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This study explores the use of ternary system nanocomposites to degrade methyl orange (MO) dye in water

as well as assesses their antibacterial properties. For this purpose, the co-precipitation process was adopted

to synthesize strontium oxide (SrO) doped with a fixed amount (3 wt%) of polyethylene glycol (PEG) as
a capping agent, and various weight ratios (2 and 4 wt%) of cesium (Cs) were added to the binary system
(PEG-SrO). Advanced characterization techniques were employed to analyze the various properties of

the resulting materials. XRD unveiled the cubic crystal structure of SrO, while TEM revealed randomly

oriented nanorods in the pristine sample. The optimum sample (2% Cs/PEG-SrO) demonstrated efficient
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catalytic activity (CA) in degrading MO dye. The 4% Cs/PEG-SrO sample showed significant bactericidal

efficacy against Escherichia coli (E. coli), exhibiting inhibition zones ranging from 2.05 to 6.15 mm at

DOI: 10.1039/d6ra00841k

rsc.li/rsc-advances

1. Introduction

As industries evolve and populations grow, the sources of
pollution have surged immensely. A key factor influencing this
issue is the extensive use of colorants across multiple sectors,
especially textiles, food, and pharmaceuticals.' In the textile
industry, processing inefficiencies in dyeing lead to substantial
losses and discharge of dyestuffs into water bodies, ultimately
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higher concentrations. Furthermore, the computational findings align with the experimental data,
offering strong evidence for the microbial effectiveness of Cs/PEG-SrO in hindering DNA gyrase in E. coli.

causing environmental pollution.” Azo dyes are classified as the
most significant and extensive category of synthetic organic
dyes, attributed to their non-biodegradability and chemical
stability.* MO is an organic azo dye known for its high toxicity
and widespread applications in various industries, including
food, leather, textile, and paper industries. However, its release
into the ecosystem poses significant risks to human health and
presents a considerable threat to other living organisms.*
Mastitis is recognized as a highly prevalent disease affecting
dairy cattle globally. Various infectious agents, including fungi,
bacteria, and mycoplasma, have been associated with mastitis;
however, bacteria are the primary factor in its occurrence.
Environmental mastitis is often caused by E. coli, leading to
inflammation symptoms including high fever, decreased milk
production, and toxemia.>® There are many approaches for
treating or decolorizing MO dye, including adsorption, photo-
catalytic degradation, coagulation, catalysis, and
nanofiltration.”® Among these methods, catalysis is a crucial
and widely utilized technique owing to its environmentally
friendly nature, cost-effectiveness, and energy efficiency.®
Among the metal oxides (MOs), including Al,0;, CuO, MgO,
SrO, and CaO, SrO has garnered significant interest owing to its
basic nature and exceptional optical, catalytic, and antibacterial
properties.”*™® However, it has some limitations, including
a small surface area and a high recombination rate of charge
carriers, constraining its application in degradation.''* The

© 2026 The Author(s). Published by the Royal Society of Chemistry
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incorporation of PEG as a dopant could potentially improve the
surface area of nanostructures (NSs) and subsequently enhance
their CA."® Moreover, PEG carriers are known as a promising
alternative for effective drug delivery in pharmaceutical appli-
cations owing to their stability, enhancement of drug solubility,
and biocompatibility.'® Nevertheless, challenges related to high
recombination rates and surface modifications persist. The
introduction of Cs as a dopant has the potential to reduce the
recombination rate of e /h" pairs, promote the induction of
more active sites, and cause alterations in the electronic struc-
ture of samples.”

Herein, SrO, PEG-SrO, and Cs/PEG-SrO (2 and 4 wt%) were
synthesized using the co-precipitation method. Different charac-
terization techniques were performed to study the structural,
optical, and morphological properties of synthesized samples.
Following this, the effectiveness of the nanomaterials in degrad-
ing MO dye and their antimicrobial properties against E. coli were
investigated, along with molecular docking and DFT analysis.

2. Experimental work
2.1. Materials

SrCl,-6H,0 (99%), cesium nitrate (CsNOj, 99%), and NaOH
(>98%) were obtained from Sigma Aldrich, Germany.
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Polyethylene glycol (PEG) was purchased from Fluka Chemie
(Switzerland).

2.2. Synthesis of pristine and doped SrO

The coprecipitation method was employed to synthesize SrO as
our previous study with few characterization reused* (sample
1), 0.5 M SrCl,-6H,0 was vigorously stirred at 80 °C for 2 h, as
depicted in Fig. 1. To obtain precipitates and sustain a pH of
~12, a sufficient quantity of NaOH was carefully added into the
colloidal solution. After that, the precipitates were subjected to
centrifugation twice with deionized (DI) water and ethanol at
7000 rpm for 7 min. The resulting sediments were subsequently
dried overnight at 120 °C and ground to achieve a nano powder
of SrO. For sample 2 (PEG-SrO), PEG was added to the SrCl,-
-6H,0 solution under the aforementioned conditions. To form
a ternary system (2 and 4 wt% Cs-doped PEG-SrO), CsNO; was
incorporated as a source of Cs into the precursor solution of
sample 2 under the same conditions (samples 3 and 4,
respectively).

2.3. Catalysis

The CA of the SrO and doped samples was evaluated against MO
dye. To preserve the purity of the experiment, all reagents, such
as MO (oxidizing dye) and NaBH, (reducing agent), were used

o €'

Fig. 1 Schematic of the preparation of SrO, PEG-SrO, and (2 and 4 wt%) Cs/PEG-SrO.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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promptly upon preparation. Firstly, 3 mL of MO was added to
400 uL of NaBH, solution in the absence of light, and then 400
uL of the synthesized material was introduced to evaluate the
degradation efficiency. The performance was assessed under
basic, acidic, and neutral conditions, where NaOH and H,SO,
were utilized to adjust the pH of the solution. Absorption
reactions were monitored using a UV-vis spectrometer at
ambient temperature within the wavelength range of 200 to
800 nm. The presence of NaBH, and catalysts led to the trans-
formation of the MO dye into its colorless form, exhibiting
efficient dye degradation. The following equation was used
to calculate the dye degradation percentage by each sample

(eqn (1))
% Degradation = (Cy — C,)/Cy x 100 (1)

where C, represents the initial concentration at ¢, and C; is the
final concentration at ¢.

2.3.1. Isolation and identification of MDR E. coli. Unpro-
cessed milk samples from lactating cows were accumulated into
sterilized glassware by direct milking. The cows were selected
from various farms, veterinary clinics, and marketplaces located
across the Punjab province of Pakistan. After acquiring the
samples, the milk was instantly transported to the laboratory at
4 °C. Coliforms present in unpasteurized milk were enumerated
on MacConkey Agar (MA), with all agar plates incubated at 37 °C
for a duration of 48 h.

E.coli was preliminarily identified via colonial morphology
using biochemical testing and Gram stain technology by
adhering to the steps detailed in Bergey's Manual of Determi-
native Bacteriology (BMDB).*®

2.3.2. Antibiotic susceptibility. The disk diffusion
approach reported by Baeur et al.'® was utilized to evaluate
antibiotic susceptibility employing Mueller-Hinton agar (MHA).
By applying the test, the antibiotic resistance of the bacteria was
determined against certain antibiotics (classes) such as
ceftriaxone (Cro) 30 ng (cephalosporins), imipenem (Imi) 10 pg
(carbapenem), azithromycin (Azm) 15 pg (macrolides), ciprofl-
oxacin (Cip) 5 pg (quinolones), amoxycillin (A) 30 pg (penicil-
lins), gentamicin (Gm) 10 pg (aminoglycosides), and
tetracycline (Te) 30 pg (tetracyclines).?® The purified E. coli
bacteria cultures were cultivated with a turbidity adjusted to 0.5
MacFarland. After that, they were spread-plated over Muller-
Hinton Agar (MHA). To prevent the overlapping of inhibition
zones, the antibiotic disks were placed at a distance from each
other on the surface of the inoculated plate. At 37 °C, each plate
was incubated for 24 h, and the interpretation of the outcomes
was done in accordance with Clinical and Laboratory Standards
Institute.”® MDR bacterium showed resistance to at least three
antibiotics.”

2.3.3. Antibacterial evaluation. The agar well diffusion
method was used to assess the in vitro antimicrobial action
potential of pure and doped SrO on isolated MDR E. coli ob-
tained from mastitis milk. The bacterial samples were collected
using swabs and then inoculated onto Petri dishes filled with
MacConkey agar at a concentration of 1.5 x 108 CFU mL *. A
sterile cork borer was used to create 6 mm diameter wells.

12082 | RSC Adv, 2026, 16, 12080-12091
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Different concentrations of pure and doped samples ranging
from (0.5 mg/50 pL) to (1.0 mg/50 uL) were applied. DI water and
ciprofloxacin (0.005 mg/50 pL) were used as negative and posi-
tive controls, respectively.>*>*

2.3.4. Statistical analysis. The efficacy of antimicrobial
activity, particularly regarding inhibition zone size (mm), was
assessed via statistical analysis utilizing one-way analysis of
variance (ANOVA) with SPSS 20.>°

2.4. Structure preparation and docking studies

Sybyl-X 2.0/SKETCH established the three-dimensional frame-
work of Cs/PEG-SrO, subsequently optimizing its energy
through the Tripos force field and Gasteiger Hiickel atomic
charges, resulting in a conformation that enhances biological
activity.”® The enhancement of protein structures was achieved
through structural preparation methodologies within the
SYBYL-X 2.0 module, encompassing the incorporation of absent
hydrogen atoms and assignment of electrical charges.
Following 1000 cycles, the energy reduction process yielded
a convergence gradient of 0.05 kcal mol™" through the Powell
technique. The target protein crystal structure with PDB ID:
5MMN (Chain A) was positioned using the Surflex-Dock
module of the SYBYL-X 2.0 software.” The crystallographic
water molecules were removed and absent hydrogen atoms and
electrical charges were added prior to docking. The binding site
based on the co-crystallized ligand present in the 5MMN
structure was employed to establish the docking grid. The
docking protocol was subjected to validation through extraction
of the native crystallographic ligand, which was subsequently
re-docked into an identical binding pocket. The reproduced
binding pose exhibited robust alignment with the original
crystal orientation, affirming the dependability of docking
parameters. Subsequently, PEG-SrO, Cs/PEG-SrO, and ciprofl-
oxacin were subjected to docking within the validated binding
site. Ciprofloxacin functioned as the reference ligand, affirming
the credibility of the docking model. Ten docking poses were
generated for each ligand to assess the conformational space of
the binding site. Subsequently, assessment of the binding
interactions with the corresponding targets was conducted,
employing the Hammerhead scoring technique to evaluate
these potential ligand conformations.

3. Results and discussion

The phase identification and crystal plane structure of SrO,
PEG-SrO, and (2 and 4 wt%) Cs/PEG-SrO were investigated using
XRD in the 26 range of 15° to 70° (Fig. 2a). The diffraction peaks
located at 25.17° (202), 35.9° (310), 38.9° (312), 40.17° (111),
47.07° (240), and 50.16° (220) are ascribed to the cubic structure
of SrO (JCPDS no. 01-075-0263).2**° The two peaks located at
31.55° (111), and 62.82° (311) are related to tetragonal SrO
(JCPDS card no. 00-027-1304). The single peak at 23.04° (201) is
assigned to the orthorhombic geometry of Sr,O4 (JCPDS card
no. 96-900-8162). Meanwhile, the diffraction peaks at 28.23°,
58.39°, and 64.5° corresponded to the (020), (040), and (331)
planes, confirming the tetragonal structure of Sr;Ojo,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) XRD graph of pure and doped SrO and (b and c¢) SAED images of pure* and 4% Cs/PEG-SrO.

respectively (JCPDS card no. 96-101-0385). Furthermore,
diffraction peaks appeared at 42.43° and 44.55°, which are
attributed to the (222) and (132) planes of monoclinic
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Fig. 3 (a) FTIR and (b) UV-vis spectra and (c and d) Tauc plots of SrO, and 4 wt% of Cs/PEG-SrO.

© 2026 The Author(s). Published by the Royal Society of Chemistry

SrO,(H,0,),, respectively (JCPDS card no. 01-073-2209). The
peaks observed at 29.37°, 51.7°, 53.22°, and 67.77° are associ-
ated with the (320), (512), (250), and (811) planes related to the

RSC Adv, 2026, 16, 12080-12091 | 12083
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tetragonal geometry of Sr(NO,),-H,O, respectively (JCPDS card
no. 01-077-0343). The diffraction peak at 21.76° (020) corre-
sponds to orthorhombic Sr,(NO), (JCPDS card no. 00-037-0506).
Upon incorporating PEG, additional peaks emerged at 20.07°
and 27.28°, corresponding to the (003) and (121) crystal planes
of Sr,0,5H,5C,, (JCPDS card no. 96-223-2849). The XRD peaks
shifted toward a higher angle,* and an increase in intensity was
observed, indicating the favorable crystalline properties of
PEG.*>* Upon Cs in the binary system, the intensity further
increased owing to the enhancement in crystallinity. Moreover,
upon increasing the Cs concentration, the peaks shifted
towards a lower diffraction angle, which is attributed to crystal
expansion.** The measured crystallite size of pure, PEG-SrO, 2
and 4 wt% of Cs/PEG-SrO was found to be 54.66, 62.36, 62.36,
and 72.72 nm, respectively as determined by the Debye-Scher-
rer equation. SAED pattern of the undoped and (4 wt%) Cs/PEG-
SrO exhibited bright circular fringes, confirming the poly-
crystalline nature of the prepared samples, as depicted in
Fig. 2b and c, respectively.

FTIR spectra were recorded in the range of 3900 to 510 cm ™
to analyze the chemical functional groups present in the
samples, as depicted in Fig. 3a. FTIR spectrum of SrO revealed
a band at ~592 ecm " related to Sr-O stretching, whereas the
bands at 857 cm ™' and 1063 cm ' are attributed to the
symmetric and asymmetric vibration of the Sr-O bond,
respectively.®* Moreover, the bands at 1444 cm ™' and
~1700 cm ™" are ascribed to the bending vibrations of the O-H
groups and C=O bonding, respectively.**** The band at
3462 cm ' represents the -OH group and interstitial water
molecules.*” In the spectrum of the binary system, the charac-
teristic bands of PEG appeared at 955, (-CH out-of-plane

1
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bending),*® 1094 (C-O-C stretching vibration),® 1342 (C-H
bending vibration),* 1966 (C-H stretching vibrations),* 2157
(presence of CN groups)*”? and 3749 cm ' (O-H stretching).®®
The FTIR spectra of (2 and 4 wt%) Cs/PEG-SrO exhibited no
additional bands.

The optical properties of the prepared SrO, PEG-SrO, and (2
and 4 wt%) Cs/PEG doped SrO were examined using UV-vis
spectroscopy in the range of 200 to 800 nm, as revealed in
Fig. 3b. SrO exhibited absorption within the range of 225-
800 nm, highlighting its significant absorption ability.**** The
absorption in the UV zone for the pure sample was observed at
243 nm.*® The addition of PEG and Cs led to an increase in
absorption, as depicted in Fig. 3b. The band gap energy (Ey)
values for pure and 4% Cs doped PEG-SrO were found to be
3.93, and 3.57 €V, as calculated using the Tauc plot (Fig. 3¢ and
d).*” Upon doping, the reduction in E, could be ascribed to
surface defects or the formation of extra energy levels within the
conduction and valence band regions.*** The small E, value
can facilitate the electron transfer rate, leading to an enhanced
catalytic performance.

The morphology of SrO, PEG-SrO, and (2 and 4wt%) Cs/PEG-
SrO was investigated by TEM analysis. The pristine sample
demonstrated the formation of agglomerated and randomly
oriented rectangular-shaped nanorods, as illustrated in Fig. 4a.
The hydrogen bonding of water during its synthesis is
accountable for its agglomeration.*® With the addition of PEG,
coalesced non-uniform nanorods with a coating of PEG reduced
the diameter of the overlapping nanorods, showing a knot-like
morphology, as revealed in Fig. 4b. The inclusion of Cs in the
binary system resulted in the dispersion and network-like
structure of non-uniform nanorods (Fig. 4c and d). HR-TEM

Fig. 4 TEM images (a—d) of SrO,** PEG-SrO and (2 and 4 wt%) Cs/PEG-SrO samples.
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Fig. 5 Catalytic efficiency of SrO and (2 and 4 wt%) Cs/PEG-doped SrO in (a) acidic, (b) basic, and (c) neutral media.

was utilized to determine interplanar d-spacing of prepared
sample, as shown in Fig. S1. The calculated d-spacing values of
pure SrO, PEG-SrO and (2 and 4wt%) Cs/PEG-SrO were 0.304,
0.301, 0.303, and 0.304 nm, respectively, which are correlated
with the XRD results.

The catalytic mechanism involved a redox reaction where
MO served as the oxidizing agent and NaBH, was utilized as the
electron-donating species (Fig. S2). The redox process involved
electron transfer from the reducing agent to the MO dye. The
incorporation of electrons into the dye promotes the discolor-
ation of MO into its colorless form. The reduction of the dye
without a catalyst was a prolonged and less efficient process.
The synthesized nanostructures act as an electron relay system,
enhancing electron transportation from NaBH, to the oxidant,
ultimately increasing the degradation ability. Both sodium
sulfanilate are by-
products resulting from MO.

The catalytic efficiency of pure and doped SrO was evaluated
using a UV-vis spectrophotometer in three different media.

and N-dimethyl-p-phenylenediamine

© 2026 The Author(s). Published by the Royal Society of Chemistry

Fig. 5a-c demonstrate that after a duration of 5 min, the
discoloration percentages of MO were approximately 73%,
64.87%, and 73.26% in acidic, basic, and neutral media for the
pristine sample, respectively. The degradation rate for the
doped samples ranged from 73.0% to 70.51% under acidic
conditions, 70.14% to 71.83% under basic conditions, and
72.83% to 75.45% in neutral medium. 2% Cs/PEG-doped SrO

Table 1 Anti-bacterial efficacy of pure and doped SrO

Inhibition areas (mm)

Samples 0.5 mg/50 pL 1.0 mg/50 pL
SrO 1.65 2.05
PEG-SrO 2.75 4.55

2% Cs/PEG-SrO 4.15 5.45

4% Cs/PEG-SrO 5.25 6.15
Ciprofloxacin 11.25 11.25

DI water 0 0

RSC Adv, 2026, 16, 12080-12091 | 12085
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exhibited an enhanced catalytic performance in the acidic
medium, which is attributed to the generation of H' ions upon
adding H,SO,. The addition of PEG polymer serves as a capping
agent to inhibit agglomeration and provide a protective surface
layer to control surface defects, thereby improving the degra-
dation efficiency.*"** Upon Cs doping, the enhanced catalytic
performance could be ascribed to the reduced band gap and
increased number of oxygen vacancies.** However, 4% Cs/PEG-
doped SrO with an increased Cs concentration demonstrated
reduced catalytic activity. The negative effect of excessive
doping, which is attributed to the large size of alkali cations,
may result from the blocking of the active sites.*

Fig. 6
d’(2D) ciprofloxacin.

12086 | RSC Adv, 2026, 16, 12080-12091
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The antimicrobial efficiency of pure and doped SrO was
evaluated using an agar well diffusion method. The inhibition
zones ranged from 1.65-5.25 and 2.05-6.15 mm against E. coli
at low and high concentrations,* respectively, as presented in
Table 1. Ciprofloxacin served as a positive control, demon-
strating a larger inhibition zone (11.25 mm), whereas DI water
used as the negative control showed an inhibition zone of
0 mm.

Bactericidal activity is related to the generation of free radi-
cals and reactive oxygen species (ROS) (0*~, OH, HO,, and
H,0,),”* as shown in Fig. S3. The electron-donating properties
of MOs generate ROS through different mechanisms, such as

Intoractions
{| =3 van der wonis
B Conventonal typdrogen Rand

(1 van cor wase: (=
B Cometionst ydrogen Bond

(a and @) Ligands binding within DNA gyrase active domain, (b and b’) compound PEG-SrO, (c(3D) and c’(2D)) Cs/PEG-SrO, (d(3D) and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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van der Waals forces, hydrophobic interactions, and electro-
static attractions.* The positively charged sample interacts with
Gram-negative bacteria by electrostatic forces. Due to this
interaction, the sample released strontium cations and ROS,
destroying the bacterial cell membrane, leading to DNA
damage, microbial collapse, and ultimately cell death.>®
According to the results, 4% Cs/PEG-SrO demonstrated
significant antibacterial activity against E. coli, Gram-negative
bacteria. Upon PEG doping, the long PEG chains enhanced the
solubility and provided additional hydroxyl groups on the mate-
rial surface, improving its bactericidal activity. These hydroxyl
groups may also weaken the attachment of extracellular poly-
meric substances (EPS) to membranes, potentially leading to
a detrimental impact on bacterial growth.***” Additionally, when
Cs was added, the bacterial growth was inhibited by the elec-
trostatic interactions between Cs" and the cell membrane.*

3.1. Molecular docking studies

In silico exploration provides essential perspectives into ligand-
protein interactions, particularly focusing on the bacterial
gyrase enzyme, which is a type II topoisomerase that plays

(a)

(Gas Phase)

-9.164e-2 9.164e0-2

AE,,,= 1.598 ¢V

LUMO
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a pivotal role in introducing negative supercoils into DNA
during protein synthesis. This procedure clarified the mecha-
nisms underlying the anti-bacterial efficacy of Cs/PEG-SrO. The
inhibiting agents PEG-SrO, Cs/PEG-SrO, and ciprofloxacin
exhibited docking scores (cScores) of 4.03, 4.27, and 5.29,
respectively, implying their binding affinities to 5SMMN. Fig. 6a
and a’ reveal significant conformational alterations within an
intricate structure. The ligand-interacting region in PEG-SrO
fosters interactions, especially carbon-hydrogen bonds along-
side Thr165 and Asp73, and van der Waals interactions with
Gly77 (Fig. 6b and b’). Hydrogen bonds are prominently
observed with Gly77, Asp73, Thr165, and Arg76 and van der
Waals contacts to Gly164 and Glu50 within Cs/PEG-SrO (Fig. 6¢
and ¢'). The observed interactions bear a striking resemblance
to that of the standard ciprofloxacin within the DNA gyrase-
inhibitor complex (Fig. 6d and d’). The correlation between
docking affinity and inhibition zones substantiates the
conclusion that improved protein binding enhances the anti-
microbial efficacy of Cs/PEG-SrO, thereby validating the dock-
ing results as a molecular-level explanation for the experimental
findings.

(b)

(Aqueous Phase)

-0.421e0 0.421e0

HOMO

AE,,,= 2.049 eV

LUMO

Fig. 7 MESP and HOMO-LUMO analysis of the selected ligand Cs/PEG-SrO, (a) gas phase and (b) aqueous phase.
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3.2. DFT and MESP studies

The estimates from density functional theory (DFT) reveal the
peculiar electronic properties of the Cs/PEG-SrO composites in
both gaseous and aqueous modes (Table S1). A model complex
of Cs/PEG-SrO was generated (Fig. S4 and Table S2) and sub-
jected to geometric optimization employing the B3LYP (Becke,
3-parameter, Lee-Yang-Parr) functional alongside the SDD
basis set within the Gaussian 09 framework.>* Aqueous-phase
simulations integrated solvation effects via the polarizable
continuum model (PCM), which conceptualizes the solvent as
a continuous polarizable medium. The significant reduction in
dipole moment from the gaseous to aqueous phase suggests the
crucial role of solvation in maintaining charge distribution and
diminishing the average polarity of the molecule. The dielectric
shielding influence of solvent stabilizes the electronic levels by
reducing electrostatic interactions, clarifying the shift noted in
the frontier molecular orbital (FMO) analysis. The deep red
regions in the MESP maps, marked by their electronegative
potential, highlight areas prone to electrophilic and nucleo-
philic interactions with molecules, which are crucial for
achieving optimal binding (Fig. 7). The Mulliken charges of
—1.213584 and —1.361285 for the oxygen atoms in Cs/PEG-SrO
indicate the notable existence of negatively charged areas in
both phases. Alternatively, green hue suggests neutral areas
affecting hydrophobic or van der Waals interactions.

Within the aqueous phase, the heightened degree of chemical
hardness signifies improved resistance to electrical deformation
and diminished chemical reactivity in polar environments.
Solvent molecules create a stabilizing shell that limits the flexi-
bility of the frontier orbitals. The electrophilicity index indicates
that the molecule in an aqueous environment demonstrates
reduced ability to accept electron density from a nucleophilic
perspective. Our findings suggest that aqueous medium
contributes to an increase in the thermodynamic stability,
decrease in the electrophilic activity, and reduction in the
chemical reactivity of Cs/PEG-SrO and these analyzed electronic
characteristics, considered as qualitative insights into the local
electronic distribution and reactive sites, as vibrational frequency
calculations were not carried out. This behavior demonstrates
benefits for prospective applications where stability in biological
or environmental aqueous systems is essential, encompassing
drug delivery, biosensing, or catalytic roles in aqueous environ-
ments. Considering all, molecular docking provides the inter-
acting residues of Cs/PEG-SrO in the active site of DNA gyrase,
and for the origin of these interactions at the electronic level, DFT
calculations highlight charge distribution, electronic polariza-
tion, and reactive sites. The distinct electronegative areas and
significant negative Mulliken charges concentrated on the oxygen
atoms, according to the MESP mapping, are directly linked to the
H-bonding and electrostatic interactions identified in docking
simulations. This establishes a distinct mechanistic relationship
among molecular structure, charge distribution, and biological
activity. The observed antibacterial performance is directly
attributed to these aspects, as increased surface reactivity and
electrostatic interactions facilitate cellular uptake, inhibit
enzymes, and ultimately suppress bacterial growth.
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4. Conclusion

Strontium oxide (SrO) and SrO doped with PEG and (2 and
4 wt%) Cs were prepared via the co-precipitation method. The
effectiveness of these materials in degrading methyl orange
(MO) dye and their antibacterial activity against E. coli were
evaluated. The cubic structure of the pure sample was
confirmed by the XRD technique, and the measured crystallite
size values were 54.66, 62.36, 62.36, and 72.72 nm, respectively.
TEM images verified the formation of nanorods of SrO.
Furthermore, FTIR spectra revealed the vibrational band of SrO,
confirming the successful synthesis of the pure sample.
Employing UV-vis spectroscopy, a maximum absorption peak
was observed at 243 nm, and a red shift was evident when
dopants were introduced. The degradation of MO dye was
evaluated using NaBH, as a reducing agent and the synthesized
samples as a catalyst to increase the reaction rate. Among the
doped samples, the 2% Cs/PEG-SrO doped specimen possessed
the highest dye degradation percentage (84.24%) in acidic
medium. The antibacterial studies revealed that (4%) Cs/PEG-
SrO exhibited notable bactericidal activity against E. coli, with
inhibition zones measuring between 1.65-5.25 mm for low
concentrations and 2.05-6.15 mm for high concentrations.
Moreover, exploring molecular interactions computationally
improves nanostructure development for antibacterial applica-
tions. In conclusion, (2 and 4 wt%) Cs/PEG-doped SrO are
effective catalysts for dye degradation and antibacterial activi-
ties, respectively.
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