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ion and in vitro bacterial
inactivation of graphitic carbon nitride/carbon
sphere doped bismuth oxide quantum dots with
evidential in silico analysis†
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Shair Baz,a Mohammed M. Algaradah,e Anwar Ul-Hamid, *f Walid Nabgan, *g

Hisham S. M. Abd-Rabbohh and Salamat Alib

Herein, Bi2O3 quantum dots (QDs) have been synthesized and doped with various concentrations of

graphitic carbon nitride (g-C3N4) and a fixed amount of carbon spheres (CS) using a co-precipitation

technique. XRD analysis confirmed the presence of monoclinic structure along the space group P21/c

and C2/c. Various functional groups and characteristic peaks of (Bi–O) were identified using FTIR

spectra. QDs morphology of Bi2O3 showed agglomeration with higher amounts of g-C3N4 by TEM

analysis. HR-TEM determined the variation in the d-spacing which increased with increasing dopants.

These doping agents were employed to reduce the exciting recombination rate of Bi2O3 QDs by

providing more active sites which enhance antibacterial activity. Notably, (6 wt%) g-C3N4/CS-doped

Bi2O3 exhibited considerable antimicrobial potential in opposition to E. coli at higher values of

concentrations relative to ciprofloxacin. The (3 wt%) g-C3N4/CS-doped Bi2O3 exhibits the highest

catalytic potential (97.67%) against RhB in a neutral medium. The compound g-C3N4/CS-Bi2O3 has been

suggested as a potential inhibitor of b-lactamaseE. coli and DNA gyraseE. coli based on the findings of

a molecular docking study that was in better agreement with in vitro bactericidal activity.
1. Introduction

Water is essential in every aspect of life and crucial for all living
beings.1 The Earth's surface contains 71% water; only 0.03% is
deemed healthy water when used immediately.2 The discharge
of waste products into freshwater resources, such as organic
and inorganic dyes pollutants, must be addressed to sustain
a healthy atmosphere.3 These contaminants cause harm to sea
life, terrestrial animals, and plants. Additionally, these
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contaminants have negative health impacts on humans, such as
anemia, bladder discomfort, and gastrointestinal difficulties.4

The major aquatic contaminants are methyl orange, rhodamine
blue (RhB), and methylene blue (MB); the water becomes
unsuitable for utilization with these dyes in it.5 Particularly RhB,
a potentially dangerous chemical uorescent dye used in the
biomedical and textile sectors.6 Another endemic challenge that
today's humanity is beginning to encounter is the development
of antibiotic resistance in microorganisms. According to the
IDSA, the widespread infection of the most potentially fatal
species of bacteria known as ESKAPE pathogens possess
considerable antibiotic resistance.7 Annually, E. coli, an ESKAPE
pathogen, kills 1.3 million children from diarrhea, mainly
spreading through contaminated water.8 Numerous methods
have been proposed for dye removal including photocatalysis,9

adsorption,10 coagulation,11 biodegradation,12 occulation,13

micro-electrolysis14 and catalysis.15 Among these, catalysis is
regarded as an excellent process for the purication of waste-
water treatment. Nanomaterial semiconductors are important
for catalysis in light of their chemical stability, minimal toxicity,
and environmental friendliness.16

The Bi-based semiconductor materials such as BiVO4,
Bi2WO6, Bi2MoO6, BiOX (X = Cl, Br and I), and Bi2O3 have
received a lot of research interest over the past few years owing
RSC Adv., 2023, 13, 25305–25315 | 25305
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to their layer structures and high catalytic properties.17 Among
these Bi2O3 is frequently used in wastewater treatment. Bi2O3

has unique electrical structures that are responsible for the
enhancement of absorption. Particularly p-type semiconductor
Bi2O3 exhibits exceptional features, including a broadband gap,
low toxicity, excellent conductivity, antimicrobial activity, and
the ability to degrade organic dyes.18,19 Metal oxides are made
more stable and have improved physiochemical characteristics
as a result of the inclusion of polymers, leading to effective dye
degradation and antibacterial activity.20

Pair production occurs when polymers interact with metal
ions, which makes themmore effective for dye degradation and
antimicrobial activity. Various polymers have been used as
capping agents and act as inhibitors of the size of material,
including polyacrylic acid (PAA), polymethyl methacrylate
(PMMA), polyvinylpyrrolidone (PVP), and polyvinyl alcohol
(PVA).21–23 Consequently, a polymeric semiconductor g-C3N4

with sp2 hybridization, a graphite-like structure, with strong
C–N bonds and van der Waals forces between the layers exhibits
exceptional potential for catalytic degradation, antibacterial
activity and many other applications because of low band gap
energy, appealing electrical band structure, and good physico-
chemical stability. Organic substances like urea, ethylene
diamine, and melamine with a nitrogen and carbon bond
coupling are frequently paralyzed to the synthesized g-C3N4.24,25

Furthermore, it could be speculated that coupling Bi2O3 with g-
C3N4 forms a heterojunction that promotes charge transfer and
separation.26 Overall CS provides a high surface area, promoting
efficient catalysis and enhancing the adsorption of dyes and
bacterial cells. The g-C3N4 enables the generation of reactive
oxygen species (ROS). This combined with the catalytic redox
ability of Bi2O3 facilitates the degradation of dyes and the
production of antibacterial ROS. Moreover, the tunability of
these materials allows for customization to meet specic cata-
lytic and antibacterial requirements. Combining these unique
properties would enable g-C3N4/CS-doped Bi2O3 QDs promising
material for a wide range of environmental remediation and
healthcare applications. The selection of different wt% (3 and 6)
of g-C3N4 as dopant27 was adopted from literature, experimental
ndings, and to attain optimal catalytic and antibacterial
outcomes while taking practical feasibility into account.

Herein, the pure and g-C3N4/CS-doped Bi2O3 QDs were
synthesized simultaneously by the co-precipitation method,
which was cost-efficient and eco-friendly. Various character-
ization techniques were utilized to demonstrate the different
properties of the synthesized QDs, and the potential for the
inhibition of pathogenic microbe E. coli and degradation of RhB
were investigated.
2. Experimental section
2.1 Materials

The precursor chemical bismuth nitrate pentahydrate
(Bi(NO3)3$5H2O, 98%) was obtained from BDH laboratory
supplies. Glucose, g-C3N4, and NaOH, 98% were purchased
from Sigma-Aldrich Germany.
25306 | RSC Adv., 2023, 13, 25305–25315
2.2 Synthesis of CS

The CS were synthesized by employing the hydrothermal
carbonization technique. The 1 M of glucose was diluted and
stirred continuously to get the transparency of the solution.
Finally, the above solution have been taken into an autoclave of
stainless steel and kept for 12 h at 180 °C. The nal precipitates
were dried overnight at 100 °C using an oven aer washing
them multiple times with deionized (DI) water (Fig. 1a).
2.3 Preparation of g-C3N4/CS doped Bi2O3

The 0.5 M of (Bi(NO3)3$5H2O) was used to prepare Bi2O3 with
continuous stirring and heating at 100 °C for 30 min. 1 M NaOH
was added dropwise for the formation of precipitates and to
maintain pH ∼12. The prepared solution was washed thrice
using a centrifuge at 7000 rpm and le on a hotplate at 150 °C
for 12 h. Aerward, dried QDs have been pulverized nicely, and
using the same method, the (3 and 6 wt%) of g-C3N4 and a xed
amount of CS, doped Bi2O3 QDs were prepared as depicted in
Fig. 1b.
2.4 Catalysis

The CA for degradation of RhB using bare and doped Bi2O3 was
analyzed to ensure the reliability of the experimental ndings.
The reagents such as NaBH4 and RhB have been prepared
freshly. The RhB solution of A 10mg L−1 was equally distributed
into three parts having the pH (pH = 4), (pH = 7), and (pH =

12), for acidic, neutral, and basic mediums respectively.28 400
mL of NaBH4 and 3 mL of the dye were combined and 400 mL of
synthesized QDs solution (like Bi2O3 and g-C3N4/CS-Bi2O3) was
added in a NaBH4 and RhB aqueous solution. A catalyst had
been employed to limit the reaction's surface activation energy,
which improved the stability and effectiveness of the reaction. A
UV-vis spectrophotometer was used to assess the degree of dye
degradation in the produced supernatant over a period of time
and at 554 nm RhB emits its absorption signal.29 The color of
RhB changes from pink to colorless as a result of the reduction
and the % degradation has been calculated using the formula.

% degradation ¼ C0 � Ct

C0

� 100
2.5 Isolation and identication of E. coli

2.5.1 Sample collection and isolation. Prompt milking in
a sterilized glass container was utilized to collect the samples of
unpasteurized milk from various dairy sheep, veterinary
hospitals, and local farms in south Punjab, (Pakistan). The
temperature of milk samples was maintained at 4 °C during
transportation. MacConkey agar was employed for determining
the coliform pathogen found in that milk and the plates were
incubated at 36 °C for 48 h.

2.5.2 Identication and characterization of bacterial
isolates. The microorganism E. coli was selected as a model for
bactericidal investigation. Its identication was based on the
colonial morphology complying with several biochemical tests,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a and b) Synthesis of g-C3N4 and CS doped Bi2O3 QDs.
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Gramm staining, and referencing Bergey's manual of determi-
native bacteriology.30

2.5.2.1 Antibiotic susceptibility. To examine antibiotic
susceptibility, Kirby–Bauer test was employed on Mueller Hin-
ton agar (MHA).31 The antimicrobial tests against the antibiotics
such as tetracycline (Te) 30 mg (tetracyclines), azithromycin
(Azm) 15 mg (macrolides), ciprooxacin (Cip) 5 mg (quinolones),
amoxicillin (A) 30 mg (penicillin), imipenem (Imi) 10 mg (car-
bapenem), ceriaxone (Cro) 30 mg (cephalosporins) and genta-
micin (Gm) 10 mg (aminoglycosides) were performed to observe
the E. coli's resistance.32 The puried E. coli cultures were sub-
jected to growth until they reached (0.5) MacFarland standard
for turbidity and the spread plate had been placed on growth
medium MHA (Oxoid Limited, Basingstoke, UK). To avoid
inhibition zone overlap, the discs were placed apart from the
infected plate and the antibiotic plates were cultured at 36 °C
for 24 h. The results were examined under the guidelines of the
Clinical, Diagnostic, and Laboratory Standard Institute.33
© 2023 The Author(s). Published by the Royal Society of Chemistry
2.5.2.2 Antimicrobial activity. In vitro, the antibacterial
capability was assessed via determining the inhibition zone of
pristine and doped Bi2O3 against isolates of MDR E. coli. E. coli
has been isolated on MacConkey agar plates of (0.5) McFarland
standards 1.5× 108 CFU mL−1. The potentially harmful bacterial
drugs have been sanitized by agar plates. The cork borer was
utilized for drilling holes having a diameter of 6 millimeters
(mm). Ciprooxacin 5 mg/50 mL functions as the positive
control while DI water 50 mL serves as the negative control. The
bare and doped QDs were injected into the boreholes at low and
high concentrations (0.5 mg/50 mL and 1.0 mg/50 mL). The
capability of the QDs to suppress the growing process of
microorganisms was measured by determining the expansion
of the inhibition zone using a Vernier caliper.

2.5.2.3 Statistical analysis. To perform the preliminary
identication of the effectiveness of antimicrobials, zones of
inhibition were utilized, and the diameters of these zones have
RSC Adv., 2023, 13, 25305–25315 | 25307
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been analyzed statistically using one-way analysis of variance
(ANOVA) in SPSS 20.34
2.6 Molecular docking study

The binding affinity of g-C3N4/CS-Bi2O3 QDs with specic
enzyme targets was investigated. Based on the microbicidal
activity of the synthesized QDs against E. coli, b-lactamase and
DNA gyrase from E. coli were selected, and the binding strength
within their respective active sites was evaluated. b-LactamaseE.
coli and DNA gyraseE. coli structural dimensions were derived
from the protein data bank using accession codes 4KZ3 (Res:
1.67 Å)35 and 6KZX (Res: 2.1 Å),36 respectively. The soware
SYBYL-X 2.0 was used for docking research. In a previous
study37,38 SYBYL-X 2.0 was used to construct three-dimensional
structures of pharmaceuticals and to evaluate the binding
affinities of QDs with active site residues of designated proteins.
3. Results and discussion

X-ray diffraction (XRD) technique was utilized for the analysis of
phase composition and crystallinity of bare and doped Bi2O3

QDs (Fig. 2a). Diffraction peaks in the range of 2q (20–60°)
appearing at 29.50° (3�11), 33.04° (1�22), 35.05° (020), 38.39°
(3�12), and 47.57° (140) revealed the monoclinic structure along
the space group P21/c and C2/c, well matched with the JCPDS
les (01-083-0410/00-041-1449). The distinctive peaks of
Fig. 2 (a) XRD patterns, (b) FTIR spectra of pure and (3 and 6 wt%) g-C3N
(3 wt%) g-C3N4 doped Bi2O3.

25308 | RSC Adv., 2023, 13, 25305–25315
amorphous CS were observed at about 23.8° (002) and 44° (101)
(Fig. 2a).39 The minor shi and the increase in peak intensities
were ascribed to the signicant dispersion of the CS between
the host interlayers. Additionally, larger crystallites are given
a specic crystal plane, resulting in more intense peaks in the
XRD pattern.40 The characteristic peaks of g-C3N4 could not be
observed ascribed to the small trace amount or low crystallinity,
however, the peak intensities decrease gradually with an
increasing percentage of g-C3N4.41 FTIR spectra of pristine and
doped Bi2O3 QDs were analyzed to determine functional groups
and vibrational modes can be seen in Fig. 2b. The FTIR spectra
have a functional group region, ranging from 4000 to 1500 cm−1

and the zone of ngerprint can be observed between 1500 and
400 cm−1. The band observed at 3200–3400 is referred to as the
characteristic vibrations of the O–H group.42 The band at
1640 cm−1 corresponds to the symmetry stretching vibration of
the C]O bond (in –COOH).43 The stretching vibrations of Bi–O–
Bi and C–C were attributed to 540 and 1090 cm−1 bands,
correspondingly.44,45 Furthermore, the 519 cm−1 band corre-
sponds to the vibrations of Bi–O bonds, conrming the pres-
ence of the Bi2O3 QDs.46 The g-C3N4 introduction into CS-Bi2O3

results in forming a new mid-gap hybrid of p states, enhancing
the infrared absorption capability. However, a higher level of g-
C3N4 doping resulted in a decrease in infrared absorption due
to band position changes and defects in the crystalline struc-
ture.47 The polycrystalline nature of Bi2O3, CS-Bi2O3, and (3 and
4/CS-doped Bi2O3 and (c–e) SAED images of pristine and CS-Bi2O3 and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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6 wt%) g-C3N4/CS-doped Bi2O3 QDs was conrmed with distinct
rings and bright spots of SAED images. The circular rings were
harmonized with the plans (�311), (1�22), (140), and (312) of XRD
(Fig. 2c–e).

The optical absorption characteristics of the synthesized
Bi2O3 and (3 and 6 wt%) g-C3N4/CS-doped Bi2O3 have been
assessed by employing an ultra-visible spectrophotometer by
encompassing the wavelength range of 230–450 nm (Fig. 3a).
The lmax of Bi2O3 was observed at 295 nmwas ascribed to the p–
p* transition due to the functional groups (such as OH, >C]
O).48,49 Tauc's equation revealed the energy band gap of 4.2,
4.16, 3.54 and 3.97 eV for bare and doped QDs, respectively.50

The reduction in band gap energy from 4.2 to 3.54 eV with the
incorporation (3 wt%) g-C3N4/CS-doped Bi2O3 caused improve-
ment in the catalytic activity as the catalyst structure, surface
area, and crystallite size have each a substantial impact on its
catalytic activity.51 Furthermore, redshi was associated with
particle size growth and the quantum size impact of QDs.52

The PL spectra of the doped and undoped Bi2O3 were
examined in the 400–580 nm regions. Bi2O3 QDs exhibit peaks
in the visible spectrum ranging from 520 to 540 nm, corre-
sponding to the presence of Bi3+ ions when excited at 300 nm.53

Another peak of Bi2O3 has been observed at 410–430 nm
(Fig. 3b) and was matched with previous work.54 The decreased
PL emission intensity of the synthesized Bi2O3 QDs upon the
doping of CS and g-C3N4 was attributed to the reduction in the
excitation recombination rate. Peak intensity was signicantly
decreased with the incorporation of (3 wt%) g-C3N4 compared to
bare and (6 wt%) g-C3N4/CS-doped Bi2O3 QDs that suggests the
tendency of high recombination rate of photo-generated charge
carriers.55 According to prior research outcomes, lower peak
intensity suggests increased surface vacancies of oxygen,
resulting in improved catalytic efficiency.

The elemental compositions of prepared QDs were investi-
gated using EDS analysis. The occurrence of Bi and O strong
peaks conrms the presence of Bi2O3 QDs, gold peaks were the
outcome of the coating sprayed for reducing charging effects,
Fig. 3 (a) UV-vis reflectance spectra (b) PL spectra of Bi2O3, CS-Bi2O3 (

© 2023 The Author(s). Published by the Royal Society of Chemistry
and NaOH produced the sodium peak used for maintaining the
pH of the samples (Fig. S1(a)†). The smaller peaks of zinc and
copper were caused by the presence of some contaminants and
the brass sample holder used throughout the EDS analysis.
Furthermore, the increase in the wt% of O denotes the presence
of dopants (Fig. S1(b–d)†).

TEM analysis has been employed to examine the topography
and morphology of prepared QDs (Fig. 4a–d). The Bi2O3 sample
revealed multiple morphologies as few nanorods with the QDs
were observed (Fig. 4a). The chunk-like morphology appeared
with a higher degree of agglomeration of QDs. The addition of
CS into Bi2O3 showed that the agglomerated QDs anchored with
carbon sphere can be seen (Fig. 4b). The incorporation of g-
C3N4 into the binary system of CS-Bi2O3 showed that QDs linked
to CS and g-C3N4 each other forming a network may facilitate to
charge carriers movement participate in dye degradation
(Fig. 4c). With a higher concentration of g-C3N4, the agglom-
eration increased seems that as overlapped by C3N4 nanosheets
to QDs anchored with CS (Fig. 4d). Gatan soware was addi-
tionally employed to compute interlayer d-spacing from HR-
TEM images (Fig. S2(a–d)†). The average d-spacing values for
the Bi2O3 and (3 and 6 wt%) g-C3N4/CS-doped Bi2O3 QDs were
determined to be 0.250, 0.266, 0.293 and 0.292, which are all
under the XRD data. Furthermore, the variation in the lattice
spacing of Bi2O3 among distinct materials was corroborated by
TEM ndings.

The monoclinic structure within the space groups P21/c and
C2/c of bare and doped Bi2O3 QDs in the 2q range (20–60°) was
determined using the Analytical XPert PRO X-ray diffraction
system. The FTIR spectra identied the stretching vibrations of
Bi–O–Bi and C–C vibrations of Bi–O bonds, conrming the
presence of Bi2O3 quantum dots. The lmax of Bi2O3, encom-
passing the wavelength range of 230–450 nm, was investigated
through a UV-vis spectrophotometer to study p–p* transitions
attributed to functional groups. The existence of Bi3+ ions and
the excitation recombination rate of pure and doped Bi2O3 QDs
were determined using PL spectra. Strong Bi and O peaks,
3 wt%) g-C3N4/CS-Bi2O3 and (6 wt%) g-C3N4/CS-Bi2O3 respectively.

RSC Adv., 2023, 13, 25305–25315 | 25309
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Fig. 4 TEM images of (a) Bi2O3 (b) CS-Bi2O3 (c) (3 wt%) g-C3N4/CS-doped Bi2O3 (d) (6 wt%) g-C3N4/CS-doped Bi2O3 QDs.
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indicating the presence of Bi2O3 QDs, EDS. TEM images shows
that the incorporation of g-C3N4 into CS-Bi2O3 binary system
creates a network, where QDs interconnect with CS and g-C3N4.
This network enhances charge carrier mobility, contributing to
efficient dye degradation.56 For themeasurement of inter-planar
d-spacing values, high-resolution transmission electron
microscopy was employed.

CA of Bi2O3 and (3 and 6 wt%) g-C3N4/CS-Bi2O3 QDs for RhB
dye in different pH mediums with the inclusion of NaBH4 was
measured using UV-vis spectrophotometer. The bare and doped
catalyst showed maximum degradation of 49.69, 84.36, 94.38,
and 80.96% in acidic medium (pH = 4) 58, 83.09, 70.72, and
92.54% in basic medium (pH = 11) 60.21, 97.13, 97.67, and
95.65% at pH = 7 respectively for 5 min as revealed in Fig. 5a–c.
CS-doped Bi2O3 sample showed enhanced catalytic activity in
neutral basic and acidic mediums respectively. The CS-doped
Bi2O3 catalyst exhibited a higher degradation rate due to the
pristine material may not have the same effects on interfacial
charge transfer or the trapping of electrons.57 CS acts as
a dispersing support, preventing Bi2O3 particle agglomeration.58

Second, this reduces the band gap, increases the absorption
range and CS plays a crucial role in enhancing the electron
transport characteristics of Bi2O3;59 hence the CS-doped Bi2O3

shows enhanced catalytic activity as compared to the bare
catalyst. The (3 wt%) g-C3N4/CS-doped Bi2O3 exhibits higher
degradation efficiency at the natural pH of the RhB aqueous
solution because g-C3N4 reduces charge recombination and
increases the interfacial contact between the catalyst and the
RhB.59 Furthermore, the increasing wt% of the g-C3N4 causes
a decrease in the degrading efficiency because the higher
25310 | RSC Adv., 2023, 13, 25305–25315
doping of g-C3N4 may block the active sites and reduce the
separation efficiency of the generated charges.60 It is chal-
lenging to assess the impact of pH on the efficiency of the
catalytic degradation of organic molecules due to its diverse
functions. In the context of three distinct aqueous mediums
ranging from acidic to neutral, the catalytic efficiency of (6 wt%)
g-C3N4/CS-doped Bi2O3 approached maximal levels, exhibiting
a range between 80 and 95%. The optimum conditions for the
catalyst to produce hydroxyl radicals, the most active species for
RhB degradation, were probably responsible for a higher
degradation efficiency at the natural pH of RhB.61 In addition to
the collapse of the catalyst structure, electrostatic repulsion and
the adsorption capacity of (6 wt%) g-C3N4/CS-doped Bi2O3 was
dramatically reduced under basic to strong acid conditions.62 As
a consequence of an increase in the OH-concentration, which
more oxidizes RhB, the CA in the basic medium was higher than
acidic but lower than neutral. It was caused by the OH− ions of
the basic solution neutralizing the H+ ions on the catalyst
surface.63

The catalytic mechanism of QDs was illustrated in Fig. S3,†
the nanocatalyst and reducing agent play important role in dye
degradation. The QDs help improve reaction speed and stability
and lower the activation energy through electron transfer
between the donor BH4- and acceptor RhB, commonly referred
to as the electron relay effect. The degradation has been inu-
enced by the catalyst surface size, area, and shape which
provide more active sites, resulting in the reduction of RhB to
Leuco (LRhB) by efficiently breaking down molecules while the
OH− ions were produced. With the addition of nanocatalyst
adsorption occurs and the NaBH4 had been dissociated into
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Catalytic activity of pristine and (3, 6 wt%) g-C3N4/CS-Bi2O3 in (a) neutral medium (b) basic medium, and (c) acidic medium.
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BH4
− while more ions diffused onto the surface. QDs acceler-

ated the adsorption of BH4
− ions and the molecules of dye

across numerous active sites, causing the dye to degrade more
rapidly and effectively.64 With the small size and larger surface
area, the catalyst has more active sites, which increases its
catalytic activity. If the catalyst has a wide surface area, micro-
porosity limits the active sites, which leads the degrading effi-
ciency to drop. Without a catalyst, the reaction proceeds slowly,
while adding a catalyst speeds up the dye degradation.65

The agar well diffusion method has been employed to assess
the bactericidal potential of the pristine and (3 and 6 wt%) g-
Table 1 Inhibition zone at low and high concentrations for E. coli
bacteria

Samples

E. coli inhibition
zone (mm)

Ciprooxacin
Deionized
water

0.5 mg/
50 mL

1.0 mg/
50 mL

Bi2O3 0 0.60 7.25 0
CS-Bi2O3 0.90 2.05 7.25 0
(3 wt%) g-C3N4/CS-Bi2O3 1.45 2.25 7.25 0
(6 wt%) g-C3N4/CS-Bi2O3 1.95 2.85 7.25 0

© 2023 The Author(s). Published by the Royal Society of Chemistry
C3N4/CS-doped Bi2O3 QDs against E. coli. Signicant inhibitory
zones have been assessed by the regions 0–1.95 mm and 0.60–
2.85 mm for low and high concentrations, respectively, as lower
and higher concentrations against E. coli as mentioned in
Table 1 QDs were placed in the appropriate wells; meanwhile
the ciprooxacin for comparison 7.25 mm and DI water having
0 mm evaluation of the inhibition zone was used as a positive
and negative control respectively. At the lower concentrations,
bare specimens captured no inhibition zones throughout the
measurements, while the Bi2O3 loaded with CS and (3, 6 wt%) g-
C3N4 exhibits a considerable number of inhibition zones. The
(6 wt%) g-C3N4/CS-doped Bi2O3 QDs demonstrated enhanced
antibacterial efficacy (1.95–2.85) at lower and higher concen-
trations owing to alterations in the membrane structure of the
bacteria.

The interaction of the material with bacteria cells to block
the transport chain and the negatively charged surface of Gram-
negative bacteria with a strong affinity for positive ions facili-
tates electrostatic interactions between QDs and the bacterial
surface. As a result, antimicrobial agent can directly cross the
cell membrane and disturb cell function (Fig. S2†). The hydro-
peroxyl radical (*HO2) is formed when superoxide anion radi-
cals (O2−) combine with H+ ions. The hydrogen peroxide radical
(*H2O2) develops when the hydroperoxyl radical (*HO2)
RSC Adv., 2023, 13, 25305–25315 | 25311
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interacts with e− and H+. The QDs promote single and dual-
wrecked breaks inside the nucleic acid base of nitrogen and
sugar-phosphate link' by the production of intracellular ROS
that interact with the nucleic acid inside the bacterial cell.66

This is performed by encouraging the oxidation of residual
amino acids and disconnecting critical proteins, so interfering
with numerous metabolic operations.67 As a result, ROS
damaged nucleic acid and was thought to be responsible for
DNA breakage, consequently leading to bacterial death.68 The
interaction of an enormous electrostatic charge (Bi3+) and
a bacterial membrane cause lysis and cell collapse. This contact
eventually results in the death of the microorganisms involved.
Table 1 shows that at the higher concentration of the QDs, the
ability to destroy bacteria was increased.67

The capacity of computational methods, especially molec-
ular docking studies, to permit in-depth examination of
mechanisms underlying varied biological traits has garnered
them substantial attention in recent decades. Using amolecular
docking methodology, the suggested approach evaluated the
Fig. 6 Binding interaction pattern of (a) superimposed complexes, (b) Bi2
b-lactamaseE. coli.

25312 | RSC Adv., 2023, 13, 25305–25315
binding capacity and inhibitory potential of synthesized QDs to
identify optimal enzyme inhibitors. Antibiotic research has
focused heavily on two enzymes-b-lactamase and DNA gyrase,
that play critical roles in bacterial growth and survival.69 In the
instance of b-lactamaseE. coli, binding scores of 3.48, 3.79, and
7.01 for Bi2O3, CS-Bi2O3, and g-C3N4/CS-Bi2O3 QDs, respectively,
indicated an acceptable binding propensity within the active
pocket where Bi2O3 formed hydrogen bonds with Ser212 and
Gly320. The H-bonding patterns of CS-Bi2O3 with Gln120,
Asn152, and Asn343 are represented in Fig. 6b and c, whereas
the H-bonding patterns of g-C3N4/CS-Bi2O3 with Gln120,
Arg148, Ala318, and Thr316 are depicted in Fig. 6d.

The active pocket of DNA gyrase (a common target for anti-
biotics) was also used to build and study docking complexes.
The best binding scores (2.93 and 3.34, respectively) were found
for docked complexes including Bi2O3 and CS-Bi2O3, both of
which formed H-bonds with Thr165 (Fig. 7a–c). Fig. 7d shows
that g-C3N4/CS-Bi2O3 showed four H-bonds, with Asn46, Asp73,
Arg136, and Thr165 all having a binding score of 3.91.
O3, (c) CS-Bi2O3, and (d) g-C3N4/CS-Bi2O3 QDs inside active pocket of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Binding interaction pattern of (a) superimposed complexes, (b) Bi2O3, (c) CS-Bi2O3 and (d) g-C3N4/CS-Bi2O3 QDs inside active pocket of
DNA GyraseE. coli.
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4. Conclusion

In this study, g-C3N4/CS-Bi2O3 QDs were effectively synthesized
using an eco-friendly, cost-effective co-precipitation approach.
The XRD pattern and sharp peaks conrmed the monoclinic
structure of synthesized QDs were observed upon doping. The
existence of the Bi–O–Bi stretching vibration at 540 cm−1 of the
synthesized QDs conrmed by FTIR moreover, the presence of
Bi2O3 was conrmed with EDS. The calculated band gap ener-
gies were found from 4.2 to 3.54 eV showing decreasing trend
upon doping. Peak intensity dropped aer CS and g-C3N4

doping, indicating a lower charge-to-hole recombination rate,
but the higher dose of g-C3N4 indicates enhanced charge-to-
hole recombination. TEM analysis exhibits the QDs
morphology of Bi2O3, and agglomeration has been observed
upon doping (6 wt%) g-C3N4. HRTEM images were utilized to
calculate the interlayer spacing (0.272, 0.279, 0.279, and
0.276 Å), which was in satisfactory agreement with XRD data.
Molecular docking veried synthesized QDs as possible inhib-
itors of b-lactamase and DNA gyrase enzymes, demonstrating
© 2023 The Author(s). Published by the Royal Society of Chemistry
their efficacy against Gram-negative bacteria. As research
progresses, this nding will pave the way for generating binary-
doped heterostructures with applications in dye degradation
and a potential candidate for killing the microorganisms.
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