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ABSTRACT: The present work demonstrates the systematic incorporation of
different concentrations of graphene oxide (GO) into a fixed amount of
polyacrylic acid (PAA)-doped SnO, quantum dots (QDs) through a co-
precipitation approach. The research aimed to evaluate the catalytic and
antibacterial actions of GO/PAA-SnO, QDs. Moreover, optical properties,
surface morphologies, crystal structures, elemental compositions, and d-spacings
of prepared QDs were examined. X-ray diffraction patterns revealed the
tetragonal configuration of SnO,, and the crystallinity of QDs was suppressed
upon dopants verified by the SAED patterns. Electronic spectra identified the
blue shift by incorporating GO and PAA led to a reduction in band gap energy.
Fourier transform infrared spectra showed the existence of rotational and
vibrational modes associated with the functional groups during the synthesis I
process. A drastic increase in the catalytic efficacy of QDs was observed in the o
neutral medium by including dopants, indicating that GO/PAA-SnO, is a

promising catalyst. GO/PAA-SnO, showed strong bactericidal efficacy against Escherichia coli (E. coli) at higher GO concentrations.
Molecular docking studies predicted the given nanocomposites, i.e., SnO,, PAA-SnO,, and GO/PAA-SnO,, as potential inhibitors of
beta-lactamaseg ; and DNA gyraseg ;.

‘Axnlihac(eriul Moleculardocking

1. INTRODUCTION Using water-containing bacteria causes diseases, such as eye
infection, respiratory tract irritation, skin irritation, and
mastitis."” Mastitis has a significant economic impact on
dairy products. Different factors, including host, environment,

Urbanization and fast industrialization are responsible for the
discharge of many toxic insoluble organic and inorganic
impurities (heavy metals and dyes etc.), destroying aquatic life,

animals, and plants."” According to the World Health seasons, and specific agent parasites, such as Staphylococcus
Organization (WHO), ~2.3 million people die annually from Aureus (S. aureus) and Escherichia Coli (E. coli) are responsible
polluted water that causes diseases like typhoid, diarrhea, for it.>"*!

cholera, hepatitis, and cancer.”* Per annum, 1/10th million Metal—organic frameworks (MOFs) and covalent organic
different dyes are employed, 10—15% of which are discharged frameworks have been considered as two types of organic
directly and indirectly into the environment, causing havoc to materials, in the last few decades, which can be easily made and
life.”* Fabric and paper industries apg)ly different dyes; most of designed due to their properties.”® In recent years, researchers
the dyes are aromatic compounds,” and two major cationic have found great interest in semiconductor nanomaterials
dyes are methylene blue (MB)” and rhodamine blue (RhB).” because of their remarkable physical and chemical properties,
Herein, MB is adopted and explored because of its toxicity, high surface area, and less toxicity. MOFs or porous

extensive usage, and high commitment to biotic degradation.9

To remove impurities from water, different methods like
ozonation,'® membrane filtration,"! adsorption,12 catalytic
reduction, and so forth'”'* have been used. But catalytic
reduction has a great impact showing good catalytic activity,
affordability, and high thermal stability.'”~"” Nanomaterials
possess fast adsorption, catalytic activity, and solubility
attributed to the large surface area and small size. Different
nanomaterials have been used to remove organic pollutants,
inorganic anions, and various types of bacteria from water.'®

coordination polymers are crystalline porous materials
composed of inorganic metal nodes linked by organic linkers
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via coordination bonds.”*** Different types of semiconductor
nanomaterials, such as Li,O;, SnO,, ZnO, MnO,, CdS, and so
forth, are applicable; SnO, has attracted great attention for
purifying drain water. SnO, is an n-type semiconductor with a
wide band gap (E, = 3.6 V)™ and has remarkable properties,
such as electrical conductivity rechargeability, high trans-
mittance in the ultraviolet (UV)—visible (vis) region, low
toxicity, and negligible biological effects. Various methods for
degrading dyes have been adopted for synthesizing metal
oxides, including hydrothermal, co-precipitation, sol—gel, and
so forth.”® From these methods, the co-precipitation technique
is used as it is eco-friendly, inexpensive, energy-efficient, and
easy to use with a short preparation time.”’

However, SnO, has the limitation of a high recombination
rate. To overcome this problem, different polymers like
polyvinyl alcohol (PVA), polyvinylpyrrolidone (PVP), and
polyacrylic acid (PAA) are used, which have great influence as
dopants because of their low-cost and easy processing.”®
Among these, PAA was used as it has the potential to remove
dyes and metal ions from polluted water and overcome
antibacterial activities due to the carboxylic group (COOH).”

Carbon-based materials like amorphous carbon, graphitized
carbon, nanotubes, and graphene are extensively used as matrix
materials with the advantages of flexibility, chemical stability,
and structural heterogeneity.’® Graphene oxide (GO) is a 2D
aromatic compound with a hexagonal lattice of sp> carbon
atoms with a long-range 7-conjugation bond and a monolayer
structure with oxygen functional groups, bearing on the basal
planes and edges of GO sheets. GO is introduced to increase
the concentration of charge carriers in SnO, by increasing
conductivity’' and a larger surface area. This work synthesized
pristine SnO, and doped it with different concentrations of
GO and a fixed amount of PAA via co-precipitation
methodology. The catalytic efficiency of the prepared samples
was examined to remove the synthetic methylene blue (MB)
dye, and bactericidal activity was investigated against E. coli by
the agar well diffusion method. Molecular docking predictions
were performed against enzymes selected from the cell wall
and nucleic acid synthesis pathways, i.e., beta-lactamaseg
and DNA gyraseg .y, respectively.

2. EXPERIMENTAL WORK

2.1. Chemicals. Tin chloride dihydrate (SnCl,-2H,0,
99%), NaOH (99%), poly[acrylic acid (C3H,0,)],, graphite
powder (99.5%), sodium nitrate (NaNO;), potassium
permanganate (KMnO,, 99.5%), hydrogen peroxide (H,0,),
and 2, 2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH) were
purchased from Sigma-Aldrich (Germany). Sulfuric acid
(H,SO,) and hydrochloric acid (HCl) were procured from
Analar.

2.2. Synthesis of Graphene Oxide. For the synthesis of
GO, a modified Hummer’s route was adopted.”” First, 2 g of
graphite powder and 1 g of NaNO; were dissolved in 46 mL of
concentrated H,SO, in an ice bath and stirred for 10 min.
KMnO, was introduced at >5 °C, turning the solution color
from purple to yellow at magnetic stirring on an ice bath for 24
h. Further, 12 mL H,0, was incorporated, and the solution
was centrifuged at 7000 rpm for 7 min and washed with HCl
and deionized (DI) water to obtain a residue. The
accumulation was heated for 12 h to receive a powder that
was converted into a fine powder by grinding, as shown in
Figure la.
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Figure 1. (a) Schematic illustration of GO and (b) synthesis of
pristine and doped SnO,.

2.3. Synthesis of GO/PAA-Doped SnO,. To synthesize
SnO, quantum dots (QDs), 0.5 M of SnCl,2H,0 was
prepared under constant magnetic stirring at 80 °C by the co-
precipitation method. 1 M solution of precipitating agent
NaOH was added in the above solution drop-by-drop to retain
pH ~10, and the precipitate formed. Subsequently, the
colloidal solution was centrifuged at 7000 rpm repeatedly for
8 min to collect the precipitates. The sediments were heated
overnight at 90 °C to obtain nanopowders and later crushed
into a fine powder. Similarly, various concentrations of GO (50
and 100 mg) and a fixed amount of PAA (6 wt %)-doped SnO,
QDs were prepared, as demonstrated in Figure 1b.

2.4. Isolation and Identification of E. coli. 2.4.1. Sample
Collection. Samples from the selected breastfeeding cows are
sucked up directly into sterile glassware and supplied at various
markets, veterinary centers, and farms in Punjab, Pakistan.
After being collected at 4 °C, raw milk was immediately
brought to the lab. On MacConkey agar, pathogens in raw milk
were collected. For 48 h, all plates were cultured at 37 °C.

2.4.2. Identification and Characterization of Bacterial
Isolates. According to Bergey’s Manual of Determinative
Bacteriology, the primary detection of E. coli is based on the
Gran;%stain of colonial morphology and different biochemical
tests.”™”

2.4.3. Antibiotic Susceptibility. Mueller Hinton agar
(MHA) utilized for the disc diffusion method of Bauer et
al** to perform the antimicrobial sensitivity test. The test was
performed to find out whether E. coli was resistant to the
following antibiotics (classes): Ceftriaxone (Cro) 30 pug
(Cephalosporins), Gentamicin (Gm) 10 pg (Aminoglyco-
sides), Ciprofloxacin (Cip) S ug (Quinolones), Tetracycline
(Te) 30 ug (Tetracyclines), Imipenem (Imi) 10 pug
(Carbapenem), Amoxycillin (A) 30 ug (Penicillins), and

https://doi.org/10.1021/acsomega.2c07460
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Azithromycin (Azm) 15 ug (Macrolides).” From these
antibiotics, Ciprofloxacin (Cip) S pg (Quinolones) was
adopted for the antibacterial activity of synthesized GO/
PAA-SnO,. E. coli-purified cultures developed and balanced 0.5
MacFarland turbidity. After that, it was spread-plated on
Muller Hinton Agar (MHA) (Oxoid Limited, Basingstoke,
UK). The antibiotic discs were kept from the infected plate to
prevent the intersection of inhibition zones. The results were
interpreted following the Clinical and Laboratory Standard
Institute®® when plates were incubated at 37 °C for 24 h. A
bacterium is an MDR if it is robust to at least three
antibiotics.”’

2.4.4. Antimicrobial Activity. The antimicrobial sensitivity
of pure and doped SnO, nanoparticles was analyzed by the
agar well diffusion method for 10 characteristic isolates of E.
coli taken from mastitic milk. E. coli at 1.5 108 CFU/mL (0.5
McFarland standard) was swabbed onto MacConkey agar in
Petri plates. Employing a sterile cork borer, 6 mm diameter
wells were created. Various concentrations of GO/PAA-SnO,
incorporated with the prepared well as maximum and
minimum doses. A positive control of ciprofloxacin and a
negative control of DIW were utilized.*®

2.4.5. Statistical Analysis. The inhibition region diameters
were statistically evaluated using one-way analysis of variance
(ANOVA) in SPSS 20 to access the antibacterial activity
measured for the inhibition zone size (mm).*’

2.5. Molecular Docking Studies. The role of molecular
docking studies in revealing mysteries behind numerous
biological activities has gained considerable attention over
the last few decades. Using computational tools to predict the
possible part of a given molecule has made novel drug
discovery more feasible and cost effective. Inhibitors of
enzymes essential for bacterial growth lead to the discovery
of new drug candidates, specifically those belonging to cell wall
synthesis and nucleic acid syntheses like beta-lactamase and
DNA gyrase.”™* Here, we evaluated the binding capacity of
the given nanocomposites, ie., SnO,, PAA-SnO,, and GO/
PAA-SnO,, against these enzyme targets. Molecular docking
calculations were conducted using ICM Molsoft software.” 3D
structural coordinates of enzymes selected as possible targets
were obtained from the protein data bank. The PDB IDs used
for beta-lactamase and DNA gyrase were 4KZ9 (Res: 1.7 A)*
and SMMN (Res: 1.9 A),** respectively. The energy
minimization of enzyme structures was done using the
MMFF94x force field and gradient: 0.05 while the binding
pocket was specified (within S A of native ligand) to obtain a
detailed view of the interaction pattern of the given
nanocomposites inside the active pocket.

The standard protocol of ICM Molsoft was used for protein
structure preparation involving the elimination of water
molecules and native ligands, accumulation of gastegier
charges, and polar H-atoms. The best-docked complexes
were generated in each case for an in-depth analysis (i.e. 10
top-ranked docked conformations). Finally, the 3D-viewer of
ICM Molsoft was used for the graphical representation of
interaction patterns. The ligand structures were prepared using
the Chemdraw and ligedit tool of ICM and the most stable
conformation was produced for every ligand using the
conformational analysis tool.

2.6. Catalytic Activity. The catalytic activity (CA) of GO/
PAA-SnO, was determined in the presence of NaBH, to
decolorize the MB. First, 3 mL aqueous solution of MB was
mixed with a synthesized (400 uL) solution of NaBH, and
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after regular intervals, the absorption rate was calculated.
Subsequently, 400 uL of pure and GOPAA-SnO, was added as
a catalyst under vigorous stirring, and the decolorization of dye
occurred as a result of the redox reaction. By a UV—vis
spectrophotometer, degradation efficiency was examined, and
maximum wavelength (4,,,,) for MB was achieved at 665 nm
for all samples. The CA was calculated by using the %
degradation formula given as

& X 100

C

(o]

% degradation =

where C, represents the initial value of dye and C, shows the
time-dependent concentration.

2.6.1. Catalytic Mechanism. NaBH, acts as a reducing
agent for the catalytic reduction and donates an electron to the
redox reduction. MB is a positive dye that receives an electron
as an oxidizing agent. Redox reaction occurs during CA when
an electron transfers from a reducing agent to an oxidizing
agent. The electron is absorbed by MB and causes the
degradation of synthetic dye. Eventually, MB dye was
evaluated in the presence of NaBH,, which was time
consuming and slow. To solve this issue, the addition of the
nanocatalyst (GO/PAA-Sn0,) into the oxidation—reduction
reaction provides electrons and transferred electrons from
BH™, to MB dye and as a result, MB was reduced into LMB
(Figure 2).

-0+ e
Na BO SH™ YL i )
- \ OH
I:I:L ] L v 2
Y Y
LMB Reduction MB

Figure 2. Schematic illustration of catalysis of doped SnO,.

2.7. Radical Scavenging Assay. To analyze free radical
active species and anti-oxidant activity of nanocomposites, a
modified version of the DPPH scavenging experiment was
adopted. GO/PAA-doped SnO, nanoparticles (50—250 ug/
mL) were mixed with an equal volume of (0.1 mM) DPPH
solution. This mixture was vortexed and incubated for 30 min
at room temperature in the dark. A standard solution of
ascorbic acid was employed as a reference sample. The
degradation of DPPH solution (4 = 517 nm) was employed to

calculate the scavenging rate (%) of each sample by eq 1
scavenging rate (%) = A, — A;/A, X 100 (1)

Ay and A, = control absorbance and standard absorbance.

3. RESULTS AND DISCUSSION

X-ray diffraction (XRD) analysis was employed in the 26 range
from 20 to 60° to investigate the crystal structure, phase
constitution, and crystallinity of pristine and GO/PAA-SnO,,

https://doi.org/10.1021/acsomega.2c07460
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Figure 4. (a—d) Transmission electron microscopy (TEM) morphology of synthesized SnO, and GO/PAA-SnO,.

as illustrated in Figure 3a. The observed diffraction peaks sited
at 26.4° (110), 33.8° (101), 37.7° (200), $1.36° (211), and
56.4° (116) were attributed to the tetragonal structure of SnO,
(JCPDS card 00-041-1445) along with the P42/mm space
group.”® Additional peaks detected at 30.1° (020) and 45.4°
(024) correspond to the anorthic structure of SnO (JCPDS no.
01-085-0423).* The broadness of peaks observed upon the
incorporation of PAA might be associated with its amorphous
nature.”® It is noteworthy that peak intensity increased with a
low concentration of GO to PAA/SnO, relative to a higher
concentration of GO attributed to the anchoring of QDs on
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GO sheets.”” The shifting of peaks toward lower angles upon
doping represented the incorporation of functionalized GO on
SnO, QDs.*® The trend was reversed upon the higher
concentration of GO due to the formation of oxygen-
containing functional groups, including hydroxyl, epoxy, and
carboxyl, that might have enhanced the interlayer distance.”
To elucidate the existence of a functional group present in
the product as pristine and doped SnO,, the Fourier transform
infrared (FTIR) technique was employed, as elaborated in
Figure 3b. Transmittance bands at 3662 and 1650 cm™" can be
attributed to O—H vibrations.”” The band at 625 cm™ is due

https://doi.org/10.1021/acsomega.2c07460
ACS Omega 2023, 8, 5808—-5819
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Figure S. (a—d): d-spacing of SnO, and PAA-SnO,, 50 and 100 mg GO/PAA-SnO,, respectively.

M Spectrum 5 M Spectrum 1

M spectrum 3

M spectrum 2

Figure 6. (a) Mapping of all components distribution, EDS image of SnO, (b), PAA-SnO, (c), S0 mg GO/PAA-SnO, (d), and 100 mg GO/PAA-
Sn0, (e).

bending modes of SnO,, respectively.”>>* Upon the addition of

to SnO, framework vibrations in the doped SnO,,”" and peaks
PAA, the bands shifted toward a higher wave number of

at 681 and 572 cm ™! are assigned to Sn—O—Sn stretching and
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Figure 7. (a) Absorption spectra, (b) band gap energy plot, and (c) photoluminescence spectra.

~3700—3000 cm™}, ascribed to the occurrence of absorbed
water molecule and O—H group.”” There was no notable shift
in spectra by the incorporation of GO. Selected area electron
diffraction (SAED) analysis indicates the bright circular rings
of pristine and GO/PAA-SnO, exhibited the high crystalline
nature of samples. The corresponding planes (110), (211),
(101), and (120) are well correlated with XRD results (Figure
3c—f).

The morphologies of SnO, and doped SnO, were examined
by transmission electron microscopy (TEM) analysis (Figure
4a—d). TEM micrographs confirmed the formation of
agglomerated QDs of SnO,;°* this agglomeration could be
due to hydrogen bonding of DI water during the synthesizing
process (Figure 4a). Upon doping of the capping agent (PAA),
a higher degree of agglomerations was observed with a
reduction in the particle size confirmed through image J
software (Figure 4b). The incorporation of GO (50 mg) into
PAA/SnO, showed overlapping of GO nanosheets around
QDs (Figure 4c) and the same trend was noted with a higher
concentration of GO (100 mg), as illustrated in Figure Sd. The
particle sizes of 8 and 6 nm were calculated through image J
software of SnO, and PAA-SnO,, respectively (Figure Sc,d).
The measured d-spacing values of SnO, and doped SnO, were
0.27,0.17, 0.19, and 0.26 nm, which are well harmonized with
XRD analysis (Figure Sa—d).

Energy-dispersive spectroscopy (EDS) analysis was per-
formed to identify the elemental composition of SnO, and
doped SnO, (Figure 6b—e). Sn and O peaks were observed
that confirm the formation of SnO,, The Na and Cl peaks were
detected due to precipitating agent NaOH during the synthesis
of samples for pH control. The Au peak originated during the
coating sputtered on the samples to lessen the charging effect.
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The elemental mapping of the prepared samples (Figure 6a)
confirms the presence of Sn and O.

To examine the optical properties of synthesized QDs,
electronic spectroscopy was utilized in a wavelength range of
200—600 nm (Figure 7a). SEectra revealed a strong absorption
peak at 284 nm for SnO,> corresponding to the 7—7n*elec-
tronic transition.”® Tauc’s equation determined the band gap
energy (Eg) , and indirect E; was calculated at 4.4 eV for SnO,
(Figure 7b). After doping, E, increased from 4.4 to 4.75 eV,
indicating the functionalization of GO nanosheets on smaller
QDs.”” This increase in E; upon doping confirmed the
reduction in the crystallite size.

PL spectroscopy was employed to determine the electron—
hole recombination rate and charge-transfer capability of bare
and doped SnO, (Figure 7c). The emission peak of SnO, was
noted at 314 nm,”® which is attributed to fluorescence
phenomena. Peak intensity was reduced by adding PAA to
SnO,, indicating a low recombination rate and introducing a
blue shift. The PL intensity of PAA-SnO, is significantly lower
than that of SnO, QDs, indicating that charge transfer occurs
efficiently in the PAA-SnO,. The PL results showed that SnO,
dispersed uniformly and that PAA conjugation effectively
suppressed electron—hole pair recombination in the prepared
sample.”” The addition of GO to PAA/SnO, decreased the
peak intensity gradually, with hi(gher concentrations ascribed to
phosphorescence phenomena.’

A UV—vis spectrophotometer investigated the CA of control
and GO/PAA-SnO,. Degradation efliciency for MB was
calculated in the presence of reducing agent NaBH, and
prepared samples that acted as a catalyst in a redox reaction.
An electrochemical mechanism can explain the catalytic
process, in which GO/PAA-SnO, acts as an electron relay
for the oxidant and reductant and electron transfer occurs via
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Figure 8. Catalytic dye degradation (%) GO/PAA-SnO, in (a) acidic, (b) basic, and (c) neutral media.

the metal nanoparticles.”’ Catalytic activity is dependent on
the catalyst concentration because it enhances dye degradation
by lowering the activation energy of a chemical reaction. In
general, larger surface area catalysts have demonstrated a
higher catalytic performance because they contain more active
sites and the pH of the solution has a significant impact on the
degradation efficiency.”* Due to the possibility of a large redox
potential difference between the electron donors and acceptor
species, which can inhibit electron transfer, the electron-
transfer step plays a dynamic role in dye degradation.”” The
bond dissociation energy is important during chemical
reactions as it breaks and/or generates new bonds. Electron
transfer occurs during the reaction in which NaBH, acts as a
donor and the dye as an acceptor.”” The addition of SnO,
nanocatalysts to the reaction mixture acted as a potential
intermediate between MB dye and BH, ions. Dye degradation
for 7 min was measured to be 74.4, 72.7, 85.6, and 81.5% in an
acidic medium; 79.9, 59.4, 98.9, and 99.09% in a basic
medium; and 81.6, 96.3, 99.0, and 99.63% in a neutral medium
(Figure 8a—c). The absorption spectra of GO/PAA-SnO, in
the neutral medium have been provided in the supplementary
file (Figure S1). The highest catalytic activity was exhibited by
100 mg (GO) doped PAA/SnO, in basic and neutral media,
while in an acidic medium, 50 mg (GO) showed the maximum
effect of degradation. Incorporation of PAA provides
carboxylic groups, and more carboxyl groups can provide
more active absorption sites to remove the dyes.’* CA
performance is substantially affected by the crystallite size,
surface area, and shape of nanocatalysts and combination of
2D materials and quantum dots. This elevated efficiency was
attributed to more active sites offered by the large surface area
of the nanocatalyst. Moreover, a tiny variation between neutral
and basic media is ascribed to the enhanced electrostatic
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attraction between MB*, a positively charged dye, and the
negatively charged catalyst. The nanocatalyst surface in the
basic medium tends to acquire a negative charge, while the
absorption of cationic adsorbate species in acidic media is
hindered by the positively charged surfaces of catalysts.”> The
charge on the catalyst surface developed gradually became
negative as pH was raised, boosting the adsorption ability of
cationic dyes on SnO, and GO/PAA-SnO, nanocatalysts.

The bactericidal potential of pure and doped SnO, was
evaluated through an agar well diffusion approach. E. coli
bacteria extracted from caprine or bovine mastitic milk. For
synthesized samples, inhibition regions of E. coli (Gram —ve
bacteria) were revealed to be 0.35—2.95 mm and 1.75—3.4S
mm for the corresponding lower (0.5 mg/S0 uL) and higher
(1.0 mg/50 uL) doses. Positive control ciprofloxacin indicated
5.35 mm inhibitory domains against E. coli compared to the
negative control DI water 0 mm, as listed in Table 1.

The antibacterial activity has an inverse relation with the size
of the material. Small-sized NPs produced reactive oxygen
species (ROS) that are effectively influenced by Gram-negative
bacteria with an extra outer membrane. Nanomaterials destroy

Table 1. Measurement of Inhibition Zone (mm)

E. coli inhibition zone (mm)

GO/PAA-SnO, 0.5 mg/50 uL 1.0 mg/50 uL
0-1 0.35 1.75
0.06—1 1.90 2.75

50 mg: 0.06—1 245 3.10

100 mg: 0.06—1 2.95 3.45
ciprofloxacin 5.3 $.35

DI water 0 0

https://doi.org/10.1021/acsomega.2c07460
ACS Omega 2023, 8, 5808—-5819


https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c07460/suppl_file/ao2c07460_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07460?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07460?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07460?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07460?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07460?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

the micro-organisms by attacking the cell wall/membrane,
destroy DNA to stop the production of cells, and produce
ROS, such as hydrogen peroxide (H,0,), radicals (OH™), and
anions (O,”), which ultimately results in cell death. Electro-
static interface, membrane deformation, cytoplasmic material
leakage, DNA breakage, and protein denaturation induced by
the positively charged NP surface acting as an antibacterial
agent toward the highly reactive negatively charged bacterial
cell membrane are®® shown in Figure 9.

Figure 9. Bactericidal mechanism of prepared samples.

Molecular docking studies of synthesized nanomaterials
revealed their possible interactions with active site residues of
given enzyme targets. These nanocomposites demonstrated
moderate binding energies against beta-lactamasey_; showing
their critical interaction with key amino acids. Docked
complexes obtained for PAA-SnO, and GO/PAA-SnO,
showed H-bonds with Arg232 (2.8 A; 2.5 A) and Lys183
(2.1 A; 2.0 A) having binding scores —6.928 and —7.223 kcal/
mol, respectively, as depicted in Figure 10b,c. Similarly,
pristine SnO, also formed a stable docked complex (binding
score —4.675 kcal/mol) with beta-lactamaseg, .; showing H-
bond interactions with Thr226 (2.2 A), suggesting its possible
role as an inhibitor for beta-lactamase (Figure 10a).

In the case of DNA gyraseg, ., almost similar binding trends
were shown by synthesized nanocomposites where pristine
SnO, showed single H-bonds (2.1 A) with Thr16S amino acid
of active pocket alongside metal-contact interactions with
Asp73 with an overall binding score of —5.771 kcal/mol, as
shown in Figure 11a. On the other hand, PAA-SnO, showed a
more stable docked complex having three H-bonds within the
active site, i.e., Asp73 (2.9 A), Argl36 (2.4 A), and Thrl65
(2.0 A) with a binding score of —8.552 kcal/mol. Similarly, the
GO/PAA-SnO, docked complex involved two amino acid
residues of active pocket, i.e., Thr165 (H-bond: 2.2 A) and
Asp73 (metal-contact interaction) having a binding score of
—4.461 kcal/mol, as depicted in Figure 11b,c.

In silico molecular docking studies are comparable to in vitro
bactericidal activity against E. coli and suggested pristine SnO,

————
- ~ -~

————
- ~~~

Tle 243

Pro 181

Figure 10. 3D view of binding interaction of nanocomposites within active sites of beta-lactamaseg ; (a) SnO,, (b) PAA-SnO,, and (c) GO/PAA-

Sn0O,.
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Figure 11. 3D view of binding interaction of nanocomposites within the active site of DNA gyraseg . (a) SnO,, (b) PAA-SnO,, and (c) GO/

PAA-SnO.,.

and its composites with PAA and GO/PAA as potential
inhibitors of beta-lactamase and DNA gyrase that needs to be
explored further.

DPPH scavenging assay was developed to investigate and
quantify anti-oxidant effects of active radical species (Figure
12). Antioxidant properties of compounds are inter-related

O TR0
- 100 pg/ml
B 150 ug/mi
- 200 pg/ml
- 250 pg/ml

w
(=]
1

Scavenging rate (%)
[
—J
[

10 +

0-1

0.06-1 50mg:0.06-1 100mg:0.06-1

Figure 12. Scavenging potential of synthesized nanocomposites.
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with their tendency to transfer hydrogen or electron atoms to
DPPH free radicals, resulting in stable diamagnetic com-
pounds. All prepared samples displayed a dose-dependent anti-
oxidant potential. GO/PAA-SnO, (100 mg: 0.06—1) exhibited
highest scavenging performance of up to 53.45% at a 250 ug/
mL concentration and scavenged DPPH radicals. The
formation of highly reactive *OH and °O, radical species can
interact with DPPH free radicals and results in its
degradation,”” which is highly correlated with the standard
(ascorbic acid).

In order to facilitate electron transport, bacteria used a class
of chemicals called redox mediators. Similarly to oxidation—
reduction reactions, degradation of dyes proceeds. The greatest
deterioration was seen when a redox mediator was used.® The
rate-limiting phase in the anaerobic dye reduction process has
been proven to involve the transfer of reducing equivalents
from the main electron donor (like co-substrate) to the
terminal electron acceptor.”” In order to hasten the electron-
transfer phase while decreasing steric hindrance from dye
molecules, a little amount of redox mediator supplementation
is necessary.lg’70

4. CONCLUSIONS

In this study, we successfully synthesized the QDs of SnO,
doped with varying GO concentrations (S0 and 100 mg) with
a fixed amount of PAA (6 wt %) for bactericidal and catalytic
efficiencies via the co-precipitation technique. XRD analysis
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confirmed the tetragonal structure of SnO,. The decrease in
absorption was observed upon doping accompanied by a blue
shift, and band gap energy was increased from 4.3 to 4.75 nm.
The formation of SnO, QDs was confirmed by HR-TEM
analysis. The FTIR peak at 6250 cm™" confirmed the presence
of SnO, through Sn—O stretching vibrations. The pristine and
co-doped SnO, showed excellent catalytic activity against MB
dyes in all media (81.5, 99.09, and 99.63%). Pure SnO, and
GO/PAA-Sn0O, demonstrated good catalytic and antibacterial
potency for removing dyes and pathogens from wastewater,
respectively. In silico predictions agreed with antibacterial
activities against E. coli and suggested the given nano-
composites as possible inhibitors of beta-lactamase and DNA

gyrase.
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