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Abstract:
Toxic dyes and microbes in water have an alarming effect on the integrity of the environment and dairy
industries. In this study, 2 and 4 wt.% of chitosan (CS) and 3% of polyethylene glycol (PEG) were incorporated
to nickel oxide (NiO2) nanostructures (NSs) to degrade dyes and to kill bacteria effectively, synthesized
via the low-temperature co-precipitation technique. The motive of the research is to enhance catalytic
and antimicrobial properties through surface modification and the generation of more active sites upon
incorporation of dopants. X-ray crystallographic patterns confirm the hexagonal crystal structure of NiO2
and a reduction in crystallite size with doping. The band gap energy of NiO2 increases from 3.17 to 3.25
eV upon doping. TEM elucidates the formation of an interconnected network of nanorods and nanoparticles
with reduced agglomeration upon PEG and CS addition. Doping controlled the morphology and charge
recombination dynamics of NiO2, which significantly boosts the catalytic and antibacterial potential. Particle
size of the NiO2 nanostructures decreases from 34.7 to 24.53 nm with the addition of dopants. Notably,
the highly doped sample exhibited maximum RhB degradation of 92.3% in neutral medium and maximum
inhibition zone of 5.25±0.03 mm against gram-negative multiple drug-resistant Escherichia coli (MDR E.
coli) (p < 0.05). The computational results correspond with observational data, providing compelling support
for the microbial efficacy of CS/PEG-NiO2 in suppressing DNA gyrase.
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1. Introduction

Water is the primary requirement, enabling human activity
to develop and people to work [1]. However, more than
150 million people lack access to fresh water. With rapid

industrialization and economic activities, water is being con-
taminated by directly discharging numerous waste products
like plastic, pesticides, dyes, organic and inorganic contam-
inants, endangering aquatic life [2, 3]. Dyes are excessively
utilized in several industries such as cosmetics, paper, tex-
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tiles, pharmaceuticals and rubber [4]. Among these sectors,
the textile industry is the biggest user of dyes and pigments,
producing most pollutants. Rhodamine B (RhB) is a water-
soluble, highly stable, toxic, non-biodegradable synthetic
dye. RhB is utilized to make stamp pad ink, dye lasers,
ball pens and crackers. RhB’s extensive use causes skin,
gastrointestinal, eye infections and damages thyroid and
liver [5, 6]. In recent years, it has been challenging to
degrade dye because of high water solubility and diverse
structures [7]. Traditional water treating processes such
as ion exchange, adsorption, chemical precipitation and
membrane filtration have been implemented to remediate
contaminated water [8, 9]. Unfortunately, these techniques
have several problems such as large-scale cost, immersed
energy consumption, and derived pollution from deficient
dye removal and transfer [10]. Among all techniques, cat-
alytic dye degradation in the presence of nanomaterials has
been preferred because of less time to degrade dyes, less
toxic byproducts, and environmentally friendly [11].
Nanomaterials (NMs) can degrade dyes effectively, ascribed
to distinct properties like low toxicity, high stability in dif-
ferent conditions, and a large surface area suitable for catal-
ysis and enhances their interaction with bacteria. Their
controlled size, shape, and large surface-to-volume ratio
make them promising for several environmental applica-
tions [12–14]. Metal oxides (MO) are widely used in envi-
ronmental remediation owing to their versatility in synthesis
[15]. Among them, nickel oxide (NiO2) is cheap, accessi-
ble and electrochemically stable, has gained the attention
of researchers owing to its optical, mechanical, electronic
and magnetic properties, and is frequently used in fuel cell
electrodes and catalysis [16, 17]. NiO2 is a typical p-type
semiconducting material, possessing a wide band gap en-
ergy (3.6− 4 eV) and providing properties of enhanced
biocompatibility, excellent reactivity, stability, durability,
and outstanding bacterial resistivity [18, 19]. Ahmed et al.
synthesized NiO nanosheets modified with gold particles
that provide greater surface area for the improved electro-
catalytic activity [20]. Nickel-based nanomaterials provide
features of stability, selectivity and a highly reproducible
fabrication process [21]. NiO NPs demonstrated excellent
bactericidal behavior against Gram-positive strain of bacte-
ria owing to strong charge transfer capability [22, 23]. In
general, NiO2 has insufficient surface area, is highly unsta-
ble and agglomerates very quickly without capping agents
[24, 25]. To overcome these problems, polymers such as,
polyethylene glycol (PEG), starch (St), polyacrylic acid
(PAA) and chitosan (CS) have been used as a capping agent.
Polymer-based composites garnered significant interest at-
tributed to their environmental sustainability, biocompatibil-
ity, and biodegradability [26]. Polyethylene glycol (PEG)
is water-soluble, less toxic, and has good biocompatibility,
which makes it suitable as a capping agent [27]. PEG can
reduce agglomeration, control shape and size of nanoparti-
cles by binding nanoparticle surfaces through hydrophobic
or electrostatic interaction [25]. Chitosan-based materials
emerged as a promising candidate for a wide range of ap-
plications owing to its biocompatible and low-toxic nature.
It exhibits exceptional antibacterial properties against as-

cribed to its cationic nature against which compromises
the membrane integrity by enabling interactions with pro-
teins and lipids (negatively charged), leading to cell damage
[28, 29]. Furthermore, chitosan (CS) is a polysaccharide
with high molecular weight and the second most abundant
polymer. CS has a remarkable ability to remove contami-
nants from water due to its highly reactive amino and hy-
droxyl groups through chemical modification, which leads
to better catalytic and bactericidal activity [30]. Here, we
used a facile, green, and low-cost co-precipitation method
to prepare NiO2 and CS/PEG doped NiO2 nanostructure
(NSs).
The study aims to investigate optical, morphological, and
structural properties of NiO2, (3 wt.%) PEG-doped NiO2
and (2 and 4 wt.%) CS doped PEG-NiO2 prepared through
a co-precipitation approach. Dual polymers aided in re-
stricting the agglomeration of NiO2 nanoparticles, which
served to control their dimensional growth and enabled the
enhancement in surface area for the excellent catalytic and
antibacterial activities. Moreover, the synthesized nanocata-
lyst dye degradation potency against RhB and bactericidal
efficacy for MDR E. coli were tested.

2. Experimental

2.1 Materials
Nickel nitrate (Ni(NO3)2 · 6H2O), polyethylene glycol
[(C2H4O)n·H2O] were purchased from Fluka Chemika,
NaOH (99%) and chitosan (C6H11NO4)n were procured
from Sigma-Aldrich (Germany).

2.2 Synthesis of NiO2 and CS/PEG doped NiO2

Co-precipitation method was used to synthesize NiO2
nanoparticles. Initially, 0.2 M solution of Ni (NO3)2 ·6H2O
was prepared in deionized water (DI water) under constant
stirring and heating at 85 °C for 30 minutes. Afterward, a
suitable amount of NaOH was poured to maintain ∼ pH
8 and to obtain precipitates. Colloidal solution was cen-
trifuged at 8000 rpm for 8 minutes twice to remove impuri-
ties and heated overnight at 130 °C for drying. To acquire
fine powder, the synthesized material was crushed with a
mortar and pestle after cooling. Similarly, to prepare PEG-
NiO2 (3 wt.%) of PEG was added to the above solution
(sample 2). For CS/PEG-NiO2, various concentrations (2
and 4 wt.%) of chitosan were incorporated into PEG-NiO2
through the same method. The synthesis process of the
prepared sample is illustrated in Fig. 1.

2.3 Catalytic activity (CA)
RhB was chosen as an organic pollutant to examine the cat-
alytic activity of NiO2, PEG-NiO2 and CS/PEG-NiO2 in the
presence of NaBH4 (reducing agent) under dark conditions.
Initially, 400 µL from 0.1 M NaBH4 solution was mixed
with RhB solution (3 mL) followed by integration of NiO2
and CS/PEG doped NiO2 solution (400 µL). Nanocatalyst
increases rate of by decreasing the activation energy. Dis-
appearance of RhB color (pink), confirmed degradation of
RhB into leuco-rhodamine B (LRhB) and absorption spec-
trum was observed with UV-Vis spectroscopy.
Degradation of dye was noticed in acidic, basic and neutral
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Figure 1. Schematic representation of the synthesis of NiO2 and CS/PEG-doped NiO2.

media and degradation % was calculated by equation (2).

Degradation% =
C0 −Ct

C0
×100 (1)

where, C0 = initial and Ct = final concentration of RhB after
a specific time. Statistical reliability of the catalytic activity
was ensured by performing the experiments in triplicate
(n = 3).

2.4 Catalytic mechanism
Incorporation of reducing agent (NaBH4) and prepared the
nanocatalyst in RhB solution is essential for catalytic dye
degradation. NaBH4 functions as a reducing agent, donates
an e−, which is accepted by RhB that serving as an oxi-
dizing agent, respectively converts RhB into leuco RhB. In
contrast, the huge energy barrier between reacting species
hinders the reaction kinetics, making degradation a time-
consuming process. However, the addition of NCs (NiO2
and doped NiO2) accelerates the reaction kinetics, enabling
the transfer of electrons from the donor to the acceptor, re-
sulting in the reduction of RhB. The NCs accelerate the
reaction kinetics and boost the degradation rate by lower-
ing the kinetic barrier. Firstly, NaBH4 dissociates into Na+

and BH−
4 that adsorbed onto the surface of NCs through an

adsorption process. These ions release electrons to the cata-
lyst and split into H+ ions, NCs serve as an electron relay
system by transferring electrons from BH−

4 to RhB. The H+

ions attacked RhB, resulting in the decolorization of dye
due to the breakdown of π bond of RhB (Supplementary
Fig. 1) [31, 32]. The amount of catalyst utilized during a
reaction is critical since the reduction of dye directly relates
to the amount of catalyst.

2.5 Isolation and identification of MDR E. coli
2.5.1 Sample collection
Through direct milking into sterile glassware, raw milk sam-
ples were collected from clinical mastitis positive lactating

cows at various veterinary hospitals, farms and markets in
Pakistan. Obtained raw milk specimens were immediately
delivered to laboratory at 4 °C. Escherichia coli (E. coli)
isolation and purification in raw milk was enumerated on
MacConkey agar in triplicates, and all plates were observed
for bacteria growth after aerobic incubation at 37 °C for 48
h.

2.5.2 Characterization and identification of bacterial
isolates

The initial identification of isolated E. coli was based on
morphological structures of colonies determined by Gram’s
staining and biochemical characterization proceeded us-
ing biochemical tests considering National Committee for
Clinical Laboratory Standards (NCCLS) guidelines [33].
The antibiotic susceptibility by disk diffusion method was
concluded by swabbing 0.5 MacFarland standard growths
of isolated E. coli with application of antibiotic disks fol-
lowing aerobic incubation of petri dishes at 37 °C for 24
hours. Bacteria depicted as resistant against at least three
antibiotics were classified as multiple drug resistant (MDR)
[34].

2.5.3 Antimicrobial activity

Overall, upon ten representative isolates of MDR E. coli ob-
tained from mastitis milk the in vitro bactericidal potential
of NiO2, PEG-NiO2 and CS/PEG-NiO2 were elucidated by
agar well diffusion method. 1.5×108 CFU/mL (0.5 McFar-
land standard) of MDR E. coli was swabbed on MacConkey
agar plates. Sterile crock borer was used to generate wells of
6 mm diameter. NiO2, PEG-NiO2 and CS/PEG-NiO2 were
used at high (1.0 mg/50 µL) and low (0.5 mg/50 µL) concen-
trations. DI water 50 µL (negative control) and ciprofloxacin
0.005 mg/50 µL (positive control) were used. After loading
of undoped and doped NiO2 the petri dishes were incubated
aerobically at 37 °C for 24 hours and obtained inhibition
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regions were quantified using vernier caliper [35].

2.5.4 Statistical analysis

The inhibition zone diameters were examined statistically
by one-way analysis of variance (ANOVA) using SPSS 24.0
to evaluate the bactericidal potential of undoped and doped
NiO2 considering p < 0.05 [36].

2.6 Structures preparation and docking studies

The three-dimensional structure of CS/PEG-NiO2 was con-
structed utilizing Sybyl X2.0/SKETCH [37]. The synthe-
sized CS/PEG-NiO2 was subjected to energy optimization
through the application of Tripos force field and Gasteiger
Hückel atomic charges, facilitating a conformation that pro-
motes biological activity. The protein structures under-
went refining using structural preparation techniques in the
SYBYL-X 2.0 module, including missing hydrogen atoms
and applying electrical charges. The binding site was exe-
cuted through the ligand-based protomol generation method,
employing a protomol threshold of 0.50. The energy re-
duction procedure was executed using the Powell method,
achieving a convergence gradient of 0.05 kcal (mol)−1 over
1000 cycles. In conclusion, the Surflex-Dock module of
the SYBYL-X 2.0 program was used to precisely place the
energy-optimized nanostructure inside the active site of the
6L01 protein, which was then evaluated for binding inter-
actions with their respective targets [38]. A minimum of
ten optimal docked poses for each ligand-receptor complex
were produced, utilizing the standard SYBYL grid param-
eters, with grid box dimensions automatically set to ac-
commodate the binding cavity of 6L01. The Hammerhead
scoring approach was used to evaluate these prospective
ligand conformations.

3. Results and discussion

3.1 Physicochemical characterizations

Crystal structure, lattice planes, phase purity, cystallinity,
and crystallite size of NiO2 and CS/PEG doped NiO2 was
evaluated by XRD analysis (Fig. 2 (a)). Diffraction peaks
observed at 33.10°, 38.59°, 52.1°, 59.17°, 62.8°, and 69.4°
analogs to lattice plane (010), (011), (012), (110), (111),
and (020) revealed the hexagonal structure of NiO2 well
synchronized with JCPDS card No. 96-901-1315. A mi-
nor diffraction peak at 31.90° (002) corresponds to another
phase of nickel oxide (Ni2O3) having a hexagonal structure
(JCPDS card No. 00-014-0481). With PEG, no extra peak
was observed, ascribed to the low concentration of dopants
and PEG acted as a modulator for crystal growth, leading to
more intense peaks. Complexation, miscibility and interac-
tion between CS and PEG disrupted regular arrangements of
crystal lattice, resulting in disappearance of few peaks [39].
Average crystallite size calculated from Scherrer equation
was found to be 39.03 nm for NiO2, which decreases up to
18.16 nm with dopants. Furthermore, crystallinity of NiO2
increases from 73 to 77% with increasing concentrations
of dopants. Cumulative effect of polymers on the crys-
tallinity of materials is in-lined with literature [40, 41]. The
polycrystalline nature of NiO2 and 4% CS/PEG-NiO2 was
confirmed through SAED analysis as shown in Fig. 2 (b-c),
respectively.
The presence of functional groups and vibrational modes
in NiO2 and CS/PEG-doped NiO2 were examined through
FTIR spectroscopy (Fig. 3 (a)). Stretching vibrations of
Ni-O witnessed by a broad transmittance band in 400−850
cm−1 range and at 993 cm−1, indicating the successful
formation of NiO2 [42]. C-H in plane bending vibrations
appeared at 1045 cm−1 and CO2 existence was confirmed
by the presence of band at 2352 cm−1 [43]. Transmittance

Figure 2. (a) XRD analysis of undoped and doped NiO2 within 2θ° ranging 30−70° (b-c) SAED diffraction patterns of NiO2 and 4% CS/PEG-NiO2,
respectively
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bands at 1653, 3651 and 1392 cm−1 were assigned to the
fundamental H-O-H bending, O-H stretching vibrations of
water molecules absorbed on the surface of the nanocatalyst
and CO−2

3 vibrations, respectively [43, 44]. In PEG-NiO2,
PEG characteristic transmittance band was observed at 2850
cm−1 belonging to vibration of CH group [45]. With CS,
bands intensity decreased gradually with increased CS con-
centration. In the FTIR spectrum of PEG-doped NiO2, sig-
nal at 3400 cm−1 is associated with the attached hydroxyl
group [46]. No additional band found in the spectrum of
chitosan doped PEG-NiO2 samples, although intensity of
characteristics bands of PEG changed. This implies that CS
and PEG have a unique kind of interaction resulted from
the newly formed intermolecular hydrogen bonds between
the two molecules [47].
An electronic transition spectrophotometer was employed
to elucidate optical properties of NiO2, PEG-NiO2, and
CS/PEG-NiO2 (Fig. 3 (b)). NiO2 showed absorption in the
245−780 nm range, with typical absorption peaks around
300, 395, and 655 nm. Abrupt change in absorption around
385 ascribed to presence of NiO nanoparticles [48]. Higher
intensity of peaks encouraged high yield of as-synthesized
nanoparticles, while sharpness of peaks suggests that NiO2
nanoparticles were stable [49]. Upon PEG, absorption in-
creased with decreasing wavelength. Addition of CS into
PEG-NiO2, absorption enhanced gradually, resulting in en-
hancement of band gap energy (Eg). Tauc plot equation
was used to calculate Eg of NiO2 and CS/PEG-doped NiO2
(Supplementary Fig. 2 (a-d)), found to be 3.17 eV which
increased with dopant to 3.25 eV and well matched with
reported Eg of nickel oxide [50].
TEM analysis was utilized to investigate internal morphol-
ogy of NiO2 and CS/PEG-doped NiO2 (Fig. 4 (a-d)). NiO2
showed non-uniform agglomerated nanoparticles with few
nanorods on surface that may interact with nanoparticles
(Fig. 4 (a)). Addition of PEG (capping agent) to NiO2, PEG
reduced size of nanostructures under effect of capping. Fur-
thermore, more nanorods appear on surface of nanoparticles
(Fig. 4 (b)). With lower concentration of CS, nanorods and
nanoparticles were interconnected to form a network and

it is difficult to identify the morphology of CS (Fig. 4 (c)).
Agglomeration reduced slightly with higher concentration
of CS (Fig. 4 (d)). Particle size of the NiO2 nanostruc-
tures decreases from 34.7 to 24.53 nm with the addition
of dopants and size distribution histograms extracted from
TEM images are displayed in Supplementary Fig. 3.
Elemental composition of NiO2 and CS/PEG-doped NiO2
was ascertained using EDS analysis (Fig. 5 (a-d)). Purity
and existence of NiO2 were affirmed by strong Ni and O
peaks in all synthesized materials. Incorporation of PEG
and CS, new carbon peak appeared in doped samples as-
cribed to the presence of C in the dopants structure, con-
firming the doping of PEG and CS in NiO2. Moreover,
Au peaks appeared because of the coating on the samples
during characterization to reduce charging effect.
Elemental distribution of highly doped material was in-
vestigated through EDS mapping analysis and represented
with distinct colors (Supplementary Fig. 4 (a-d)). Different
color images demonstrated presence of Ni, O, C in CS/PEG-
NiO2.

3.2 Catalytic degradation of dye

Catalytic potency of NiO2 and CS/PEG doped NiO2 was
examined against RhB dye, with electronic transition spec-
troscopy in acid, basic and neutral media in Fig. 6, respec-
tively. NiO2, PEG-NiO2, and (2 and 4%) CS/PEG-doped
NiO2 showed 80.25, 81.71, 83 and 86.71% degradation ef-
ficacy in acidic, 86.14, 86, 86.71 and 89.14% in basic and
90.55, 91.2, 91.4, and 92.3% in neutral medium, respec-
tively (Fig. 6 (a-d)). Crystallite size, pH, shape, amount
and surface area of the catalyst plays vital role in degrad-
ing dyes. As evident from XRD analysis, the crystallite
size decreases which consequently increases the surface
to volume ratio thereby enhancing degradation efficiency.
Moreover, the formation of an interconnected network of
NPs and NRs with chitosan addition facilitates the mobility
of charge carriers that significantly impacts the degrada-
tion potential of prepared NCs. Maximum degradation was
noticed in neutral medium, evolved to existence of RhB
dye in different form (cationic and zwitter) in water and

Figure 3. (a) FTIR spectra acquired in the wavenumber of 4000−450 cm−1 (b) Electronic spectra of NiO2 and doped NiO2.
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Figure 4. TEM images having resolution of 100 nm (a) NiO2 (b) 3% PEG-NiO2 (c-d) 2 and 4% CS/PEG-NiO2.

active sites generated on the surface of the nanocatalyst.
Lowest degradation of RhB was observed in acidic medium
because of H+ ions produced in solution got neutralized by
OH−, while intermediate degradation was seen in neutral
medium. A key aspect in designing an ecologically sus-

tainable nanocatalyst is the effective recovery and recycling
after the catalytic activity. Under optimal conditions, six
cycles were conducted to evaluate the reusability of 4%
CS/PEG-doped NiO2 (nanocatalyst). The nanocatalyst was
recovered by centrifugation, washed with DIW, dried on a

Figure 5. EDS profiles of (a) NiO2 (b) PEG-doped NiO2 (c-d) 2 and 4% CS/PEG-NiO2, respectively.
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Figure 6. Catalytic dye degradation efficacy of NiO2 and CS/PEG doped NiO2 in (a) acidic (pH = 4), (b) basic (pH = 12), and (c) neutral (pH = 7)
media respectively within 8 minutes (d) Reusability assay of 4% CS doped sample.

hot plate, and then reused for subsequent cycles. Catalytic
degradation (%) efficacy was checked after each cycle, and
the obtained results are consolidated in Fig. 6 (d). After the
sixth cycle, 91.7% retention of efficacy was observed, infer-
ring a significant recyclability potential of the synthesized
nanocatalyst. SEM micrographs of 4% CS/PEG-doped
NiO2 before and after catalysis are presented in Supplemen-
tary Fig. 5 (a,b). Micrographs revealed that nanoparticles

retain their integrity after dye degradation activity. Compar-
ison table of present work with literature was revealed in
Supplementary Table 1.

3.3 Bactericidal activity of synthesized NiO2

To elucidate the bactericidal behavior of NiO2, PEG-NiO2
and (2 and 4%) CS/PEG-doped NiO2 against MDR E. coli,
agar well diffusion method (Supplementary Fig. 6 (a,b))
was utilized and measured inhibition zones were quantified

Table 1. Measured inhibition zones (mm) against MDR E. coli.

Samples
Inhibition zone (mm) at low con-
centration (0.5 mg/50 µL)

Inhibition zone (mm) at high con-
centration (1.0 mg/50 µL)

NiO2 1.95±0.05 2.75±0.04

3% PEG-NiO2 2.55±0.04 3.65±0.04

2% CS/PEG-NiO2 3.65±0.04 4.45±0.03

4% CS/PEG-NiO2 4.45±0.03 5.25±0.03

Ciprofloxacin 11.15±0.02 11.15±0.02

DI water 0±0.0 0±0.0
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and mentioned in Table 1. NiO2 and CS/PEG-doped NiO2
displayed inhibition zones 1.95± 0.05 - 4.45± 0.03 mm
and 2.75±0.04 - 5.25±0.03 mm against MDR E. coli at
minimal and maximal concentrations, respectively. Mea-
sured inhibition zones were compared with positive control
(ciprofloxacin) and negative control (DI water) possessing
inhibition zone values as 11.15±0.02 and 0±0.0 mm re-
spectively. Oxidative stress [51], DNA damage [52], the
entrapment of cell with prepared nanocatalysts [53], direct
interaction of cell wall membrane with synthesized materi-
als [54] and reactive oxygen species (ROS) [55] all influence
bactericidal action. Increased antimicrobial potency was
observed in highly doped NiO2 attributed to the interaction
between chitosan and bacterial cells, resulting in cell death.

3.4 Molecular docking analysis

The in-silico study offers valuable insights into the structural
and functional interactions within ligand-protein systems,
thereby deepening our comprehension of the molecular
mechanisms that impede the proliferation of bacterial cell
membranes. Molecular docking was used to elucidate the
mechanism behind antibacterial efficacy of CS/PEG-NiO2.
The cumulative score (cScore) was employed to identify the
most favorable ligand conformations within active sites of
protein. The docking scores (cScore) for inhibitors NiO2,
PEG-NiO2, CS/PEG-NiO2, and Ciprofloxacin, in relation to
their binding affinity to 6L01, are noted as 4.12, 4.98, 7.44,
and 5.45, respectively. The scores suggest that CS/PEG-
NiO2 establishes most stable complex, demonstrating sig-
nificant binding affinity for protein. CS/PEG-NiO2, with its
complex structure that includes numerous oxygen atoms, en-
gages in multiple hydrogen bond interactions with adjacent
residues across all protein-ligand complexes, thereby signif-
icantly enhancing its docking scores. Figure 7 (a) illustrates
notable changes in conformation within the complex struc-
ture after the energy minimization process. In 6L01-bonded
system, NiO2 interacts with the active site, connecting with
residue depicted in Fig. 7 (b). In PEG-NiO2, it occupies the
ligand binding cavity, facilitating optimal interactions such
as hydrogen bonds with Gly77, and Ala47, van der Waals
interactions with Glu50, Thr165 and Ile78 (Figure 7c,ć). In
the CS/PEG-NiO2 framework (Fig. 7 (d,d′)), notable hy-
drogen bond interactions are observed with Glu50, Thr165,
AsP73, which are further augmented by Van der Waals in-
teractions involving Gly77, Ile78, Val165. The interactions
observed exhibit resemblance to the standard Ciprofloxacin
within DNA gyrase-inhibitor complex (Fig. 7 (e,e′)). Fig-
ure7 (c′-e) illustrates the two-dimensional interaction of the
inhibitor-protein complex to improve understanding. The
findings clarify the enhanced binding affinity of CS/PEG-
NiO2 for DNA gyrase. The computational results demon-
strate a significant alignment with experimental data, pro-
viding a strong rationale for the bactericidal effectiveness of
CS/PEG-NiO2 in inhibiting the DNA gyrase of E. Coli. This
research underscores innovative interdisciplinary method-
ology that merges experimental antimicrobial assessment
with computational docking simulations, thereby offering in-
depth insight into the antibacterial mechanisms of CS/PEG-
NiO2. The relationship observed between experimental

inhibition zones and molecular docking scores substantiates
inhibitory capability of nanostructure in relation to bacterial
DNA gyrase. It is significant that elevated cScore associated
with CS/PEG-NiO2 aligns closely with its demonstrated
bactericidal activity, illustrating efficacy of computational
modeling in predicting and elucidating experimental re-
sults. This integration not only deepens our understanding
of mechanisms but also facilitates thoughtful design of nano-
materials tailored for specific biological functions.
Current study offered certain limitations about the com-
mercialization of synthesized nanocatalysts against RhB
and as an antibiotic for the treatment of bovine mastitis.
Present study solely discussed antibacterial effectiveness
against gram negative MDR strain, while antibacterial spec-
trum could be highlighted by employing multiple strains.
In future, cytotoxicity assay is encouraged to ensure the
biocompatibility and safety of nanostructures.

4. Conclusion
In this study, a cost-effective, low-temperature co-
precipitation method was used to synthesize NiO2 and
CS/PEG-doped NiO2 NSs. Moreover, catalytic and bac-
tericidal activities of the synthesized NSs were examined.
The hexagonal structure of NiO2 was verified through
XRD diffraction pattern and no additional peaks were
observed with dopants. However, crystallite size decreased
from 39.03 to 18.16 nm under the effect of capping
agents. SAED analysis confirmed the semicrystalline
nature of NiO2 and 4% CS/PEG-NiO2. NiO2 showed
more absorption in the visible region and the incorporation
of PEG and CS enhanced absorption, leading to an
increase in band gap energy values as validated from
UV-Vis spectroscopy. Combination of nanoparticles and
nanorods was noticed in the TEM image of NiO2 and the
sizes and agglomeration of rod decreased upon dopants.
Particle size of the NiO2 nanostructures decreases from
34.7 to 24.53 nm with the addition of dopants. EDS
profiles authorized the presence of doping elements in
the host matrix. The highest degradation of RhB dye was
witnessed in neutral medium, having an efficacy 92.3%
in 8 min for highly doped NiO2 NSs. Additionally, 4%
CS/PEG-doped NiO2 NSs showed an inhibition zone value
5.25 ± 0.03 mm against gram-negative MDR E. coli at
high concentration. Computational studies enabled the
prediction of molecular interactions and improved the
design of nanostructures for antibacterial applications. In
conclusion, CS/PEG-doped NiO2 NSs could be served as
efficient RhB dye degrader and bactericidal agent against
MDR E. coli. Although finding highlights the potential
of CS/PEG-NiO2 in degrading toxic organic pollutants
and bactericidal activity against MDR bacterium under
controlled conditions. Further investigation is needed to
evaluate long term stability, practical applicability and
scalability, and this work presents the potential of catalysts
for small range of bacterial strain. These limitations clarify
the scope of the study and should be considered when
interpreting the broader implications of the findings.
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Figure 7. (a) Binding modes of ligands in the binding domain of DNA gyrase, (b) Binding mode of compound NiO2 in DNA gyrase binding site, (c(3D),
c′(2D)) PEG-NiO2, (d,d′ (3D,2D) CS/PEG-NiO2, (e(3D), e′(2D)) Ciprofloxacin.
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Supplementary Figure 1. Schematic illustration of dye degradation mechanism.

Supplementary Figure 2. Calculated bandgap energy of (a) NiO2, (b) PEG-dopped NiO2, (c-d) 2 and 4% CS/PEG-dopped NiO2.
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Supplementary Figure 3. Size distribution histograms of (a) NiO2 and (b) 4% CS/PEG-doped NiO2.

Supplementary Figure 4. Mapping images of 4% CS/PEG-NiO2.
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Supplementary Figure 5. SEM micrographs of 4% CS/PEG-doped NiO2 (a) before catalytic activity against RhB dye and (b) retrieved sample after one
cycle of catalysis.

Supplementary Table 1. Comparative analysis of RhB dye degradation efficacy of Ni-based nanostructures.

Samples Synthesis % Degradation Reference

NiO nanoparticles (NPs) Chemical route 80.33% https://doi.org/10.1080/16583655.2019.1686248

NiO NPs Green synthesis 70−74% https://doi.org/10.1134/S1070363224070168

GO-NiO Green synthesis 79% https://doi.org/10.1007/s10854-021-07470-5

4% La-doped NiO Co-precipitation 89% https://doi.org/10.1016/j.dwt.2024.100731

4% Ag doped NiO2 Auto-flash-
combustion method

90% https://doi.org/10.1016/j.ijhydene.2024.05.466

NiO/rGO Hydrothermal 80.2% https://doi.org/10.1016/j.cplett.2024.141860

4% CS/PEG-NiO2 Co-precipitation 92.34% Present study

Supplementary Figure 6. Comparative bar chart for catalytic and antibacterial results.
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The pseudo-first order model for RhB adsorption can be
described as (1)

(qe −qt) = logqe −
k1

2.303
t (1)

where qe (RhB concentration at equilibrium) and qt (RhB
concentration after a certain time t) and k1 is the constant.
The pseudo-2nd order model is expressed as (2)

t
qt

=
1

ktqe2
+

t
qt

(2)

For the pseudo-1st order model, the correlation coefficient
(R2 = 0.81104, 0.78406) for NiO2 and highly doped NiO2,
suggesting this model is inappropriate for RhB reduction
(Supplementary Fig. 7 (a)). For pseudo 2nd order, the
correlation coefficient (R2 = 0.9938, 0.99762) suggesting
this model is good for RhB adsorption (Supplementary
Fig. 7 (b)).

Supplementary Figure 7. In vitro bactericidal activity of NiO2 and doped NiO2 for MDR E. coli at (a) minimal and (b) maximal concentrations.

Supplementary Figure 8. (a) Pseudo 1st order and (b) pseudo 2nd order model.
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