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ABSTRACT: In recent years, inorganic metal nanoparticle fabrication by extraction of
a different part of the plant has been gaining more importance. In this research,
cellulose-mediated Ag nanoparticles (cellulose/Ag NPs) with excellent antibacterial
and antioxidant properties and photocatalytic activity have been synthesized by the
microwave-assisted hydrothermal method. This method is a green, simple, and low-cost
method that does not use any other capping or reducing agents. X-ray diffraction
(XRD), Fourier transform infrared (FTIR), field emission scanning microscopy
(FESEM), transmission electron microscopy (TEM), energy-dispersive X-ray (EDX),
and UV-—visible spectroscopic techniques were used to investigate the structure,
morphology, as well as components of the generated cellulose/Ag NPs. In fact, XRD
results confirm the formation of the face-centered cubic phase of Ag nanoparticles,
while the FTIR spectra showed that the synergy of carbohydrates and proteins is
responsible for the formation of cellulose/Ag NPs by the green method. It was found
that the green-synthesized silver nanoparticles showed good crystallinity and a size range of about 20—30 nm. The morphology
results showed that cellulose has a cavity-like structure and the green-synthesized Ag NPs were dispersed throughout the cellulose
polymer matrix. In comparison to cellulose/Ag NPs and Ag nanoparticles, cellulose/Ag NPs demonstrated excellent antibacterial
activity, Proteus mirabilis (MTCC 1771) possessed a maximum inhibition zone of 18.81.5 mm at 2.5 g/mL, and Staphylococcus aureus
(MTTC 3615) had a minimum inhibition zone of 11.30.5 mm at 0.5 g/mL. Furthermore, cellulose/Ag NPs also exhibited a
significant radical scavenging property against the DDPH free radical, and there was a higher degradation efficiency compared to
pure Ag NPs against Rhodamine B as 97.38% removal was achieved. Notably, cellulose/Ag NPs remarkably promoted the transfer
and separation of photogenerated electron—hole (e™/h*) pairs, thereby offering prospective application of the photodegradation
efficiency for Rhodamine B (RhB) as well as antibacterial applications. With the findings from this study, we could develop efficient
and environmentally friendly cellulose/Ag nanoparticles using low-cost, environmentally friendly materials, making them suitable for
industrial and technological applications.

1. INTRODUCTION

The research community has been faced with the challenging
task of developing powerful, novel, and cost-effective anti-
biotics in response to the growing menace of bacterial
resistance.’ The eradication of harmful microorganisms’
adhesion, contamination, colonization, and persistence on
surfaces by viruses and bacteria is crucial for safeguarding
public health and society.” A number of materials with potent
antibacterial activity have been developed to kill microbes,
such as organic antibacterial agents and inorganic materials.>”
Organic-based antibiotics are sensitive to high-pressure and
-temperature processing conditions; therefore, recently in-
organic nanomaterial-based antibiotics have become a hot
research interest for drug design and development.>° Inorganic
antibacterial agents are superior to antibacterial materials
toward viruses, yeasts, fungi, and bacteria because of their lon
shelf life and good stability at high pressure and temperature.
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Metallic and metal oxide nanoparticles, such as copper, gold,
silver, zinc oxide, titanium dioxide, copper oxide, as well as
magnesium oxide, exhibit a diverse array of antibacterial
compounds.”” Among these, silver nanoparticles (Ag NPs) are
well-known antibacterial as well as wound-healing substan-

10,11
ces.

Furthermore, Ag NPs release silver ions (Ag*), which
inhibit respiratory enzymes responsible for reactive oxygen
species (ROS) production; therefore, Ag NPs are widely used

in medicines, cleaning agents, food, as well as consumer
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products.'”” However, pure Ag NPs are used in a limited
manner in direct antibacterial application and wastewater
treatment due to their poor antibacterial activity, high cost, and
low electron—hole pair recombination. In the conventional
process, silver ions are reduced by various methods, such as the
high-temperature process, using capping agents (gelatine), and
reducing the amount of silver ions in the liquid medium
(sodium borohydride). Recently, researchers have focused on
developing green synthesis of Ag NPs employing plant extracts
as natural reducing and stabilizing agents for Ag NPs."

Ipomoea quamoclit is a member of the Convolvulaceae family,
also known as Quamoclit pinnata, and is found mostly in Asia,
North America, and Europe. I quamoclit, ayurvedic and
traditional medicine depend on this plant, also known as
Indian pink, cardinal vine, and star glory. I. quamoclit stems and
leaves contain trace levels of cyanogenetic glycosides, including
alkaloids. To alleviate bleeding piles and carbuncles, plant
leaves are utilized. The plant I quamoclit has several
therapeutic qualities, including anticancer, antidiabetic, anti-
bacterial, and antioxidant properties.

Cellulose is the most abundant, eco-friendly, renewable,
biodelgradable, and widespread natural biopolymer on
earth."* ™' Cellulose also has a low thermal expansion, high
modulus, good mechanical properties, hydrophilicity, piezo-
electricity, and low density. Cellulose is a linear repeated unit
containing 1,4-f glucan chains, which is covalently linked to
one of the neighboring glucose rings C1 and C4, which 1possess
strong inter- and intramolecular hydrogen bonds.'”"® This
makes cellulose nondissolvable in most common organic
solvents and water. Cellulose-based composites are used for
textile, optical, biomedical, and coating technology.lg’zo In
recent years, cellulose has become a very promising material
for sustainable development, especially associated with the
nanoscience technique. Incorporation of silver nanoparticles
into cellulose polymers provides the following advantages for
antibacterial and photocatalytic activity: (i) nontoxic and
biocompatible material due to naturally available polymers; (ii)
cellulose acts as a natural reducing and a stabilizing agent; and
(iii) cellulose is easily available.

Here, we propose that the cellulose/Ag NPs (1:1 ratio) were
synthesized by a green and microwave-assisted hydrothermal
method having a good crystalline nature with a tunable
morphology, produced from organic—inorganic hybrid cellu-
lose/Ag NPs, as well as an increased antibacterial potential
against human pathogens (Gram-positive bacteria and Gram-
negative bacteria). Also, cellulose/Ag NPs and Ag NPs were
examined for their photocatalytic and antioxidant properties in
the current study’s investigation of dye degradation. However,
this study offers a low-cost and environmentally friendly
technique of precipitating multifunctional cellulose/Ag NPs.
To the best of the authors’ knowledge, this is the only study to
investigate molecular docking studies for cellulose/Ag NPs as
well as the interfacial contact.

2. EXPERIMENTAL SECTION

2.1. Preparation of I. quamoclit L. Leaf Extract. To
eliminate dust particles, I. quamoclit was gathered locally and
rinsed with sterile distilled water. The clean leaves were
pulverized using an electric grinder after being chopped into
tiny pieces. Following that, 10 g of powder was mixed with 100
ml of deionized water, as well as the solution was boiled in a
water bath at 100 °C for 30 min. Lastly, the extract was filtered
and stored in an argon environment for future use.

2.2, Synthesis of Silver Nanoparticles (Ag NPs).
Initially, a 1 mM AgNO; solution was prepared; next, at
room temperature, 25 mL of leaf extract was gently mixed with
an aqueous AgNO; solution, which was then added while
being constantly stirred. Second, the combined solution was
kept in the HPCM apparatus for 20 min (Barnstead
Thermolyne, SP46925) at 400 °C. The nanoparticles were
centrifuged at 5000 rpm for about 15 min. The synthesized Ag
NPs were suspended, rinsed with deionized water, and then
fired at 100 °C for 1 h before being ground and characterized.

2.3. Preparation of Cellulose/Ag Composites. The
synthesis of cellulose/Ag composite samples by the micro-
wave-assisted hydrothermal method was carried out as follows.
1.6 g of cellulose was distributed in a 100 mL mixture solution
including 75 mL of deionized water, S mL of TEMPO, 10 mL
of NH,OH, 6 mL of N,N-dimethylacetamide, and 4 mL of
urea, and further sonication was performed for 1 h to result in
the formation of a homogeneous solution. Then, 1.07 g of
green-synthesized Ag NPs was dissolved in deionized water,
and the resulting solution was magnetically stirred for 1 h.
After stirring for 1 h, each precursor was transferred to a
microwave oven and heated at 900 Watts for 15 min. Lastly,
the cellulose/Ag NPs were rinsed with deionized water as well
as ethanol until completely neutralized and then dried in an
oven at 500 °C for about 3 h to increase crystallinity.

2.4. Characterization Studies. The crystalline nature of
nanoparticles was investigated by X-ray diffraction (XRD)
patterns obtained using Cu K radiation (1.5406 A) on the
Bruker D8 Advance (Germany) at an acceleration voltage of
40 kV and diffraction angle 26 range of 10—80°. The presence
of silver nanoparticles and their interaction with cellulose
matrix synthesized cellulose/Ag NPs were studied by Fourier
transform infrared (FTIR) spectroscopy was obtain KBr pellets
methodology (Perkin Elmer 1725 spectrometer, USA) in the
wavenumber range of 400—4000 cm™~". The morphology of the
nanoparticles was observed by a field emission scanning
microscope (FESEM) captured by FEI-Quanta FEG 200F
(The Netherlands), equipped with an energy-dispersive X-ray
(EDX) spectrum for elemental analysis and a 30 kV
accelerating voltage. The transmission electron microscope
(TEM) was performed with a JEOL/JEM 2100 (Japan) at a
200 kV accelerating voltage. To identify the sample’s energy
band, an optical characterization was done using a Cary 100
UV—visible spectrophotometer (USA) inside the 200—500 nm
wavelength range using BaSO, as a reflectance sample.

2.5. Evaluation of Antibacterial Activity. Gram-positive
as well as Gram-negative common pathogenic bacteria
(Staphylococcus aureus (MTTC 361S), Enterococcus faecalis
(MTCC 439), Escherichia coli (MTCC 443), and Proteus
mirabilis) were selected for typical microorganisms for
antibacterial screening (MTCC 1771). The growth of bacteria
was accomplished using the Mueller—Hinton diffusion of agar
disc technique. At first, the strains were cultivated using a
standard cork borer method and by adjusting the turbidity of
the bacterial inoculums. Fresh bacterial cultures were added to
each well using a micropipette. Discs of 6 mm diameter
containing the sample were dispensed onto the plates. The
loaded plates were incubated at 37 °C for 24 h, the
antibacterial activity was evaluated on the zone of diameter
inhibition in mm, and the results were recorded. The test was
repeated three times. A Vernier caliper was used to measure
inhibition zones of the bacteria, and they were reordered for
antibacterial activity.
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2.6. Antioxidant Activity. 2.6.1. DPPH Radical Scaveng-
ing Assay. Ag NPs and cellulose/Ag NPs were tested for their
capacity to degrade free radicals using the DPPH (1, 1,
diphenyl 2, 2, picrylhydrazyl) scavenging assay.”"”* DPPH was
used to evaluate the amounts of cellulose/Ag NPs (200—1000
g/mL). The following percentage (%) DPPH degradation
properties for cellulose/Ag NPs were calculated: Scavenging
ablht}’ of DPPH (%) = [(Asample - Ablank)/Acontrol] X 100,
where A, is the control absorbance at 30 min and A,y is
the sample absorbance at 30 min. Each sample was examined
in triplicate.

2.6.2. H,0, Radical Scavenging Assay. The technique
developed by Bhatti et al. was used to calculate the hydrogen
peroxide scavenging capability of samples.”> Ag NPs and
cellulose/Ag NPs were generated in ethanol at varied
concentrations (200—1000 g/mL) in 0.6 mL of H,O, solution.
The absorbance of the reaction mixture at 230 nm was
measured at 15 min of incubation. A H,0,-only solution is
referred to as a blank solution. The H,O, scavenging activity of
cellulose/Ag NPs was found to be as follows: (%) hydrogen
peroxide scavenging = [(4, — A;)/A,] X 100, where A, seems
to be the control absorbance and A, is the sample absorbance.

2.7. Molecular Docking Studies. 2.7.1. Protein Prep-
aration. In the current study, a molecular docking study for a
protein connected to breast cancer research was conducted.
The targeted crystalline structure of the BRCT replication
originating from the penicillin-binding protein 4 (RCSB PDB
ID: 1TVF), a protein linked with breast cancer, was retrieved
and downloaded in the RCSB PDB format. All calculations of
docking studies were carried out using the AutoDock-Vina
program. The removal of cocrystallized ligands, fluids, and
cofactors was done before the protein was ready for docking.
The graphical user interface of Autodock tools (ADT) was
employed to determine the Kollman charge and polar
hydrogens. For the docking operation, AutoDock software’s
Lamarckian Genetic Algorithm (LGA) capability was used.

2.7.2. Receptor Grid Generation. Autodock 4.2 was used to
perform molecular docking investigations. Studies of docking
were conducted using stiff receptors and flexible ligands. At the
binding site for the 1TVF protein, the grid box’s dimensions
were 126 X 126 X 126, and the grid box’s center dimensions
were —5.911 X 31.909 X 40.846, with a spacing of 0.389.

2.7.3. Ligand Preparation. The cellulose/Ag NP com-
plexes’ organic components were represented using Chem-
Draw 12.0 software. The generated 2D chemical structures
were translated into the mol form that was later turned into the
3D AutoDock software’s structure was used for the docking
procedure, and all these ligands were subsequently purified and
synthesized using Autodock ligand-input facilities via chosen
torsional tree-choose roots as well as torsion tree-detect root.
Using output-save, the purified finished ligands were saved in
the pdbqt file for future use in molecular docking
investigations. The visualization results were obtained using
the Discovery Studio program.

2.8. Photocatalytic Activity. Photocatalytic performance
was investigated using visible light (300 W xenon lamps; 400
nm). The photocatalytic efficiency of the as-prepared samples
was determined at room temperature (RT). In a quartz glass
photocatalytic reactor, exactly 200 mg of photocatalyst was
disseminated into 100 mL of Rhodamine B (RhB) (10 mg/L).
Before irradiation, the aliquot was agitated for 30 min in the
dark to establish adsorption—desorption equilibrium between
both dyes and the photocatalyst. UV absorption experiments

were used to investigate the degradation efficiency and
determine the dye concentrations at different time intervals.

3. RESULTS AND DISCUSSION

3.1. Structural and Morphology Properties. The
crystallinity and crystal phases of green-synthesized Ag NPs
and cellulose/Ag NPs were analyzed by XRD studies as shown
in Figure lab. In Ag NPs, a strong diffraction peak was
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Figure 1. XRD patterns of (a) cellulose, (b) Ag NPs, and (c)
cellulose/Ag NPs.

observed at 26 values of 41.2, 47.3, and 64.4°, which
correspond to (112), (200), and (220) planes, respectively,
and all of these peaks are compatible with the face-centered
cubic (fcc) phase of Ag NPs (JCPDS file no. 04-0783).”"*
Further, we can see that common diffraction peaks of cellulose
and Ag NPs appeared in the cellulose/Ag NPs (Figure 1);
furthermore, strong diffraction peaks appeared at 41.2° having
a large width, which represent the green-synthesized NPs
having a small size compared to pure Ag NPs. Moreover, the
cellulose peak (28°) intensity slightly increased in the
cellulose/Ag NPs, implying the addition of Ag NPs into the
cellulose matrix, which would help increase cellulose
crystallinity and, further, help Ag NPs to diffuse into the
cellulose crystalline region. A trend of increasing intensity of
these peaks was observed when the Ag concentration was
increased due to unreacted cellulose, emphasizing cellulose’s
beneficial role in stabilizing a distinct phase of the face-
centered cubic structure of Ag NPs. As the concentration of Ag
increases, the intensity of the cellulose XRD peaks increases
dramatically. In the reaction solution, hydrogen bonds between
adjacent cellulose molecules were likely induced by increased
viscosity. A similar observation was made by Basuny et al. in
the case of an increase in cellulose crystallinity in the cellulose/
Ag composite.”® The mean crystallite size of green-synthesized
Ag NPs as well as the cellulose/Ag composite computed using
the Debye—Scherrer equation’” and the measured mean
crystalline structure of silver nanoparticles were ~32 and
~24 nm, respectively.

The surface morphology, physical properties, and interfacial
interaction of the green-synthesized Ag NPs and the cellulose/
Ag NPs were observed through FESEM and TEM analyses.
Figure 2a displays the sheet-like structure of the cellulose
polymer matrix. Figure 2b shows the FESEM images of Ag
NPs. It is noticed that the samples are spherical in nature and
there is no agglomeration between the particles; furthermore, a
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large number of small chunks formed. FESEM images of Ag
NPs and cellulose/Ag NPs showed a qualitatively small
difference in the porous structure. Figure 2¢ shows the porous
structure of cellulose/Ag NPs; a large number of spherical
particles are observed along with fewer smaller chunks
compared to pure Ag NPs, which indicate that the Ag NPs
cause significant changes in the cellulose polymer matrix
morphology. More interestingly, the cellulose/Ag NP
architecture is induced by the interfacial interaction behavior
between the cellulose matrix and Ag NPs during HPCM-
assisted synthesis. The present study combines field-emission
scanning electron microscopy (FESEM) with energy dispersive
X-ray spectroscopy (EDX) analysis. X-ray spectroscopy (EDX)
can offer valuable information regarding the elemental analysis
of carbon, oxygen, and hydrogen related to the cellulose and
silver was detected indicating the successful formation of the
green-synthesized composite. TEM investigation was per-
formed to verify the production of Ag NPs on the surface of
the cellulose polymer matrix. Figure 3a reveals nanoparticles of
Ag NPs via the HPCM route, while Figure 3b shows spherical-
shaped Ag NPs present on the nanocluster of the cellulose
polymer matrix surface and objects with size from several nm
to 20 nm. The presence of available pores within the cellulose

Figure 3. TEM images of (a) Ag NPs and (b) cellulose/Ag NPs.

matrix creates a growth site for embedded Ag NPs, leading to
the smaller size of green-synthesized cellulose/Ag NPs in
comparison to pure Ag NPs.

3.2. FTIR Analysis. FTIR spectra were used to examine
both phytochemical constituents of cellulose, Ag NPs, and
cellulose/Ag NPs as shown in Figure 4a,b. The spectra of
cellulose showed a peak at 3169 and 1357 cm™ attributed to
the O—H stretching vibration, and the band around 690 and
857 cm ™" may be due to the COO stretch. The FTIR spectra
of Ag NPs arise at 778 cm™! and 841 cm™}, attributable to the
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Figure 4. FTIR spectra of (a) Ag NPs and (b) cellulose/Ag NPs.

C=C stretching mode and C—H scissoring, respectively,”**

of the organic moisture. The FTIR spectra of cellulose/Ag NPs
were obtained around 628, 778, 841, and 1146 cm™. For the
composite, peaks around 628 and 1146 cm™' were linked to
COO groups that signify carboxylate ion production during the
production of cellulose/Ag NPs;*® these peaks confirm the
successful formation of cellulose/Ag NPs. Furthermore, the

slight shift of the COO band from cellulose to the composite
and the peak intensity increase from cellulose to the composite
further confirm the formation of cellulose/Ag NPs. As can be
seen from the picture, a characteristic absorption band was
present at 3169 cm™' for cellulose and at 1357 cm™ for the
O—H stretching vibration, respectively, on the FTIR spectrum
of cellulose. The breakdown of some hydrogen bonds in the
crystallinity index of cellulose/Ag NPs was explained by the
complete decrease in the crystallinity index. It was confirmed
by a decrease in the 3169 cm™" intensity and a shift of the 1357
cm™! intensity for the main hydroxyl group. As a result, the
hydrogen-bonding bands of 3169 and 1357 cm™" of cellulose/
Ag NPs disappeared along with the decrease in crystallinity.
Overall, these findings are in agreement with the loss of the
crystalline order observed via XRD on cellulose/Ag NPs.
3.3. UV-Visible Measurements. The UV-visible
absorption spectrum was collected to confirm the surface
plasmon resonance (SPR), which occurs due to the nano-
particle size effect in the coherent existence of free electrons in
the conduction band (CB).*”** The samples of cellulose/Ag
NPs and Ag NPs are shown in Figure Sa,b with their UV—
visible spectra. The maximum absorption peak of Ag NPs was
found at 380, 420, and 520 nm, and a clear blue shift in the
cellulose/Ag NPs was noticed, which confirms the impregna-
tion of silver NPs into the cellulose matrix as well as the
successful formation of cellulose/Ag NPs. In fact, Vijayakumar
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Figure 5. UV—visible spectrum of (a) Ag NPs and (b) cellulose/Ag NPs. (c). Charge transport properties and electrical conductivity of Ag NPs

and cellulose/Ag NPs.
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Table 1. Shape and Size of Cellulose/Ag Nanoparticles Affect their Antibacterial Efficiency

antibacterial activity (mm)

organisms streptomycin (mm) 0.5 (ug/mL) 1 (ug/mL) 1.5 (ug/mL) 2 (ug/mL) 2.5 (ug/mL)
Staphylococcus aureus (MTTC 3615) 20.1 + 1.0 11.3 + 0.5 12.7 + 1.1 13.6 + 0.5 14.8 + 1.5 159 + 0.5
Enterococcus faecalis (MTCC 439) 19.6 + 0.5 13.3 £ 0.5 14.5 +£ 0.5 152 + 1.5 16.7 + 1.1 17.7 £ 0.5
Escherichia coli (MTCC 443) 19.8 + 1.0 11.6 + 0.5 123 £ 0.5 143 £ 0.5 157 + 1.1 174 + 0.5
Proteus mirabilis (MTCC 1771) 20.1 £ 1.5 14.6 + 1.5 152 + 1.1 16.6 + 0.5 179 £ 1.0 188 + 1.5

et al.”® reported that it should be noted that the observed SPR
spectra intensity of the composite is due to the distribution of
Ag NPs, spherical shape, and nanosize of the Ag NPs. The
band gap of the specimens was determined using the Tauc plot
(ahv) vs C(hv — E,)", where v is the intensity of light, h
represents Plank’s constant, C is the proportionality, n
represents 1/2 (for direct transition mode materials), and E
is the band-gap energy.’’ The band-gap energies of Ag NPs as
well as cellulose/Ag NPs were 2.26 and 2.03 eV, respectively.

3.4. Impedance Spectra. Electrochemical impedance
spectroscopy (EIS) measurement was carried out to investigate
the charge transport features and degrees of electrical
conductivity of Ag NPs and cellulose/Ag NPs. In Figure Sc,
we can see a large semicircle arc, which indicates the high
resistance of Ag NPs, and a small semicircle arc, which
represents the low resistivity of cellulose/Ag NPs. Based on
EIS results, cellulose/Ag NPs show a smaller semicircle radius
in the EIS plot, suggesting a lower interfacial layer resistance to
a faster interfacial transfer of the electron—hole (e”/h*)
pair.””~** The results indicated that the cellulose strongly
coupled with Ag NPs facilitates electron—hole transfer and
migration, which supports the better antibacterial and
photocatalytic activities of cellulose/Ag NPs.

3.5. Antibacterial Activity. Using the disc-diffusion
technique, the antibacterial capabilities of Ag NPs and
cellulose/Ag NPs were investigated against both Gram-positive
and Gram-negative bacteria. The antibacterial assay result of
cellulose/Ag NPs is collated in Table 1 and is shown in Figure
6, which states that cellulose/Ag NPs produce a good

Em Staphylococcus aureus ™® Proteus vulgaris
25 mm Enterococcus faecalis wWm Escherichia coli

0 ““ “II‘ |‘l“ |‘l‘| “II
0.5 1 1.5 2 25

Concentrations (pg/mL)

- - N
o o0 o

Zone of inhibition (mm)
(5]

T
STD

Figure 6. Antibacterial activity of cellulose/Ag NPs against S. aureus,
P. vulgaris, E. faecalis, and E.coli.

inhibition zone against both bacteria. This test demonstrates
that pure Ag NPs showed the lowest inhibition effect on both
tested bacteria when compared with cellulose/Ag NPs, and the
results showed marked suppression against Gram-negative
bacteria than against Gram-positive bacteria. The antibacterial
activity of cellulose/Ag NPs was different against human
pathogens due to differences in the cell membranes of Gram-
positive and Gram-negative cells. Gram-positive bacterial cell

walls are made of a single peptidoglycan layer. Thus, cellulose/
Ag NPs could easily penetrate Gram-positive bacteria.
However, the Gram-negative bacterial cell wall is a multi-
layered structure, which contains a lipoprotein layer, a
phospholipid layer, and a thin peptidoglycan layer,"” so
penetration of cellulose/Ag NPs into the Gram-negative
bacteria was prevented by their complex structure. The
possible mechanism of the antibacterial effect of the
cellulose/Ag NPs is summarized in Figure S1.

The mechanism of cellulose/Ag NPs” antibacterial effective-
ness has been postulated.

(i) The antibacterial efficiency of the synthesized cellulose/
Ag NPs depends on the shape and size of the
nanoparticles. The small-sized nanoparticles became
more toxic than the large nanoparticles due to their
higher surface-to-volume ratio. Therefore, small nano-
particles help it to penetrate into the cell easily, which
leads to bacterial effects in the bacterial species."”

(ii) Another potential method of action includes membrane
function; metallic nanoparticles have a positively
charged surface that allows them to interact with
negatively charged bacterium membranes, enabling
them to attach to various cell structures and leading to
chemical interaction. The electrostatic interaction occurs
between positively charged metallic nanoparticles and
negatively charged bacteria on the surface and charged
in cell morphology, leading to growth inhibition.”

(iii) ROS are a species of oxygen that can damage the cell
membrane, DNA, and cellular protein, which leads to
cell death.’®*” ROS are produced when oxygen enters
undersized reduction states, which may be attributed to
the formation of oxidative stress by the superoxide anion
(0,°7), hydrogen peroxide (H,0,), and the hydroxide
radical (OH®), which leads to the formation of H,0,
and further damages the DNA as well as proteins in
bacteria.

3.6. Antioxidant Activity. 3.6.1. DPPH Radical Scaveng-
ing Activity. Cellulose/Ag NPs from the green synthesis show
profound free-radical scavenging activity against DPPH as
shown in Figure 7a. The cellulose/Ag NPs demonstrate high
antioxidant activity compared to I quamoclit extract Ag NPs
and are well-known ascorbic acid antioxidants. In this study,
the DPPH degradation capabilities of cellulose/Ag NPs
significantly increased in a dose-dependent manner. Functional
cellulose/Ag NPs exhibited maximum DPPH scavenging traits
ranging from 24.5 + 0.6 to 77.2 + 4.0% for the ascorbic acid
standard. The obtained result might be attributed to the
presence of various phytochemical groups, as shown in the
FTIR, which was a reason for the reduction of Ag NPs to
cellulose/NPs.

3.6.2. H,0, Scavenging Activity. Hydrogen peroxide is
known as the primary reactive oxygen species (ROS) due to its
biological properties. The hydrogen peroxide radical scaveng-
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® 407 produced ligands are shown in Table S1. Table S2 reveals that
S 2- all of the cellulose/Ag ligands could robustly occupy the active
] site of 1TVF, with their residue interactions, bond types, and
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Figure 7. (a). DPPH scavenging effect of different concentrations
(200—1000 pg/mL) of Ag NPs, cellulose/Ag NPs, and ascorbic acid.
Each value represents the mean =+ standard error of the mean (SEM)
of triplicate experiments. (b). H,O, degrading properties of Ag NPs
and cellulose/Ag NPs at various concentrations (200—1000 yg/mL).

ing properties of the Ag NPs and cellulose/Ag NPs with the
standard are shown in Figure 7b. The functional cellulose/Ag
NPs showed maximum H,0, scavenging traits ranging from
39.1 + 1.6 to 79.8 + 6.1% and standard ascorbic acid ranging
between 45.1 & 2.1 and 88.5 + 2.1%; based on the findings,
functional cellulose/Ag NPs showed stronger concentration-
dependent antioxidant activities.

3.7. Studies on Molecular Docking. 3.7.1. Molecular
Docking Studies of Cellulose/Ag NP Ligand with the Crystal

bond lengths. The pictures of cellulose/Ag NPs with ligand—
receptor hydrogen-bond contacts, receptor-side hydrogen-
bonding interaction, and associated 2D ligand—receptor
hydrogen-bond interactions are shown in Figures 8,9, and 10
as well as in Figure S2. For four distinct receptors, empirical
ligand binding energy levels with their respective RMSD
measurements (rmsd Lb and rmsd ub) were provided. The
inhibitory factors for all compounds were calculated and
reported using the K; = exp(AG/RT) equation, where AG, R,
and T are the docking binding energy, gas constant (1.9872036
X 1072 kcal/mol), and temperature (298.15 K), respectively.
An inhibition constant (K;) shows that whenever a ligand had
stopped associating with such a material for the enzyme and
serves as a measure of ligand binding to protein. The smaller
the K;, the lesser the drug necessary to inhibit the enzyme’s
activity. The cellulose/Ag NP ligands interact with the 1TVF
protein, resulting in a decreased Ad binding affinity of —5.8
(kcal/mol) as well as an inhibitory constant (K,) of 55.444 M.

Figure 8. Receptor 1TVF and cellulose/Ag ligand active-side prediction binding image outcome.
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Figure 9. Hydrogen-bond Interaction of the cellulose/Ag ligand with the 1TVF protein.

Acceptor .

Figure 10. Hydrogen-bond receptor-side surface interaction of the
cellulose/Ag ligand with the 1TVF protein.

3.8. Photocatalytic Activity. In order to create a
photocatalyst, the adsorption—desorption equilibrium was
obtained in 30 min and the photocatalytic destruction of
RhB under exposure to visible light was investigated. Figure
11a shows the photocatalytic degradation efficiency of C/C,
(%) vs time for RhB. After 180 min, the photocatalytic activity
of a blank solution was tested in the absence of a photocatalyst;
the result shows that the degradation rate is around 7.37%. The
degradation performances of the RhB solution utilizing Ag NPs
and cellulose/Ag NPs were found to be 37.68 and 97.38%,
respectively. The UV-adsorption intensity for RhB rapidly
reduced as the reaction time increased as shown in Table S3.

3.8.1. Kinetic Study of Reactions. A pseudo-first-order
equation may be used to depict the kinetic rate of cellulose/Ag
nanoparticles against RhB dye degradation.

_ln(ct/co) = kabs(t) (1)

where C, is the concentration for RhB at different time
intervals (t), C, is the starting dye concentration, and k,, is the
pseudo-first-order model constant of dye removal. Figure 11b
shows the cellulose/Ag rate constant, which aids in the
photocatalytic breakdown of RhB. Table S4 illustrates the
constant k,,, values of RhB derived from experimental data.

3.8.2. Mechanism for Photocatalysis. From the exper-
imental results and comments illustrated in Figure 12,
cellulose/Ag NPs can be used as photocatalysts to degrade
RhB. When visible light is absorbed on the surface of NPs,
electrons are pushed from the valence band (VB) to the
conduction band (CB) while creating holes (h*) in the VB.
During this process, the rate of electron—hole pairs decreases,
which improves the photocatalytic process. The CB electron
reacts with the dissolved oxygen molecules to result in
peroxide radical anions (*O,”), and the interaction between
holes and OH™ ions produces hydroxyl radicals (*OH). In the
vicinity of *OH as well as O, species, the RhB disintegrates,
generating CO, and H,0.”®” The equation specifies the
suitable photocatalytic degradation pathway.

cellulose/Ag + visible light (hv) — K" (VB) + ¢~ (CB)

(2)
h" (VB) + H,0 - H" + *OH (3)
e +0, - *0,” 4)
[RhB dye] + °O,” + "OH - H,0 + CO, (s)

4. CONCLUSIONS

The present work demonstrates cellulose/Ag nanoparticles
were successfully prepared by a simple, eco-friendly, and
economical hydrothermal technique. XRD, FTIR, FESEM,
TEM, and UV—visible spectroscopy were used to investigate
the structural, morphological, and optical features of green-
synthesized Ag NPs and cellulose/Ag NPs. The XRD analysis
revealed that the samples were crystalline in nature with an fcc
structure, and Ag ions were successfully incorporated in the
cellulose polymer matrix. FESEM and TEM analyses indicated
that the green-synthesized cellulose/Ag NPs were spherical in
shape, with the Ag NPs securely adhered to the cellulose
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Figure 11. (a) C/C, versus time for Rhodamine B dye degradation. (b) Kinetic plot for Rhodamine B.
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Figure 12. Photocatalytic activity mechanism of cellulose/Ag NPs against RhB.

surface. The UV—visible spectra demonstrate the production
of cellulose/Ag NPs by SRP peaks approximately at 520 nm.
As compared to both manufactured Ag NPs as well as
cellulose/Ag NPs, these cellulose/Ag NPs demonstrated
considerable antibacterial activity against Gram-positive
bacteria but not against Gram-negative bacteria. In addition,
cellulose/Ag composites may have potential antioxidant
properties when compared to Ag nanoparticles.s. Additionally,
at the completion of 180 min of UV—visible irradiation, the
cellulose/Ag NP sample showed a higher degradation
efficiency compared to pure Ag NPs against Rhodamine B as
97.38% removal was achieved. This research provides an
environmentally friendly and simple method for cellulose/Ag
NPs to be further applied in the field of functional biomedical
applications, which needs to be further investigated in further
studies.
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