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Mahendra Nath Roy The goal of this study is to compare the optical, morphological, and
Department of Chemistry, antibacterial properties of ZnO nanoparticles (NPs) made using
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chemical and green methods. Fourier transform infraredspectroscopy
(FTIR), dynamic light scattering (DLS), Ultraviolet-visible
spectroscopy (UV-Vis), Scanning electron microscope (SEM), and X-ray diffraction (XRD)

were used to characterize the nanomaterials. Both gram-positive and gram-negative
microorganisms were tested for antibacterial activity. Density functional theory (DFT)
calculations clearly indicate that quercetin is mainly responsible for the stabilization and
reduction of ZnO NPs. Plant-mediated nanomaterials have been found to be a more
promising candidate for use in a variety of medicinal and industrial research sectors than

chemically synthesized nanoparticles.

KEYWORDS: ZnO nanoparticles; Antibacterial activity; Azadirachta indica; Green

synthesis.
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1. INTRODUCTION

Nanotechnology is a multidisciplinary science that has resulted in the development of a wide
range of smart nanomaterials.!”! Plant-based nanomaterials are causing a revolution in modern
science, with several applications in the fields of health, cosmetics, electronics, and
agriculture.? Their nanoscale size (1-100 nm), in particular, improves antibacterial
capabilities by absorbing bacterial surfaces.®! This nanoscale category contains ZnO NPs,
which have a wide range of uses in cosmetics, chemical sensors, optoelectronics, single-
electron transistors, drug-delivery tissue engineering, antibacterial agents, photocatalysts, and
bio-sensing materials. It’s a common ingredient in broad-spectrum sunscreen.! Furthermore,
ZnO NPs have been investigated for their ability to extract Thorium (IV) from aqueous

solutions.

Different fabrication approaches are becoming more popular for processing ZnO NPs.”!
Chemical methods have a number of drawbacks, including experimental setup, the
employment of additional stabilizing and reducing agents, and poor production of the desired
products. The biosynthesis scheme, according to the literature, is a novel alternative to
physical and chemical approaches for NPs synthesis. Various nanostructures, such as
nanorods, nanotubes, and nanowires are now being prepared from biological sources for
various applications.[®™ In this domain, researchers offered several green sources like fungal
biomass, plant extracts, bacteria, algae, and so on for the synthesis of NPs. Multiple
phytochemicals and enzymes are found in plant extracts to transform bulk ZnO to nanoscale
ZnO. According to the literature, numerous plant extracts were used in the green production
of ZnO NPs, including Trifolium pretense, Ocimum basilicum, Cassia fistula,
Aristolochiaindica, Limonia acidissima, Tabernaemontana divaricate, Cochlospermum
religiosum, Conyza Canadensis, Citrusmaxima, Boswellia ovalifoliolata, Echinacea spp.,
Salvadora oleoides, Sambucus ebulus and so on.®?! Azadirachta indica is a highly important
medicinal plant that belongs to the Meliaceae family and can be found in India, Pakistan,
Nepal, and Bangladesh.?) The phytochemical screening evaluates the presence of Quercetin,
B- sitosterol, polyphenolic flavonoids, saponins, tannins, glycosides, steroids, and alkaloids in
neem leaves extract.”? Neem and its constituents have therapeutic effect and play pivotal
role in prevention of various diseases. It is also familiar for anti-inflammatory, anti-tumor,
anti-gastric ulcer, anti-pyretic, anti-arthritic, neuroprotective, hypoglycemic properties.’?®
When the bio active components of Azadirachta indica are trapped with metal NPs these

capabilities are enhanced.™™ The inspection of literature revealed the synthesis of silver NPs,
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Iron Oxide NPs, Copper NPs, gold NPs, MnO NPs from Azadirachta indica extract.**?®
ZnO NPs, in particular, have sparked a lot of interest. Although prior research had shown that
ZnO NPs can be synthesized form neem leaf extract!?**?, the mechanism of interaction was
unknown. The interaction of bio components of plant extract with NPs in current
communication was disclosed in theoretical investigations, and an eco-friendly approach for

the production of ZnO NPs was proposed.

Now a days bacterial diseases has become common threat in tropical regions. Because
organic antibacterial agents are extremely sensitive to temperature and pressure during
manufacturing, inorganic anti-bacterial agents can be a better alternative to control the
microbes. They are generally metallic or metal oxide NPs which are stable at high
temperature and pressure.**! According to literature ZnO NPs inhibit the growth of bacterial

pathogens in minimum concentration.®

Here, we present a chemical and environmentally acceptable approach for producing ZnO
NPs, using zinc nitrate as a precursor, and compare their antibacterial capabilities. This study

will improve the biomedical industry's ability to use plant-based NPs.

2. MATERIALS AND METHODS

2.1 Preparation of leaves extract

Fresh and undamaged neem leaves were collected from the premises of University of North
Bengal, India. Leaves were cleaned with distilled water three times to avoid any
contaminations. We then chopped 20g of air dried leaves into smaller pieces and refluxed
with 500 ml water for 4 hours. Following that, the resulting solution was filtered by Whatman
filter paper No. 1. The yellow coloured solution was stored in refrigerator at 4°C.

2.2 Chemical synthesis of ZnO NPs

The precipitation process was used to make ZnO NPs.*¥ Zinc nitrate (Sigma Aldrich,
India) was dissolved in distilled water by stirring continuously and heating. At room
temperature, a dropwise addition of NaOH (Sigma Aldrich, India) solution to this solution
produced a white suspension. After then, it was left to stand for the night. Finally, the white
product was centrifuged at 3000 rpm, rinsed with water and alcohol several times, and dried
at 400°C.
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2.3 Biosynthesized ZnO NPs using Azadirachta indica leaves extract

Water was poured to a 250ml beaker containing 59 ZnNO3z.6 H,O salt.**) Then 10ml leaf
broth was added, and the mixture was heated at 70°C for 2 hours. The pale white color paste
was left to heat up at a temperature of 60 °C. Finally, for characterization, the product was

annealed at 400°C for 2 hours and stored in an airtight bottle.

2.4 Phytochemical screening of Azadirachta indicaleaves extract

Phytochemical screening was carried out to figure out the active constituents of aqueous
extract of neem leaves responsible for reduction and stabilization of bio-synthesized ZnO
NPs by standard method.?®!

2.5 Antibacterial assay of ZnO NPs

The comparative analysis of antibacterial potential of the nanoparticles synthesized through
green and chemical methods was determined by using the agar well diffusion method. Four
different bacterial species were used for the study which including two gram positive bacteria
such as Staphylococcus aureusand Bacillus subtilis and two gram negative bacteria Shigella
Sp. and E. Coli. Before analysis, all the individual stock bacteria were sub-cultured and
incubated at 37°C for 24 hours in a nutrient broth medium. Fresh overnight cultures were
inoculated on Mueller Hinton Agar (MHA) plates using sterile swabs and allowed to stand
for 10 minutes. On the bacterial lawn of MHA plates, sterile cork borer wells of 6 mm
diameter were constructed. Each well was filled with 50 uL of 700 g/mL nanomaterials
(PE=biosynthesized nanopartiles and CM=chemically synthesized nanoparticles) dissolved in
ethanol, with ampicillin (10 g/L) serving as a positive control or reference standard, and
ethanol serving as a negative control. The diameters of the inhibition zones around the wells
were measured after additional 24 hours of incubation at 37°C. The following formula was
used to obtain the percentage growth inhibition (Eg. 1)

Growth Inhibition (%) = (B1— Bo)/B1 x 100 1)

Where GI (%) = Percent growth inhibition, B;= Bacteria colony diameter in treatment, By =

Bacteria colony diameter in control.

2.6 Computational Details
Ground state geometry optimization of the major compounds of Azadirachta indica plant
extract (quercetin, - sitosterol, gedunin), which may be responsible for stabilization of ZnO

NPs, were carried out using the density functional theory. All the DFT calculations were
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performed utilizing the Gaussian 16 program. Ground state geometry optimization of the
major compounds, ZnO NPs and nanocomposites B3LYP/6-31+G(d)/LanL2DZlevel of
theory.®”! We choose 6-31+G (d) basis set for all the non-metal atom while LANL2DZ is
chosen for Zn metal. For representation of the ZnO NPs we choose Zn;,01, non-cluster as
previous studies revealed that these nanoclusters are highly stable in nature. Vibration
frequency analysis were performed to check whether the energy minimized geometries
corresponds to the true ground state geometries at the same level of theory. We found no
imaginary frequency which confirmed that the geometries are minima on the potential energy
surfaces.®® Finally, by the utilizing the formula, adsorption energies (4Ea.q) for all the

composite systems were analyzed (Eg.2)

AEads = EZnO-NP'Major-Compounds— EZnO-NP'EMajor-compounds(Z)

Where Ezno-Np-Major-Compounds, Ezno-np, Emajor-compounds @re the total energy of the geometry

optimized nanocomposites, free ZnO NPs and the major molecules, respectively.

3. Statistical analysis of ZnO NPs

Pure phase of ZnO NPs were confirmed by different characterization techniques like Fourier
Transformed Infrared spectroscopy, X-ray diffraction, UV-Vis spectroscopy. FTIR analysis
of NPs was performed in the range of 400-4000 cm™ by Perkin Elmer Spectrum 2. Phase
purity and size was evaluated by X-ray diffractometer (Bruker D8 Advance). UV-Vis
spectroscopy was used to identify the characteristic surface plasma resonance (Perkin Elmer
Lamba 35). The morphological information was gathered form SEM. DLS (Malvern

Zetasizer Nano Z was used to evaluate hydrodynamic size.

4. RESULT AND DISCUSSION

4.1 Optical properties

The synthesis of ZnO NPs was detected using UV-visible spectroscopy. The first sign of NPs
synthesis was a change in the color of the solution from bright yellow to dark brown. Fig.
1(a), 1(b) shows the UV-visible absorption spectra of produced NPs. The unique peak
centered around 378 nm and 370 nm indicated that the particles were in the nanometer range
and highly photosensitive in nature. Similar results was found in previous studies.®® The
passage of electrons from the valance band to the conduction band causes this peak.l*” There
were no other peaks in the spectrum, showing that the products were solely made up of ZnO
NPs.“*42 Because of the higher agglomeration, the green synthesized product has a lesser
absorbance. Temperature is the most critical element in determining the size of NPs. Previous
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studies have discovered that high temperatures result in tiny NPs."*** So, we synthesize NPs

at a comparatively high temperature of 70°C.
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Fig. 1 Absorption spectra of (a) Chemically synthesized (b) Green synthesized ZnO NPs.

4.2 Dynamic light scattering analysis
The particle size distribution was determined using DLS (Fig. 2). A PDI of 0.24 indicates a

monodisperse solution. A single prominent peak suggests that the samples are of high quality
and homogeneity.[*? Chemically and environmentally produced ZnO NPs had average sizes
of 32.67 nm and 24.36 nm, respectively. As a result, bio-mediated NPs have a bigger surface
area, and their antibacterial action is higher because they have a greater chance of crossing

the bacterial cell membrane and limiting bacterial growth.!**!
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Fig. 2 DLS study of (a) Chemically synthesized (b) Green synthesized ZnO NPs
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4.3 FTIR Studies

The purity and characteristics of phytochemical responsible for the synthesis of ZnO NPs
were confirmed using infrared analysis (Fig. 3a and 3b). O-H stretching accounts for the
broad spectral bands about 3320 cm™. The absorption band at 2928 cm™ is due to doublet
absorption of aromatic aldehyde C-H stretching, which indicates the presence of terpenoid
groups in neem leaves extract.*? The presence of the O-H group, which is derived from the
flavonoid group, causes the band at 1492 cm™. —C-OC-linkage or —C-O-bands are responsible
for the peaks at 1143 cm™. Alcohol, ketones, aldehyde, carboxylic acid, and flavonoids
surround produced NPs, whereas tannin, quercetin, and alkaloids act as capping agents,
according to this investigation.=CH2 stretching can be attributed to bands at 898 cm™“®! and
1634 cm™ stands for C=C bending vibrations. Zn-O stretching vibration is ascribed to the
band between 400 and 600 Cm™."®] Accordingly, the oxygen or hydroxyl compounds in neem
extract give electrons for reducing Zn®* to Zn** and then to Zinc NPs, while the negative
chemical moieties act as stabilisers. As a result, these phytochemicals tend to coat metal
oxide layers, which bind with bacterial membrane receivers, boosting anti-bacterial

capabilities.*"!
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(©)
Fig. 3 FTIR of (a) Chemically synthesized (b) Green synthesized ZnO NPs (c) Scheme of
ZnO NPs synthesis through eco-friendly path.

4.4 SEM analysis

The surface morphology of synthesized NPs is shown in Fig. 4.Micrographs of ZnO NPs
show how the different synthesis method, and precursors affect the size and shape of the NPs.
In bio-mediated NPs, the grain size is regulated and the surface of the substrate is well
covered with grains. Size distribution histogram indicated the well distributed nature of
synthesized NPs. SEM photos of chemically generated NPs revealed a mostly aggregated
structure, whereas bio-fabricated NPs had the flakes-type structure, which can be
corroborated with XRD data.[*®! Because neem extract contains certain terpenoids, flavonoids
the particle size of bio generated NPs (18 nm) is smaller than chemically synthesised NPs (22

nm).[*! As a result, smaller NPs have a greater toxicological effect on bacterial pathogens.

20 22 24
Size (nm)
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Fig. 4 SEM images and histrogram of (a) Chemically synthesized (b) Green synthesized
ZnO NPs.

4.5 Energy-dispersive X-ray spectroscopy

The EDX plot of SEM images revealed the needed phase of Zn and O, as shown in Fig. 5,
and Table 1 represents the atomic % and weight % of products. Zinc of synthesized NPs is
shown by the lines between 0-2 k V and 8-10 k V. The appearance of a trace amount of
oxygen (0-2 k V) in the EDX spectra indicates the presence of phytochemicals in the plant
extract. In a prior study, ZnO NPs were produced from C. gigantea leaf extract, and similar

peaks were detected.®”

Full Scale 928 cis Cursor: 0.000 keV| [Full Scale 3936 cts Cursor: 0.000

Fig. 5 EDX spectra of (a) Chemically synthesized (b) Green synthesized ZnO NPs.

Table 1: Atomic % and weight % of chemically and green synthesized NPs.

Zn=37.13 Zn=70.70
0=62.87 0=29.30
Zn=44.85 Zn=76.87
0=55.15 0=23.13
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4.6 XRD analysis
XRD study validates the above conclusions even more. The peaks indexed to (100), (002),

(101), (102), (110), (103), (112), (201), (202) planes with the space group P63mc and the
data compared with JCPDSICDD card: 75-0592 revealed the finger print of hexagonal
wurtzite structure. The diffraction angle ranges from 20° to 70° corresponding to 31.97°,
34.72°, 36.65°, 47.98°, 56.88°, 63.06°, 68.31°, 69.34°. The average crystallite size of
manufactured NPs was found to be in nm range, as computed using Debye- Scherer equation
(Eqg. 3).PH

D=kMN B cos 0 3)

Where k is the Scherer’s constant (0.89), A is the wavelength (1.5406 A), P is the full width
half maximum (FWHM), 0 is Bragg’s angle of diffraction. Both the spectrum ensured the
formation of ZnO NPs(Fig. 6). The calculated crystalline size of green and chemically
synthesized NPs are 20 and 10 nm respectively. The provided data cards (JCPDSICDD card:
75-0592) are in good agreement with the XRD pattern of synthesized NPs, confirming the
product's purity, crystallinity, and hexagonal wurtzite structure. No extra peaks of
Azadirachta Indica laves extract was observed indicating that it was fully immersed into ZnO
matrix and improved crystallinity. From literature survey it can be concluded that our
synthesis procedure produces smaller bio-synthesized ZnO NPs than others.’>*®! SEM
examination reported larger size of nanoparticles than XRD study. So, the small size
nanoparticles (10 nm) showed better anti-bacterial activity, indicating the facile method of

synthesis of NPs.
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Fig. 6 XRD pattern of (a) Chemically synthesized (b) Green synthesized ZnO NPs.

4.7 Phytochemical study of Azadirachta indicaleaves extract responsible for reduction
and stabilization of bio-mediated ZnO NPs

It was found that an aqueous extract of neem leaves contains polyphenols and flavonoids
(Table 2). According to an FTIR analysis, the alcoholic group of plant extract, which is
responsible for the stability of ZnO NPs, shifts by 25 cm™.* Fig. 3¢ represents the fact of
interaction of bioactive components with ZnO NPs, which is further established in the
computational analysis. The active components of plant extract, quercetin and sitosterol,
reduce Zn®** to ZnO NPs.’® This is supported by the high interaction energies between

quercetin and ZnO NPs. During the bio reduction of ions, gedunin acts as a stabilizing

factor.[°®!

Table 2: Phytochemical screening of aqueous extract of neem leaves.
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4.8 Antibacterial activity

The antibacterial activity could be the outcome of following factors (i) electrostatic
interactions between the NPs and intercellular species (ii) production of active oxygen
species (iii) NPs accumulating into cytoplasm of bacterial cell, disrupting the membrane. The
mechanism is that the net positive charge on the surface of ZnO NPs interacts with negative
charge of bacteria, promoting the antibacterial action of synthesized NPs. Divya et al., 2013
interpreted the phenomena as production of reactive oxygen species (superoxide, hydroxide
radicals) by disrupting the cell membrane. Surface oxygen species originated by ZnO NPs
restrict the bacterial cell development as reported by Padmavathy and Vijayaraghavan, 2008;

Sharma et al., 2010. Fig. 7 represents the mechanism of antibacterial activity.

ROS ) @

Fig. 7: Schematic representation of various modes of action of ZnO NPs on bacterial

cell.

B. subtilis, Staphylococcus aureus, Shigella Sp. and E.coli were used to test the antibacterial
ability of manufactured nanomaterials. The zones of inhibition, as shown in Fig. 8 and Fig. 9,
were used to determine the resistance of the following bacteria to nanomaterials and the
control antibiotic (ampicillin). It was discovered that the gram positive bacteria were more
vulnerable to both NPs and antibiotic than gram negative bacteria. Both the synthesized
nanomaterials were shown to be more efficient against B. subtilis, with inhibition zones of 28
and 24 mm respectively. The percentage inhibitory potential of PE against B. subtilis,

Staphylococcus aureus and E. Coli was noted with
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(a) = Bacillus subtilis

(b) = Staphylococcus aureus
(c) = Shigella sp.

(d) = E.coli

Fig. 8 Antibacterial activity of CM (Chemically synthesized) and PE (green synthesized)

ZnO NPs against two gram-positive bacteria and two gram-negative bacteria.

64%, 44% and 23%, but on Shigella, chemically synthesized NPs were more active than bio
synthesized NPs which exhibited only 28%. Table 3 represents the antibacterial activity of
ZnO NPs synthesized via different methods.

According to previous work, green mediated NPs have stronger antibacterial potential than
chemically manufactured NPs because their size is smaller, and the various phytochemicals
in plant extracts also play a role in inhibiting bacterial development. Hazardous compounds
on the surface of produced NPs may result from chemical synthesis, posing a serious health

risk. So, biosynthesized NPs established its potential as a good antibacterial agent.

40
35
30

25

20 mPE

15 mCM
10 Amp.
5 |
O ! | __ . |

B. Sub. Staphylococcus Shigella Sp. E. Coli
aureus

Zone of inhibition (mm)

Microorganisms

Fig. 9 Zone of inhibition of chemically synthesized (CM) and green synthesized (PE)
NPs.
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Table 3: Antibacterial activity of ZnO NPs synthesized via chemical, physical and green

methods.
sL . . _Zone of .
No' Synthesis | Methods Size (nm) NPs conc inhibition | Organism | Reference
' (mm)
1 | Green B EEIE 272 25 mg/mL 8.5 B. subtilis 571
malabathricum
2 | Physical | Spin-coating 34.22 200 mg/mL 15.5 | B. subtilis 1591
3 | Chemical | Microwave assisted 19 10 pg/mL 19 B. subtilis 139
4 | Green Limonia acidissima - 400 mg/mL 18 Shigella Sp. >3]
5 | Green | RaUvolfia 38.16 60 ug/ml 114 | Shigellasp.| [©
tetraphylla
6 | Chemical | Ultrasonication 150-200 5 mg/ml 13 S. Aureus [51]
7 | Green Walnut leaf extract 15-40 10g/50 mL 9 E. Coli [52]
8 | Green C. halicacabum 65 50 pg/ ml 16 S. Aureus >1]

4.9 Quantum chemical studies to explore the reduction behavior of quercetin, p-

sitosterol,

gedunin

Computational study of three major compounds extracted from Azadirachta indica plant

extract bearing carbonyl and alcoholic groups were selected for computational study. To

understand the detail

interaction of the ZnO-NP with these compounds geometry

optimizations of these nano composites were carried out. Fig. 10 (a-c) represent the

optimized geometries of these nano-composites with ZnO-NP respectively.
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Fig. 10 Optimized geometries of the (a) quercetin-ZnO-NPs, (b) B- sitosterol-ZnO-NPs,
(c) gedunin-ZnO-NPs.
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A closer look on the optimized geometries revealed that all the three compounds viz.
quercetin, B- sitosterol, gedunin form stronger H-bonding which lies within a range of 1.99 to
2.03 angstrom. We have also analyzed the adsorption energies of these nanocomposites and
found fairly high adsorption energies of -1.24eV, -35eV,-0.56eV for quercetin, 3- sitosterol,
gedunin with ZnO NPs respectively. All these data clearly revealed that, ZnO-NP form

stronger complex with quercetin molecule.

5. CONCLUSION

Bio-mediated formulation, according with findings of this study, is a preferable alternative to
traditional chemical synthesis. In eco-friendly synthesis, the plant extract was utilized to
fabricate ZnO NPs while NaOH acts as a reducing agent in second alternative. UV-Vis
spectroscopy, FTIR, DLS, SEM, and XRD are used to monitor NPs production. In
comparison to chemically assisted ZnO NPs, the crystallinity of smaller size ZnO NPs is
improved in eco-friendly method. Both the generated NPs are more effective against gram-
positive bacteria. They interact with cell components and change the permeability of the
membrane. Chemical synthesis may still result in the presence of hazardous
chemicals adsorbed on the surface, which may have bad impacts in health care applications.
DFT calculations confirms that among the major components present in neem leaves extract,
quercetin exhibits highest interaction energy (-1.24 eV) and mainly responsible for the
stabilization of ZnO NPs. As a result, smaller-sized green mediated NPs have a lot of
potential in the biological field to be used as a good antibacterial agent instead of traditional

medications.
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