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ABSTRACT: This study examined the catalytic and bactericidal properties of polymer-
doped copper oxide (CuO). For this purpose, a facile co-precipitation method was used to
synthesize CuO nanostructures doped with CS-g-PAA. Various concentrations (2, 4, and
6%) of dopants were systematically incorporated into a fixed amount of CuO. The
prepared samples were analyzed by different optical, structural, and morphological
characterizations. Field emission scanning electron microscopy and transmission electron
microscopy micrographs indicated that doping transformed CuO’s agglomerated rod-like
surface morphology to form nanoflakes. UV—vis spectroscopy revealed that the optical
spectra of the samples exhibit a redshift after doping, leading to a decrease in band gap
energy from 3.3 to 2.5 eV. The purpose of the study was to test the catalytic activity of
pristine and CS-g-PAA doped CuO for the degradation of methylene blue in acidic, basic,
and neutral conditions using NaBH, as a reducing agent in an aqueous medium.
Furthermore, antibacterial activity was evaluated against Gram-positive and Gram-negative
bacteria, namely, Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli). Overall,
enhanced bactericidal performance was observed upon doping CS-g-PAA into CuO, ie., 4.25—6.15 and 4.40—8.15 mm against S.
aureus and 1.35—4.20 and 2.25—5.25 mm against E. coli at the lowest and highest doses, respectively. The relevant catalytic and
bactericidal action mechanisms of samples are also proposed in the study. Moreover, in silico molecular docking studies illustrated
the role of these prepared nanomaterials as possible inhibitors of FabH and Fabl enzymes of the fatty acid biosynthetic pathway.

ial and Catalysis Applications of CS-g-PAA: CuO

1. INTRODUCTION

Human beings are concerned about the future of the earth and
its biodiversity. Rapid technological and industry advance-
ments have resulted in many environmental threats, especially
in terms of water contamination.' The primary cause of aquatic
pollution is wastewater, which comprises a diverse range of

streams, such as pesticides, phenolic compounds, dyes, and
bacteria, could efficiently replace traditional staged treatment
approaches.

Several biological, physical, and chemical solutions have
been developed to address this environmental concern. Among
them, chemical reduction provides the simplest, most rapid,

synthetic dyestuffs from paper, leather, textiles, plastic, and
mineral processing industries.”* Synthetic dyes with an annual
production of 7 X 10° metric tons are prominent contaminants
that cause ecological imbalances in aquatic habitats.”” Water
pollution with these colored chemicals lowers solar penetration
in the water, resulting in reduced water-based photosynthesis,
increasing the chemical oxygen demand, and ultimately
deterjorating the water ecosystem and food chain poison-
ing."® The cationic dye molecule methylene blue (MB) is
widely employed in textile and other industrial applications.
MB molecules are highly stable and decompose anaerobically
to produce mutagenic and carcinogenic intermediates.’
Furthermore, drug resistance in various pathogens against
frequently used antibiotics has prompted the quest for
alternative bactericidal substances.'’ Consequently, simulta-
neous elimination of organic pollutants found in wastewater
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and most effective way of eliminating dyes from aqueous
solutions."" MB is particularly sensitive to redox activities
because it turns blue when oxidized and disappears when
reduced.'”” Chemically, water treatment agents are categorized
as organic and inorganic. The advantages of inorganic remedial
agents over organic remedial agents are their adaptability to
harsh chemical properties and the high temperature of polluted
streams, which make them preferable for wastewater treat-
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ment.' """ Inorganic agents such as metal and metal oxide
nanomaterials with potential antibacterial and catalytic
capabilities for dye degradation have attracted much attention.
Consequently, nanomaterials have been extensively studied for
their synthesis, properties, and uses in various fields, including
chemistry, physics, biology, and engineering.10 Nanostructured
materials, defined as having a grain size of 100 nm or less and a
significant surface area, have been shown to display unexpected
features not seen in their coarse-grained analogues. The
nanomaterial-based catalytic degradation of hazardous dyes has
gained considerable interest among researchers as a potential
solution to the rapidly evolving problem of environmental
contamination from wastewater." >

Copper oxide (CuO) is an inexpensive and valuable
semiconductor material with outstanding physiochemical
properties, including antibacterial, antioxidant, low cost, and
non-toxicity.'” In addition, this metal oxide has prospective
applications in water purification, biomedicine, biosensors, and
electrodes.'® Transition metal-doped CuO improves photo-
catalytic activity by preventing photoinduced electron—hole
recombination.'”*° The general properties of CuO nano-
particles are dependent on their morphological characteristics;
accordingly, the development of doped CuO to enhance the
catalytic and bactericidal activities remains a challenge.”’ In
recent years, CuO has been doped with several elements,
resulting in improved catalytic and antibacterial activities of the
product.””~*° The composites made with metal nanoparticles
and polymers have a superior antimicrobial effect, leading to
greater practical applications.”” The formation of composites
combines the key features of two or more polymers or a
polymer blend with transition metals, resulting in a high
adsorption capacity.”® CuO has proven to be an efficient
inorganic catalytic and bacterial agent in the presence of
potential biopolymers having antibacterial and dye degradation
properties.””*’ Recently, Mallakpour et al. reviewed the
structure, characteristics, and utilization of polymer/CuQO
nanocomposites.'® The findings show that few researchers
have examined the catalytic and antibacterial activity of CuO
doped with polymers.

Biopolymers are eco-friendly alternatives to synthetic non-
biodegradable polymers. However, their regeneration and
lower reusability limit their applications, which can be
improved by producing their composites and doping.*'
Chitosan (CS) is a naturally occurring, widely spread
polysaccharide derived from chitin (the second most abundant
biopolymer).*” Further, it exhibits a high capacity to eliminate
pollutants from water, significantly exceeding that of activated
carbon.” Polyacrylic acid (PAA) is also a commercially cost-
effective polymer produced by combining acrylic acid
monomers.”* PAA behaves as an anionic polymer in water
due to the loss of protons.” It also acts as a super-adsorbent
polymer, which makes it helpful in removing organic
pollutants. The PAA with a high carboxylic group density
could improve the hydrophilicity of the resultant nano-
composite.”* CS with functional groups —OH and —NH, is
grafted to hydrophilic vinyl monomers via polymerization.
Several studies have used chitosan-grafted polyacrylic acid
(CS-g-PAA) for various environmental and biomedical
applications such as cancer treatment and heavy metal ion
removal.**"** Here, we employed CS-g-PAA doped CuO to
examine the catalytic and dye degradation abilities of doped
materials.

For nanomaterial synthesis, various techniques described in
the literature are thermal reduction, chemical vapor deposition,
microwave irradiation, and photochemical synthesis.**”"
Among them, co-precipitation is an efficient method regarding
yield, product purity, cost, and reproducibility.44

The objective of this research was to synthesize pristine
CuO, CS-g-PAA, and (2, 4, and 6%) doped CuO nanoma-
terials via the co-precipitation route and evaluate their
structural, optical, and morphological properties along with
catalytic activity and antimicrobial behavior. As-prepared
nanomaterials were tested for catalytic activity against the
MB dye and bactericidal potential against Gram-positive and
Gram-negative bacteria, i.e., Staphylococcus aureus and
Escherichia coli. Further, molecular docking predictions were
performed against selected enzyme targets, i.e., enoyl-[acyl-
carrier-protein] reductase (Fabl) and p-ketoacyl-acyl carrier
protein synthase III (FabH) from E. coli and S. aureus to
evaluate inhibition potential of these synthesized products.

2. EXPERIMENTAL PART

2.1. Materials. Copper dichloride (CuCl,), NaOH, sodium
borohydride (NaBH,), chitosan (CS), and polyacrylic acid
(PAA) (products of Sigma-Aldrich, Germany) were used.

2.2. Synthesis of Chitosan-g-polyacrylic Acid-Doped
Copper Oxide. CuO nanoflakes (NFs) were prepared with
one-pot chemical co-precipitation, as shown in Figure 1. CuCl,

PAA

Figure 1. Synthesis route for CuO, CS-g-PAA, and CS-g-PAA (2, 4,
and 6%) doped CuO NFs.

(0.5 M) was used as a Cu source, and the solution was heated
at 60—70 °C under constant stirring. CS-g-PAA was
synthesized using the previously reported route.”> To achieve
the doping effect of CS-g-PAA into CuO NFs, 2, 4, and 6% of
CS-g-PAA were incorporated into the above stirred CuO
solution. Following that, NaOH (0.5 M) was employed to
maintain the pH at 12 while continuously stirring for 1 h.
Achieved supernatants were collected with centrifugation
(7500 rpm for 6 min). After washing multiple times with DI
water and drying at 150 °C overnight, the final product was
obtained.

2.3. Catalytic Activity. The catalytic performance of CuO,
CS-g-PAA, and doped CuO was investigated by way of
degradation of the MB dye (that acts as an oxidizing agent)
into lucomethylene blue (LMB) with reducing agent NaBH,
while CuO acts as a nanocatalyst. The initial reference sample
was prepared by adding 400 mL of NaBH, (0.1 M) solution
into 3 mL of aqueous MB in a quartz cell. Afterward, 400 mL
of CuO, CS-g-PAA, and doped CuO NFs was added to the
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preceding solution. The reaction rate was indicated by
decolorization and changes in dye absorption intensity in the
absence of light. A wavelength of 665 nm is the characteristic
maximum absorption of MB, so it was used to monitor the
reduction in UV—vis absorption. The degradation efliciency
was computed as

. Co B Ct
%degradation = | ———— | X 100
Co

where C, and C, are the initial and certain time absorptions.

2.4. Antimicrobial Evaluation. The antibacterial per-
formance was investigated by swabbing 1.5 X 10° CFU mL™
isolated stains (G+ve and G—ve) on MacConkey agar (MA)
and mannitol salt agar (MSA) plates, respectively, using a well
diffusion assay. Samples of sheep (ovine) milk exhibiting signs
of clinical mastitis were acquired from local farms in Punjab
(Pakistan) and grown at 5% blood agar. To isolate E. coli and
S. aureus, cultivated isolates were streaked in triplets on MA
and MSA. A sterile cork borer was used for 6 mm wells on
plates, and samples were incorporated at lowest (0.5 mg/0.0S
mL) and highest (1.0 mg/0.0S mL) doses. The positive (+ve)
and negative (—ve) control concentrations were used (0.005
mg/0.05S mL and 0.05 mL, respectively) for ciprofloxacin and
distilled water. The loaded Petri dishes were incubated
overnight at 37 °C, and bactericidal activity was determined
by measuring inhibition zones with a Vernier caliper.

2.4.1. Investigation of Minimum Inhibitory Concentration
Test. Using the typical twofold serial dilution procedure in
broth, the minimum inhibitory concentrations (MICs) of
CuO, CS-g-PAA, and doped CuO NFs were determined. In
this investigation, E. coli and S. aureus strains were matured in
broth for 18 h at 37 °C. The McFarland standard for turbidity
in E. coli and S. aureus suspensions was set at 0.5. To create the
inoculums, the solution was subsequently diluted 1:10 with 107
CFU/mL broth. Dissemination concentrations of CuO, CS-g-
PAA, and doped CuO began at 100 mg/L and were serially
diluted twice. The serial twofold dilution solution was then
emptied into sterile tubes and injected with bacterial
suspensions under aseptic conditions. In each instance, the
MIC was defined as the lowest bactericidal concentration that
suppressed observable growth after 18 h of incubation at 37
°C.

2.5. Molecular Docking Studies. Molecular docking
studies of these NFs were performed against selected enzyme
targets belonging to fatty acid biosynthetic pathways, i.e.,
enoyl-[acyl-carrier-protein] reductase (Fabl) and p-ketoacyl-
acyl carrier protein synthase III (FabH) from E. coli and S.
aureus. 3D crystal structures of selected enzymes were obtained
from the Protein Data Bank with PDB ID as SBNM (Res: 1.7
A) for FabHg ;" *1MFP (Res: 2.33 A) for Fabl; ;" and
6TBC (Res: 2.55 A) for Fablg . The molecular docking
predictions were done using ICM v3.8-7d (Molsoft L.L.C., La
Jolla, CA)* where enzyme structures were prepared using the
receptor preparation tool of ICM.

The water molecules alongside native ligands were removed,
polar H-atoms were added in each case, and finally, energy was
minimized. The binding pocket was specified using grid box
dimensions within S A vicinity of the native ligand. Top-ranked
docked complexes were generated in each case, and the best
were selected for further analysis. The 3D view of binding
interactions was generated using PyMOL software. The ligedit
tool of ICM Molsoft was used for ligand structure preparation.

3. RESULTS AND DISCUSSION

The obtained XRD spectra (Figure 2a) of synthesized samples
provide information related to phase and crystallite size. The
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Figure 2. (a) XRD pattern of CuO (1:0), CS-g-PAA (0:1), and CS-g-
PAA (2, 4, and 6%) doped CuO (1:0.02, 1:0.04, and 1:0.06); (b)
FTIR spectra and SAED profile of (c) 1:0, (d) 1:0.02, (e) 1:0.04, and
(f) 1:0.06.

peaks at 20 = 34.9, 38.4, 53.2, §7.7, 61.1, 65.2, and 66.9° refer
to (002),(111),(020),(202),(113),(022),and (11
3) planes of monoclinic symmetry (space group Cl2/c,
JCPDS: 96-410-5683), respectively, and characteristics of the
Cu,O, monoclinic structure with lattice parameters a = 4.571
A, b=3327A,and ¢ =5.177 A along with a =y = 90°, and § =
98.640°.>° The calculated cell density and volume were 6.45 g/
cm® and 78.73 A3, respectively. Peaks at 31.8 and 48.0° were
identified as (2 0 0) and (2 0 4) planes of CuOH and Cu,0,,
respectively (JCPDS: 00-042-0638/00-033-0480). This occur-
rence of more than one phase of CuO is reported in the
literature.>'*> In the XRD spectrum of CS-g-PAA, the
macromolecular chain grafting reaction onto the chitosan
backbone is demonstrated by a peak around 21°.>° The CS
peak observed in the literature™® around 20° vanished in the
grafted structure, which is related to a weakening of the
hydrogen bonding interaction between hydroxyl and amino
groups of CS macromolecules due to the side chains’
stereochemical hindrance or diminished group concentrations.
PAA chain conformational hindrance and bulkiness produce
disorder in structures as polymeric materials refer to
amorphous systems, but the effect of PAA was not substantial
at low temperatures.”>*® Peak shifts toward 35.5 and 38.5°
confirm the dopants in CuO.”” Moreover, the lattice
parameters of the 6% sample increase with a decrease in
crystallite size as a = 4.897 A, b = 5952 A, and ¢ = 8.852 A,
while the unit cell volume grew to 258.00 A’ having a density
of 1.55 g/cm’. The Debye—Scherrer equation (D = ﬁfﬁ)
gives the average crystallite sizes of CuO, CS-g-PAA, and CS-g-
PAA (2, 4, and 6%) doped CuO as 28.8, 18.4, 22.1, 19.2, and
19.5 nm, respectively. The strong interaction of the cationic
dopants with the CuO nanomaterial reduces the size of
resultant nanomaterials. Sample crystallinity is reflected from
peak intensities, and broad peaks reveal that the synthesized
material has a smaller crystallite size.*®

The chemical structure was analyzed using an FTIR
spectrometer within a wavenumber range of 4000 and 400
cm™!, as represented in Figure 2b. The broadband in the
3200—3550 cm ™' region appeared from aromatic, aliphatic H-
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bonded, and —OH, C—O, and O—H surface hydroxyl group
stretching vibrations from adsorbed water molecules, attrib-
uted to the fact that nanocrystalline materials with a large
surface-to-volume ratio absorbed the moisture.”” The peak at
1639 cm™' indicates the Cu—O bond stretching of CuO
nanomaterial, and the 1377 cm™' peak shows CO,, usually
adsorbed on the surface of materials from the air.”” The peak
around 1114 cm™' refers to —OH bending vibrations of Cu—
OH as confirmed with XRD.®' The Au and Bu modes of CuO
can be attributed to peaks shown at 432.3, 497, and 603.3
em™L.%% The Cu—O stretching along the [101] direction can
be associated with the high-frequency mode at 603.3 cm™,
whereas the peak at 497 cm™ is also related to the Cu—O
stretching vibration along the [101] direction.®*

The production of NH** groups was linked to the
development of new peaks in the CS-g-PAA FTIR spectrum
at 1640 cm™, and COO™ group asymmetric stretching was
observed around 1410 cm™'. These findings indicated the
dissociation of PAA carboxylic groups to COO™ groups, which
then interacted electrostatically with protonated amino groups
from CS. The presence of CS in the nanomaterial showed
skeletal vibrations at 1082 cm™" involving C—O stretching.**
Upon doping, the peak appearance at 1635 cm™' confirmed
the presence of dopants in CuO.

As shown in Figure 2c—f, SAED patterns showed discrete
and bright rings in samples parallel to various planes of pristine
and doped CuO. These findings attributed to poly-crystallized
materials are in good agreement with XRD data.

UV—vis spectrophotometry revealed the optical spectra of
synthesized nanomaterials in the 200—600 nm range (Figure
3a). The peak appearance in the absorption range between 250

2.5 eV (496 nm) in the case of CS-g-PAA specific
concentration (2, 4, and 6%) doped CuO is attributed to the
quantum confinement effect (see Figure 3b). This alteration in
the optical band gap and crystallinity within the doped CuO
confirms the complexation and interaction between dopants
and CuO.

The PL spectra of samples are presented in Figure 3c. CuO
luminescence properties are morphology-dependent as re-
combination of electrons linked to a donor, and free holes are
induced by defects in materials, including impurities or
vacancies.”’ Furthermore, high PL emission intensity after
incorporating dopants indicates higher recombination rates
since the electron—hole pair recombination rate is proportional
to intensity. Oxygen with interstitial oxygen transition vacancy
causes the luminescence bands in the violet-blue range (400—
402 nm).”" These oxygen vacancies play their role in bacterial
activity via higher-level production of hydroxide radicals,
singlet oxygen, and other reactive oxygen species (ROS) in the
cell cytoplasm.”” CS-g-PAA doped samples exhibit greater PL
emission broadness, indicating vacancies in conjunction with
singly ionized oxygen deep-level structural defects.

To investigate the surface morphology of CuO, CS-g-PAA,
and the effect of (2, 4, and 6%) CS-g-PAA doped CuO, field
emission scanning electron microscopy (FE-SEM) and trans-
mission electron microscopy (TEM) were used. FE-SEM and
TEM images of CuO with strong agglomeration and irregularly
shaped rods oriented in different directions are shown in
Figure 4a,a’. The formation of an agglomerated irregular
spherical shape was revealed by CS-g-PAA (Figure 4bb’).
Figure 4c—e,c’—e’ shows that CS-g-PAA forms a NEF-like
morphology on the surface of NFs. These figures indicate that
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Figure 3. CuO:CS-g-PAA: (a) optical spectra, (b) band gap energy

determination, and (c) photoluminescence emission spectra.

and 300 nm is assigned to CuO formation.”> CuO surface
plasmon vibration excitation generated an absoré)tion peak at
294 nm.*® PAA strong absorgtion below 235 nm®” and the CS
absorption peak at 208 nm®® shifted to 340 nm in the grafted
structure. The Tauc plot was constructed to estimate the
optical band gap (Eg) through straight-line part extrapolation
toward the x axis presented in Figure 3b. The redshift in band
gap energy from 3.3 eV (376 nm)® in pristine CuO to around

41617

Figure 4. FE-SEM and TEM images of CuO:PAA: (a, a’) 1:0, (b, b’)
0:1, (¢, ¢’) 1:0.02, (d, d’) 1:0.04, and (e, e’) 1:0.06.
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Figure 6. EDS of CuO:CS-g-PAA: (a) 1:0, (b) 1:0.02, (c) 1:0.04, and (d) 1:0.06.

with a high concentration of CS-g-PAA, white spots of
different sizes are visible on the surface of CuO. After doping,
aggregation of NFs occurred, but as the doping concentration
increased, agglomeration of NFs resumed. Furthermore, this
observation is linked to the significant interaction of the
cationic nature of dopants with negatively charged surfaces of
Cu0.*

High-resolution TEM (HR-TEM) analysis of edge regions is
a direct method to estimate the number of layers microscopi-
cally. On a single grain, HR-TEM images demonstrate different
atomic planes with periodic atomic arrangements, as shown in
Figure Sa—d. Furthermore, planes are well ordered to create a
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single layer at specific locations, where interplanar spacing is
measured at 0.15 nm. This matches up with the (2 0 2) facet of
the monoclinic CuO phase following XRD analysis. The d-
spacings of doped samples were determined to be 0.18, 0.17,
and 0.25 nm upon adding dopants compatible with the XRD
pattern.

The elemental composition of obtained nanostructures was
examined through EDS results, as illustrated in Figure 6a—d.
Cu and O peaks confirmed the presence of CuO. The Na peak
also appeared because NaOH was incorporated during
synthesis to adjust the pH of the samples. Samples coated
with a Au coating were used to prevent surface charge and

https://doi.org/10.1021/acsomega.2c05625
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Figure 7. Catalytic activity in the presence of NaBH, (without a catalyst) and with catalyst CuO:CS-g-PAA.

facilitate secondary electron emission. The specimen was
sputtered with Au to provide even conductivity with a
homogeneous surface for imaging and analysis. Aluminum,
silver, and carbon can all be used to coat specimens. On the
other hand, gold is a great conductor that does not oxidize,
making it the preferred conductive metal for coating in
research laboratories. As a consequence, small Au peaks are
observed in the EDS spectra.

To examine catalytic activity against MB with reducing agent
NaBH,, pristine CuO, CS-g-PAA, and doped CuO nano-
catalysts were utilized. CuO, CS-g-PAA, and (2, 4, and 6%)
doped CuO nanomaterials showed maximum degradation of
90.81, 75.41, 99.81, 97.63, and 82.99% in neutral (pH = 7),
99.93, 85.53, 99.84, 99.55, and 99.15% in acidic (pH = 4), and
99.19, 95.76, 99.93, 99.84, and 99.65% in basic media (pH =
12). The acquired results were compared to Degussa P25 TiO,
data from the published literature reported by Tichapondwa et
al., demonstrating 81.4% degradation of the MB.”® The
Degussa P25 TiO, powder was highly crystalline, with 80.3%
anatase and 19.7% rutile composition. Without a catalyst, dye
degradation reached maxima of 4.9, 8.2, and 8.7% in 40 min in
neutral, basic, and acidic media, respectively, as shown in
Figure 7. In consonance with obtained data, when MB was
degraded at pH = 7, the catalytic activity of 2% doped CuO
improved and then decreased with increasing doping
concentration, eventually falling below that of undoped
samples. This is attributed to CuO nanostructures showing
different efficiency and degradation rates with changing
morphologies.”* The surface area and pore size of CuO were
calculated to be 9.3 + 0.5 and 2.1 + 0.2, respectively, by
Shrestha et al.”® Furthermore, with CS doping, Srivastava et al.
reported that the surface area and pore size of CS/CuO
nanocomposites were 15.844 m*/g and 1.22 nm, respectively,
showing that the adsorptive properties of nanocatalysts
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increase due to the large surface area.”® Thus, increased
catalytic activity may be due to the well-defined large surface
area of CuO nanostructures. Conversely, an excessive amount
of dopants can take up residence in the active sites of CuO,
which slows down the adsorption process. In general,
degrading performance is affected by the nanocatalyst shape,
size, and surface area by providing large active sites, resulting in
more redox reactions, ultimately resulting in the breakdown of
MB to LMB.

Furthermore, reaction pH influences the reduction process
of organic pollutants since reduction is catalyzed well under
alkaline conditions compared to acidic ones. In an acidic
medium, the electron transfer rate to pollutants is influenced
by the secondary reaction of self-hydrolysis of NaBH, to H,.””
Under primary conditions, the surface is negatively charged, so
the cationic dye and catalyst exhibit electrostatic attraction,
resulting in enhanced dye adsorption.”® The comparison table
of current study with the literature is given in Table 1.

Moreover, the catalytic reduction with NaBH, is performed
because no side reaction starts, which gives convenience in
monitoring the absorption spectrum.®” However, using the
NaBH, reduction process was revealed to be relatively slow
during the conversion of MB to harmless, colorless LMB. Even

Table 1. Providing a Comparison of the Current Study with
the Literature

materials synthesis routes ~ MB degradation references
CuO NPs precipitation 74% in 1S min 77
CuO petals/flowers  precipitation 95 and 72% in 24 h 79
CuO nanostructures hydrothermal 70% after five cycles 80
CS-CuO precipitation 84% in 30 min 81
CuO:CS-g-PAA co-precipitation  99.93% in 10 min present work
https://doi.org/10.1021/acsomega.2c05625
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Figure 8. Schematic mechanism for the catalytic activity of MB degradation in the presence of NaBH, (reducing agent).

though MB reduction using NaBH, is favorable, it is kinetically
limited in the absence of a catalyst, ascribed to a large potential
difference between donor and acceptor molecules, as reported
earlier.”” Consequently, potential nanocatalysts improve
reaction stability and speed while lowering the activation
energy through electron transfer between the donor and
acceptor acting as the substrate. This phenomenon is called the
“electron relay effect”.** The reduction of MB follows the
typical Langmuir—Hinshelwood model. Adsorption occurred
when a catalyst was added to MB along with a reducing agent.
Initially, the MB dye and NaBH, become adsorbed on the
catalyst surface while NaBH, dissociates into BH,™ and acts as
an electron transfer species. The hydrogen gas release from
NaBH, in the reaction mixture leads to the formation of Cu—
H on the surface of the catalyst that not only increases the rate
of reaction but also decreases the induction time to activate the
nanocatalysts by reconstructing its surface. Any impurity on
nanocatalysts is removed by this H-flux, and more active sites
on the surface are available for the reaction.®* Accordingly,
the amount of catalyst utilized in a reaction is critical for
providing several active sites. Due to the oxidation—reduction
mechanism between the catalyst and the MB, a layer of
reductant over catalysts is dispersed, which further accelerates
adsorption. As shown in Figure 8, the relay of an electron from
donor to acceptor is accelerated by a catalyst that accepts
electrons from BH,~ (donor) and transfers them to MB
(acceptor), making the process fast and easy. Afterward, dye
molecules are reduced and detached from the catalyst surface.
This is a two-electron process since a double bond reduction of
the heterocyclic ring reduces the MB electron delocalization
length and breaks p-conjugation. Afterward, desorption of the
product occurs; this evacuates the active sites, and cycle again
continues. As a result, adsorption—desorption equilibrium is
quickly restored, and the nanocatalysts get ready for the further
reduction run.*

A total organic carbon (TOC) assessment of treated water
was conducted to estimate the degree of mineralization. The

study was performed on CS-g-PAA and (2, 4, and 6%) doped
CuO nanomaterials using varying time intervals up to 180 min.
This analysis (Figure 9) demonstrated that TOC of

—a— NaBH4
—0—1]:0
ebe1:0.02
—p=—1:0.04
—— ] :0].06

0 30

) T T T
60 90 . 120 150
Time (min)

Figure 9. Variation of TOC for synthesized NFs.

synthesized compounds under visible light irradiation reduced
continuously with reaction time, and a significant amount of
mineralization of the dye was found after 180 min in CS-g-
PAA (2%) doped CuO (1:0.02). This reduces CS-g-PAA (4
and 6%) doped CuO owing to different efficiency and
degradation rates of CuO.

In vitro antibacterial activity of pristine CuO, CS-g-PAA, and
doped CuO was quantitatively evaluated using inhibition zone
measurements against E. coli and S. aureus by an agar-based
diffusion technique (results are displayed in Figure 10a—d and
Table 2). At low and high doses, statistically significant (p <
0.05) inhibition zones were 4.25—6.15 and 4.40—8.15 mm
against S. aureus (Figure 11a) and 1.35—4.20 and 2.25-5.25
mm against E. coli (Figure 11b). The S. aureus efficacy
percentages were raised from 46.1 to 66.8 and 47.8 to 88.5%
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Figure 10. Antibacterial activity with inhibition zones of CuO:CS-g-
PAA against (a, b) S. aureus and (c, d) E. coli.

Table 2. Bactericidal Behavior Results

inhibition zone (mm)“* inhibition zone (mm)b

0.5 mg/50 1.0 mg/50 0.5 mg/50 1.0 mg/50

samples HL uL uL uL
CuO (1:0) 425 4.40 1.35 225
CS-g-PAA (0:1) 0 1.95 0 0
2% (1:0.02) 0 2.50 225 325
4% (1:0.04) 3.40 620 345 4.15
6% (1:0.06) 6.15 8.15 420 525
ciprofloxacin 9.20 9.20 5.35 5.35
DI water 0 0 0 0

“Inhibition zone (mm) for S. aureus. “Inhibition zone (mm) for E.
coli.
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Figure 11. Antibacterial activity with efficacy percentage of CuO:CS-
g-PAA against (a, ¢) S. aureus and (b, d) E. coli.

(Figure 11c), and E. coli percentage efficacies were raised from
25.2 to 78.5 and 42.0 to 98.1% (Figure 11d) for CuO:CS-g-
PAA at lowest and highest concentrations, respectively.
Ciprofloxacin showed 5.35 and 9.20 mm inhibition areas
compared to DI water (0 mm).

The bactericidal action has been linked to free radical
formation, cell membrane integrity reduction, and ROS
generation (0,7, ‘HO,, -OH, and H,0,).””*® ROS are
generated from the electron-donating properties of metal
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oxides. Furthermore, surface defect sites are thought to
generate a considerable amount of ROS (notably superoxide
anions) from nanocrystalline CuO.*” The bacterial cell
membrane contains nanometer-sized pores on the surface, so
the nanomaterial with an adequate charge and size can
penetrate the membrane. These nanomaterials destroy cells by
affecting proteins and DNA, ultimately disrupting cell
activity.’ The production of ROS and metal ions released
from nanomaterials are meant to generate inhibition zones. In
bacteria, CuO has been found to harm the fumarase enzyme.*’
The OH™ (hydroxyl radical) is a high-reactivity oxygen radical
that reacts quickly with practically every molecule found in
living cells. Those reactions make it easier to combine two OH
radicals to generate hydrogen peroxide (H,0,). The CuO NFs
successfully catalyze intracellular H,0O, to hydroxyl ions via a
Fenton-like reaction. The breakdown of deoxyribose by
hydroxyl ions confirms the NFs’ ability to produce hydroxyl
ions.”” Free radicals are produced during the interaction
between ROS and outer cell walls that penetrate inner cell
membranes and disrupt the cell interior components shown in
Figure 12. The cell wall structure affects the bactericidal

i Cell wall
ruption s
“\t:_“n-anspol‘ ¢ disruption
0& CYY

o | \¢°”

% % on_A

%%

% y ?’& §

Y, .0',7. X
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Figure 12. Antibacterial mechanism for as-prepared NFs.

activity of NFs as multiple layers of peptidoglycan with several
pores enable S. aureus to be more receptive to intracellular
transductions. E. coli cell walls are relatively thin, consisting
primarily of peptidoglycan and outer layers of phospholipids,
lipopolysaccharide, and lipoprotein, which are less responsive
to CuO NF attack.”’ Consequently, nanostructured CuO has
more potential against S. aureus than E. coli. Moreover, the
bactericidal potential of NFs was influenced by their size,
morphological structure, and surface-to-mass ratio.

The MIC values for CuO, CS-g-PAA, and doped CuO for S.
aureus and E. coli are listed in Table 3. Even at concentrations
as low as 0.056 and 0.012 mg/L, the doped NFs exhibited
exceptional antibacterial action against bacterial etiologies,
according to the results. As a consequence of solution
entrance, full engagement with Cu metal particles, and sluggish
ion diffusion, copper ions from Cu cores may be discharged. It

Table 3. CuO, CS-g-PAA, and Doped CuO Nanoflake MIC
Values for S. aureus and E. coli

MIC (mg/L)
sample S. aureus E. coli
CuO (1:0) 0452 0.425
CS-g-PAA (0:1) 0.86 0
2% (1:0.02) 0.648 0.29
4% (1:0.04) 026 0.11
6% (1:0.06) 0.056 0.012
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Figure 14. 3D view of the binding interaction pattern of CS-g-PAA and doped CuO NFs inside the active site of Fablg e

is plausible that such doped NFs might assist Cu ions by
extending their release time and maintaining antibacterial
activity. Compared to S. aureus, (1:0.06) doped NFs exhibited
a substantial MIC against E. coli.

The potential of metal-doped nanoparticles as good
bactericidal agents has been studied widely.”>~** Antibacterial
activity of nanoparticles relies on their ability to interact with
bacterium either through electrostatic or van der Waals forces
or other hydrophobic interactions.”””® Enzymes belonging to
various biochemical pathways essential for bacterial cells have
been reported as key targets for antibiotic discovery. Here,
enzymes of the fatty acid biosynthetic pathway have been
selected as a possible target to evaluate the inhibition tendency
of CS-g-PAA and doped CuO NFs against Fabl and FabH
from E. coli and S. aureus.

The best-docked conformation was obtained for CS-g-PAA
inside the active pocket of Fablj ,; that revealed a H-bond
interaction with Thr194 (1.7 A) and two H-bonds with 1le20
(1.6 and 2.0 A) alongside Pi-Pi stacking with Tyr146 with an
overall binding score of —7.493 kcal/mol. On the other hand,
CS-g-PAA doped CuO nanoflakes (binding score: —9.697
kcal/mol) showed multiple H-bonds with various key amino
acids, i.e, Met159 (1.9 A), Ala189 (2.6 A), Ile192 (1.8 A),
Thr194 (2.1 and 2.4 A), and Ala196 (2.6 A), as depicted in
Figure 13.

Both these nanoflakes showed better binding potential
against Fablg .., as compared to Fably ;. The CS-g-PAA
revealed involvement of Pi-Pi stacking with Tyr147 alongside
H-bonded interaction with Ser19 (2.0 A), Ile20 (2.6 A),
Ser197 (2.2 A), Gly191 (2.4 A), and Thr195 (2.4 A) with a
total binding score of —8.937 kcal/mol. A similar trend was
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Figure 15. 3D view of the binding interaction pattern of CS-g-PAA and doped CuO NFs inside the active site of FabHg .

observed in the case of CS-g-PAA doped CuO nanoflake-
docked complexes inside the active pocket of Fablg e
where the best binding score shown was —9.591 kcal/mol. The
amino acid residues like Ile20 (2.6 A), Ser197 (2.2 A), Thr146
(2.4 A), Tyr147, and Thr195 (2.4 A) were involved in H-bond
interactions, while the Pi-alkyl interaction was observed with
Tyrl47, as shown in Figure 14.

In addition, the binding potential of these nanocomposites
was also evaluated against another essential enzyme of fatty
acid biosynthesis, i.e., FabHg .5, where promising binding
potential was revealed by CS-g-PAA having a binding score of
—10.937 kcal/mol. The main binding interactions involved
were H-bonds with Arg36 (1.8 A), Trp32 (1.6 A), Asp150 (2.6
A), Arg151 (1.7 and 2.5 A), Gly152 (2.5 A), and Met207 (2.1
A) alongside the Pi-alkyl interaction with Trp32, as shown in
Figure 15. Similarly, CS-g-PAA doped CuO NFs showed H-
bonds with Arg36 (2.2 A), ArglS1 (1.6 and 2.4 A), Asn210
(2.6 A), and Asn247 (2.2 A) alongside the metal contact
interaction with Gly152 having a total binding score of —7.894
kcal/mol.

4. CONCLUSIONS

CuO, CS-g-PAA, and CS-g-PAA (2, 4, and 6%) doped CuO
were prepared by using the co-precipitation method. The
doped species in the CuO monoclinic crystal structure was
verified by an XRD pattern that also revealed a decrease in
crystallite size (28.8, 18.4, 22.1, 19.2, and 19.5 nm) with no
change in the crystal system in the synthesized samples. CuO
had an interlayer spacing of 0.15 nm, consistent with HR-TEM
observation. The FTIR peaks at 1410 and 1640 cm™'
confirmed the occurrence of CS-g-PAA in CuO. FE-SEM
and TEM revealed NF-like morphology formed by nanorods.
The SAED profile of prepared specimens with ring character-
istics provided evidence about the polycrystalline nature of
nanomaterials. In the presence of NaBH,, CuO and CS-g-PAA
doped CuO NFs showed increased catalytic activity against
MB. The agar well diffusion method assessed the bactericidal
action of samples against pathogenic S. aureus and E. coli. In
silico studies suggested CS-g-PAA and doped CuO nanoflakes
as possible inhibitors of FabH and Fabl enzymes. Upon

doping, improved bactericidal behavior was attributed to
enhanced oxygen vacancies that produce hydroxide radicals,
singlet oxygen, and ROS in the cell cytoplasm. CuO NFs with
natural and synthetic polymers are mostly eco-friendly, cost-
beneficial, and effective against bacteria and organic pollutants
from polluted water. This study shows that by doping CuO
NFs as antimicrobial placebos, potential pathogenic etiologies
can be addressed significantly.
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