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oped CdS quantum dots served as
a dye degrader and their bactericidal behavior
analysed with in silico molecular docking analysis
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We have employed a co-precipitation method to synthesize different concentrations of carbon spheres

(CSs) doped with cadmium sulfide (CdS) quantum dots (QDs) for catalytic reduction and antibacterial

applications. Various morphological and structural characterization techniques were used to

comprehensively analyze the CS effect on CdS QDs. The catalytic reduction efficiency of CS-doped CdS

QDs was evaluated using rhodamine B dye. The antibacterial efficacy was also assessed against the

pathogenic microorganism Escherichia coli (E. coli), and substantial destruction in the inhibitory zone

was measured. Finally, the synthesized CS-doped CdS QDs demonstrated favorable results for catalytic

reduction and antibacterial applications. Computational studies verified the suppressive impact of these

formed QDs on DNA gyrase and b-lactamase of E. coli.
1. Introduction

Water is an indispensable component of living things and plays
an integral part in the growth of industry and economic activity
across the globe. As drinkable water is becoming polluted
worldwide, exploring different water purication methods and
developing new ones is more critical than ever. Because of their
potentially harmful effects, organic contaminants found in
wastewater from industrial and agricultural processes pose
a signicant risk to aquatic life and other forms of life. Waste-
water from industries producing leather, pulp, polymer, fabric,
pharmaceuticals, and pesticides contains many organic toxins,
especially dyes, which pollute water and damage life on Earth.1

Approximately ten to een percent of these dyes are released
directly into the environment and aquatic bodies.2 The removal
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of dyes has been accomplished using the processes of
membrane ltering,3 ozonation,4 catalytic reduction,5,6 and
adsorption7 in a variety of different ways. Catalytic reduction is
believed to be good for the environment, energy efficient,
economically viable, and very effective in totally mineralizing
and oxidizing dangerous organics.8,9

On the other hand, bovine mastitis is the disease that affects
cows most frequently; it is the cause of alterations in milk quality
and quantity, as well as an increase in the number of cullings,
which can result in signicant nancial losses. Mastitis prog-
resses through two stages: the clinical stage as well as the
subclinical stage. Clinical mastitis symptoms include soreness,
edema, fever, and irregular milk ow. Subclinical mastitis symp-
toms include an increase in somatic cells, but no other systemic
symptoms or observable changes in the milk are present.10 The
severity of clinical mastitis can range anywhere from mild to
severe.11 One of the most common causes of mastitis is E. coli,
which can also cause toxemia, high fevers, moderate to severe
inammation, and decreased milk production.12

To address these challenges, nanotechnology is currently
employed in many industries, including medicine, food
production, and water purication.13 In recent years, several
types of semiconductors, including CdS, CdSe, ZnSe, CuO, and
ZnO, have been manufactured by employing a variety of
manufacturing processes.14–18 The co-precipitation method is
uncomplicated, cost-effective, and only requires one step.19

Cadmium sulde (CdS) quantum dots (QDs) stand out among
the other types of semiconductors because of their unique
chemical and physical features.20 CdS has a large band gap, with
an energy of 2.42 eV.21 CdS QDs have a high dye degradation
Nanoscale Adv., 2024, 6, 233–246 | 233
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efficiency, making them helpful in treating wastewater and the
catalytic destruction of dyes.

On the other hand, the production of large CdS QDs gave rise
to a reduction in surface area as a result of aggregation as well
as an increase in the rate of exciton recombination.22 To address
this challenge, using carbon spheres is deemed advantageous
in regulating the morphology and dimensions of QDs. Carbon
spheres (CSs) have a large surface area and good electrical
conductivity. When used as a dopant to CdS, CS can modify CdS
properties and enhance its performance in applications such as
photocatalysis and antimicrobial activity.23 The large surface
area of CSs provides a sizeable active site for catalytic reactions,
while their good electrical conductivity enhances charge trans-
fer between CdS and target pollutants. CS thermal stability also
protects CdS from thermal degradation, and its low toxicity
makes it a safer alternative. The characteristics above render CS
a potentially favorable substance for implementation as
a dopant into CdS for an array of applications.23,24

The present study involved the synthesis of CS-doped CdS
quantum dots (QDs) using the co-precipitation technique. The
current research examined the effects of both undoped and
doped specimens on the degradation of RhB and their bacte-
ricidal effectiveness against E. coli. Furthermore, the impact of
dopants on themorphological, optical, structural, and chemical
composition of CdS has been investigated and discussed.

2. Experimental details
2.1 Chemicals

Cadmium chloride (CdCl2) was purchased from PRS. Glucose
(C6H12O6), sodium hydroxide (NaOH), ammonia (NH3), thio-
urea (CH4N2S), sodium borohydride, and rhodamine B were
Fig. 1 Preparation of CS doped CdS QDs.

234 | Nanoscale Adv., 2024, 6, 233–246
obtained from Sigma-Aldrich. Without further purication, all
of the compounds were utilized.

2.2 Synthesis of carbon spheres

The carbonization of glucose by hydrothermal processes resul-
ted in the production of carbon spheres (CSs). Typically, 1 M
glucose solution was stirred until it became transparent and
clear. Aerward, the colloidal solution was placed into an
autoclave with a Teon seal and heated for 12 hours at 180 °C.
The resultant precipitates have been washed with distilled water
numerous times before being dried for a whole night at 100 °C.

2.3 Synthesis of CS doped-cadmium sulphide

To prepare cadmium sulphide QDs, 0.2 M CdCl2, and 0.2 M
CH4N2S solution were mixed under vigorous stirring at 80 °C.
Aer 30 minutes, 1 M NaOH solution was poured dropwise into
the above-prepared colloidal solution to sustain the pH ∼ 12.
Moreover, precipitate formation began, and a xed amount of
NH3 was introduced. Aer this, the solution was continuously
stirred for 2 hours under constant heating at 80 °C. The ob-
tained solution has been centrifuged multiple times at 7000
revolutions per minute for 420 seconds and then heated at 140 °
C for 12 hours. The synthesis of CdS doped with carbon spheres
(CS) at concentrations of 1%, 3%, and 5% has been carried out
using a similar methodology (Fig. 1).

2.4 Isolation and identication of MDR E. coli

2.4.1 Isolation of E. coli
2.4.1.1 Sample collection. Sterile glassware was utilized to

directly milk specied lactating cows and collect raw milk
samples from diverse farms, veterinary hospitals, markets, and
© 2024 The Author(s). Published by the Royal Society of Chemistry
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the Punjab province of Pakistan. As soon as it was collected, the
raw milk was taken into the laboratory and kept at a tempera-
ture of 4 °C. To determine the overall quantity of coliforms that
exist in rawmilk, MacConkey agar was used. At a temperature of
37 °C, each plate was incubated in an incubator for 48 hours.

2.4.1.2 Identication and characterization of bacterial
isolates. To conduct an initial diagnosis of E. coli, the
morphology of the colony was analyzed through the application
of the Gram stain technique. Additionally, a variety of
biochemical assays were performed following Bergey's manual
of determinative bacteriology.25

2.4.2 Antibiotic susceptibility. The antibiotic susceptibility
test was performed using the Bauer et al.26 disc diffusion
method on Mueller–Hinton agar (MHA) (Oxoid Limited,
Basingstoke, UK). The following antibiotics (classes) were used
in the experiment to assess whether or not E. coli was resistant
to certain antibiotics; gentamicin (Gm) 10 mg (aminoglyco-
sides), ciprooxacin (Cip) 5 mg (quinolones), tetracycline (Te) 30
mg (tetracyclines), ceriaxone (Cro) 30 mg (cephalosporins),
azithromycin (Azm) 15 mg (Macrolides), amoxycillin (A) 30 mg
(penicillins), and imipenem (Imi) 10 mg (carbapenem).27 The
turbidity of the Escherichia coli cultures following purication
has been standardized to 0.5 MacFarland. Subsequently, the
sample was dispersed onto MHA, and antibiotic discs were
evenly distributed on the inoculated plate surface, maintaining
a suitable distance between them to avoid any potential
merging of inhibition zones. Following a 24 hour incubation
period at 37 °C, the data were analyzed under guidelines
established by the Laboratory and Clinical Standard Institute.28

A bacterium was deemed MDR if it was shown to be resistant to
at least three antibiotics.29

2.4.3 Antimicrobial activity. Using the agar well diffusion
method, 10 typical isolates of multidrug-resistant E. coli ob-
tained from mastitic milk were used to assess the in vitro anti-
bacterial activity of the produced QDs. MDR E. coli was swabbed
onto MacConkey agar-coated Petri plates at a concentration of
1.5 × 108 CFU ml−1 (0.5 McFarland standard). 6 mm-diameter
holes were drilled into the cork using a sterile cork borer.
This investigation used pure and CS-doped CdS in different
concentrations (0.5 mg/50 mL, 1.0 mg/50 mL). Ciprooxacin
(0.005 mg/50 mL) was utilized as a positive control, while DIW
(50 mL) was used as a negative control.30

2.4.4 Statistical analysis. The statistical evaluation of the
inhibition zone diameters was conducted in SPSS 20 utilizing
one-way analysis of variance (ANOVA) to establish the antimi-
crobial effectiveness concerning the mm of the inhibition
zone.31

2.4.5 Molecular docking analysis. The targets of the current
investigation were E. coli enzymes, DNA gyrase (PDB ID: 6KZX)32

and b-lactamase (PDB ID: 4KZ9, resolution: 1.72)33 involved in
the nucleic acid synthesis and the peptidoglycan pathway,
accordingly. Using the corresponding PDB IDs, the Protein Data
Bank was queried for 3D structures. Sybyl X-2.0 (ref. 34 and 35)
is utilized to predict molecular connections relying on module-
built schematic ligand frameworks. The energy was retained by
replacing natural ligands in water molecules with polar H
© 2024 The Author(s). Published by the Royal Society of Chemistry
atoms. PyMol was utilized to develop a three-dimensional
representation of binding interactions.
2.5 Catalytic reduction of rhodamine B

To determine the efficacy of the catalytic reduction of RhB,
a fresh 0.1 M solution of RhB and a 0.1 M solution of NaBH4

have been prepared. Initially, a freshly made 400 mL NaBH4

solution was added to a 1.5 mL aqueous solution of RhB. In the
second step, 400 mL of the prepared nanocatalyst (pure and
doped CdS QDs) was added to the solution before being mixed
well. To calculate the rate at which the RhB organic dye dete-
riorated, the progression of the absorption reaction was moni-
tored with a UV-vis spectrophotometer at room temperature
aer a predetermined time interval. The effective degradation of
the dye was demonstrated by the transformation of RhB into its
leuco form when a nanocatalyst was added. The percentage of
degradation was calculated as follows:

Degradation% ¼ C0 � Ct

C0

� 100 (1)

where C0 is the initial absorbance and Ct is the concentration at
a specic time aer the incorporation of materials.

2.5.1 Mechanism. The incorporation of a nanocatalyst as
well as a reducing agent is considered a fundamental step that
is believed to exert a pivotal inuence on the catalytic mecha-
nism. A redox reaction took place during the catalytic reduction,
which involved the transfer of electrons (e−) from the reductant
(NaBH4) to the oxidant (RhB). As a direct consequence, the dye
began to degrade because of accepting electrons (Fig. 2). Also,
RhB degradation with a reducing agent (NaBH4) was evaluated
without nanocatalysts; this oxidation–reduction reaction was
time-consuming and exceedingly slow. The addition of nano-
catalysts into oxidation–reduction reactions boosted the
degradation rate, serving as an electron relay and speeding up
the electron transfer from the donor (BH4

−) to the acceptor.
Using QDs increases the adsorption of BH4

− ions and dye
molecules, as QDs provide many active sites, encouraging them
to react with each other more quickly, ultimately leading to
a practical breakdown of the dye.36
2.6 Characterization techniques

Aer being synthesized, CdS and CS-doped CdS QDs were
characterized using elemental, structural, and optical
Fig. 2 Possible mechanism for catalytic reduction of the RhB dye.
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techniques. Energy-dispersive X-ray spectroscopy (EDS, JEOL-
JSM-6460LV) was used for elemental analysis. Powder X-ray
diffraction was used to investigate the structural properties.
Field emission scanning electron microscopy (JEOL-JSM-
6460LV) and high-resolution transmission electron micros-
copy (JEOL JEM 2100F) were used to assess the surface
morphology and the size of the particles. Using ultraviolet-
visible spectroscopy, the optical characteristics were analyzed
and characterized.

3. Results and discussion

X-ray diffraction has been utilized to analyze the polymorphic
structures as well as crystallographic phases of both the as-
synthesized CdS as well as the CS-doped CdS QDs (Fig. 3a).
The CdS QDs synthesized through the co-precipitation tech-
nique displayed the diffraction lines of the (100), (002), (101),
(102), (110), (103), and (112) planes at 2q = 24.9°, 26.6°, 28.3°,
36.8°, 43.9°, 48.1°, and 52.1°, which conrms the hexagonal
phase of CdS corresponding to JCPDS card no. 01-080-0006. The
other two peaks were observed in all samples exhibiting
diffraction lines of the (112) and (240) planes at 2q = 31.9° and
56.9°, which agree with JCPDS card no. 00-015-0086 for
cadmium sulfate (CdSO4) and reveals the orthorhombic struc-
ture. The peaks indicated that the samples are crystalline, with
Fig. 3 (a) XRD and (b–e) SAED patterns of CdS, 1% CS doped CdS, 3%
CS doped CdS, and 5% CS doped CdS QDs, respectively.
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the most intense diffraction peak attributable to the (002)
diffraction plane denoting the preferred formation of CdS
crystallites along the [001] direction.37 Two peaks, exhibiting
diffraction lines of the (002) and (101) planes at 2q = 24.3° and
44.0°, were observed aer CS doping,38 which conrmed the
successful doping of CS to CdS QDs. Moreover, when the
concentration of CS is increased, the broadening of peaks is
observed, and some slight peaks seem to disappear, suggesting
the amorphous nature of carbon.38 The addition of CS does not
affect the hexagonal phase in pristine CdS. According to reports,
CdS exhibiting a hexagonal crystal structure, excellent crystal-
linity, and a substantial surface area has demonstrated
enhanced catalytic activity and superior stability compared to
the pure cubic phases.39 The enhanced catalytic activity of CdS
with a high aspect ratio can be attributed to the connement of
electrons in a specic path, which signicantly impacts the
optical and electrical characteristics of the catalyst.40 Using the
Debye Scherrer equation, D = kl/b cos q, the average crystal
sizes for CdS and CS-CdS (1%, 3%, and 5%) were determined to
be 18.94, 57.93, 60.92 and 85.48 nm, respectively. The crystallite
size increases upon varying the CS concentration, which could
be attributed to the peak broadness and amorphous nature of
CSs. The SAED patterns conrmed the crystallinity of the
synthesized pure and doped CdS QDs (Fig. 3b–e). The rings with
bright spots in the SAED patterns suggest that the CdS and (1, 3,
5 wt%) CS-doped CdS QDs are polycrystalline.

The surface morphology of unmodied and CS-doped CdS
quantum dots was investigated using the SEM technique, as
depicted in Fig. 4. CdS exhibited agglomerated, non-uniform
chunks containing undissolved particles of moderate size
(Fig. 4a). With the addition of CSs; the particles appear to have
a more random attachment, corresponding to their reduced
size (Fig. 4b and c). When the amount of doping was increased,
a morphology identical to a sphere emerged, and particles
started appearing on the surface of chunks (Fig. 4d).

EDS analysis conrmed the elemental composition and
purity of the prepared nanocatalyst, as shown in Fig. 5a–d.
Substantial Cd and S peaks were seen, ensuring that the prep-
aration of CdS was successful. The sodium (Na) peak in the
samples can be attributed to utilizing NaOH during synthesis to
maintain pH. In contrast, the gold (Au) peaks can be traced back
to the coating applied on the samples to mitigate the charging
effects. Using a brass sample holder in the EDS analysis
procedure could have resulted in certain impurities and the
manifestation of insignicant peaks of Cs, In, O, and Zn. In
addition, the chlorine (Cl) peak was seen as a result of the
precursor utilized throughout the synthesis process.

In addition, an EDS mapping analysis was conducted on the
highly doped specimen in its as-prepared form to investigate
the elemental distribution and assess any potential interfacial
contact, as depicted in Fig. 5e–j. The highly doped samples
showed a dispersion of six elements (Cd, S, Na, Cs, Cl, and O).
As discussed earlier, the elements Na, Cs, S, and Cl were
attributed to the utilization of precursor material during the
synthesis process, contamination, and the sample holder
utilized for EDS analysis.
© 2024 The Author(s). Published by the Royal Society of Chemistry



Fig. 4 FESEM images of (a) CdS, (b) 1% CS doped CdS, (c) 3% CS doped CdS and (d) 5% CS doped CdS QDs.
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Using TEM micrographs, the morphological examination of
the samples was investigated (Fig. 6a–d). According to TEM
analysis, CdS (Fig. 6a) exhibited a spheroidal shape with
signicant clustering. Upon the incorporation of 1% CSs, the
particles seemed to agglomerate and take on a spherical shape
(Fig. 6b). Particle size decreases, and dense clusters form when
the doping concentration increases to 3% (Fig. 6c). Tiny parti-
cles can sometimes be found piled on top of one another. The
spherical shape of the particles upon 5% CS doping veries the
accomplishment of CS doping (Fig. 6d). Agglomeration occurs
when forces of attraction are dominant between the particles.
Particles build a network of quantum dots (QDs) by weakly
adhering to one another through overlapping QDs, a manifes-
tation of Brownian agglomeration.41,42 Using the ImageJ so-
ware, the particle size was determined to be 12.94 nm for pure
CdS QDs, 9.16 nm for CdS QDs with 1% CS doping, 7.42 nm for
CdS QDs with 3% CS doping, and 6.89 nm for CdS QDs with 5%
CS doping. Moreover, the decrease in particle size with
increasing doping concentration may result in an enhanced
surface area of the particle, which ultimately results in dye
degradation as well as antimicrobial activity.

Furthermore, the measurement of the interlayer spacing of
the CdS quantum dots yielded a value of 0.339 nm, which is
consistent with the X-ray diffraction measurement obtained
from the crystallographic (002) plane, as depicted in Fig. 7a. The
observed trend in the present study indicates a gradual reduc-
tion in the d spacing, with values ranging from 0.330 to
0.326 nm, in response to an increase in the doping concentra-
tion of CSs (Fig. 7b–d).

To analyze the optical properties, the prepared samples,
including CdS and CS-doped CdS QDs, their UV-vis absorption
© 2024 The Author(s). Published by the Royal Society of Chemistry
spectra were examined, as shown in Fig. 8a. At a wavelength of
505 nm, the edge of the absorption band for CdS was designated
by the transition of an electron from the 4d state of Cd to the 3p
state of S, respectively.43,44 Following the introduction of doping,
a blueshi has been observed in the absorption spectra,
accompanied by slightly high band gap energy (Eg) values,
manifested as the quantum connement effect.45,46 Moreover,
bandgap energy (Eg) was calculated using the Tauc equation
(Fig. 8b). The Eg was found to be 2.42 eV for CdS, 2.51 eV for
1 wt% CS-doped CdS QDs, 2.53 eV for 3% CS-doped CdS, and
2.56 eV for 5 wt% CS-doped CdS.

The current investigation assessed the potential application
of both pure and doped CdS QDs through catalytic degradation
of RhB dye in the presence of NaBH4, as depicted in Fig. 9. Since
dye sludge is commonly released at different pH levels, the
catalytic performance of the synthesized nanocatalysts is
assessed at several pH values 4 (acidic), 7 (neutral), and 12
(basic). The acidic pH was maintained at 4 using H2SO4, while
the basic pH was adjusted to 12 by incorporating NaOH. Fig. 9
shows that NaBH4 in the absence of a nanocatalyst shows
a minimal degradation efficiency of 14.28% in acidic, 28.57% in
basic, and 11.11% in neutral media. The breakdown of RhB
involves the transfer of electrons from NaBH4 to the dye. Still,
the effectiveness of the reduction was constrained by the
signicant difference in redox potential between RhB and
BH4

−.47 Upon the incorporation of pure and (1%, 3%, and 5%)
CS doped CdS QDs into a mixture of the dye and NaBH4, the
maximum degradation efficiency was observed to be 84.57,
84.71, 85.28, and 89% in acidic, 36.71, 37.28, 66.28, and 73.14%
in basic and 27.55, 42.22, 52.55, and 69% in neutral media. The
nanocatalyst in pure and doped CdS QDs served as a bridge
Nanoscale Adv., 2024, 6, 233–246 | 237



Fig. 5 EDS analysis of (a) CdS, (b) 1%CS dopedCdS, (c) 3% CS dopedCdS and (d) 5% CS doped CdS; (e–j) elemental mapping of 5%CS dopedCdS
QDs.
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between the high redox potential and the catalyzed degradation
of the dye molecules by relaying the electrons absorbed from
BH4

− ions. The RhB molecules could diffuse via the pores and
channels in the pure and doped CdS QDs, increasing the
interactions between the nanocatalyst, BH4

− and RhB.48 RhB
238 | Nanoscale Adv., 2024, 6, 233–246
degraded more effectively in acidic media than in other media,
related to the higher generation of H+ ions available for
absorption on the surface of the QDs. In a basic medium
(NaOH), as the number of hydroxyl groups increases, reduced
products are oxidized, which lowers catalytic effectiveness. The
© 2024 The Author(s). Published by the Royal Society of Chemistry



Fig. 6 TEM micrographs of (a) CdS, (b) 1% CS doped CdS, (c) 3% CS doped CdS and (d) 5% CS doped CdS QDs.

Fig. 7 Interlayer spacing of (a) CdS, (b) 1% CS doped CdS, (c) 3% CS doped CdS and (d) 5% CS doped CdS QDs.

© 2024 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2024, 6, 233–246 | 239
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Fig. 8 (a) Absorption spectra and (b) Eg by using the Tauc plot of pristine and CS doped CdS QDs.

Fig. 9 Catalytic reduction of RhB dye using the prepared nanocatalyst.
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surface area, shape, and crystallinity of QDs affect catalytic
activity.49,50 Catalysts with more signicant surface area are
frequently used since they provide more active sites and exhibit
superior catalytic effectiveness.51,52 As such, the increase in
catalytic effectiveness in this study is attributable to the
morphological alteration (quantum dots), which increased the
surface-to-volume ratio and offered more surface area for the
reaction to occur on account of a decrease in particle size.
Table 1 Comparison table for the degradation of dyes

Nanocatalysts Synthesis approach

CdS/ZnO Hydrothermal and photochemical
CdS nanorods Solvothermal method
CdS/MoS2 Solvothermal method
Bi/CdS/TiO2 nanotubes Successive ionic layer adsorption and reactio
CdS/TiO2 Chemical precipitation technique
CS/CdS Co precipitation

240 | Nanoscale Adv., 2024, 6, 233–246
Moreover, the comparison of the present work with the litera-
ture is presented in Table 1.

In addition, from the above ndings, an effective degrada-
tion was observed in an acidic medium; therefore, a stability
and reusability test was carried out in an acidic medium. To
conduct the stability test, the samples were stored for 72 hours
and examined aer every 24 hours. Almost minimal discernible
change was observed in the nanocatalyst stability even aer 72
hours (Fig. 10b). Moreover, to make the nanocatalysts reusable,
they were centrifuged, washed, and dried before the next
experiment. As shown in Fig. 10b, the catalytic reduction
performance of the RhB dye was not signicantly impacted even
aer being subjected to ve cycles. In each run, it demonstrated
excellent performance as well as stability. Based on these
results, the synthesized nanocatalyst has a high stability level
and can be reused for the catalytic reduction of organic
contaminants. To get a deeper comprehension of the degrada-
tion process, trapping studies were conducted to examine the
active species involved in the degradation of RhB. As seen in
Fig. 10c, degradation of RhB exhibits no variation in the pres-
ence of 1, 4-benzoquinone (BQ, quencher of cO2

−), which
implies that cO2

− is not the predominant reactive species for the
degradation process. The inclusion of isopropanol (IPA), known
to quench hydroxyl radicals (cOH), resulted in the deceleration
of degradation of RhB. In contrast, adding ethyl-
enediaminetetraacetic acid disodium (EDTA-2Na) quenches H+,
resulting in total suppression of degradation. This observation
Dye Outcomes References

RhB 85% in 8 hours 53
RhB 88.4% in 2 hours 54
RhB 84% in 2 hours 55

n (SILAR) method RhB 85.41% in 2 hours 56
AB-29 84% 57
RhB 89% in 2 minutes Present work

© 2024 The Author(s). Published by the Royal Society of Chemistry



Fig. 10 (a) Stability and (b) reusability of the synthesized nanocatalyst for degradation of RhB dye in an acidic medium; (c) trapping experiment of
active species during degradation of RhB.

Paper Nanoscale Advances
indicates that H+ is the predominant active species and signif-
icantly inuences the degradation process, further supported by
the involvement of cOH, whereas cO2

− plays a trivial role in the
overall catalysis process.

The antibacterial efficiency of the prepared samples against
Gram-negative bacteria (E. coli) is summarized in Table 2. The
inhibition zone was recorded to between 0–2.85 mm against low
dose (500 mg/50 mL) and 0.60–3.50 mm against high dose (1000
Table 2 The antibacterial efficiency of the prepared QDs

Samples 500 mg/50 mL 1000 mg/50 mL

CdS 0 0.60
1% CS-CdS 1.65 2.10
3% CS-CdS 2.05 2.45
5% CS-CdS 2.85 3.50
Ciprooxacin 5.00 5.00
DIW 0 0

© 2024 The Author(s). Published by the Royal Society of Chemistry
mg/50 mL) for pure and 1%, 3%, and 5% CS doped CdS QDs,
respectively (Fig. 11a). All concentrations of synthesized
samples at low dosage displayed minimal efficacies (Fig. 11b).
In addition to this, an inhibition zone of 5.00 mm against
ciprooxacin (the positive control) and 0 mm DIW (the negative
control) has been measured. A negligible efficacy was shown by
CdS QDs for E. coli at low and high doses, respectively, as shown
in Fig. 11a and b. The effectiveness and inhibition zone both
gradually increased with an increase in the doping concentra-
tion. The literature comparison of the present study with
previous results is summarized in Table 3.

The limited impact of cadmium inhibitory actions, which are
localized to a single channel of action, contributes to a reduc-
tion in CdS effectiveness as an antibacterial agent. Cadmium
can pass through cell membranes and take up replicative
potential, which ultimately results in antimicrobial action.58

The key molecular processes by which quantum dots show their
antimicrobial activity are the breakdown of cell walls and
membranes, the generation of reactive oxygen species (ROS),
Nanoscale Adv., 2024, 6, 233–246 | 241



Fig. 11 Graphical representation of antibacterial activity of the E. coli pathogen: (a) inhibition zone (mm) and (b) efficacy.

Table 3 Literature comparison study of antibacterial activity with
present work

Nanocatalysts
Reduction of the
inhibition zone References

CdS QDs 0.60 mm 2
CdS 0.83 mg ml−1 59
CS/g-C3N4/CdS 2.45 mm 60
CdS–Ag2S 86.4% 61
CdS QDs 22.5% 62
5% CS-CdS 3.50 Present work

Nanoscale Advances Paper
and the inhibition of genetic material (DNA/RNA) binding,
thereby impeding cell replication. As QD size has an inverse
relationship to microbicidal activity, the effectiveness of QDs
against microbes also depends on their concentration and
diameter. A bacterial burst is caused by the evacuation of
Fig. 12 Proposed mechanism of antibacterial activity.

242 | Nanoscale Adv., 2024, 6, 233–246
cytoplasmic organelles and is caused by the efficient production
of ROS by the smaller diameter QDs, which causes bacterial cell
membrane breakdown. The electrostatic interaction between
cationic Cd2+ ions and anionic bacterial membrane compo-
nents is thought to cause death of harmful bacteria.2 A possible
mechanism of antibacterial activity is demonstrated in Fig. 12.

Extensive research has been conducted on the microbicidal
efficacy of nanomaterials containingmetal ions and their ability
to adhere to bacteria through electrostatic, hydrophobic, or van
der Waals forces.63,64 Potential interactions between formed
QDs and residues in active sites for chosen enzyme targets were
observed (Fig. 13a and b). These QDs revealed moderate DNA
gyrase binding energies and their interaction with indispens-
able amino acids. Interaction with Ala47, Val71, and Asp73 in
docked complexes was observed with binding scores of 1.61
(Fig. 13c and d), implying a role as a DNA gyrase inhibitor.

The binding patterns of the resulting QDs in b-lactamase E.
coli were almost comparable (Fig. 13b), demonstrating
© 2024 The Author(s). Published by the Royal Society of Chemistry



Fig. 13 3D view of binding interaction of QDs within the active site of DNA gyrase E. coli (a) and b-lactamase (b). Binding interaction patterns of
CS-CdS (c) (3D) and (d) (2D) of DNA gyrase and (e) (3D) and (f) (2D) of CS-CdS inside the active pocket of b-lactamase from E. coli.
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a superimposed alkyl association with the Arg232, Ala231, and
Pro38 amino acids of the active pocket and an overall binding
score of 1.84 (Fig. 13e and f).

In silico results are close to in vitro bactericidal activity of E.
coli, and CS-CdS quantum dots have been viewed as potential
inhibitors that require further investigation. Moreover, these
QDs are proposed to be potential inhibitors of b-lactamase and
DNA gyrase enzymes based on in silico predictions correlating
with antibacterial activities against E. coli.
4. Conclusion

The co-precipitation method successfully synthesized different
concentrations (1, 3, and 5 wt%) of CS-doped CdS. Several
© 2024 The Author(s). Published by the Royal Society of Chemistry
diffraction peaks were observed in the XRD pattern, which
conrmed the successful preparation of hexagonal CdS. More-
over, the most intense (002) diffraction plane denoted the
preferred formation of CdS crystallites along the [001] direction.
Two diffraction peaks of CS were identied at 2q = 24.3° and
44.0° and an increase in crystallite size was found upon doping.
SEM analysis shows that the prepared samples exhibited a non-
uniform chunk-like structure with medium-sized particles. The
EDS examination revealed the acute and intense peaks of Cd
and S, indicating that the product is exceptionally pure. A
quantum dot morphology of the CdS was observed, and
agglomeration of the particles upon CS doping was shown
during TEM analysis, decreasing particle size. A UV-visible
spectroscopy study noted a prominent absorption band at
Nanoscale Adv., 2024, 6, 233–246 | 243
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505 nm. Furthermore, 5% CS-doped CdS QDs showed consid-
erable degradation of RhB (89%) in an acidic solution due to
morphological changes that occurred aer CS doping. Due to
the production of ROS, the maximum inhibitory zone against E.
coli was observed to be 3.5 mm.
Data availability

On-demand, data will be available from the corresponding
author.
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