CuO
nanostructure [78]. The absorption peak shift towards the higher wavelength (redshift)
upon doping indicates an increase in particle size and vice versa. The observed peaks
in XRD verified the presence of CuO with a monoclinic crystal structure that was well
synchronized with JCPDS card number 001-1117 and was free of impurities [79].

FTIR bands around 3640, 2535, 1828, 1661, 1585, 1238, 1104, 865, 735 and 621 cm~ !
are associated with O-H, CO, stretching vibrations, C=C stretching of aromatic ring, C=O
carbonyl group, aromatic ring C-C stretch, aliphatic nitro compound, C-OH, CH functional
groups, C-H bends in alkynes and metallic oxygen bonds, respectively, at maximum doping
of root extracts [55,71,72,79-81]. Similarly, at the lowest concentration of extract doping,
absorption peaks appeared at 701, 1040, 1362, and 1633 and 3582 cm ! corresponding to S-O
stretching bands, C-N stretch of aliphatic amines, aromatic amines, and C=0 and hydroxyl
bonds, respectively, as depicted in Table 1. These peak shifts with a maximum doping
of Gi root extracts indicate phytochemicals as x-Zingeberene, 6-gingerol, and 6-snogal of
Gi, which were found to be significant for bio-reduction. In the case of Ga root extract
with the lowest doping, the absorption peaks appeared at 701, 916, 1048, 1362, 1635, 2363
and 3582 cm ™!, which is equivalent to S-O stretching bands, primary/secondary amines,
O-C=0, aromatic amines, moisture content, -C=NH" in charged amines, and hydroxyl-
moiety, respectively, as presented in Table 2. Peaks present at low wavelengths between
400-700 cm ™! suggest successful synthesis of CuO [82,83]. The Cu and O bond appeared
in the form of a sharp and strong band at 584 cm ™!, indicating the formation of a high
purity phase of CuO NPs. The bands at <1000 cm ! are mainly attributed to metal-oxygen
bonds [84]. The peak changes in CuO presented by 0:1 (extract (uL):CuO) corresponding to
higher amounts of Ga root extracts indicate the presence of allicin (diallylthiosulphinate)
and S-allyl cysteine phytoreducers, terpenoids, polyols, flavonoids, and proteins containing
ketones and amines accountable for chelation as well as reduction [85,86]. The CuO NPs
display stability in water and air and did not transform into other compounds. However,
CuO aggregation resulted in a narrow space between NPs during fabrication due to their
large surface energy in an aqueous phase [87,88].

The agglomeration of nanostructures occurs as a consequence of the high surface
energy of the aqueous medium, which results in a small space between the NPs [87].
Cationic and oligocationic species have an effect on the aggregation of nanoparticles (NPs)
in solutions [89]. Aggregation can be prevented by first mixing NPs into foetal bovine
serum (FBS) and then into a buffer [90]. NPs may also be prevented from aggregating by
covering them with other biomolecules, such as lipids. To enhance NPs’ dispersibility, the
first technique is direct physical mixing, in which as-synthesized solid NPs are integrated
into the polymer host using a high energy input, such as heat or ultrasound. The enormous
energy input disintegrates the bulk material into minute particles [91-93].

In the current investigation, we created an oligonucleotide primer set that identified
sequences from the S. aureus nuc gene, which encodes the bacteria’s TNase. This tech-
nique was selected because previous findings obtained by employing polyclonal [94,95]
or monoclonal [96] antibodies to identify the S. aureus TNase suggested that this protein
contains species-specific sequences and that DNA hybridization-based methods confirm
this premise [97]. The primer set generated a PCR product with an estimated size of 270 bp,
which is similar to the predicted size of 279 bp for the gene fragment. This confirmed that
the product is similar to the nuc gene sequence from S. aureus [98].
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Tyrosyl-tRNA synthetase is an intriguing target enzyme for the discovery of novel
antibacterial medicines [99]. It is a member of the family of aminoacyl-tRNA synthetases
(aaRSs) and catalyzes the covalent binding of amino acids to their corresponding tRNA
to generate charged tRNA. As a result of its critical involvement in protein production,
inhibiting aaRSs has a considerable effect on cell proliferation. Folate biosynthesis results
in the formation of tetrahydrofolate, which is required for the production of a variety of
bioactive compounds, including thymidylate enzyme, pantothenic acid, and nitrogenous
bases such as purine, ribonucleic acid, and amino acids. Enzymes involved in this process,
such as dihydrofolate reductase and dihydropteroate synthase, have been identified as
potential antibiotic targets. Trimethoprim is a well-known antibiotic that inhibits DHFR,
whereas the sulfonamide family of medicines inhibits DHPS [100,101].

During catalysis by moving electrons donor (BHy) to an acceptor (MB) and decreas-
ing activation energy, the extracts doped NPs cause substantial catalytic color deteriora-
tion [102]. MB has the highest absorption peak at 664 nm in an aqueous solution, which is
connected to the m—7* and n—7* transitions [103,104]. The data suggested extracts doped
NPs as effective catalysts compared with conventional NPs and single CAE.

4. Materials and Methods
4.1. Materials

Fresh roots of ginger (Gi) and garlic (Ga) were purchased from a local market and shade
dried to acquire a consistent weight. Copper(Il) nitrate [Cu(NO3);], sodium hydroxide
(NaOH) and other chemicals of empirical grade were procured from Sigma-Aldrich United
States. Media utilized to culture bacteria were of empirical grade.

4.2. Aqueous Extracts Preparation

Garlic and ginger powder was produced with an electric grinder, and the resulting
fine dust was stored in Ziplock bags. Pulverized root dust was mixed with deionized water
and aggressively stirred at 70 °C for half an hour. Crude aqueous extract (CAE) was stored
after filtration at 4 °C until further usage [87].

4.3. Green Fabrication of CuO NPs

Numerous ratios of Gi and Ga crude extract (1200, 1800, 2400, 3000, 3600, and 4200 pL)
were stirred into 0.1 M (50 mL) copper(Il) nitrate at a 90 °C reaction temperature by
maintaining the pH at 12 using (2M) NaOH for two hours. The resulting precipitates were
washed several times with deionized water (DIW) by undertaking centrifugation for 10 min
at 10,000 rpm to remove impurities (nitrates). Obtained pellets were dried in a hot air oven
at a constant temperature of 90 °C for 12 h, as shown in Figure 14a,b [46]. Compounds
such as phenolic, tannin, saponins, proteins, flavonoids, glycosides and polyphenols are
present in the plant material. Additionally, the aqueous extract of these plant materials
also contains the chemicals mentioned above, which function as green reductants, reducing
Cu?* to Cu® [105,106]. Copper salt forms a polyphenolic compound with Cu?* ions when
it is combined with the plant extract. Further reduction results in the conversion of Cu?* to
Cu” NPs [50].
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Figure 14. (a) Schematic illustration of the procedure followed in the green synthesis of CuO NPs
from aqueous extracts of Garlic roots. (b) Steps involved in preparation of Ginger-doped CuO NPs.

Characterization of Synthesized CuO NPs

The synthesized NPs were screened with a wavelength of 250-800 nm using a (Genesys
10 S) UV-Visible spectrophotometer to maximize absorption (Xmax). The composition and
strucuture of the doped NPs were studied with a BRUKER D2 Phaser (XRD) compris-
ing 20 range (10-80°) fitted with Cu Koy radiations of A = 1.540 A. The resulting prod-
uct functionality was checked with Fourier-transform infrared spectroscopy (ATR-FTIR).
The elemental constitution of the synthesized metal oxide nanostructures was evaluated
through energy-dispersive X-ray spectroscopy. The size and topography of the fabricated
nanostructures was confirmed with JEOL FE-SEM and JEM 2100F TEM. The specimen
framework with an associated band gap analysis was conducted using X-ray photoelectron
spectroscopy (XPS).

4.4. Separation and Identification of MDR S. aureus
4.4.1. Collection of Samples

From three private dairy farms located in the districts of Lahore, Kasur, and Sahiwal
(Punjab, Pakistan), bovine mastitic fluid specimens were collected as shown in Figure S1.

4.4.2. Isolation of MDR S. aureus

The initial culture of the collected samples was carried out on ovine blood agar
5 percent via incubation at body temperature for 48 h. The typical acquired colonies were
streaked on mannitol salt agar thrice for the purification of S. aureus. The sensitivity of
colonies for selected antibiotics was assessed by using a disk diffusion test, as published by
the National Committee for Clinical Laboratory Standards (NCCLS) for the degradation
of MDR S. aureus. Sterile antibacterial disks were used on Mueller-Hinton agar (MHA)
containing 1 x 10 CFU/mL growth. The bacteria that were found to be immune to at least
three antibacterials were confirmed as MDR after overnight growth at 37 °C [107]. Bacte-
rial patterns were verified using Burgey’s Manual of Determinative Bacteriology, which
includes depictions of morphological features and biochemical procedures such as catalase
and coagulase tests. Molecular confirmation of MDR S. aureus nucAgene responsible for
resistance development was undertaken, and bacterial colonies were processed for DNA
extraction using an extraction kit (WizPrepTM gDNA cell/tissue kit, Korea).
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4.4.3. Quantification of DNA with a NanoDrop Spectrophotometer

Extracted DNA was quantified with a NanoDrop (Thermoscientific'™- NanoDrop2000
Fitchburg, WI, USA). DNA concentration was measured at a 260/280 nm ratio of optical
density in ng/pL.

4.4.4. Primers Used and Polymerase Chain Reaction Amplification

A polymerase chain reaction (PCR) test was undertaken for all DNA samples extracted
for the nuc A gene of S. aureus utilizing primers F 5 -GCGATTGATGGTGATACGGTT-3
and R 5 ~AGCCAAGCCTTGACGAACTAAAGC-3' [64] with an amplicon at 267 bp. A
total of 3 uL. DNA was mixed for PCR reaction mixture preparation. The reaction proceeded
at 35 cycles with an initial denaturation at 95 °C for 5 min, annealing at 58 °C with extension
at 72 °C. Each step proceeded for half a minute, and the final extension was carried out
for 10 min at 72 °C. Obtained PCR products were observed as positive bands (267 bp) by
running a 1.5% agarose gel under a UV illuminator using a 100 bp ladder.

4.5. Antimicrobial Activity

The assessment of in vitro microbicidal efficacy was carried out with well diffusion
tests for ten indicative MDR S. aureus isolates. Petri plates were swabbed with 0.5 Mc-
Farland of MDR S. aureus growth on mannitol salt agar (MSA). Bores having 6 mm width
were shaped through clean borer. Different doses of Giand Ga CAE and doped CuO NPs
were added. Concentrations of (10,000 and 50,000 pg/100 pL) and (500, 1000 pg/50 pL)
were applied for CAE and biosynthesized CuO NPs as minimum and maximum doses,
respectively. For comparison, DIW and ciprofloxacin were applied as negative and positive
controls with (50 pL) and (5 pg/50 uL) concentrations, respectively. Microbicidal evaluation
was undertaken after overnight incubation at 37 °C by inhibition area (mm) measurements
through a Vernier caliper.

4.6. Effect of Doped CuO NPs on Bacterial Growth and Viability

To accomplish a viability assay, 20 uL of overnight matured MDR S. aureus colonies
were inoculated onto 96-well microplates. To each well, Luria—Bertani (LB) medium contain-
ing a constant amount (300 uL) of Gi- and Ga-doped CuO NPs at 500 and 1000 pg/0.05 mL
were loaded. Throughout all the trials, untreated bacteria were incorporated as a control.
At 2 h intervals, variations in the optical density at 620 nm (ODgg nm) Were measured using
a microplate reader (Thermo Scientific, Shanghai, China). After 24 h, the percent viability
was assessed by comparing the ODg2g nm of doped NP-treated bacterial cultures with that
of untreated control samples [108].

4.6.1. Pathogen and NPs Interaction with TEM Imaging

Bacterial samples were diluted in PBS and placed on TEM copper grids using a
holey carbon sheet in a 10 L specimen drop. After that, the grid was subjected to 70%
glutaraldehyde volatiles for 3 h to rectify the samples. To determine the distribution and
position of CuO NPs as well as the shape of bacteria treated with doped CuO NPs, strains
were studied in a JEOL 2100F TEM in STEM mode using a 200 KV accelerating voltage.

4.6.2. Statistical Analysis

Evaluation of the inhibition areas was carried out using a one-way variance analysis
with a 5% significance level through SPSS 20.0.

4.7. Molecular Docking Analysis

A molecular docking assessment of fabricated CuO NPs was undertaken to deter-
mine their binding affinity with potential targets involved in microbial cell formation. A
docking study was performed on a number of protein targets, including dihydrofolate
reductase, dihydropteroate synthase, D-alanine-D-alanine ligase B (dd1B), and tyrosyl-
tRNA synthetase, as shown in Figure 15a—d. Dihydropteroate synthase and dihydrofolate
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reductase are essential enzymes in the biogenesis of folic acid and are considered essential
for bacteria survival [100]. Equally, the enzymes dd18 and Tyrosyl-tRNA synthetase act as a
catalyst in the biosynthesis of bacteria fatty acids and proteins [109]. The 3D structure of
dihydropteroate synthase (PDB ID: 4HB7) with resolution:2.20 A [110] shown in Figure 15a;
relative to dihydrofolate reductase (PDB ID: 3FY8) resolution:1.95 A [103] is shown in
Figure 15b. Similarly, D-alanine-D-alanine ligase B (PDB ID: 2I80) resolution: 2.2 A111]
is shown in Figure 15¢; and that of Tyrosyl-tRNA synthetase (PDB ID: 1]IJ), resolution:
3.2 A repossessed from a protein data bank as shown in Figure 15d. The molecular dock-
ing analysis was conducted with a SYBYL-X 2.0 program [112]. A Sybyl-X2.0/SKETCH
module [113] was used to generate 3D structures of the selected compounds followed by
energy reduction as per Tripos force fields with atomic loads of Gasteiger-Hiickel [114]. To
study nanoparticle binding interactions with active site residues of the selected proteins,
the Surflex-Dock module for molecular modeling software package SYBYL-X 2.0 was used
in versatile molecular docking computations [112]. Missing hydrogen was incorporated.
Atomic charges were allocated and applied in accordance with the force field of AMBER 7
FF99 as shown in Figure 16a,b. Finally, energy was reduced to a minimum to avoid steric
conflicts by utilizing the Powell method with a 0.5 kcal (mol to A) converging rate for
1000 cycles. At least 20 of the finest docking postures were consistently preserved for each
ligand-receptor complex system. The best postures of ligands were measured by adopting
the Hammerhead score. By using the Hammerhead scoring function, [115] the best putative
postures were measured by ligands [116]. The Surflex-Dock module generates and ranks
putative styles of ligand fragments using an empirically derived consensus scoring (cScore)
function that integrates Hammerhead’s empirical scoring functions, namely D-score (dock
score), G-score (gold score), Chem-Score, potential mean force (PMF) score, and total score,
with a molecular similarity method.

Figure 15. Three-dimensional structures of target proteins of S. aureus: (a) dihydropteroate synthase
(PDB: 4HB?), (b) dihydrofolate reductase (PDB: 3FY8), (¢) D-alanine-D-alanine ligase (PDB: 2180),
(d) Tyrosyl-tRNA synthetase (PDB: 1JIJ).
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Figure 16. Structure of CuO NPs in (a) two-dimensional and (b) three-dimensional view.

4.8. Catalytic Activity

For the catalytic assessment of fabricated CuO nanostructures, 3 mL of methylene blue
(0.03 x 1072 M) was combined with freshly prepared 300 pL sodium borohydride aqueous
solution. The optimal value (3600 nL:1) of specimen 6.0 mg/300 pL was consequently
applied to the solutions. As a result, the methylene blue (MB) dye color vanished, depicting
the deterioration of dye towards leuco methylene blue, as illustrated in Figure 17. A UV-Vis
spectrophotometer was used to detect absorption within a 200-800 nm range.

BH: "+ 2H20 2H20

BO:2"+8H™ H>+20H-

N \N@ |
Methylene Blue(Blue) | / TZ:(:?:;:S;::E“

Reduced Methylene Blue
(Leuco methylene Blue)
(Colorless)

Figure 17. Possible reduction mechanism of methylene blue into leuco methylene blue in the presence
of CuO NPs.
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5. Conclusions

The current study provides the first report to measure the antibacterial response of
doped metal oxide nanostructures against MDR S. aureus originating from bovine mastitis.
The inclusion of ginger and garlic root extracts in various ratios played a significant
role in the fabrication and optimization of metal oxide nanostructures. X-ray diffraction
analysis revealed the monoclinic crystal phase of the particles. The calculated crystallite
size analyzed with XRD and UV was in the range 23.38-46.64 nm for ginger- and 26-56 nm
for garlic-doped CuO. FE-SEM and FE-TEM analysis revealed that the NPs were spherically
shaped, exhibiting dense agglomeration. UV-vis spectroscopy revealed a decrease in
absorption with an increasing amount of extract in CuO, accompanied with a redshift. The
experimental results show that extract-doped NPs were more effective catalysts compared
to traditional NPs and single crude aqueous extract (CAE). In comparison to garlic-doped
NPs, green synthesized NPs of ginger exhibited enhanced bactericidal potency against
MDR S. aureus. This study concludes that antibiotic resistance development could be
addressed significantly by adopting green synthesized metal oxide nanostructures as
antibiotic placebos.
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/ /www.mdpi.com/article/10.3390/ijms23042335/s1.
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