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ance and antibacterial behaviour
with molecular docking analysis of silver and
polyacrylic acid doped graphene quantum dots†

Tahreem Aziz,a Muhammad Imran,a Ali Haider, b Anum Shahzadi,c

Muhammad Zain Ul Abidin,d Anwar Ul-Hamid, *e Walid Nabgan, *f

Mohammed M. Algaradah,g Ahmed M. Foudah and Muhammad Ikram *d

In this research, a fixed concentration (3 wt%) of Ag/PAA and PAA/Ag doped graphene quantumdots (GQDs)

were synthesized using the co-precipitation technique. A variety of characterization techniques were

employed to synthesize samples to investigate their optical, morphological, structural, and compositional

analyses, antimicrobial efficacy, and dye degradation potential with molecular docking analysis. GQDs

have high solubility, narrow band gaps, and are suitable for electron acceptors and donors but show less

adsorption and catalytic behavior. Incorporating polyacrylic acid (PAA) into GQDs increases the catalytic

and antibacterial activities due to the carboxylic group (–COOH). Furthermore, introducing silver (Ag)

increased the degradation of dye and microbes as it had a high surface-to-volume ratio. In addition,

molecular docking studies were used to decipher the mechanism underlying the bactericidal action of

silver and polyacrylic acid-doped graphene quantum dots and revealed inhibition of b-lactamase and

DNA gyrase.
1. Introduction

Urban sprawl and rapid industry growth have exacerbated
freshwater scarcity.1 Industries like paper, textiles, food, leather,
and plastic release harmful chemicals, synthetic dyes, heavy
metals, and other organic pollutants into the water reservoir,
leading to water contamination.2 7 × 105 tons of dyes originate
from textile industries per year, such as safranin dye, methylene
blue (MB), methyl orange, methyl red, and rhodamine B dye
(RhB). RhB (C28H31N2O3Cl) belongs to the family of xanthene
dyes, released directly or indirectly into water resources,
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threatening human beings with various diseases like cancer,
skin irritation, renal failure, respiratory disorders, eye burns,
and hepatic dysfunction.3–5 Moreover, effluent water contains
infective agents, including algae, viruses, bacteria, and other
microorganisms.6 The most common multidrug resistance
(MDR) bacterium, Escherichia coli (E. coli), is responsible for
nosocomial infection7 and causes 2.5 million deaths of children
every year from diarrhea.8 Degrading organic pollutants and
removing metallic ions or pathogens from wastewater is
imperative for water purication. Several techniques have been
manifested for treating contaminated water, including ion
exchange, membrane ltration, adsorption/precipitation,
photo-catalysis, catalysis, electrochemical, and enzymatic
decomposition.9–11 Among these, catalysis in the presence of
a nano-material has gained much attention attributed to its
environmentally friendly nature, cost-effectiveness, and excel-
lent efficiency in water purication.12 Nano-materials have
proven to be a practical eld for wastewater remediation due to
their different physical and chemical properties, like shape,
size, and surface area to volume ratio, which play a productive
role in the purication of contaminated water.13–15 Nano-
materials (ZnO, TiO2, CeO2, CdS, and La2O3) can remove
heavy metal ions, toxic dyes, and other infectious bacteria.16,17

Among these, semiconductor nano-materials are successfully
utilized for catalytic dye degradation even with a sufficient band
gap.18 A two-dimensional (2D) gapless semiconductor graphene
discovered in 2004 became of particular interest to researchers
because of having excellent electrical properties, high surface
© 2023 The Author(s). Published by the Royal Society of Chemistry
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area (2630 m2 g−1), less toxicity, and high thermal conductivity
(5000 W m−1 K−1).19,20 Graphene has been intensively used as
a catalyst for degrading pollutants and has wide applications in
sensors, solar cells, and batteries.21,22 Among graphene nano-
structures, thin layers GQDs (100 nm) have gained a lot of
attention23,24 for characteristics like photoluminescence, high
stability, narrow bandgap energy, good electron acceptors, and
donors.25,26 But its applications are limited due to low solubility,
poor luminescence,27 and inferior catalytic. To enhance the
catalytic activity, doping with metals, nonmetals, and polymers
has been suggested. Incorporating an organic polymer such as
PAA increases the catalytic and antibacterial activities due to the
presence of a carboxylic group (–COOH). It is a protective
capping agent, capturing heavy metals from polluted water.28

The doping of inorganic metals such as Ag increased the
degradation of dye andmicrobes because of the high surface-to-
volume ratio.29 The combination of Ag and PAA dopants
provides a large surface area for the adsorption of pollutants.30

Two approaches (top-down and bottom-up) are applied to the
synthesis GQDs in top-down method focuses on breaking the
precursors such as carbon bres, graphene sheets, and other
carbonaceous compounds. In contrast, the bottom-up approach
involves assembling basic units into nano-material.31 In the
present study, a simple bottom-up method involving pyrolysis
of glucose was used to prepare GQDs from the organic precursor
to investigate the catalytic efficacy against RhB degradation and
bactericidal potency for E. coli. This research contributes to
discovering multifunctional, defensible, eco-friendly, and
economic catalysts for maintaining water standards by reducing
toxic products and blocking bacterial cell proliferation.

2. Experimental
2.1 Materials and reagents

Glucose (C6H12O6, 99.5%), ammonia solution (33%), polyacrylic
acid (C3H4O2)n, AgNO3, 99.8%, and HCl, 37% were acquired
from Sigma Aldrich.

2.1.1 Synthesis of GQDs, PAA, and Ag-doped GQDs. To
synthesize GQDs, pyrolysis of glucose was performed. Initially,
4 g of glucose was heated at 260 °C to liquefy, and aer 20 min,
the yellow color shied to orange. Subsequently, NH3 solution
(12.5%) was incorporated dropwise to liquefy glucose under
continuous stirring at 70 °C for 3 h to remove the ammonia
odor. To obtain neutral pH, HCl was added, and the mixture
was stirred magnetically at 150 °C for 12 h and crushed to get
a ne powder, as shown in Fig. 1.

2.1.2 Synthesis of Ag/PAA-doped GQDs. For doping, xed
amounts of (3 wt%) Ag and PAA were added into the prepared
GQDs solution at pH around 12 under vigorous stirring (Fig. 1).
The mixture was heated for two hours at 100 °C, centrifuged
twice at 7000 rpm for 7 min, then washed with DI water to
obtain precipitates. Ultimately, the residues were dried over-
night at 100 °C to obtain a rened powder of Ag/PAA-GQDs.

2.1.3 Synthesis of PAA/Ag-doped GQDs. Fixed amounts of
(3 wt%) PAA and Ag were introduced into the synthesized GQDs
solution at pH ∼ 12 under continuous stirring for the required
nanocomposite (Fig. 1). To obtain precipitates; the mixture was
© 2023 The Author(s). Published by the Royal Society of Chemistry
heated for 2 h at 100 °C, centrifuged two times at 7000 rpm for
7 min and then cleaned with DI water. Finally, residues were
dried overnight at 100 °C to obtain a ne powder of PAA/Ag-
GQDs.

2.2 Instrumental measurements

2.2.1 Catalytic activity (CA). The CA of pure and doped
GQDs was examined in the presence of a reducing agent
(NaBH4) and an oxidizing agent, rhodamine B (RhB), for the
degradation of RhB. Freshly prepared 1.5 mL of RhB solution
was added to the quartz cuvette containing 400 mL of prepared
0.1 M NaBH4. Moreover, 400 mL of the prepared sample was
dissolved into the solution. In the presence of NaBH4, RhB was
reduced to leuco RhB (LRhB), conrming the dye degradation.
The following equation calculated degradation efficiency:
degradation (%) = (C0 − Ct)/C0 × 100%, where C0 and Ct are the
initial and nal concentrations of RhB.

2.2.2 Catalysis mechanism. The mechanism for the cata-
lytic degradation of RhB involves the redox reaction between
NaBH4 and RhB. Initially, reactants adsorbed onto the surface
of nano-material, NaBH4 dissociates into BH4

− and H+ ions
which RhB accepts, favoring the breakdown of organic dye.
However, in the presence of NaBH4 reaction was slow; to
accelerate the degradation rate, synthesized specimens were
added as catalysts. The enhanced catalytic rate was related to
the signicant interaction among the nucleophilic reducing
agent and electrophilic dye on the large surface area of
quantum dots. The catalyst functions as an electron relay,
permitting the transfer of electrons and detached H atoms from
BH4

− to the cationic dye that results in the breakage of the
double bond byp conjugation. Finally, pink RhB was reduced to
colorless LRhB,32,33 as shown in Fig. 2.

2.3 Biological activity

2.3.1 Sample collection. Direct milking into sterile glass-
ware collected raw milk samples from lactating cows marketed
at various markets, veterinary facilities, and farms in Punjab,
Pakistan. Milk samples were brought to the lab aer being
acquired at 4 °C. Gram-negative (G−ve) E. coli bacteria found in
raw milk were counted on MacConkey agar (MA). Cultured
specimens were incubated for 48 h at 37 °C.

2.3.2 Identication and characterization of bacterial
isolates. Using Bergey's Manual of Determinative Bacteriology
as a reference, different biochemical and morphological strat-
egies as gram staining based on colony morphology were
applied to identify E. coli bacteria.34

2.3.2.1 Antibiotic susceptibility. On Mueller Hinton agar
(MHA), the Bauer et al.35 disk diffusionmethod was employed to
conduct the antibiotic susceptibility test. The test was con-
ducted to analyze whether the E. coli was resistant to the
following antibiotics (classes); ceriaxone (Cro) 30 × 10−6 g
(cephalosporins), gentamicin (Gm) 10 mg (aminoglycosides),
ciprooxacin (Cip) 5 × 10−6 g (Quinolones), tetracycline (Te) 30
× 10−6 g (tetracyclines), imipenem (Imi) 10 × 10−6 g (carbape-
nem), amoxycillin (A) 30 × 10−6 g (penicillins), and azi-
thromycin (Azm) 15 × 10−6 g (macrolides).36 E. coli puried
RSC Adv., 2023, 13, 28008–28020 | 28009
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Fig. 1 Schematic synthesis of GQDs, Ag/PAA-GQDs and PAA/Ag-GQDs.
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cultures were cultivated, and turbidity was brought to 0.5
MacFarland. Aer that, it was spread-plated on Muller Hinton
Agar (MHA) (Oxoid Limited, Basingstoke, UK), and antibiotic
disks were positioned apart from the inoculated infected plate′s
Fig. 2 Schematic diagram of the catalysis mechanism of GQDs, Ag/PAA

28010 | RSC Adv., 2023, 13, 28008–28020
surface to preclude the overlap of inhibitory zones. Clinical and
Laboratory Standard Institute was utilized to explain the results
aer the incubation of plates for 24 h at 37 °C.37 Bacterium was
proclaimed MDR if shown to resist at least three drugs.38
-GQDs, and PAA/Ag-GQDs.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) XRD patterns, (b) FTIR spectra, (c–e) SAED images of Ag/PAA-GQDs and PAA/Ag-GQDs.
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2.3.2.2 Antimicrobial activity. Agar well diffusion procedure
was employed to assay the in vitro antimicrobial potential of
pure and doped GQDs upon ten isolates of MDR E. coli collected
from mastitic milk by swabbing 1.5 × 108 CFU mL−1 (0.5
McFarland standard) MDR E. coli on MA. A sterile cork bore was
used to bore well on MA plates having a diameter of 6 mm. Each
well was lled with distinct concentrations as (0.5 mg/50 mL)
Fig. 4 (a) UV-visible spectra, (b) band gap energies of GQDs, Ag/PAA-G

© 2023 The Author(s). Published by the Royal Society of Chemistry
and (1.0 mg/50 mL) of prepared samples by micropipette in
contrast to ciprooxacin (0.005 mg mL−1) and deionized water
(50 mL) referred as a positive and negative control, respectively.39

2.3.2.3 Statistical analysis. The inhibition zone in millime-
ters (mm) and inhibition zone diameters were determined by
one-way analysis of variance (ANOVA) utilizing SPSS 20 for
estimating the antimicrobial efficacy.40
QDs, and PAA/Ag-GQDs.

RSC Adv., 2023, 13, 28008–28020 | 28011
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Fig. 5 TEM analysis of (a) GQDs, (b) Ag/PAA-GQDs, and (c) PAA/Ag-GQDs samples.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Se

pt
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 1

1/
8/

20
25

 3
:1

0:
16

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
2.4 Molecular docking analysis

The cell wall production process disruption has been sug-
gested as an attractive target for antibiotic research and as
a possible mechanism behind the bactericidal action of
Fig. 6 HR-TEM micrographs of synthesized (a) GQDs, (b) Ag/PAA-GQD

28012 | RSC Adv., 2023, 13, 28008–28020
different nanostructures. Enzymes pertaining to peptido-
glycan production have enormous signicance for the iden-
tication of novel antibacterial drugs since their inhibition
results in the destruction of the cell wall and, eventually, the
death of bacteria.41,42 Similarly, enzymes pertaining to nucleic
s, and (c) PAA/Ag-GQDs.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 EDS analysis of (a) GQDs (b) Ag/PAA-GQDs (c) PAA/Ag-GQDs.
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acid biosynthesis, particularly DNA gyrase, have a signicant
impact on the identication of antibiotics.43 Here, we evalu-
ated the inhibitory ability of silver and polyacrylic acid-doped
graphene quantum dots against b-lactamase and DNA gyrase
enzymes from E. coli. Crystal structures of b-lactamase and
DNA gyrase from E. coli were acquired from RCSB PDB
(https://www.rcsb.org) with PDB codes 4KZ9 (resolution:
1.72)44 and 5MMN (resolution: 1.90).45 The docking
investigation was executed using the SYBYL-X 2.0 program,
as described in our previous studies.46,47 The 3D structures of
the chosen compounds were generated using the Sybyl-X2.0/
SKETCH module (Fig. S1†). Subsequently, energy reduction
was performed using the Tripos force eld, using Gasteiger
Hückel atomic charges. The Surex-Dock module, a compo-
nent of the SYBYL-X 2.0 molecular modelling soware
program, was used to conduct exible molecular docking
simulations. These simulations aimed to investigate the
binding interactions between nanoparticles and the active
site residues of certain proteins. Hydrogen atoms were inad-
vertently omitted. The allocation of atomic types and appli-
cation of atomic charges were carried out in accordance with
the AMBER 7 FF99 force eld. Ultimately, by using the Powell
method with a convergence gradient of 0.5 kcal (mol−1 A−1)
over a span of 1000 cycles, the energy was successfully
reduced in order to mitigate steric conicts. In order to
ensure accuracy and reliability, a minimum of 20 optimal
docked conformations were denitively preserved for each
ligand–receptor complex system. The Hammerhead scoring
system was used for the evaluation of the most favorable
putative ligand conformations. The Surex dock module
employs an empirically derived consensus scoring function
called cScore to generate and prioritize hypothetical orienta-
tions of ligand fragments.
© 2023 The Author(s). Published by the Royal Society of Chemistry
3. Results and discussion
3.1 Characterization of catalyst

The crystalline phase purity and structural information of
synthesized samples were assessed through XRD ranging from
10° to 60° (Fig. 3a). XRD peak of GQDs at 25.2° corresponds to
the (002) plane.48 Upon Ag/PAA doping, two distinct peaks were
observed at 38.2° and 44.4° for (111) and (200) planes of cubic
crystal structure (JCPDS No. 01-087-0718). Peaks shi towards
a higher 2q value upon incorporating Ag, conrmed interstitial
site of Ag.49 Furthermore, a broad diffraction peak observed at
18.7° corresponds to PAA and shows its amorphous nature.50

FTIR Spectroscopy was utilized to determine the nature of
surface functional groups. The transmittance band at
3380 cm−1 was ascribed to the stretching vibration of the
hydroxyl (–OH) group.51 The vibration band at 1460 cm−1 is
assigned to the vibration of –C]C bonds of the aromatic
system.52,53 The band of the –C]O group (stretching mode) was
centered at around 1650 cm−1, evidenced by the edges func-
tionality of the –C]O group.52,54,55 The week –C–O stretching
peak was also observed at ∼1050 cm−1.56 Incorporating Ag and
PAA into prepared GQDs indicated that one of the bands was
shied with decreased intensity due to metal–polymer interac-
tions57 (Fig. 3b). The selected area diffraction (SAED) pattern of
GQDs, Ag/PAA-GQDs, and PAA/Ag-GQDs NSs showed bright
rings associated with distinct XRD planes (002), (111), and (200)
(Fig. 3c–e).

UV-VIS spectroscopy was utilized to analyze the optical
properties of synthesized samples. GQDs showed absorption in
the range of ∼260–320 nm,58 and a strong absorption peak was
observed at ∼280 nm, attributed to p–p* electronic transition
of graphitic C]C domains in sp2 cluster59,60 as elaborated in
(Fig. 4a). Tauc plot was used to calculate the band gap energy
RSC Adv., 2023, 13, 28008–28020 | 28013
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(Eg) of GQDs as 3.5 eV, consistent with previously published
data.61,62 Eg of GQDs in the presence of capping was decreased
from 3.5 to 3.10 and 3.2 eV. Upon doping, Eg values are the
consequence of the enhanced quantum connement effect with
a decrease in domain size in GQDs63 (Fig. 4b).

TEM analysis was performed to examine synthesized prod-
ucts' morphology and structural properties. TEM images of the
control sample revealed the formation of quantum dots and,
upon doping of Ag-PAA nanorods of Ag, occupied the surface of
GQDs. Incorporating PAA-Ag in GQDs demonstrated an aggre-
gation (Fig. 5a–c).

Additionally, the interlayer distance of GQDs, Ag/PAA-GQDs,
and PAA/Ag-GQDs was calculated from HR-TEM micrographs
using Gatan soware as (0.366 nm, 0.324 nm, 0.325 nm)
(Fig. 6a–c).

EDS spectra revealed carbon and oxygen peaks which
conrmed the presence of GQDs. The prominent oxygen peak in
doped samples generated from PAA, chemical formula
(C3H4O2)n.64 The chloride (Cl) and sodium (Na) peaks ascribed
to HCl and NaOH were used in the synthesis to sustain the pH.
The Ag peak conrmed the existence of Ag in doped samples,
while small Au peaks attributed to the coating on the samples
minimized charging effects52,65 (Fig. 7a–c). Moreover, EDS
mapping of the synthesized doped specimen was utilized to
analyze its elemental constituent distribution pattern to check
additional interfacial contact (Fig. 8a–c). Two components (Cu
Fig. 8 EDS mapping of (a) GQDs (b) Ag/PAA-GQDs (c) PAA/Ag-GQDs.

28014 | RSC Adv., 2023, 13, 28008–28020
and O) were found to spread in doped samples. As mentioned,
O, Cu, and Zn were assigned to contamination, the sample
holder used for EDS analysis.

3.2 Catalytic properties of GQDs, Ag/PAA-GQDs, and PAA/Ag-
GQDs

A UV-Vis spectrophotometer (200–800 nm) was used to assess
the catalytic efficiency of Ag/PAA-GQDs and PAA/Ag-GQDs with
NaBH4 in acidic, basic, and neutral conditions. The spectro-
scopic results revealed the RhB degradation with some
approximate errors (72.4± 0.8, 66.4± 0.9, 66.1± 1%) in neutral
medium (pH = 7), (54. ± 1.3, 50.2 ± 2, 57.4 ± 2.3%) in basic
medium (pH = 12) and (62.1 ± 1.1, 63.5 ± 1.8, 44.7 ± 2.2%) in
acidic medium (pH = 4) illustrated in (Fig. 9a–c). The reduction
of RhB occurred slowly (40 min) without a catalyst, which was
calculated with some errors in acidic, basic, and neutral media,
25.2 ± 2.28, 21.8 ± 2.3, and 17.0 ± 1.2%, respectively (Fig. 9d).
At pH = 7, the catalyst surface (GQDs) typically acquires
a negative charge, which promotes the adsorption of positively
charged RhB, thus accelerating the degradation rate. In an
acidic medium, catalytic activity was increased, ascribed to the
production of H+ ions that adhere to the nano-material. In
a basic medium, the concentration of hydroxyl ions increases,
resulting in product oxidation and a signicant reduction in
catalytic performance. Upon doping of Ag/PAA, the degradation
potential decreased as the Ag occupied active sites on a nano-
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Catalytic potential of GQDs, Ag/PAA-GQDs, and PAA/Ag-GQDs in (a) acidic, (b) basic, and (c) neutral media (d) catalysis recyclability
studies.
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material, reducing PAA adsorption. The incorporation of PAA/
Ag in pure GQDs led to an increase in catalytic activity due to
the presence of COOH, which exhibited electrostatic interac-
tions with the catalyst.66 The catalytic activity of pristine and
doped GQDs is compared with the literature, as illustrated in
Table 1.
3.3 Efficiency of GQDs, Ag/PAA-GQDs and PAA/Ag-GQDs

Moreover, the reusability of pure and doped GQDs catalysts was
assessed by performing degradation using previously used
samples. During each cycle, the catalyst was separated from the
solution using centrifugation, washed with DI water, and
heated overnight at 60 °C. The reusability of GQDs, Ag/PAA-
GQDs, and PAA/Ag-GQDs were investigated over three
Table 1 Oxidation of RhB with H2O2 in the presence of different catalyt

Nano-materials Catalyst co

Graphene quantum dots decorated titania nanosheets 2 mL
Graphene quantum dots by P doping 100 mg
Graphene quantum dot-based hydrogels 100 mg mL−

Graphene quantum dots from corn powder 1 mg mL−1

Ag and polyacrylic acid (PAA) doped SrO 400 mL
Silver and polyacrylic acid doped graphene quantum dots 400 mL

© 2023 The Author(s). Published by the Royal Society of Chemistry
consecutive cycles (24 h, 48 h, and 72 h) for the RhB degrada-
tion, as depicted in Fig. 9d.

X-ray photoelectron spectroscopy (XPS) was employed to
characterize the spectrum of PAA/Ag-GQDs. The intent was to
ascertain the elemental makeup and chemical nature of
constituent elements. Fig S2a–d† exhibits the narrow range XPS
spectra of generated samples, specically highlighting the Ag O
1s and Ag 3d peaks. The measured binding strength of Ag O 1s
in PAA/Ag-GQDs Fig. S2a† was determined to be 530.8 eV,
therefore consistent with previous investigations.72,73 The
determination of the precise position of the binding strength
spike was accomplished by considering the ionic and electro-
negativity characteristics of constituent atoms within the
molecule. The ndings are comparable with previous charac-
terization techniques74 and conrm that silver nanoparticles are
ic systems

ncentration RhB concentration
Conversion
of RhB (%) Ref.

10.20 mg L−1 56 67
10 mg L−1 58 68

1 10 mg L−1 62 69
10 mg L−1 45 70
3 mL 60.7 71
1.5 mL 66.4 Present work

RSC Adv., 2023, 13, 28008–28020 | 28015
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Table 2 Antimicrobial efficacy of GQDs, Ag/PAA-GQDs and PAA/Ag-
GQDs

Samples

Inhibition
areas (mm)

Inhibition
areas (mm)

0.5 mg/50 mL
1.0 mg/50
mL

GQDs 2.55 4.15
Ag/PAA-GQDs 3.15 5.25
PAA/Ag-GQDs 3.65 5.85
Ciprooxacin 5.75 5.75
DI water 0 0
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efficiently acquired following NaBH4 reduction. On the
contrary, the binding energies of 365.9 eV and 371.9 eV,
accordingly, correspond to Ag 3d5/2 and Ag 3d3/2 Fig. S2b†.75–78

3.4 Biological activity

Antibacterial activity of doped and pure GQDs against E. coli
was evaluated by agar well diffusion strategy. The inhibition
zones were recorded as (4.15–5.85 mm) and (2.55–3.65 mm) at
maximum and minimum doses, summarized in (Table 2). An
inhibition region of 5.75 mm ciprooxacin (positive control)
and 0 nm of DI water (negative control) was calculated as
illustrated in Fig S3a and b.† The inhibition diameter of pure
GQDs was increased as the dopant was incorporated. Nano-
material generated oxidative stress related to the crystallinity,
surface area, and diffusion ability. Ag/PAA-GQDs exhibited
superior antimicrobial performance because Ag provides a large
surface area, producing more reactive oxygen species (ROS) that
lead to cell necrosis. Carboxyl and the hydroxyl group of PAA
increased the production of ROS, leading to the extrusion of
cytoplasmic components that eventually caused bacterial death.
Fig. 10 Binding interaction pattern with active site residues of b-lactam
represents binding pocket, (b and e) 3D structure and (c and f) 2D struc

28016 | RSC Adv., 2023, 13, 28008–28020
Doped GQDs destroy the bacterial cell by membrane distortion,
enzymes inactivation, proteins denaturation, leakage of cyto-
plasmic components and DNA deterioration, etc.,66–68,79–81 as
displayed (Fig. S4†).

In the past few decades, there has been signicant interest in
molecular docking predictions for deciphering the enigma
behind many biological functions. The signicance of cell wall
synthesis (i.e., peptidoglycan production) and the nucleic acid
biosynthetic route for identifying antibiotics is well estab-
lished.82,83 In spite of the fact that the antibacterial activity of
several nanostructures has been described in recent years,84,85

the specic mechanism of their actions requires additional
investigation. The silver and polyacrylic acid-doped graphene
quantum dots had a high binding score (5.13) inside the
binding pocket of the b-lactamase enzyme in E. coli. The
binding interaction pattern with important amino acid residues
is shown in (Fig. 10a–c) viaH-bonding with Gln120 and Asn152.
The molecular docking predictions of silver and polyacrylic acid
doped graphene quantum dots against DNA gyrase of E. coli
revealed H-bonds with key amino acid residues such as Arg76,
Thr165, and Gly77 (shown in Fig. 10d–f).

The binding tendency of silver and polyacrylic acid doped
graphene quantum dots revealed through molecular docking
predicted these NPs as potential inhibitors of b-lactamase and
DNA gyrase enzyme that is suggested to be further conrmed by
in vitro enzyme inhibition techniques.
4. Summary

In this research work, GQDs, Ag/PAA-doped GQDs and PAA/Ag-
doped GQDs were successfully synthesized by the cost-effective
carbonization method to remove various organic and inorganic
hazardous pollutants. XRD diffraction peak of the GQDs is
centered at 25.2° corresponding to the (002) plane with a d-
ase (a–c) and DNA gyrase (d–f) enzyme from E. coli where (a and d)
ture of NPs in the active site of selected proteins.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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spacing of 0.366 nm. The increase in Eg from 3.03 to 3.14 eV
accompanied by blue shi was exposed by UV-Vis spectroscopy.
FTIR conrmed the presence of GQDs by displaying the vibra-
tion band of the sp2 carbon plane. TEM results conrmed that
Ag particles attached to the surface of GQDs and PAA formed
a layer on the surface of GQDs additionally, HRTEM micro-
graphs revealed interlayer d-spacing (0.366 nm, 0.324 nm, 0.325
nm). EDS spectra revealed the presence of C, O, Au, and Ag,
conrming the elemental composition of pristine and doped
GQDs. The maximum RhB deterioration rate of 57.42% and
66.41% in basic and neutral media was observed for pure and
PAA/Ag-GQDs, respectively. In silico docking studies identied
inhibition of b-lactamase and DNA gyrase as potential mecha-
nisms underlying silver and polyacrylic acid doped graphene
quantum dots bactericidal behavior. Furthermore, the signi-
cant inhabitation zone (5.85 mm) of PAA/Ag-GQDs against E.
coli was recorded. In conclusion, these ndings imply that
synthesized pure and doped GQDs effectively eliminate toxic
effluents from industrial wastewater (dye degradation) and are
effective against pathogens, low cost, environment-friendly, and
can be used in the future.
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