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XRD/SEM/TEM, FT-IR/UV-visible/Impedance spectroscopies, and Agar well
diffusion method, respectively. Relevant results show enhanced optical,
dielectric and antimicrobial properties with Ni doping due to the smaller size
effect. Importantly, in vitro examination, the antimicrobial activity of the grown
NPs was evaluated against four microbial species, exhibits that the CTAB-cap-
ped Ni-doped CuO NPs possess a command antimicrobial toxicity to Staphy-
lococcus aureus (25923-ATCC), Klebsiella pneumoniae (700603-ATCC), and
Escherichia coli (25922-ATCC) and an intermediate performance towards Candida
albicans (24433-ATCC). The minimum inhibitory concentration (MIC) assay for
the obtained CTAB-Nig¢sCugos0 sample upon S. aureus or K. pneumoniae
pathogens reaches extremely as low as 5 pg ml ™" for all reported CuO NPs. The
improved dose-dependent antimicrobial effect has been found to be strongly
dependent on the particle size, surface morphology, elemental compositions,
and surface bio-functionality of the catalytic nanomaterials. Additionally, Ni-
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dopant, CTAB-stabilizer, and binding of Cu®/Cu*" ions with respiratory
enzymes collectively produce an excess amount of reactive oxygen species
(ROS) in the bacterial culture medium, which determines a predominant
antibacterial mechanism for bacterial cells damage. Overall, these inorganic
(Ni,Cu;_,0O) NPs with antimicrobial cationic surfactant (CTAB) have advan-
tages to use as a functionalized disinfection nanoagent to control the microbial
infections in the healthcare sector together with various electronic and photonic

medical diagnoses.
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Introduction

Nanotechnology is continuously developing new
approaches and directions to monitor, repair, and
control human biological systems, even at a molecu-
lar scale. Nanomedicine development has recently
attracted much research interest and became an
urgent requirement for biomedical and pharmaceu-
tical applications [1]. This is because the ineffective-
ness of traditional medications, together with high
bacterial resistance, has raised a serious concern to
the healthcare sector. Studies from the world health
organization (WHO) revealed that multidrug-resis-
tant (MDR) pathogens such as Klebsiella pneumoniae,
Staphylococcus aureus, Escherichia coli, and Candida
albicans are causing a very high percentage of
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common healthcare infections [2, 3]. According to one
survey, only a single MRSA (methicillin-resistant
staphylococcus aureus)-resistant organism kills too
many peoples every year than HIV's/AlID’s or
Parkinson’s diseases [4]. MDR pathogens, including
VRE (vancomycin-resistant enterococci), CREB (car-
bapinem-resistant enterobacteriaciae), and KPC
(klebsiella pneumoniae carbapinemase), etc., are
other serious risks of emerging resistant microbes to
almost every market available antibiotic [5]. As a
proof of concept, research has been declared that
more than 80% wide variety of microbial infections in
the body is caused by biofilms [6, 7]. It has been
proposed that pathogen growth in such biofilms
responds to oxidative stress, which not only induces
biofilms formation but also secretes a lot of
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extracellular polymeric substances (EPSs) [8]. These
EPSs destroy non-competent cells causing the release
of DNA, polypeptides, and polymeric carbohydrates,
etc., in the surrounding medium, developing a
mature biofilm that demonstrates tolerance toward
antibiotics and the host immune system [8, 9]. Infec-
tions associated with the bacterial biofilms are more
challenging to eradicate by traditional antibiotics,
while advanced and effective disinfection drugs
development is necessary for the delicacy of biofilms
infections [9, 10]. A minimal number of effective
antimicrobial drugs are employed for many decades
that treat the microbial infections. Inevitably, it is
crucial to control the virulent bacterial strains using
facile synthetic strategies to develop novel antimi-
crobial disinfectants with enhanced antimicrobial and
antibiofilm activity. In recent years, plenty of nano-
materials have been explored as novel antimicrobial
agents against different clinically isolated microbes
[11, 12]. Among them, ionic nanoparticulate transi-
tion metal oxides (TMOs) exhibit numerous distinct
benefits in reduced acute toxicity, less particle
aggregation rate, as well as overwhelming the exist-
ing antibiotic resistance [13]. On the other hand,
several research reports revealed that the particle
size, shape, specific surface area, roughness, doping,
and coatings, etc., are the most critical factors that
significantly influence the antimicrobial activity of
the TMOs [14-16]. Additionally, depending on the
synthesis technique, the studies revealed that low-
dimensional nanomaterials present higher antibacte-
rial efficacy than the bulk high-dimensional materi-
als, based on their optical, electrical, and fluorescence
intensity [17, 18].

In this context, copper oxide (CuO) nanoparticles
with modified physical properties and unusual
crystalline structure with reactive sites have been
recommended as a suitable choice for dose-depen-
dent antimicrobial activity applications [19-21].
These compounds have potential to kill harmful
bacteria and viruses and inhibit biofilm pathogens’
functionality [22-24]. However, the high surface
areas and increased electron-hole recombination rate
resulting in aggregated bulk CuO NPs limiting their
bactericidal performance. During past decades, many
strategies have been developed for enhancing the
therapeutic efficacy of CuO NPs. Among them, CuO
has been doped by an appropriate amount of other
transition metals (TMs) such as Fe [25], Ni [26], Ag
[22], Zn [27], and so on [28], as well as coated with
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cationic surfactants [29] that prevents the aggregation
of NPs indicating the easiest way to alter their
physical, chemical, and biological properties. For
instance, the optical band gap energy has been found
to increase by increasing Ni-dopant concentrations
reported by Ansari et al. in the Ni-doped CuO [30].
The promoted optical and electrical properties of Ni-
incorporated CuO nanoparticles are reported by
Baturay et al. [31]. Basith and co-workers explored
the Ni doping-induced effect on band gap and
magnetic properties of CuO [32]. The impact of TMs
doping on optical and magnetic assets of the neat
CuO was also investigated and used as an antibac-
terial agent against various MDRs microbes in Ref.
[33]. Another report on improved optical and
antibacterial properties was presented by Ramya
et al. for Ni*" ion-enriched CuO nanoparticles [34].
And there are many reports available on correlated
properties of different elements-doped CuO [35-38].
To make better use of CuO NPs against different
MDR pathogens, we report the effect of Ni-doping
and CTAB-coating on CuO NPs which prevents the
aggregation of the NPs, resulting excellent antimi-
crobial performance followed by improved optical
and dielectric characters. The dielectric and antimi-
crobial properties of the metals-doped CuO are rarely
considered and yet to be examined. However, the
antimicrobial performance against various MDRs
pathogens of these reported CuO NPs is still not
satisfied for real applications. The development of
nanomaterials with reformed optical and dielectric
functionalities in medical and pharmaceutical fields
may be significantly conducive for the treatment of
microbial infections.

In this regard, an effort has been made to tune the
optical, dielectric, and antimicrobial properties of
CuO via nickel (Ni) doping with the assistance of
antimicrobial cationic surfactant (cetyltrimethylam-
monium bromide, CTAB), using a facile and cost-ef-
fective solvothermal synthesis route. The substitution
of Ni elements into the CuO matrix together with
CTAB-stabilizer capping has drastically increased the
optical band gap, dielectric property, and AC elec-
trical conductivity of the products, debating a crucial
role as antimicrobial agents against various MDR
microbes. By increasing the Ni element doping into
the CTAB-CuO NPs leads to lattice strain and elec-
tronic structure modification, which substantially
increase the ROS production through resulting best
bactericidal performance toward pathogenic bacterial
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strains, namely Staphylococcus aureus (25923-ATCC),
Klebsiella pneumoniae (700603-ATCC), and Escherichia
coli (25922-ATCC) as well as intermediate antifungal
activity against Candida albicans (24433-ATCC).

Experimental
Materials and characterizations

All chemical reagents, copper(Il) chloride di-hydrate
(CuCl,-2H;0), Nickel(II) chloride penta-hydrate
(NiCly-5H,0),  cetyltrimethylammonium  bromide
(CTAB), Oleylamine (OAm), and hexane were used
of analytical grade and purchased from Sigma-
Aldrich (China). Ethanol and OAm were used as
reaction media. The bacterial species used in this
work are E. coli (25922-ATCC), K. pneumoniae (700603-
ATCC), S. aureus (25923-ATCC), and C. albicans
(24433-ATCCQC). These microorganisms were collected
from the Microbiology department of Hazara
University, Mansehra, Pakistan. These four isolates
are MDRs and usually cause several human diseases
in our daily lives [39]. The protein content and cata-
lase activity in the four microbial strains were carried
using an Enzyme-labeled instrument (ELIASA) by
Varioskan LUX (Thermo Fisher Scientist, USA),
which is a previously described protocol [28]. A high-
resolution X-ray diffractometer (XRD) in (20°-80°)
2-theta scale with Cu—Koa radiations of wavelength
(4 =0.154056 nm) was used for structural analysis.
Morphologies and structures were characterized
using a scanning/transmission electron microscope
(SEM/TEM), respectively. An energy-dispersive
spectroscopy (EDS) attached to SEM was used to
confirm the samples’ chemical compositions. UV-
visible spectra were acquired using a quartz slab
spectrophotometer (Perkin Elmer Lambda 25-UV).
FTIR-spectrometer (Nexus-870) in the spectral range
of 380-4000 cm ™' wavenumbers was operated using
the KBr thin pellets method to obtain FT-IR spectra.
The dielectric parameters and AC conductivity were
analyzed using an LCR (inductance—capacitance-re-
sistance) meter (7600 + IET Labs) at room tempera-
ture (24 £ 2 °Q).

Synthesis of CTAB-Ni,Cu;_,O NPs

CTAB-capped Ni,Cu;_,O (0.0 < x < 0.05) NPs were
synthesized wusing a facile and economical
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solvothermal synthesis technique, as shown in the
schematic diagram of Fig. 1. In a typical experiment,
0.1 M of copper chloride di-hydrate (CuCl,-2H,0)
and appropriate amounts of nickel chloride penta-
hydrate (NiCly-5H,O) were dissolved into 10 ml
Oleylamine (OAm) at room temperature (24 & 2 °C)
to obtain pure and Ni (1, 3 and 5 Molar. %)-doped
CuO homogenous suspension. Then 0.1M of
cetyltrimethylammonium bromide (CTAB) was
utterly dissolved into 20 ml Ethanol and slowly
added into the above running solution under con-
stant magnetic stirring. The obtained suspension was
transferred into a 50 ml quartz line Teflon reactor and
heat-treated at 100 °C for 40 min first and subse-
quently heated to 200 °C for 90 min with a ramp rate
of 2.5 °C min ', respectively. The synthesis in the
presence of CTAB and OAm as capping surfactants
and Ethanol as hydrolysis play crucial role in con-
trolling size and shape of the CuO NPs. After, natu-
rally cool down to room temperature, a black
precipitate was assembled by centrifuge and rinsed
several times using an ethanol and hexane mixed
solvent (2:1). Finally, the obtained precipitates were
vacuum-dried at 70 °C for 3 h to get the samples.

Antimicrobial susceptibility testing (AST)—
Agar well diffusion method

The antimicrobial susceptibility test (AST) of the
prepared samples was screened using a well-known
Agar well diffusion protocol [40]. Four pathogenic S.
aureus (25923-ATCC), K. pneumoniae (700603-ATCC),
E. coli (25922-ATCC), and C. albicans (24433-ATCC)
strains were used as test microbes. Before bacterial
suspension preparation, all experimental tools were
sterilized in an open air microwave oven at 110 °C for
an hour. The direct colony suspension method was
used to prepare inoculums of the test bacteria in the
nutrient agar and swabbed the Mueller Hinton agar
(MHA) plates with each pathogenic bacterial strain’s
resultant saline suspension. The density of each
bacterial suspension was adjusted to 1.5 x 10° CFU
ml™" by 0.5 McFarland standard. The wells were
bored into each nutrient agar plate using a 6-mm cork
borer. Each sample’s stock suspension was prepared
in deionized water at varying concentrations of 0 ng
ml~}, 5 ug ml~}, 15 ug ml~}, 30 ug ml~}, 45 ug ml~},
and 60 pg ml~' by mixing them with nutrient agar
media to assess the antimicrobial liability of NPs. The
0 ug ml~! concentration represents the control group



J Mater Sci (2021) 56:13291-13312

Cu(Cl),2H,0 /
&

Ni(Cl),-5H,0

transfer »

| 13295

Q0
o o

@ Solvothermai""--..._ o é =6 (o)
Treatment Ao 59 ;,;0 o
) K‘ )
o ,@‘ 00
Q CTA* O N2 0 I\ o
Q J
°3% o°

Figure 1 Stepwise schematic diagram for the preparation of CTAB-assisted Ni,Cu,_,O nanoparticles.

for experiment—a suspension containing no
nanoparticles. In the last 40 pL of the prepared
antimicrobial suspensions were added to each well.
The resulting plates were left for half an hour before
being incubated on a rotary machine (nearly 170
revolutions per minute) at 37 °C for 18 h. After the
incubation process, a perfect diameter of the zone for
bacterial growth inhibition was determined even at a
low dose. The determinations were done in duplicate.
The obtained zone diameter of each sample was
interpreted with the comparative study of CLSI
(clinical laboratory of the standard institute) criteria.

Determination of minimum inhibitory
concentration (MIC)

Before determination of the minimum inhibitory
concentration (MIC) for each sample, the 96-well
microtiter plates were cleaned with ethanol to avoid
any kind of experimental contamination. After that,
the first sixth rows are filled with 40 pL nutrient agar
containing ~ 1.5 x 10® cfu ml™" of each microbial
culture with different concentrations (0, 5, 15, 30, 45
and 60 pg ml™") of each antimicrobial compound.
The wells of the seventh row till the eleventh are
pipetted with 40 pL of respective individual antimi-
crobial compound mixed with few drops of nutrient
agar media. The top most row of well containing
nutrient agar media and individual microbial culture
but without (0 pg ml™") concentration of antimicro-
bial compound is adopted as the control for the
experiment. The rest of rows which contain on
nutrient agar and antimicrobial agents but without

bacterial culture are termed as blank control for the
experiment. After incubation aerobically at 37 °C for
18 h, the samples are scanned using microplate
photometer. The MIC value is the lowest dilution of
the compound in the nutrient agar medium that
causes the growth inhibition of the test microbes.

Statistical analysis

The obtained biological results are statistically ana-
lyzed using Microsoft Excel 2010 software. All
experiments were performed in duplicate and the
mathematical average (Means £ STD) of the set of
data were analyzed by Excel sheet formulas. The
antimicrobial effect of CTAB-capped Ni,Cu;_, O
(0.00 < x < 0.05) NPs with respect to varying con-
centrations (0, 5, 15, 30, 45 and 60 pg ml™) against
Gram + Ve (S. aureus (25923-ATCC), C. albicans
(24433-ATCC)) and Gram -Ve (K. pneumoniae
(700603-ATCC), E. coli (25922-ATCC)) pathogenic
species are evaluated and compared with the control

group.

Results and discussion

The XRD patterns of the well-grown CTAB-capped
Ni,Cu;_,O NPs with varying doping concentration
(x = 0.00, 0.01, 0.03 and 0.05) are demonstrated in
Fig. 2a. It can be seen that all diffraction peaks are
well indexed to (110), (111)/(002), (111)/(200), (202),
(020), (202), (113), (311), (220), (311) and (004) crys-
tallographic planes appearing at 32.4°, 35.5°, 38.6°,
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48.8°,53.3°,58.1°,61.5°, 66.1°, 67.9°, 72.4°, and 75.0° of
20 angles, respectively, indicating a single-phase
monoclinic structure of CuO with C,/c space group,
confirmed from the reported JCPDS card # 05-0661 of
CuO. There is no extra peak assigned to the impurity
phase of Ni, Cu, or other possible secondary phases
like NiO and Cu,O, etc., observed in the XRD results,
ensure the formation of targeted Ni, Cu, and O con-
taining compounds. Further the extended view of the
recorded double-reflections (111)/(002) and (111)/
(200) crystallographic planes (Fig. 2b) identified
broadening in the characteristic peaks together with a
slight peak shift (0.072°-0.26°) toward higher angles
of 20 values with the increase of Ni doping concen-
tration (x) resulting strains in the lattice parameters.
In this perspective, Ni substitution exhibits a pro-
nounced effect on the crystallite size, unit cell

! J Mater Sci (2021) 56:13291-13312

volume, and other lattice parameters of the CuO
which are consistent with the results obtained by Al-
Amri et al. [31] and Dwivedi et al. [41] in Ni-doped
CuO NPs. The crystallite size (D) for all prepared
samples is determined by fitting Debye Scherrer’s
formula as follows [42].

_ 092
" tcosd

(1)

where /, t, and 0 represents the wavelength of Cu-K,
radiations (0.15407 nm), FWHM (Full width half
maximum) of the characteristic diffraction patterns of
(111)/(002) and (111)/(200) crystallographic planes
and diffraction Bragg’s angle in degree, respectively.
The calculated average crystallite size of the CTAB-
capped Ni,Cu;_,O samples are 22.53 £ 1.23 nm (for
x = 0.00), 20.87 4+ 1.25 nm (for x = 0.01),
18.34 £ 1.00 nm (for x = 0.03), and 16.58 & 0.91 nm
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Figure 2 X-ray diffraction patterns (a) Extended view of the peaks shift (b) and variation in crystallite size (red) and unit cell volume
(gray) (c) of the CTAB- Ni,Cu;_,O (x = 0.00, 0.01, 0.03 and 0.05) samples.
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(for x = 0.05), respectively. The reduction in crystal-
lite size (D) with the increase of dopant concentration
(x) is shown in Fig. 2c. The substitution of Ni** ions
in the host CuO lattice creates stress due to the dif-
ference in ionic radii that cause grain growth inhibi-
tion, indicating a decrease in the crystallite size and
other lattice parameters. The lattice parameters (a, b,
and c) are calculated from the interplanar distance (d)
derived from the Bragg’s equation and followed by
Miller (hkl) indices, using the following relation [43].

1 1 (K K. * 2nl
2= ﬂ (a_Z + b—zssz +c—2 - ;cos[&) (2)

where f represents the interfacial unit cell angle,
which is equal to 99.54° [44]. The obtained lattice
constants a = 0.4696 nm, b = 0.3430 nm,
¢ = 0.5129 nm for CTAB-Ni,Cu;_,O (x = 0.00) sam-
ple are slightly greater than that of the average value

of x =0.01 (a = 0.4706 nm, b = 0.3416 nm,
¢ = 0.5121 nm), x = 0.03 (a = 0.4708 nm,
b = 0.3406 nm, ¢ = 0.5125 nm) and x =0.05

(@ = 04670 nm, b = 0.3412 nm, ¢ = 0.5123 nm) sam-
ples. The decrease in the lattice constants of the
doped samples creates lattice strain since the ionic
radius of the Ni** (0.069 nm) dopant is smaller than
the substituted Cu** (0.071 nm) ion. The lattice strain
(¢) is calculated from the broadening of the charac-
teristic peaks using the following equation [45].

1 (/A
e=0 (5 - tcosH) (3)

The observed lattice strains in the samples show
increasing trend with the increase in doping con-
centration (x), which may be attributed to the
broadening in the X-ray diffraction peaks, thereby
reducing the lattice constants of the unit cell. This
phenomenon was also reported by Mallika et al. [46]
in Mg-substituted ZnO nanoparticles. Table 1 depicts
the obtained structural parameters for all prepared
samples, demonstrating that the crystallite size
decreases as the dopant concentration increases,
which may be due to the slight difference in corre-
lated ionic radii of the replacing (Ni**) and replaced
(Cu®") ions. According to Vegard’s rule, the substi-
tution of an ion with the smaller size than the host ion
leads to the lattice parameters’ contraction, thereby
decreasing the unit cell volume [47]. The unit cell
volume (V) and X-rays density (pxray) are derived
using the following equations [43, 48].
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V = abesinfs (4a)
ZMy

pX—ray = W (4b)

where Z denotes molecule numbers per unit cell, M,,
is the molecular weight, and N, is the Avogadro’s
number. The volume of the unit cell (V) and molec-
ular weight (M,,) are the two key variables that sig-
nificantly affecting the X-ray density (py.ray) of the
products. The presented data in Table 1 shows
decreasing of py.ray value with Ni element doping (x),
due to the smaller unit cell volume (V) and molecular
weight (M,,) of the doped samples than the neat CuO
sample. These outcomes confirm the successful sub-
stitution of Ni** in the host CuO lattice, indicating
contraction in the lattice constants, volume of the unit
cell, and crystallite size, as illustrated in Fig. 2c.

The distinctive morphology and shape of the well-
grown nanostructures are shown in Fig. 3a—f. Most of
the observed particles for pure CTAB-capped CuO
sample are agglomerated octahedral, except a few
cubes crystals with random orientation, as illustrated
in Fig. 3a. After varying Ni doping concentrations (x),
the initial morphology of the undoped sample mod-
ifies to mixed spherical and octahedral structures (for
x = 0.01), irregular diffused particles (for x = 0.03)
and fine spherical particles (for x = 0.05) with a
reduction in the particle size as shown in Fig. 3b—d,
respectively. The diffused structures may be due to
the large surface area of the nanoscale samples.
Typically, the mixed and diffused morphology is
observed in many cases during nanoparticle synthe-
sis [32, 33, 49, 50]. The variation in the morphology
and a decrease in particle nature with Ni doping
suggests that the atomic volume of Ni** (6.59 cm®
mol ') is smaller than the Cu®* (7.1 cm® mol™") ele-
ment. In other words, grain boundaries pinning by
particle effect take place due to the Ni elements
doping, say the stress is preventing the grain growth,
which resulted in reduced grain size [51, 52]. In short,
the effective capping of CTAB and Ni doping sig-
nificantly reduces the surface tension and aggrega-
tion of the CuO NPs, resulting in fine spherical
particles for the sample (x = 0.05). Figure 3e and f
present the TEM bright field and dark field images of
the prepared Nip5Cup950 sample to visualize the
CTAB dispersion state and morphology of the NPs.
They confirm CTAB capping of NiggsCugesO NPs
with good colloidal dispersion stability. The well-
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Table 1 XRD-derived parameters of the synthesized CTAB-Ni,Cu;_,O (0.0 < x < 0.05) NPs

Sample Interplanar Lattice Unit cell Average crystallite FWHM  Micro- Unit cell X-ray
distance (nm) constant angle f# (°) size (nm) £ SD ) strain volume (nm3) density (g/
(nm) (107%) cm?)
d(ooz), d(200), a, b, c
do20)
CTAB-CuO 0.2527, 0.4696, 99.552 22.53 £ 1.239 0.3337 197 8.140 + 0.018 6.413
0.2314, 0.3430,
0.1715 0.5129
CTAB- 0.2523, 0.4706, 99.574 20.87 + 1.252 0.3606  2.16 8.110 + 0.019 6.389
Nig.01Cug990  0.2319, 0.3416,
0.1708 0.5121
CTAB- 0.2525, 0.4708, 99.589 18.34 £+ 1.007 0.4103 221 8.095 + 0.014 6.347
Nig 03Cug970  0.2320, 0.3406,
0.1703 0.5125
CTAB- 0.2523, 0.4670, 99.615 16.58 £ 0.913 0.4539 229 8.050 £ 0.013 6.286
Nig.05Cug9s0  0.2301, 0.3412,
0.1706 0.5123

Figure 3 SEM images of the CTAB-Ni,Cu;_,O (x = 0.00, 0.01, 0.03 and 0.05) nanoparticles (a—d) TEM bright field and dark field
images of the CTAB-Ni,Cu,_,O (x = 0.05) nanopatrticles (e, f).

identified nanoparticles without aggregated bulk
particles indicate the effective capping of cationic
CTAB on the grown NPs. Sui et al. [53] reported that
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the use of cationic surfactant (CTAB) during nano-
materials synthesis develops a CTAB-bilayer on
materials surface, which significantly increases their
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colloidal stability. The chemical composition and
elemental percentage in the prepared samples are
confirmed using EDS analysis, as depicted in Fig. 4a—
d. The EDS spectra reveal the high quality of expec-
ted elemental compositions (C, Cu, O, and Ni) with-
out any related impurity in the grown CTAB-
Ni,Cu;_,O samples. The peak due to carbon is
assigned to the CTA™ coating on the CuO and Ni-
doped CuO. The obtained data from EDS analysis
also indicate that the atomic/weight percentage of
the Cu decreases as the concentrations of Ni-doping
increases which confirms the successful incorpora-
tion of Ni in the host CuO matrix.

FTIR technique is used to evaluate the presence of
functional groups to study the phase purity and lat-
tice alterations in the given samples. Figure 5a shows
the FT-IR plots of freshly prepared CTAB-stabilized
Ni,Cu;_,O (x = 0.00, 0.01, 0.03, and 0.05) NPs in the
spectral range of 380-4000 cm™' wavenumbers,
indicating the vibrational modes of different func-
tional groups. The first three characteristic bands
seemed at 413 cm ™}, 493 cm™!, and 608 cm™! corre-
spondings to Cu-O stretching vibration along (202)

13299

direction indicating the formation of CuO. The band
at 493 cm™! could be a representative stretching Cu—
O bond, which is further assigned to the By, vibra-
tional mode of the monoclinic structure of CuO [54].
Thangamani et al. [55] have already reported the
stretching vibrations at 433, 505, and 610 cm ™! which
confirms the Cu-O phase of the CuO nanostructures.
The two bands located at 835 cm™' and 1385 cm™"
can be attributed to the O-H deformation and sym-
metric stretching vibration of the carboxylate groups.
The wide absorption band that appeared at
1639 cm™! is attributed to the bending vibration
mode of the H-O-H group, and the bands located at
3115cm™" and 3325 cm™' are assigned to the
stretching vibration of the O-H group. The bending
and stretching vibrational bands are due to the
adsorbed moisture during pallets of samples prepa-
ration for FTIR analysis. The absorption peak near
2368 cm™! corresponds to a vibrational C-H stretch-
ing band originating from cationic surfactant CTAB
use during sample preparation. These assignments
are in good agreement with the reported literature
elsewhere [55-58]. It is noteworthy that the non-
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Figure 4 a—d EDS spectra of the CTAB-Ni,Cu;_,O (x = 0.00, 0.01, 0.03, and 0.05) nanoparticles.
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Figure 5 FTIR spectra a Extended view recorded in 380-800 cem ™! range b of the CTAB- Ni,Cu;_,O (x = 0.00, 0.01, 0.03, and 0.05)

samples.

existence of secondary phases associated with the
vibrational modes like Cuy~O or Ni-O, etc., again
confirms the purity and high quality of the reported
NPs. Also, the extended view of Fig. 5b depicts a
slight shift and broadening in the intensity of the
characteristic peaks with the increase of Ni doping
concentration (x), indicating a variation in the bond
length of Cu, Ni, and O elements which confirms the
successful substitution of Ni*' in the host CuO
matrix with a decrease in the grain size. Zhang et al.
reported similar peaks shift and broadening with a
reduction in crystallite size in Ref [59]. These results
are concerning with the obtained XRD results of the
prepared samples.

To further investigate the influence of Ni doping
on the electronic band gap of the CuO NPs using UV-
visible absorption spectra as depicted in Fig. 6a. It
can be seen that the UV-visible absorption spectra for
all Ni,Cu;_,O (0.00 < x < 0.05) samples exhibit a
broad absorption edge ranging from UV to visible
light region of the electromagnetic spectrum. Maxi-
mum absorbance is recorded at 321 nm for x = 0.00,
which is slightly shifted toward lower wavelengths
such as 318 nm, 314 nm, and 309 nm for x = 0.01,
0.03, and 0.05 samples, respectively. This shift toward
lower wavelength indicates an increase in the energy
gap due to the synthesized NPs” quantum size effect
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which is already observed in many cases [32, 60, 61].
This blue shift behavior can be explained by Bur-
stein-Moss bandgap-filling effect, which is mostly
observed in n-type semiconductors [62, 63]. Accord-
ing to this effect, when the carrier concentration
increases, the Fermi energy level shift close to the
conduction band, and the low energy transition is
blocked, due to which the band gap energy increases.
The absorption optical band gap energy (E) of the
NPs can be calculated using the appropriate Tauc’s
relation [64].

(ahv)" = A(hv — Ey) (5)

where E; denotes the optical band gap energy, v is
the vibrational frequency, A and h represent the
proportionality and Planck’s constants, o is the
absorption function, and n = 2 or 1/2 indicates direct
or indirect allowed band transition. The energy band
(Eg) can also be determined by plotting a graph
between (¢hv)" and hv variables using UV-visible
absorption spectra. Draw the tangent line from the
linear portion of the curve to a minimum of the Y-axis
to get the expected value of the energy band, as
shown in Fig. 6b. The calculated band gap energies of
the CTAB-Ni,Cu;_,O NPs for x = 0.00 are 2.00 eV
and it is increased to 2.16 eV, 2.34 eV, and 2.49 eV as
increasing the doping concentration (x) to 0.01, 0.03,
and 0.05, respectively. The obtained band gap values
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Figure 6 UV-visible absorption spectra (a) Optical band gap energies (b) and variation in absorption band edge (gray) and band gap (red)

as a function of dopant concentration x (c) for all prepared samples.

exist between 2.00 and 2.49 eV, which are higher than
the bulk CuO band gap (E; = 1.86 eV) [65]. Figure 6¢
depicts the comparative study of widening in the
optical band gap and a reduction in the UV-visible
absorption edge with the addition of Ni content (x),
demonstrating a reduction in the crystallite size of
CuO. The increased band gap represents the forma-
tion of smaller size nanoparticles, which modifies the
products” AC electrical conductivity, resulting in the
release of electrons that interact with the microbial
cells that produce reactive oxygen species (ROS) by
offering command toxicity to targeted microbes [22].

The electrical behavior of the prepared samples is
investigated using an LCR-meter in a wide range of
frequency (1 Hz to 2 MHz) at room temperature

(24 + 2 °C). It can be seen in Fig. 7 that the dielectric
constant, loss tangent, and AC electrical conductivity
of the neat CuO sample show variation with applied
field frequency and dopant concentrations (x). The
high dielectric constant (£) for all samples decreases
slowly in the low-frequency regions and achieves
almost a constant value at higher frequencies. The
dielectric decrement behavior can be explained in
terms of Maxwell’s Weigner model [66, 67]. Accord-
ing to this model, it is assumed that there are well-
conducting grains inside the materials disconnected
from each other by resistive grain boundaries. When
the external electric field is applied, the mobile charge
carriers inside materials quickly accumulate at the
grains’ interfaces but do not cross the grain-
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Figure 7 Real part of the relative permittivity (a) Co-ordinated
oxygen atom by four copper atoms (b-I), Co-ordinated oxygen
atom by four CTAB-Ni,Cu,_,O of high electronegativity (b-II)

boundaries. The charge carrier accumulation leads to

large polarization (Interface polarization) at grain
boundaries, demonstrating a high dielectric constant
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Dielectric tangent loss (¢) AC electrical conductivity (d) and
variation of frequency exponent (1) with dopant concentration
(e) for all prepared samples.

at lower frequencies. Further, the interface polariza-
tion is gradually reducing with increasing frequency
because the hopping process can no longer follow the
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applied field frequency, resulting in a low dielectric
constant [68]. As a result, the high dielectric constant
at the low-frequency region drops to a lower value
and then attains approximately a constant value in
higher and higher frequencies. It is also evident from
the inset of Fig. 7a that the Ni doping gradually
increases the ¢ value of CuO, which may originate
from the enhanced Pauling electronegativity of Ni
(1.9) than that of the Cu (1.8) atom. In the CuO
compound, each Cu atom is co-ordinated with four O
atoms, where the strengthened electron density exists
at the O atom in the form of a distorted tetrahedron
as illustrated in Fig. 7b-I and II. The wider bond
angle due to the presence of electron density nearly
central O atom is resulting in small polarizabilty of
the materials. The electronegativity of the system
increases with the addition of Ni ions, causing the
electron density shift toward Cu (Ni,Cu;_,) atoms,
which consequently decreases the bond angle leading
to enhanced polarization effect through resulting
high value of dielectric constant at high doping con-
centration (x) as shown in Fig. 7b-II. This assignment
is consistent with the previously published work of
the literature [69, 70]. The contributing species to
polarizabilty is lagging behind the applied AC field
estimates energy dissipation in a dielectric system
and is denoted by dielectric loss tangent. Figure 7c
illustrates the dielectric loss tangent (tand) of the
synthesized samples as a function of frequency and
dopant concentration (x). It is found that the high
value of tand at the lower frequency region starts
decreasing by increasing log (f) and eventually attains
almost a constant value for all the samples. The high
tand at lower frequency region or low tand at higher
frequencies and the non-existence of any loss peak
defines a charge carrier-controlled system, where the
dominant contribution arises from the synergy of the
metallic nature of Ni-dopant and cationic CTAB
capping of CuO. The decreasing trend of the tand as a
function of log (f) is attributed to the dipoles lag
behind to the applied AC field. The lowering of tand
was observed both in low- and high-frequency
regions by increasing Ni doping concentration (x),
which might be due to the grain boundary resistance
[71]. The AC conductivity (o,) for all samples
increases slowly in low-frequency but sharply in
higher frequency regions, as shown in Fig. 7d. This
phenomenon has commonly been observed in many
cases [31, 71-73]. The frequency-dependent AC
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conductivity of the prepared NPs at room tempera-
ture can be explained using the power’s law.

Oac X log(f)n (6)

where 7,. denotes the AC electrical conductivity, f is
the applied electric field frequency, and exponential
n denotes the slop (increase in the AC conductivity)
depends on applied field frequency. By taking Eq. (6)
into account, the AC conductivity of the products
strictly depends on the variation of the exponential
(n) with the applied field frequency (f) and dopant
concentrations (x). The exponential (1) is calculated
from the linear fitting of ¢, and log f curves at
varying doping concentration as depicted in Fig. 7e.
It is shown that the value of exponential (1) increases
(0 < n <1) with the increase of Ni doping (0 < x
< 0.05), indicating the hopping conduction of charge
carriers. Thus, the increase in AC conductivity is
attributed to the hopping model, where a strength-
ened hopping of charge carrier phenomenon takes
place at higher frequencies [71, 74, 75]. The AC con-
ductivity is also enhanced like a real part of dielectric
constant with Ni doping concentrations (x), which
might be due to the increasing hopping frequency
effect [71]. Thus, the improved dielectric behavior (¢
and tand) and AC conductivity (g,.) as a function of
frequency and Ni doping concentrations (x) promote
the practical use of the CTAB-Ni,Cu;_ O NPs as
interconnected nanoagent for high quality of the
healthcare purposes. This is because, the electrostatic
interaction between positively charged NPs and
negatively charged cellular surfaces causes microbial
cell growth inhibition, determining an important
antimicrobial aspect in the healthcare sector [76].
The improved optical and dielectric properties of
the developed CTAB-capped Ni,Cu;_,O (0.0 <x
< 0.05) NPs can make the resulting materials amen-
able for in vitro antibacterial activity applications. In
this regard, the effect of the well-grown NPs on the
two different Gram + Ve (C. albicans (24433-ATCQ),
S. aureus (25923-ATCC)) and two type of Gram —Ve
(E. coli (25922-ATCC), K. pneumoniae (7000603))
pathogenic strains of bacteria are analyzed using
Agar well diffusion method as shown in Fig. 8. It
indicates that all samples have pronounced antimi-
crobial effects on pathogens and demonstrate dis-
tinctive inhibitory zone diameter with Ni loading.
Table 2 provides the CLSI (clinical and laboratory
standard institute) criteria that determine the
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bactericidal susceptibility in terms of ZOI (zone of
inhibition). Comparing the obtained data and results
of ZOI (Table 3) with the CLSI criteria of the zone
diameter values, it is obvious that the CTAB-capped
Ni modified CuO NPs are effective isolates against S.
aureus, K. pneumoniae and E. coli while showing
moderate-level performance toward C. albicans
growth inhibition. The intermediate activity is also
acceptable for C. albicans growth suppression at
maximum (60 pg ml~") concentration when com-
pared with the previously reported work of S. Talal
et al. [77], which showed the least (8§ mm) inhibitory
zone for C. albicans at 0.01 mg ml~' concentration.
The combat performance of the developed nanoma-
terials is tested with different concentrations of 0 pg
ml™!, 5 ug ml™!, 15 pg ml™", 30 pg ml ™", 45 pg ml ™'
and 60 pg ml™' as illustrated in Table 3. In the
absence of the CTAB-Ni,Cu;_,O NPs treatment, the
zone of inhibition was not observed and the growth
of all four tested species reaches to exponential phase
(Fig. 8al-a4. However, when exposed to varying
concentrations (5, 15, 30, 45, and 60 pg ml™Y) of
CTAB-Ni,Cu;_,O (0.0 < x < 0.05) NPs suspension,
inhibitory effect on the growth of pathogens with
respect to the zone of inhibition is demonstrated as
shown in Fig. 8bl1-b4. When using the CTAB-Ni,.
Cu;_,O (x = 0.05) sample, the MIC study against S.

J Mater Sci (2021) 56:13291-13312

Table 2 CLSI criteria for ZOI (zone of inhibition)

Antibacterial agent Inhibitory zone diameter (mm)

Susceptible Intermediate Resistant

CTAB-Ni,Cu;_,O > 20 15-19 <14

aureus and K. pneumoniae bacteria is extremely low as
compared to E. coli and C. albicans bacteria.
Motamedifar et al. [78] reported the MIC (10, 25, and
50 pg ml~") study of CuO nanoparticles against dif-
ferent microbial strains with admirable antimicrobial
activity, except inferior performance, was seen for
10 pg ml~" dose against S. aureus. In our case, even 15
and 5 pg ml~! doses of CTAB-Ni,Cu;_.,O for x = 0.03
and 0.05 samples suppressed S. aureus stain with the
maximum zone inhibition of 31 £ 0.6 mm and
32 + 0.3 mm, respectively. Particularly, only a 5 ug
ml™" dose of CTAB-capped Ni,Cu;_,O (x = 0.05)
sample presents excellent growth inhibition of K.
pneumonia  strain  with zone of inhibition
31 + 0.2 mm, which is one-tenth times higher than
the result reported by Dwivedi and co-workers [41]
in gum acacia-modified Ni-doped CuO nanostruc-
tures. Further, the maximum concentration (60 ng
ml™!) of the CTAB- Ni,Cu;_,O (x = 0.05) sample

Figure 8 Digital images of the zone of inhibition for S. aureus, K.
pneumoniae, E. coli, and C. albicans at 37 °C for 18 h. al-a4
control group at O pg ml™' and bl-b4 CTAB-Ni,Cu,_,O
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(x=0.00, 0.01, 0.03, and 0.05) samples with different
concentrations (5, 15, 30, 45, and 60 pg ml™").
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Table 3 The MIC and mean diameter (mm) ZOI of the blank and CTAB-Ni,Cu;_,O samples against Gram Positive/Negative strains

Concentrations ([g Inhibition zone Sensitive  Concentrations (LLg Inhibition zone Sensitive
ml™h) (mm) + SD ml™h (mm) £ SD

S. aureus (ATCC 25923) C. albicans (ATCC 24433)
Gram positive bacteria
Blank sample 0.00 £+ 0.00 Nil Blank sample 0.00 £+ 0.00 Nil
CTAB-CuO—30 233 £0.7 Susceptible CTAB-CuO—30 0.00 £+ 0.00 Nil
CTAB-Nig 91Cug 990—30 272 £09 Susceptible  CTAB-Nij ¢;Cug.990—30 10.7 £ 0.6 Resistant
CTAB-Nig ;Cug 970—15 31.0 £ 0.6 Susceptible  CTAB-Nig,03Cug.070—45 143 +08 Intermediate
CTAB-Nij 95Cu 9s0—05 320+ 0.3 Susceptible  CTAB-Nij ¢sCug.9sO—60 17.0 £ 0.5 Intermediate
Concentrations ([g Inhibition zone (mm) £ SD Sensitive  Concentrations([Lg Inhibition zone Sensitive
ml™h ml™") (mm) £ SD

K. pneumonia (ATCC E. coli (ATCC 25922)

700603)
Gram negative bacteria
Blank sample 0.00 £ 0.00 Nil Blank sample 0.00 £+ 0.00 Nil
CTAB-CuO—30 214 £05 Susceptible CTAB-CuO—30 10.5 £ 0.8 Resistant
CTAB-Nig 9;Cug 990—30 250+ 0.9 Susceptible  CTAB-Nij ¢;Cug 99O—30 157 £ 0.9 Intermediate
CTAB-Nig 0;Cug 970—15 29.0 & 0.3 Susceptible  CTAB-Ni, 03Cuo.970—45 212 £ 05 Susceptible
CTAB-Nij 95Cug 9s0—05 31.0 £ 0.2 Susceptible  CTAB-Nijg ¢5sCug.9sO—60 214 +£03 Susceptible

suppressed the E. coli growth with the area of zone of
inhibition 21.4 £ 0.3 mm and less effective against C.
albicans where the zone of inhibition is 17 + 0.5 mm
as depicted in Fig. 8b3 and b4, respectively. The
lowest zone of inhibition for C. albicans compared to
the rest of the pathogens indicates that CuO NPs up-
to 60 ug ml~' concentration has no significant effect
on the C. albicans growth suppression. In the previous
report of M. Amri et al. [79] revealed the similar
investigation as in this experimental work where the
lower concentrations (1-100 pg ml™") of CuO
nanoparticles almost inhibited 30-40% growth of C.
albicans. A. Karimiyan et al. [80] reported similar
study of CuO nanoparticles against C. albicans where
they revealed that the 400 ug ml™' dose can inhibit
the growth of C. albicans with larger zone of inhibi-
tion. The less antifungal activity of our products
against C. albicans is still satisfactory at 60 pg ml ™"
minimum dose compared to the previous reported
works and the control counterpart and the effect can
be increased at higher concentrations. However, the
size and shape of the nanomaterials can affect the
antimicrobial performance and lead to different bio-
logical results in these types of experiments [81]. It is
worth mentioning that, there are different works
available on the antimicrobial activities of the CuO
nanostructures against various bacterial strains pre-
pared by different synthetic routes, as presented in
Table 4. These nanomaterials certainly play an
essential role in high antimicrobial efficacy to both

type of Gram + Ve and Gram -Ve pathogenic bac-
terial strains due to their preferred shape, size, and
chemical stability. In this respect, we synthesized our
engineered materials using a solvothermal method
with unique sizes and spherical morphologies,
demonstrating high eradicating activity to S. aureus
(+ ve), K. pneumonia (-ve), and E. coli (-ve) as well as
exhibit moderate performance against C. albicans
(+ ve) at different concentrations (5, 15, 30, 45, and
60 pg ml™"). A close inspection declared that CTAB-
Nig 05Cug950 NPs demonstrate excellent bactericidal
performance compared to the rest of the samples as
shown in Fig. 9.

It can be concluded from the above discussion that
the CTAB-capped undoped and Ni-doped CuO NPs
demonstrate significant antibacterial resistance to
two different type of Gram 4+ Ve and Gram -Ve
species. However, the exact mechanism of bacterial
growth suppression while using chemically modified
CuO is of great importance but not yet fully under-
stood [82]. So far the exact mechanism, several
interpretations are available that determine nano-
materials toxicity against different MDRs microbes
[83-85]. The first and most simple mechanism is the
direct reaction of CuO NPs with the bacterial mem-
brane, disrupting the cell-wall and eventually killing
the microorganism. In this case, the particle size and
morphology play a vital role as a nanoagent’s bacte-
ricidal effect [86]. The second straight forward
mechanism is the release of Cu*/Cu*? ions in the

@ Springer



13306

J Mater Sci (2021) 56:13291-13312

Table 4 The relative antibacterial study of prepared nanomaterials with literature

Synthesis techniques Nanomaterials Dose of nanomaterials Antibacterial Results
Literature Gel-combustion CuO Frequently used more than S. aureus is more susceptible
reported technique [11] 5 pg ml™! concentration
works Hydrothermal Mg and Ce
technique [28] modified
CuO
Sonochemical Zn
method [27] incorporated
CuO
Microwave-assisted ~ Ag/Co co-
technique [38] doped CuO
Mixed wet chemical ~Ag/CuO
technique [22]
Sol-Gel technique Zn/CuO E. coli is more susceptible
[95]
Chemical Ni/CuO
precipitation
technique [26]
Sol-Gel Process [25] Fe/CuO
Sol-Gel method [96] Cu, CuO
Sonochemical PANI-CuO K. pneumoniae is more susceptible
method [97]
This work Solvothermal method CTAB- 5pgml™! S. aureus and K. pneumoniae are more
Ni,Cu,_,O susceptible than E. coli and C. albicans
35 T bacterial cell membranes’ enzyme. The third and
K. pneumoniae most crucial antibacterial mechanism is the excess
_30 E. coli amount of ROS generation in the bacterial culture
E C. albicans medium. These ROS include singlet oxygen (O,),
= 257 superoxide radical O,, and hydrogen peroxide
.g 201 (H,0,), which induces oxidative stress on the cell
) membrane. The ultra-small particle size, spherical
€ 15 morphology, and increased amount of active sites
"E provide a better chance to cross the bacterial mem-
@ 104 brane and inhibit the bacterial growth so as to die the
S microorganism, which conquers the predominant
31 antibacterial mechanism of NPs [87, 88]. On the other
0] hand, the dissolution of CuO NPs and the successive

4 i ] 4 ' 4
Concentration (ug-ml?)

Figure 9 Antimicrobial activity of the control group at 0 pg-ml ™"
and CTAB-Ni,Cu;_,O (x = 0.00, 0.01, 0.03 and 0.05) samples at
different concentrations (5, 15, 30, 45, and 60 pg ml™").

culture medium that generates oxidative stress, then
cross the bacterial cell wall, and finally disrupts the

@ Springer

detachment of Cu*/Cu®* ions during a cycle (Haber—
Weiss-Fanton) further increase the ROS production
rate. The direct penetration of H,O, (hydrogen per-
oxide), OH* (hydroxyl), and 'O, (singlet oxygen)
radicals of ROS into the bacterial cells disrupt mem-
brane structure integrity, malfunction, cell proteins,
lipids, and DNA of the cell wall, operating to the
inhibition of bacterial growth and death [89-92]. It is
worth mentioning that all aerobic organisms produce
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Figure 10 Protein concentrations (a) and CAT activity (b) in the tested microbes, respectively.

ROS as a byproduct of bacterial cellular respiration,
as given [93].

Os+c— 03 )
H,0, + 05" — O, + OH™ + OH* (8)

During normal situation, the bacterial cells pro-
duce endogenous substances (free radical scav-
engers) that produce a chemical reaction with free-
radicals and yield stable molecules. These
stable molecules prevent the damage of mitochon-
drial respiratory chain reaction [94]. However, when
Cut/Cu?" ions enter the culture medium, the chain
reaction results in damage to the cell membrane and
DNA and disrupt the enzyme system of bacteria [89].
This effect arises due to the increase in the ROS
generation rate as follows [92].

05 +Cu*" — 0y 4 Cu" (9)
Cu' + H,0, — Cu*" + OH™ + OH® (10)
H,0, + 05" — O, + OH + OH°® (11)

It is noteworthy that the mechanism of the bacterial
cell damage caused by free radicals and free radicals
scavengers plays a central role in a cell injury so as to
cell death. In contrast to ROS scavengers, the
increased concentration of OH® radicals creates
highly oxidative damage to bacterial cell membranes,
inhibiting the bacterial growth and eventually killing
the bacteria [91]. To further divulge the antibacterial
activity of the prepared samples, the protein level

and catalase activity in all four tested microbes are
designed and presented in Fig. 10a and b respec-
tively. The protein level in all four bacterial strains
decreases in contrast to the control group, confirms
that both pure and doped CTAB-CuO significantly
inactivated proteins in the bacterial cells. Compared
to the control group, all four microbes’ catalase
activity shows an increasing trend with doping con-
centrations (x), indicating the increase of H,O, level
in the cell membranes. These results prove strong
intracellular ROS generation in the doped CTAB-
CuO samples.

To sum up the above discussion and the results
obtained in this study, it can be concluded that the
antimicrobial activity of the CTAB-capped Ni,.
Cu;_,O NPs is intensively dependent on the release
of Cut/Cu”" ions and ROS production rate. The
detached Cu™/Cu®" ions further produce a chemical
reaction with functional groups such as -OH (hy-
droxyl-group), -SH (sulfhydryl-group) group, and —
NH, (amino-group) to damage the protein chain in
bacteria, which is consistent with the decreased in
protein level in all four tested pathogens. On the
contrary, antimicrobial cationic surfactant (CTAB)
and Ni-dopant-treated CuO leads to the lattice
defects, lattice strains, and an excess amount of active
sites collectively induce enhanced ROS generations,
which produce oxidative stress until the balance gets
damage. Thus, the factors that are boosting the
antimicrobial properties of CTAB-capped Ni,Cu;_,O
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NPs may be attributed to the direct penetration of
NPs into the cell membrane, release of Cut/Cu?"
ions in the culture medium, excess amount of ROS
generation as well as the synthesis method to achieve
materials with the desired size and surface mor-
phology. It is also quite possible that materials with
the tuned band gap and high dielectric permittivity
execute high antibacterial susceptibility to broad
range of microorganisms for the effective treatment
of various microbial infections.

Conclusions

In summary, the CTAB-capped Ni,Cu;_,O NPs with
varying doping concentrations (0.00 < x < 0.05)
were synthesized using a facile one-step solvother-
mal method to investigate the doping-induced effect
on optical, dielectric, and antibacterial properties of
CuO. The physical quantitative analysis using XRD,
SEM, TEM, and EDS confirm the successful substi-
tution of Ni into the CuO matrix with a reduction in
the grain size, the cationic surfactant (CTAB) effec-
tively serves as a capping agent, and the presence of
expected elemental composition in the compounds,
respectively. The FT-IR spectra further confirm the
phase purity by Cu-O bond formation and CTAB
coating on CuO. Enhanced optical band gap is
observed for highly doped CuO samples, revealing a
blue shift with Ni doping concentrations (x). The
dielectric behavior (real part of dielectric constant
and tangent loss) and AC conductivity of the samples
show frequency and dopant-dependent nature, cal-
culated from the power’s law. The improved dielec-
tric performance (with high AC conductivity) and
tailored band gap energy (E;) make these nanoma-
terials innovative for antimicrobial activity applica-
tions. According to the antimicrobial results of the
synthesized products, the CTAB-Nij5Cu950 sam-
ple exhibits maximum growth inhibition against
MDRs pathogenic S. aureus and K. pneumoniae content
for extremely low MIC value of 5 ug ml™', respec-
tively. The enhanced dose-dependent antimicrobial
performance is mainly originated from the several
important factors of physical variation in the band
gap energy (E,), dielectric behavior (¢ and tand), and
AC conductivity (o,), as well as the synthesis
method to achieve materials with the unique size and
surface morphology. The contribution of Ni-dopant
and cationic surfactant CTAB collectively leads to
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structural defects and creates an excess of positive
charge on the surface of CuO, leading to more ROS
generation and produce highly oxidative stress on
bacterial cells. These findings suggest that the cor-
relative doping and coating is a promising strategy
for enhancing the antimicrobial efficiency of nano-
materials for the required applications.
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