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Dear Editor,

We are submitting our manuscript entitled “Assessment of Catalytic, Antimicrobial and
Molecular Docking Analysis of Starch-Grafted Polyacrylic Acid Doped BaO Nanoparticles” by
authors for review and, if acceptable, for publication in International Journal of Biological
Macromolecules.

This paper contains evidence and discussion of In this study, starch-grafted-poly acrylic acid (St-
g-PAA) doped BaO nanoparticles were produced for catalytic and bactericidal activity. The
structural, chemical, optical, and morphological properties of materials were analysed. XRD
spectrum showed BaO's tetragonal structure without doping. The UV—Vis spectroscopy of St-g-
PAA doped BaO samples showed a redshift in electronic spectra and a reduction in band gap
energy. EDS spectroscopy revealed the elemental composition of a doped product. TEM showed
cubic-shaped BaO NPs and nanorod-like structures that overlapped NPs. St-g-PAA doped BaO
reduces methylene blue in base. Also, antibacterial effectiveness was tested against Escherichia
coli and Staphylococcus aureus. In silico experiments were done against enoyl-[acylcarrier-
protein] reductase (Fabl) and beta-lactamase enzyme to assess St-g-PAA and St-g-PAA doped
BaO nanocomposites as inhibitors and to justify their likely method of action. As such, we
believe this manuscript would be of interest to those working in the field and is suitable for
International Journal of Biological Macromolecules.

The manuscript, or its contents in some other form, has not been published previously by any of
the authors and/or is not under consideration for publication in another journal at the time of
submission. In the hope you will find this article worthy of publication in your prestigious
journal and thanking you in anticipation,

Thank you,

Sincerely,

Dr. M. Ikram
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ABSTRACT

The removal of cationic dyes from water has received a great attention of researchers considering
their influence on environment and ecosystem. In current work, starch-grafted-poly acrylic acid
(St-g-PAA) doped BaO nanoparticles have been synthesized by co-precipitation approach. The
aim of this research was to reduce the harmful methylene blue dye and evaluate the antibacterial
activity of St-g-PAA doped BaO. XRD spectra exhibited the tetragonal structure of BaO and no
variations occurred upon doping. The optical properties of St-g-PAA doped BaO have been
evaluated by UV—Vis spectrophotometer. The existence of a dopant in the product was verified
using EDS spectroscopy. TEM revealed the formation of cubic-shaped NPs of BaO and upon the
addition of St-g-PAA, a few nanorod-like structures. The higher concentration of St-g-PAA
doped BaO exhibit a remarkable reduction of methylene blue in a basic environment.
Furthermore, St-g-PAA doped BaO revealed higher antimicrobial efficacy against
Staphylococcus aureus in comparison to Escherichia coli. In silico studies were conducted
against enoyl-[acylcarrier-protein] reductase (Fabl) and beta-lactamase enzyme to evaluate the
potential of both St-g-PAA and St-g-PAA doped BaO nanocomposites as their inhibitors and to
rationalize their possible mode of action.

Keywords: Starch; BaO; catalysis

1. INTRODUCTION

Water is a basic component for the existence of the living organism. Only 0.03% of water on
earth's surface is fresh, and it is found in water reservoirs like freshwater lakes and rivers [1].
Rapid urbanization and industrialization have a direct negative influence on the environment and
human lives. Numerous industries regularly generate harmful dyes as waste products, including

the leather, textiles, paper, cosmetics, and food industries [2-5]. Heavy metals and other organic



and inorganic contaminants, including phenols, dyes, polyaromatic hydrocarbons, pesticides, and
mineral acids, are found in industrial wastewater along with sulphate, inorganic salts, and trace
elements [2,6,7]. Pesticides used on farms, radioactive and industrial waste, marine dumping,
and a deteriorating sewage system are all contributing factors that have made contamination a
significant issue worldwide. The environment and human life are negatively and destructively
affected by water contamination [2,8-10]. Methylene blue (MB), a cationic dye that is widely
used in a variety of industries, including the production of paper, food processing, the fashion
industry, and printing, has been identified as a concerning cause of water pollution.

Additionally, Gram-positive (G +ve) and Gram-negative (G-ve) microbes are examples of water-
borne pathogens that can infect humans. The current state of affairs makes it a global challenge
to ensure clean water, making the removal of dyes from aqueous media an essential element
[4,11,12]. The impurities from industrial water have been removed using membrane filtering,
reverse osmosis, photocatalysis, electrolysis, ion exchange, filtration process, , and microbial
control [13].

One of these methods that play an important role in effectively reducing hazardous contaminants
is catalysis. It is cost-effective, energy-efficient, and environmentally safe [4]. Transition metal
oxides (TMO) are the semiconductor materials that finds numerous uses in photocatalytic
degradation, and catalysis [14]. Due to their extensive study and varied applications, TMO, such
as CuO, iron oxide, BaO, SnO,, and ZnO are viewed as one of the wealthiest nanomaterial
families [15]. Due to its wide band gap (4.4 eV) and hygroscopic properties, as well as its
extensive applications in the fields of self-cleaning, pharmaceutical industry, electrical energy

generation, and sensors, researchers have found great interest in BaO NPs [16]. Various



approaches have been used to synthesize BaO NPs with different sizes and shapes, as sol-gel,
co-precipitation, and hydrothermal and thermal decomposition [17].

Among these techniques, the co-precipitation technique has gained attention in the industry due
to its simple and direct synthesis, and energy-efficient and affordable approach for good yields
and mass production [18]. Due to their low cost and ease of processing, polymers such as
polyacrylic acid, and polyvinyl pyrrolidone (PVP), among others, have been extensively utilized
as dopants [19]. Because of the existence of the carboxyl group, PAA demonstrated a significant
capability for the reduction of heavy metal ions and MB from polluted water, along with high
antibacterial efficacy. Additionally, PAA based-Nano composites (PAA-TiO.) have been widely
used in optical devices, solar cells, wastewater treatment, and protective covering [20-22]. A
class of natural polymers called polysaccharides, including starch, chitosan, inulin, and alginate,
are abundant in functional groups like hydroxyl, amino groups, and carboxyl, have favorable
chelation and dispersion effects [23]. In recent biopolymer developments, natural
polysaccharides have been emphasized as therapeutic agents. Starch and chitosan can be used as
adsorbent materials in wastewater treatment because they are biodegradable and don't contain
toxins [24]. Based on the above, we believe that using St-g-PAA-doped BaO nanoparticles (NPSs)
as a catalyst to remove wastewater are a viable option. Additionally, antibacterial activity of
pristine and doped BaO NPs was also evaluated. In silico, docking studies were also performed
to evaluate possible modes of action for both St-g-PAA and St-g-PAA doped BaO
nanocomposites against given enzyme targets, i.e., enoyl-[acylcarrier-protein] reductase (Fabl)
and beta-lactamase from both E. coli and S. aureus. The synthesis of St-g-PAA-doped BaO
oxide NPS was accomplished by the use of co-precipitation, which is a method that is simple,

easy to reproduce, and inexpensive.



2. EXPERIMENTAL SECTION

2.1 Material Section

(BaCl> 2H20, 99%), sodium hydroxide (NaOH, 98.5%), starch (CeH100s), poly acrylic acid
(C3H402)n, and potassium sulphate (K2SOs).

2.2 Synthesis of Starch grafted polyacrylic acid

To synthesize starch-grafted polyacrylic acid, the desired amount of starch and acrylic acid (1:3)
was added in 200 mL distilled water under vigorous stirring as elaborated in Fig. 1(a). 2 mg of
potassium persulphate has been incorporated into the solution and stirred at 70 °C for 5 hours
[25].

2.3 Synthesis of St-g-PAA doped BaO

To synthesize BaO NPs, BaCl,. 2H>0 (0.5 M) was prepared under robust stirring at 90 °C for 30
minutes. Precipitating agent (NaOH) was integrated drop wise in above solution to sustain pH~
12. Moreover, the stirred solution has been centrifuged at 7000 rpm and then dried at 160 °C
overnight. The acquired BaO was crushed into fine powder. Similarly, different concentrations
of St-g-PAA doped BaO were prepared by the cop-precipitation approach, as discussed earlier

and demonstrated in Fig. 1(b) [26].
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Fig.1 (a) Mechanism of St-g-PAA and (b) Synthesis of St-g-PAA doped BaO NPs
2.4 Catalytic Activity
The catalytic activity (CA) of BaO, St-g-PAA, and incorporated BaO NPs were examined by
MB reduction in the existence of NaBH4. The de-colorization of dye was observed at constant

intervals by mixing the 400 uL. NaBH4 solution with 3mL MB solution. After that, 400 pL of
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synthesized samples were incorporated and stirred at ambient temperature to above solution.
UV-Vis spectrophotometer was operated to check the MB reduction efficacy in the wavelength

range from 200-800 nm.
2.5 Catalysis mechanism

During CA, shifting an electron from NaBHs (reducing agent) to MB (oxidizing agent)
stimulates the redox reaction, causing the dye breakdown as illustrated in Fig. 2. However, the
de-colorization of MB in the occurrence of NaBH4 was time-consuming. The incorporation of
pristine and doped BaO in above reaction acts as an electron relay that shifts the electron from

BHs to MB. The shape, surface area, and crystallinity of prepared NPs influence the CA.

f%—l— l\ St-g-PAA doped Ba0 21120
d

[ 4

NaBH, 2H,0 2e 4
" = 4 )
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Reduction
Reductlon
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Fig. 2 Catalysis of St-g-PAA doped BaO NPs

2.6 Isolation of S. aureus and E. coli

Bovine mastitis fluids were acquired from different hospitals and cultivated at 5% blood agar and

incubated for 1 day. The obtained colonies were strained on Mannitol salt agar (MSA) and
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MacConkey agar (MA) to identify G ve microbes, respectively. Biochemical (coagulase and

catalase) and gram staining techniques were utilized to isolate distinct colonies.

2.7 Antimicrobial Activity

The bactericidal efficacy of pure and doped BaO was assessed using agar well diffusion methods
to test its effectiveness against isolated G +ve and G —ve microbes. After swabbing the MSA and
MA deposited petri dish with isolated G +ve and G —ve cultures (1.5 x 108 CFU mL™), wells
with a diameter of 6 mm were created in the MSA and MA petri dish using a sterile cork borer.
Each sample was fed into wells at 500 pg/50 pL as the lowest and 1000 pg/50 pL as the highest
concentration, compared to standard ciprofloxacin (5 pug/50 pL) and negative control 50 pL DI
water without targeted sample. To determine whether or not NPs had an antibacterial effect,
prepared plates were left in an incubator at 37 degrees Celsius for 24—48 hours. After incubation
for 48 hours, an inhibition area was determined using a Vernier caliper (in millimeters), and the
correlation between that area and doping levels was investigated

2.8 Molecular docking studies

Molecular docking predictions were conducted against enoyl-[acylcarrier-protein] reductase
(Fabl) and beta-lactamase enzyme as both these are essential for bacterial growth [27]. The 3D
structural coordinates of selected enzyme targets were achieved from the protein data repository

(https://www.rcsh.org/), with PDB ID as 4CUZ for Fabls, aureus [28], 4D46 for Fable.coii [29],

1MWU for beta lactamases. aureus [30], and 4KZ6 for beta lactamasee. coii [31]. ICM Molsoft was
employed to conduct docking studies [32]. The protein structures were prepared using a
multiple-step process, i.e., 1. Removal of H.O molecules as well as native ligands, 2. Addition of
polar H-atoms and gastegier charges, 3. Optimization of protein structure using energy
minimization tool of Molsoft. Binding site was identified by specifying 10 A area around native

8
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ligand. Top ten docked conformation were produced in each case to get the best-docked pose of

a stable complex.

Ligands structure were prepared using ligedit tool of Molsoft by modifying starch monomer
structure retrieved from PubChem and stable conformation was generated for both
nanocomposites in current study. 3D visualizers of Molsoft and PyMOL were used for analysis

and graphical representations.
3 RESULTS AND DISCUSSION

The crystallinity of pure, dopant, and St-g-PAA incorporated BaO NPs were investigated
through XRD in the 26 range of 20°-75° (Fig. 3a). The characteristics peaks at 26.9° (101),
33.10° (110), 41° (111), 51°(201), and 60° (220) attributed to the tetragonal structure of BaO
NPs along space group P4/nmm (JCPDS Card No 26-0178) [33]. Furthermore, the peak of St
was observed at 25.5°. Since the PAA was incorporated into St crystalline structure, the mixtures
became amorphous [34]. An additional peak was sited at 39° attributed to potassium persulphate,
which was utilized in the preparation of St-g-PAA [35]. Using Scherrer's formula, the average
crystallite size of the BaO and doped BaO was observed from 14.2 to 9.09 nm. The broadness of
peaks was increased upon doping of St-g-PAA assigned to a decrease in the crystallinity of the
NPs due to the amorphous behavior of dopant [36].

To investigate the functional group presence in BaO, dopant, and doped NPs, FTIR spectra have
been utilized in range of 4000 to 500 cm, as indicated in Fig. 3(b). The transmission band at
692 cm represents the Ba—O bond and band at 1455 cm™ might be attributed to the production
of barium carbonate as a result of atmospheric CO2 absorption by BaO [16]. The bands at

1630 and 3313 cm!indicate the H.O symmetric vibration and O-H stretching vibration,



correspondingly. The symmetric and asymmetric COO" stretching of acrylic acid is represented
by dopant bands at 1400 and 600 cm™, respectively [37]. Additionally, SAED analysis shows

bright rings related to planes (110), (222), and (202) of BaO and doped BaO (Fig. 3c-f).
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Fig. 3 (a) XRD pattern (b) FTIR spectra of BaO, dopant, and doped NPs, and (c-f) SAED

patterns of pure and St-g-PAA (3,6, &9mL) doped BaO NPs respectively.

Electronic spectroscopy was employed to determine the electronic structure of synthesized NPs
(Fig .4a). The light absorption of undoped BaO was seen around ~ 310 nm is attributed to the
shifting of an electron from 2p of VB of O to Ba of CB correspondingly [26]. Upon doping of
St-g-PAA, a red shift was observed, pointing to morphological effects with multiple active sites

or possibly a quantum confinement process [38]. The direct bandgap energy of BaO, dopant,
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and incorporated BaO were found to be 4.00-3.79 eV by Tauc's equation as illustrated in Fig

A4(b). The low orientation rearrangement and less crystallinity of NPs may have contributed to

the Eg of the St-g-PAA doped BaO decreasing as the crystallite size reduced [36].
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Fig. 4 (a) Electronic spectra and (b) band gap energy of BaO, St-g-PAA, and doped BaO

EDS was deployed to determine the constituent components of prepared samples, as shown in

Fig 5(a-d). The existence of Ba and O peaks verified the creation of BaO. Additional peaks of

Na was detected in all samples attributed to utilizing NaOH to sustain the pH during catalyst

synthesis [39]. Au peak was detected due to the coating of Au sprayed over prepared materials

to reduce charging influence [40]. Peak of K was seen in (Fig. 5b) as a precursor K.SO4 used to

prepare St-g-PAA.
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Fig. 5(a) EDS spectra of BaO (b) BaO-St-g-PAA (3,6, and 9mL) doped BaO, respectively.

Fig. 6(a-d) demonstrates the FESEM images of BaO, St-g-PAA, and doped BaO. BaO showed a
chunk-like structure with unequal small-sized NPs, as shown in Fig. 6(a). Upon doping of St-g-
PAA, a rod-shaped structure was observed that interacts with NPs, as demonstrated in Fig. 6(b).

The diameter of nanorods was increased upon the higher concentration of St-g-PAA, as

illustrated in Fig. 6(c-d).
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Fig. 6 (a-d) SEM analysis of BaO and St-g-PAA (3, 6, and 9 mL) doped BaO, respectively.

TEM was utilized to additional characterize the morphology and microstructure of pure and St-g-
PAA-doped BaO NPs. The cubic-shaped morphology of BaO NPs is deliberated in Fig. 7(a).
Fig. 7(b) demonstrates the high agglomeration of overlapped NPs. The doped samples exhibited
a rod-like morphology that partially overlapped with NPs, as represented in Fig. 7(b-d).
Interlayer spacing of BaO, St-g-PAA, and St-g-PAA doped BaO (3 and 6 mL) was calculated
from a plane (101) as 0.17, 0.29, 0.32 and 0.22 nm, correspondingly that is well matched with
XRD data as shown in Fig. 7(&-d").
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Fig. 7 (a-d) HR-TEM micrographs and, (4-d") d-spacing of pure, St-g-PAA, and St-g-PAA (3
and 6 mL) doped BaO.
CA of pure, grafted, and doped BaO NPs in the occurrence of NaBH4 for MB reduction was
examined through a UV-Vis spectrophotometer. All samples explored maximum reduction of

MB 61.6-75.1% in a neutral environment (pH~7), 67.8-79.9% in an acidic environment
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(pH~3.5), and 61.7-97.6% in basic condition (pH~11.5) as demonstrated in Fig. 8(a-c),
correspondingly. The crystal structure, particle size, and shape of the synthesized catalyst
influenced the CA. Synthesized materials in the existence of NaBH4 function as electron relays
which shift the electron from BH4 to dye, causing the de-colorization of MB. NPs showed
significant active sites that elevate the adsorption of MB and BH4, which promotes the dye
reduction efficacy. In an acidic environment, maximum reduction for 9 mL doped BaO attributed
to a larger production of H* ion on catalyst surface. CA in a basic environment showed good
results because of higher electrostatic interaction among negatively charged catalyst and
positively charged MB dye. In a basic medium, catalysts get a negative charge on their surface,
while the reduction of cationic MB in an acidic environment is hindered by positively charged

catalyst surface [41] [42].
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Fig. 8 Catalysis of BaO and St-g-PAA doped BaO (a) in neutral (b) Acidic and (c) Basic

3.1 Antimicrobial Activity

Antimicrobial performance of pure, St-g-PAA, and incorporated BaO were conducted by
utilizing a well diffusion approach contrary to S.aureus and E.coli as represented in Table 1. At
high concentrations, substantial inhibition zones (P < 0.05) for G £ve were confirmed as (1.55 —
2.40 mm) for E. coli and (3.15-7.35 mm) for S. aureus, respectively. In contrast to DI water (0
mm), ciprofloxacin had an inhibition zone of 4.25 and 9.20 mm beside E. coli and S. aureus,
correspondingly. In contrast to E.coli, synthesized NPs exhibited an increased antibacterial

efficacy against S. aureus because cell wall of G -ve is thicker consisting large complex structure

16



than G +ve bacteria. The antibacterial efficacy of NPs assigned to different factors, including
electrostatic relations of OH and H20: on the surface, which produce the reactive oxygen species
(ROS) as demonstrated in Fig. 9. This caused the oxidative stress on bacteria's cell walls,
resulting in the death of cells [43]. According to experimental findings, St-g- PAA dopant

enhances BaQO's antibacterial activity against S. aureus bacteria [18].

Table 1 Antimicrobial activity of St-g-PAA doped BaO

Samples nhibition zone (mm) 2Inhibition zone (mm)
0.5mg/50ul  1.0mg/50uL 0.5mg/50uL  1.0mg/50uL

BaO 0 0 0 0

St-g-PAA 0 0 0 0

(3mL)St-g-PAA: BaO 0 3.15 0 0

(6 mL)St-g-PAA:BaO 0 6.05 0 1.55

(9 mL)St-g-PAA:BaO 0 7.35 0 2.40

Ciprofloxacin 9.20 9.20 4.25 4.25

DIW 0 0 0 0

L Inhibition zones for S.aureus

2 Inhibition zones for E.coli
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Fig. 9 Antibacterial mechanism of St-g-PAA doped BaO.

3.2 Molecular docking studies:

The role of nanoparticles as potential bactericidal agents have been extensively reported still the
mystery behind this potency needs to be explored. Disruption of various cell processes by
inhibiting enzyme targets has been considered an effective strategy for exploring new
antibacterial agents [6,10]. Computational techniques represent a valuable source to predict
possible mechanisms governing these biological activities, particularly molecular docking
predictions [44,45]. In the case of Fabls aureus, both st-g-PAA and St-g-PAA doped BaO
nanocomposites revealed good binding scores of -7.923 kcal/mol and -6.057 kcal/mol,
respectively. Four H-bonds, i.e., Gly13 (2.7A), Arg40 (2.6 A), Ala95 (2.8 A), Ser197 (2.7 A),
and two hydrophobic interactions with Alal5 and 11e94 served as main contributor towards the

docked complex formation of st-g-PAA nanocomposite (Fig. 10A). Similarly, St-g-PAA doped
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BaO nanocomposite complex with Fabls, aureus Showed involvement of multiple H-bonds like
Gly191 (3.1 A), Thr195 (1.9 A), and Ser197 (2.6 A) alongside hydrophobic interactions with
[1e20 and Thr145 as depicted in Fig. 10 B. On the contrary, docked complexes formed inside the
active pocket of Fable.coi showed differences in binding approach of st-g-PAA and St-g-PAA
doped BaO nanocomposites. A docked complex formed in case of St-g-PAA doped BaO
nanocomposites showed involvement of hydrophobic interactions as main factor for binding
along with two H-bonds, i.e., Ser91 (3.0 A) and Tyr156 (2.7 A) having binding score -5.919
kcal/mol. On the other hand, st-g-PAA nanocomposite docked complex revealed multiple H-
bonds like Ala21 (3.4 A), Gly13 (3.0 A), Ser19 (2.6 A) and Lys163 (2.7 A) along with

hydrophobic interaction to Ile20 as shown in Figure 10 C & D.
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Fig. 10 Graphical representation of binding site interactions of Fabl for St-g-PAA and St-g-PAA

doped BaO nanocomposite A & B from S. aureus and C & D from E. coli

The second enzyme target selected was beta-lactamase, which is essential for bacterial survival
and previously reported as an important target for discovering new antibiotics. Both these
nanocomposites St-g-PAA and St-g-PAA doped BaO were evaluated for their binding mode and
docked complex formation tendency within active site of beta lactamases. aureus. St-g-PAA
showed three H-bond interactions with Ser403 (3.0 A), Thr600 (2.9 A), and Lys597 (3.3 A),
while Tyr446 and Ser462 were involved in hydrophobic interactions with a binding score as -
5.598 kcal/mol. Similarly, four H-bonds were observed for St-g-PAA doped BaO nanocomposite
docked complex as Asn464 (3.3 A), His583 (2.6 A), Ser598 (2.8 A) and Thr600 (2.8 A) along
with pi-pi interaction with Tyr446 and other hydrophobic interactions (Fig. 11A & B). The
binding score observed for St-g-PAA doped BaO nanocomposite-beta lactamases. aureus docked

complex was -9.101 kcal/mol.
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Fig. 11 Graphical representation of binding site interactions of beta-lactamase for St-g-PAA and

St-g-PAA doped BaO nanocomposite A & B from S. aureus and C & D from E. coli

Also, in the case of St-g-PAA docked complex with beta lactamasee. coii, Tyrl50 revealed pi-pi
interaction while Asn289 and Asn346 formed H-bonds having distances of 2.2 A and 2.5 A,
respectively, with a score of -6.696 kcal/mol. St-g-PAA doped BaO nanocomposite showed
similar binding patterns like the involvement of pi-pi correlation with Tyr150 and three H-bonds
as Ser64 (2.5 A), Asn152 (2.9 A), Lys315 (2.7 A) along with hydrophobic relation with Lys293

having docking score -7.783 kcal/mol (Fig 11C & D).
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4 CONCLUSION

In order to determine the antibacterial and catalytic activity, different concentrations of St-g-
PAA doped BaO NPs were effectively produced by a simple co-precipitation method. BaO has
tetragonal structure confirmed by the XRD pattern, which showed that reduction in crystallinity
upon dopants. FTIR was used to confirm the occurrence of functional groups in prepared NPs
and polycrystalline nature of BaO was validated through SAED. According to UV-Vis spectra,
doping caused to decrease the bandgap energy from 4.00 to 3.79 eV. The d-spacing (0.17, 0.29,
0.32, and 0.22 nm) was calculated using HR-TEM, which correlates with XRD. The maximum
catalytic degradation of MB was observed at 97% for doped samples in a basic environment.
Additionally, the bactericidal efficacy of the BaO NPs was determined against the bacteria S.
aureus and E. coli (0-2.40 mm); while higher antibacterial performance was observed by the S.
aureus (0-7.35 mm) at higher concentration compared to and E. coli (0-2.40 mm) upon doping.
In silico studies were carried out against enoyl-[acylcarrier-protein] reductase (Fabl) and beta-
lactamase enzyme to assess St-g-PAA and St-g-PAA doped BaO nanocomposites as inhibitors
and elucidates their mode of action. From these results, we conclude that St-g-PAA doped BaO
NPs can be used as ideal catalyst in basic media and potential inhibitor.

Acknowledgment: Thanks to higher education commission (HEC), Pakistan for NRPU-20-

17615 (Muhammad Ikram).
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ABSTRACT

The removal of cationic dyes from water has received a great attention of researchers considering
their influence on environment and ecosystem. In current work, starch-grafted-poly acrylic acid
(St-g-PAA) doped BaO nanoparticles have been synthesized by co-precipitation approach. The
aim of this research was to reduce the harmful methylene blue dye and evaluate the antibacterial
activity of St-g-PAA doped BaO. XRD spectra exhibited the tetragonal structure of BaO and no
variations occurred upon doping. The optical properties of St-g-PAA doped BaO have been
evaluated by UV—Vis spectrophotometer. The existence of a dopant in the product was verified
using EDS spectroscopy. TEM revealed the formation of cubic-shaped NPs of BaO and upon the
addition of St-g-PAA, a few nanorod-like structures. The higher concentration of St-g-PAA
doped BaO exhibit a remarkable reduction of methylene blue in a basic environment.
Furthermore, St-g-PAA doped BaO revealed higher antimicrobial efficacy against
Staphylococcus aureus in comparison to Escherichia coli. In silico studies were conducted
against enoyl-[acylcarrier-protein] reductase (Fabl) and beta-lactamase enzyme to evaluate the
potential of both St-g-PAA and St-g-PAA doped BaO nanocomposites as their inhibitors and to
rationalize their possible mode of action.

Keywords: Starch; BaO; catalysis

1. INTRODUCTION

Water is a basic component for the existence of the living organism. Only 0.03% of water on
earth's surface is fresh, and it is found in water reservoirs like freshwater lakes and rivers [1].
Rapid urbanization and industrialization have a direct negative influence on the environment and
human lives. Numerous industries regularly generate harmful dyes as waste products, including

the leather, textiles, paper, cosmetics, and food industries [2-5]. Heavy metals and other organic



and inorganic contaminants, including phenols, dyes, polyaromatic hydrocarbons, pesticides, and
mineral acids, are found in industrial wastewater along with sulphate, inorganic salts, and trace
elements [2,6,7]. Pesticides used on farms, radioactive and industrial waste, marine dumping,
and a deteriorating sewage system are all contributing factors that have made contamination a
significant issue worldwide. The environment and human life are negatively and destructively
affected by water contamination [2,8-10]. Methylene blue (MB), a cationic dye that is widely
used in a variety of industries, including the production of paper, food processing, the fashion
industry, and printing, has been identified as a concerning cause of water pollution.

Additionally, Gram-positive (G +ve) and Gram-negative (G-ve) microbes are examples of water-
borne pathogens that can infect humans. The current state of affairs makes it a global challenge
to ensure clean water, making the removal of dyes from aqueous media an essential element
[4,11,12]. The impurities from industrial water have been removed using membrane filtering,
reverse osmosis, photocatalysis, electrolysis, ion exchange, filtration process, , and microbial
control [13].

One of these methods that play an important role in effectively reducing hazardous contaminants
is catalysis. It is cost-effective, energy-efficient, and environmentally safe [4]. Transition metal
oxides (TMO) are the semiconductor materials that finds numerous uses in photocatalytic
degradation, and catalysis [14]. Due to their extensive study and varied applications, TMO, such
as CuO, iron oxide, BaO, SnO,, and ZnO are viewed as one of the wealthiest nanomaterial
families [15]. Due to its wide band gap (4.4 eV) and hygroscopic properties, as well as its
extensive applications in the fields of self-cleaning, pharmaceutical industry, electrical energy

generation, and sensors, researchers have found great interest in BaO NPs [16]. Various



approaches have been used to synthesize BaO NPs with different sizes and shapes, as sol-gel,
co-precipitation, and hydrothermal and thermal decomposition [17].

Among these techniques, the co-precipitation technique has gained attention in the industry due
to its simple and direct synthesis, and energy-efficient and affordable approach for good yields
and mass production [18]. Due to their low cost and ease of processing, polymers such as
polyacrylic acid, and polyvinyl pyrrolidone (PVP), among others, have been extensively utilized
as dopants [19]. Because of the existence of the carboxyl group, PAA demonstrated a significant
capability for the reduction of heavy metal ions and MB from polluted water, along with high
antibacterial efficacy. Additionally, PAA based-Nano composites (PAA-TiO.) have been widely
used in optical devices, solar cells, wastewater treatment, and protective covering [20-22]. A
class of natural polymers called polysaccharides, including starch, chitosan, inulin, and alginate,
are abundant in functional groups like hydroxyl, amino groups, and carboxyl, have favorable
chelation and dispersion effects [23]. In recent biopolymer developments, natural
polysaccharides have been emphasized as therapeutic agents. Starch and chitosan can be used as
adsorbent materials in wastewater treatment because they are biodegradable and don't contain
toxins [24]. Based on the above, we believe that using St-g-PAA-doped BaO nanoparticles (NPSs)
as a catalyst to remove wastewater are a viable option. Additionally, antibacterial activity of
pristine and doped BaO NPs was also evaluated. In silico, docking studies were also performed
to evaluate possible modes of action for both St-g-PAA and St-g-PAA doped BaO
nanocomposites against given enzyme targets, i.e., enoyl-[acylcarrier-protein] reductase (Fabl)
and beta-lactamase from both E. coli and S. aureus. The synthesis of St-g-PAA-doped BaO
oxide NPS was accomplished by the use of co-precipitation, which is a method that is simple,

easy to reproduce, and inexpensive.



2. EXPERIMENTAL SECTION

2.1 Material Section

(BaCl> 2H20, 99%), sodium hydroxide (NaOH, 98.5%), starch (CeH100s), poly acrylic acid
(C3H402)n, and potassium sulphate (K2SOa).

2.2 Synthesis of Starch grafted polyacrylic acid

To synthesize starch-grafted polyacrylic acid, the desired amount of starch and acrylic acid (1:3)
was added in 200 mL distilled water under vigorous stirring as elaborated in Fig. 1(a). 2 mg of
potassium persulphate has been incorporated into the solution and stirred at 70 °C for 5 hours
[25].

2.3 Synthesis of St-g-PAA doped BaO

To synthesize BaO NPs, BaCl,. 2H>0 (0.5 M) was prepared under robust stirring at 90 °C for 30
minutes. Precipitating agent (NaOH) was integrated drop wise in above solution to sustain pH~
12. Moreover, the stirred solution has been centrifuged at 7000 rpm and then dried at 160 °C
overnight. The acquired BaO was crushed into fine powder. Similarly, different concentrations
of St-g-PAA doped BaO were prepared by the cop-precipitation approach, as discussed earlier

and demonstrated in Fig. 1(b) [26].
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Fig.1 (a) Mechanism of St-g-PAA and (b) Synthesis of St-g-PAA doped BaO NPs
2.4 Catalytic Activity
The catalytic activity (CA) of BaO, St-g-PAA, and incorporated BaO NPs were examined by
MB reduction in the existence of NaBH4. The de-colorization of dye was observed at constant

intervals by mixing the 400 uL. NaBH4 solution with 3mL MB solution. After that, 400 pL of
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synthesized samples were incorporated and stirred at ambient temperature to above solution.
UV-Vis spectrophotometer was operated to check the MB reduction efficacy in the wavelength

range from 200-800 nm.
2.5 Catalysis mechanism

During CA, shifting an electron from NaBHs (reducing agent) to MB (oxidizing agent)
stimulates the redox reaction, causing the dye breakdown as illustrated in Fig. 2. However, the
de-colorization of MB in the occurrence of NaBH4 was time-consuming. The incorporation of
pristine and doped BaO in above reaction acts as an electron relay that shifts the electron from

BHs to MB. The shape, surface area, and crystallinity of prepared NPs influence the CA.

f%—l— l\ St-g-PAA doped Ba0 21120
d

[ 4

NaBH, 2H,0 2e 4
" = 4 )
NaBO, \ gHY - G—|—
Reduction
Reductlon
Ox1dat10n

Fig. 2 Catalysis of St-g-PAA doped BaO NPs

2.6 Isolation of S. aureus and E. coli

Bovine mastitis fluids were acquired from different hospitals and cultivated at 5% blood agar and

incubated for 1 day. The obtained colonies were strained on Mannitol salt agar (MSA) and
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MacConkey agar (MA) to identify G ve microbes, respectively. Biochemical (coagulase and

catalase) and gram staining techniques were utilized to isolate distinct colonies.

2.7 Antimicrobial Activity

The bactericidal efficacy of pure and doped BaO was assessed using agar well diffusion methods
to test its effectiveness against isolated G +ve and G —ve microbes. After swabbing the MSA and
MA deposited petri dish with isolated G +ve and G —ve cultures (1.5 x 108 CFU mL™), wells
with a diameter of 6 mm were created in the MSA and MA petri dish using a sterile cork borer.
Each sample was fed into wells at 500 pg/50 pL as the lowest and 1000 pg/50 pL as the highest
concentration, compared to standard ciprofloxacin (5 pug/50 pL) and negative control 50 pL DI
water without targeted sample. To determine whether or not NPs had an antibacterial effect,
prepared plates were left in an incubator at 37 degrees Celsius for 24—48 hours. After incubation
for 48 hours, an inhibition area was determined using a Vernier caliper (in millimeters), and the
correlation between that area and doping levels was investigated

2.8 Molecular docking studies

Molecular docking predictions were conducted against enoyl-[acylcarrier-protein] reductase
(Fabl) and beta-lactamase enzyme as both these are essential for bacterial growth [27]. The 3D
structural coordinates of selected enzyme targets were achieved from the protein data repository

(https://www.rcsh.org/), with PDB ID as 4CUZ for Fabls, aureus [28], 4D46 for Fablecoii [29],

1MWU for beta lactamases. aureus [30], and 4KZ6 for beta lactamasee. coii [31]. ICM Molsoft was
employed to conduct docking studies [32]. The protein structures were prepared using a
multiple-step process, i.e., 1. Removal of H.O molecules as well as native ligands, 2. Addition of
polar H-atoms and gastegier charges, 3. Optimization of protein structure using energy
minimization tool of Molsoft. Binding site was identified by specifying 10 A area around native
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ligand. Top ten docked conformation were produced in each case to get the best-docked pose of

a stable complex.

Ligands structure were prepared using ligedit tool of Molsoft by modifying starch monomer
structure retrieved from PubChem and stable conformation was generated for both
nanocomposites in current study. 3D visualizers of Molsoft and PyMOL were used for analysis

and graphical representations.
3 RESULTS AND DISCUSSION

The crystallinity of pure, dopant, and St-g-PAA incorporated BaO NPs were investigated
through XRD in the 26 range of 20°-75° (Fig. 3a). The characteristics peaks at 26.9° (101),
33.10° (110), 41° (111), 51°(201), and 60° (220) attributed to the tetragonal structure of BaO
NPs along space group P4/nmm (JCPDS Card No 26-0178) [33]. Furthermore, the peak of St
was observed at 25.5°. Since the PAA was incorporated into St crystalline structure, the mixtures
became amorphous [34]. An additional peak was sited at 39° attributed to potassium persulphate,
which was utilized in the preparation of St-g-PAA [35]. Using Scherrer's formula, the average
crystallite size of the BaO and doped BaO was observed from 14.2 to 9.09 nm. The broadness of
peaks was increased upon doping of St-g-PAA assigned to a decrease in the crystallinity of the
NPs due to the amorphous behavior of dopant [36].

To investigate the functional group presence in BaO, dopant, and doped NPs, FTIR spectra have
been utilized in range of 4000 to 500 cm, as indicated in Fig. 3(b). The transmission band at
692 cm represents the Ba—O bond and band at 1455 cm™ might be attributed to the production
of barium carbonate as a result of atmospheric CO2 absorption by BaO [16]. The bands at

1630 and 3313 cm!indicate the H.O symmetric vibration and O-H stretching vibration,



correspondingly. The symmetric and asymmetric COO" stretching of acrylic acid is represented
by dopant bands at 1400 and 600 cm™, respectively [37]. Additionally, SAED analysis shows

bright rings related to planes (110), (222), and (202) of BaO and doped BaO (Fig. 3c-f).
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Fig. 3 (a) XRD pattern (b) FTIR spectra of BaO, dopant, and doped NPs, and (c-f) SAED

patterns of pure and St-g-PAA (3,6, &9mL) doped BaO NPs respectively.

Electronic spectroscopy was employed to determine the electronic structure of synthesized NPs
(Fig .4a). The light absorption of undoped BaO was seen around ~ 310 nm is attributed to the
shifting of an electron from 2p of VB of O to Ba of CB correspondingly [26]. Upon doping of
St-g-PAA, a red shift was observed, pointing to morphological effects with multiple active sites

or possibly a quantum confinement process [38]. The direct bandgap energy of BaO, dopant,
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and incorporated BaO were found to be 4.00-3.79 eV by Tauc's equation as illustrated in Fig

A4(b). The low orientation rearrangement and less crystallinity of NPs may have contributed to

the Eg of the St-g-PAA doped BaO decreasing as the crystallite size reduced [36].
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Fig. 4 (a) Electronic spectra and (b) band gap energy of BaO, St-g-PAA, and doped BaO

EDS was deployed to determine the constituent components of prepared samples, as shown in

Fig 5(a-d). The existence of Ba and O peaks verified the creation of BaO. Additional peaks of

Na was detected in all samples attributed to utilizing NaOH to sustain the pH during catalyst

synthesis [39]. Au peak was detected due to the coating of Au sprayed over prepared materials

to reduce charging influence [40]. Peak of K was seen in (Fig. 5b) as a precursor K>SO4 used to

prepare St-g-PAA.
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Fig. 5(a) EDS spectra of BaO (b) BaO-St-g-PAA (3,6, and 9mL) doped BaO, respectively.

Fig. 6(a-d) demonstrates the FESEM images of BaO, St-g-PAA, and doped BaO. BaO showed a
chunk-like structure with unequal small-sized NPs, as shown in Fig. 6(a). Upon doping of St-g-
PAA, a rod-shaped structure was observed that interacts with NPs, as demonstrated in Fig. 6(b).

The diameter of nanorods was increased upon the higher concentration of St-g-PAA, as

illustrated in Fig. 6(c-d).
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Fig. 6 (a-d) SEM analysis of BaO and St-g-PAA (3, 6, and 9 mL) doped BaO, respectively.

TEM was utilized to additional characterize the morphology and microstructure of pure and St-g-
PAA-doped BaO NPs. The cubic-shaped morphology of BaO NPs is deliberated in Fig. 7(a).
Fig. 7(b) demonstrates the high agglomeration of overlapped NPs. The doped samples exhibited
a rod-like morphology that partially overlapped with NPs, as represented in Fig. 7(b-d).
Interlayer spacing of BaO, St-g-PAA, and St-g-PAA doped BaO (3 and 6 mL) was calculated
from a plane (101) as 0.17, 0.29, 0.32 and 0.22 nm, correspondingly that is well matched with
XRD data as shown in Fig. 7(&-d").
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Fig. 7 (a-d) HR-TEM micrographs and, (4-d") d-spacing of pure, St-g-PAA, and St-g-PAA (3
and 6 mL) doped BaO.
CA of pure, grafted, and doped BaO NPs in the occurrence of NaBH4 for MB reduction was
examined through a UV-Vis spectrophotometer. All samples explored maximum reduction of

MB 61.6-75.1% in a neutral environment (pH~7), 67.8-79.9% in an acidic environment
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(pH~3.5), and 61.7-97.6% in basic condition (pH~11.5) as demonstrated in Fig. 8(a-c),
correspondingly. The crystal structure, particle size, and shape of the synthesized catalyst
influenced the CA. Synthesized materials in the existence of NaBH4 function as electron relays
which shift the electron from BH4 to dye, causing the de-colorization of MB. NPs showed
significant active sites that elevate the adsorption of MB and BH4, which promotes the dye
reduction efficacy. In an acidic environment, maximum reduction for 9 mL doped BaO attributed
to a larger production of H* ion on catalyst surface. CA in a basic environment showed good
results because of higher electrostatic interaction among negatively charged catalyst and
positively charged MB dye. In a basic medium, catalysts get a negative charge on their surface,
while the reduction of cationic MB in an acidic environment is hindered by positively charged

catalyst surface [41] [42].
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Fig. 8 Catalysis of BaO and St-g-PAA doped BaO (a) in neutral (b) Acidic and (c) Basic

3.1 Antimicrobial Activity

Antimicrobial performance of pure, St-g-PAA, and incorporated BaO were conducted by
utilizing a well diffusion approach contrary to S.aureus and E.coli as represented in Table 1. At
high concentrations, substantial inhibition zones (P < 0.05) for G £ve were confirmed as (1.55 —
2.40 mm) for E. coli and (3.15-7.35 mm) for S. aureus, respectively. In contrast to DI water (0
mm), ciprofloxacin had an inhibition zone of 4.25 and 9.20 mm beside E. coli and S. aureus,
correspondingly. In contrast to E.coli, synthesized NPs exhibited an increased antibacterial

efficacy against S. aureus because cell wall of G -ve is thicker consisting large complex structure
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than G +ve bacteria. The antibacterial efficacy of NPs assigned to different factors, including
electrostatic relations of OH and H20: on the surface, which produce the reactive oxygen species
(ROS) as demonstrated in Fig. 9. This caused the oxidative stress on bacteria's cell walls,
resulting in the death of cells [43]. According to experimental findings, St-g- PAA dopant

enhances BaQO's antibacterial activity against S. aureus bacteria [18].

Table 1 Antimicrobial activity of St-g-PAA doped BaO

Samples nhibition zone (mm) 2Inhibition zone (mm)
0.5mg/50ul  1.0mg/50uL 0.5mg/50uL  1.0mg/50uL

BaO 0 0 0 0

St-g-PAA 0 0 0 0

(3mL)St-g-PAA: BaO 0 3.15 0 0

(6 mL)St-g-PAA:BaO 0 6.05 0 1.55

(9 mL)St-g-PAA:BaO 0 7.35 0 2.40

Ciprofloxacin 9.20 9.20 4.25 4.25

DIW 0 0 0 0

L Inhibition zones for S.aureus

2 Inhibition zones for E.coli
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Fig. 9 Antibacterial mechanism of St-g-PAA doped BaO.

3.2 Molecular docking studies:

The role of nanoparticles as potential bactericidal agents have been extensively reported still the
mystery behind this potency needs to be explored. Disruption of various cell processes by
inhibiting enzyme targets has been considered an effective strategy for exploring new
antibacterial agents [6,10]. Computational techniques represent a valuable source to predict
possible mechanisms governing these biological activities, particularly molecular docking
predictions [44,45]. In the case of Fabls aureus, both st-g-PAA and St-g-PAA doped BaO
nanocomposites revealed good binding scores of -7.923 kcal/mol and -6.057 kcal/mol,
respectively. Four H-bonds, i.e., Gly13 (2.7A), Arg40 (2.6 A), Ala95 (2.8 A), Ser197 (2.7 A),
and two hydrophobic interactions with Alal5 and 11e94 served as main contributor towards the

docked complex formation of st-g-PAA nanocomposite (Fig. 10A). Similarly, St-g-PAA doped
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BaO nanocomposite complex with Fabls, aureus Showed involvement of multiple H-bonds like
Gly191 (3.1 A), Thr195 (1.9 A), and Ser197 (2.6 A) alongside hydrophobic interactions with
[1e20 and Thr145 as depicted in Fig. 10 B. On the contrary, docked complexes formed inside the
active pocket of Fable.coi showed differences in binding approach of st-g-PAA and St-g-PAA
doped BaO nanocomposites. A docked complex formed in case of St-g-PAA doped BaO
nanocomposites showed involvement of hydrophobic interactions as main factor for binding
along with two H-bonds, i.e., Ser91 (3.0 A) and Tyr156 (2.7 A) having binding score -5.919
kcal/mol. On the other hand, st-g-PAA nanocomposite docked complex revealed multiple H-
bonds like Ala21 (3.4 A), Gly13 (3.0 A), Ser19 (2.6 A) and Lys163 (2.7 A) along with

hydrophobic interaction to Ile20 as shown in Figure 10 C & D.
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Fig. 10 Graphical representation of binding site interactions of Fabl for St-g-PAA and St-g-PAA

doped BaO nanocomposite A & B from S. aureus and C & D from E. coli

The second enzyme target selected was beta-lactamase, which is essential for bacterial survival
and previously reported as an important target for discovering new antibiotics. Both these
nanocomposites St-g-PAA and St-g-PAA doped BaO were evaluated for their binding mode and
docked complex formation tendency within active site of beta lactamases. aureus. St-g-PAA
showed three H-bond interactions with Ser403 (3.0 A), Thr600 (2.9 A), and Lys597 (3.3 A),
while Tyr446 and Ser462 were involved in hydrophobic interactions with a binding score as -
5.598 kcal/mol. Similarly, four H-bonds were observed for St-g-PAA doped BaO nanocomposite
docked complex as Asn464 (3.3 A), His583 (2.6 A), Ser598 (2.8 A) and Thr600 (2.8 A) along
with pi-pi interaction with Tyr446 and other hydrophobic interactions (Fig. 11A & B). The
binding score observed for St-g-PAA doped BaO nanocomposite-beta lactamases. aureus docked

complex was -9.101 kcal/mol.
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Fig. 11 Graphical representation of binding site interactions of beta-lactamase for St-g-PAA and

St-g-PAA doped BaO nanocomposite A & B from S. aureus and C & D from E. coli

Also, in the case of St-g-PAA docked complex with beta lactamasee. coii, Tyrl50 revealed pi-pi
interaction while Asn289 and Asn346 formed H-bonds having distances of 2.2 A and 2.5 A,
respectively, with a score of -6.696 kcal/mol. St-g-PAA doped BaO nanocomposite showed
similar binding patterns like the involvement of pi-pi correlation with Tyr150 and three H-bonds
as Ser64 (2.5 A), Asn152 (2.9 A), Lys315 (2.7 A) along with hydrophobic relation with Lys293

having docking score -7.783 kcal/mol (Fig 11C & D).
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4 CONCLUSION

In order to determine the antibacterial and catalytic activity, different concentrations of St-g-
PAA doped BaO NPs were effectively produced by a simple co-precipitation method. BaO has
tetragonal structure confirmed by the XRD pattern, which showed that reduction in crystallinity
upon dopants. FTIR was used to confirm the occurrence of functional groups in prepared NPs
and polycrystalline nature of BaO was validated through SAED. According to UV-Vis spectra,
doping caused to decrease the bandgap energy from 4.00 to 3.79 eV. The d-spacing (0.17, 0.29,
0.32, and 0.22 nm) was calculated using HR-TEM, which correlates with XRD. The maximum
catalytic degradation of MB was observed at 97% for doped samples in a basic environment.
Additionally, the bactericidal efficacy of the BaO NPs was determined against the bacteria S.
aureus and E. coli (0-2.40 mm); while higher antibacterial performance was observed by the S.
aureus (0-7.35 mm) at higher concentration compared to and E. coli (0-2.40 mm) upon doping.
In silico studies were carried out against enoyl-[acylcarrier-protein] reductase (Fabl) and beta-
lactamase enzyme to assess St-g-PAA and St-g-PAA doped BaO nanocomposites as inhibitors
and elucidates their mode of action. From these results, we conclude that St-g-PAA doped BaO
NPs can be used as ideal catalyst in basic media and potential inhibitor.

Acknowledgment: Thanks to higher education commission (HEC), Pakistan for NRPU-20-

17615 (Muhammad Ikram).
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Abstract

ABSTRACT

The removal of cationic dyes from water has received a great attention of researchers considering
their influence on environment and ecosystem. In current work, starch-grafted-poly acrylic acid
(St-g-PAA) doped BaO nanoparticles have been synthesized by co-precipitation approach. The
aim of this research was to reduce the harmful methylene blue dye and evaluate the antibacterial
activity of St-g-PAA doped BaO. XRD spectra exhibited the tetragonal structure of BaO and no
variations occurred upon doping. The optical properties of St-g-PAA doped BaO have been
evaluated by UV—Vis spectrophotometer. The existence of a dopant in the product was verified
using EDS spectroscopy. TEM revealed the formation of cubic-shaped NPs of BaO and upon the
addition of St-g-PAA, a few nanorod-like structures. The higher concentration of St-g-PAA
doped BaO exhibit a remarkable reduction of methylene blue in a basic environment.
Furthermore, St-g-PAA doped BaO revealed higher antimicrobial efficacy against
Staphylococcus aureus in comparison to Escherichia coli. In silico studies were conducted
against enoyl-[acylcarrier-protein] reductase (Fabl) and beta-lactamase enzyme to evaluate the
potential of both St-g-PAA and St-g-PAA doped BaO nanocomposites as their inhibitors and to

rationalize their possible mode of action.



