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Abstract
The present study reports the green synthesis of triangular ZnO nanoparticles (G-ZnO NPs) using Azadirachta indica

leaves extract, and a shape dependent density functional investigation for ZnO NPs on their antimicrobial activity. The

X-ray diffraction (XRD) analysis shows the synthesized G-ZnO NPs are well crystalline in nature and calculated grain size

is found to be 60–65 nm. The Fourier transforms infrared spectroscopy (FT-IR) represents that the functional group and

capping agents are well attached to the nanoparticles, and the bands located near 500.8 cm-1, 459.07 cm-1 and

418.57 cm-1 represents G-ZnO NPs. Scanning electron microscopy (SEM) and energy dispersive X-ray analysis (EDS)

confirmed the presence of the synthesized G-ZnO nanoparticles with an average size range 100–200 nm. The synthesized

G-ZnO NPs are found to be in the triangular shape. A detail theoretical investigation under density functional framework

shows that our synthesized triangular ZnO nanoparticles are better candidate for biological interactions compared to the

prototypical spherical counterpart. The synthesized G-ZnO nanoparticles using A. indica leaves extract in triangular shape

are found to show significant antimicrobial activity against Escherichia coli and Bacillus subtilis indicating a better

alternative to the typical chemical methods.
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Introduction

Nano sized particles have gained exceptional importance

due to their various properties and applications in diverse

areas including catalysts, biosensors, textile, cancer imag-

ing and therapy etc. [1–4] Metal nanoparticles are noticed

to show remarkable properties which is hardly observed in

their bulk counterpart. Amongst many metals and non-

metals, zinc oxide is known as very versatile material

involved in many applications, e.g. solar cells, chemical

sensors, photo catalysts, piezoelectric transducers, trans-

parent electrodes [5, 6], ZnO coated fabrics as antibacterial

agent [3] etc. It has been observed that the nanoparticles

produced by plants are usually more stable, and can be

obtained in various shape and size in comparison to those

produced by other chemical routes or by microorganisms

[7]. Nanoparticles may be synthesized by different methods

like precipitation method [8], solvothermal, hydrothermal,

sol–gel [9] etc. Chemical synthesis of oxide nanoparticles

may lead to the presence of some toxic chemicals on their

surface for a possible adverse effect to the relevant medical

applications [10]. ZnO nanoparticles have gained immense

attention for their versatile properties and useful applica-

tions [11–17]. Ong. et al. [11] have reported various

synthesis techniques to synthesize ZnO nanostructures

which includes sol–gel precipitation method, hydrothermal,

electrochemical, solvothermal, wet-chemical method, flux

method, etc. Hasanpoor et al. [12] has synthesized ZnO

NPs having needle and flower shape with 50–150 nm in

size through microwave assisted hydrothermal method

[12]. Samanta and Mishra [13] have reported the formation

of nano disc with 300–500 nm size. Laurenti et al. [14] has

reported synthesis of nanorod with diameter of 90 nm and

length of 564 nm through chemical vapour deposition

technique. Anand and Srivastav [15] have reported spher-

ical and cylindrical shaped nanoparticles with sizes

150–200 nm and 50–100 nm, respectively through elec-

trochemical method. Saric et al. [16] has synthesized

nanoparticles through solvothermal method using ethanol

and without the use of ethanol which forms spherical

nanoparticles of 20 nm and 100 nm sizes, respectively.

Ghose et al. [17] has reported flakes shape nanoparticles

through sonochemical method with 200–400 nm size.

Also, in past, a number of researchers have studied

biosynthesis of zinc oxide nanoparticles using Aloe vera,

Hibiscus subdariffa, Corriandrum sativum, Ocimum basi-

licum L. var, Purpurascens benth.-Lamiaceae leaf, Cin-

namomum camphora, etc. [18–22]. Zinc oxide
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nanoparticles also successfully synthesized using Jacar-

anda mimosifolia flowers extract [23] and Carica papaya

seed extract [24]. Beyond plants extracts, a useful literature

resource for biogenic synthesis using algae, fungi, yeast

etc. may be found by the work of Bisetty et al. [25].

ZnO NPs synthesized through biological and environ-

mentally benign technology is desirable especially in var-

ious bio-medicianl applications including cosmetics, drug

carriers and fillers in medical materials [26]. ZnO also finds

applications as antimicrobial agent into textiles [27], sur-

face coatings [28] and cellulose fibres [29] to inhibit bac-

terial growth. ZnO NPs are considered to have antifungal

activities as well as potential antimicrobial activities

against both Gram-positive and Gram-negative strains of

bacteria [10, 30, 31]. Overall, it is understood that the

properties and size of the nanoparticles exclusively

depends on the respective synthesis routes. Also, the size,

morphology, and surface charge play important role in the

toxicity of ZnO nanoparticles and their various applications

in medical and engineering fields. Many of the metal oxide

nanoparticles are noticed to lead to the death of eukaryotic

and prokaryotic cells due to their cytotoxicity. The inter-

action between nanoparticles and cell induces oxidative

stress to the cells resulting in the generation of the spon-

taneous reactive oxygen species (ROS) [32].

In recent times, green synthesis of NPs is attracting

researchers due to the advantages of its simplicity, inex-

pensiveness and non-toxicity. In the present work a green

method is used for the synthesis of ZnO nanoparticles (G-

ZnO) using Azadirachta indica leaves extract. The

obtained plant leaf extract and NPs were characterized and

confirmed by Fourier transform infrared spectroscopy

(FTIR), X-ray diffraction (XRD) technique, Scanning

electron microscopy (SEM) images and Energy dispersive

X-ray analysis (EDS). A critical theoretical investigation

has also been carried out to understand the shape (trian-

gular and spherical) dependent biological activities of ZnO

nanoparticles against Escherichia coli.

Materials and Method

Plant Collection

Fresh and healthy leaves of Azadirachta indica were col-

lected from S.V. National Institute of Technology, Surat

campus (Gujarat). The leaves sample collected were

intermediate stage, i.e., between juvenile and adult.

Preparation of Azadirachta indica Leaf Extract

To prepare the leaf extract of A. Indica leaves (50 g) were

washed thoroughly with running water then with Deionized

water (DI water), dried and are finely chopped [33]. The

100 g of finely chopped leaves are then allowed to boil in

500 ml of de-ionized water in a 1000 ml of Erlenmeyer

flask and the amount is reduced to 70% and then cooled

down to room temperature. The resulting extract is then

filtered using Whatman Filter paper of pore size 0.2 lm to

remove any solid particles present in extract. The filtrate is

then collected and stored at 4 �C for the synthesis of

G-ZnO NPs.

Green Synthesis of ZnO NPs

Zinc nitrate hexahydrate (Zn(NO3)2�6H2O) of analytical

amount 184.3 g was dissolved in 100 ml of DI water [34],

after complete dissolution of mixture, 20 ml of prepared A.

indica leaf extracts was added to the solution with vigorous

stirring at 100 �C for 1 h. The solution color changes from

green to yellowish green. The solution is then collected in

quartz crucible and calcined at 400 �C in muffle furnace for

2 h resulted with the formation of off- white colored

powder. The formed G-ZnO NPs were then grinded in

mortar pestle and collected for further characterization.

Characterizations of ZnO NPs

X-ray Diffraction (XRD)

The elementary analysis of synthesized material was car-

ried out using X0 Pert Pro A Analytical X-ray diffrac-

tometer using Cu Ka radiation in the range of 30–80� at

3 kW, and was used for phase identity and crystalline size

of NPs.

FTIR Spectroscopy

FTIR spectra for both A. indica leaf extract and ZnO NPs

were obtained from SHIMADZU FTIR-8400S Fourier

Transform InfraRed Spectrophotometer. To take the FTIR

spectra of both the samples, standard KBr-pellet method of

sample preparations was followed. The FTIR spectra of

both the leaf extract and nanoparticles were taken in the

region of 4000–400 cm-1 and are presented in Figs. 2 and

3, respectively. The spectrometer was continuously purged

with dry nitrogen. Both the samples were scanned under

the same conditions.

Scanning Electron Microscopy (SEM)

The surface morphology of G-ZnO nanoparticles as syn-

thesized by green route were examined by means of Field

Emission Scanning Electron Microscope (JEOL JSM76007

@ IITGN) at 5 kV voltage.
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Energy Dispersive Spectroscopy (EDS)

The elementary analysis of the nanoparticles is performed

using Energy Dispersive Spectroscopy (OXFORD,

MODEL INCA ENERGY 250 EDS).

Antibacterial Study

The antibacterial activity was performed against Gram-

negative bacterial strain Escherichia coli (ATCC 25922)

and Gram-positive strain Bacillus subtilis (ATCC 23857)

by agar well diffusion method [35, 36]. Nutrient agar plates

using Luria Broth (LB) and Luria Agar (LA) and matured

broth culture of E. coli and B. subtilis was prepared. The

bacterial culture of 200 ll was mixed with top agar and is

poured over the base agar. After solidification of the agar

plates, wells were made carefully using cup borer of

diameter of 8 mm (Bd). The nanoparticles were well-dis-

persed in sterile water. The wells of the Agar plates were

filled with different concentration of G-ZnO NPs as per the

requirement of the experiment. Finally, the plates were

incubated at 37 �C for 24 h. The zone of inhibition (ZOI)

values were measured after the incubation period. All of

these results of antibacterial activities in the form of ZOIs

are presented in Figs. 6 and 7, and tabulated in Table 1.

Theoretical Methods

In order to understand the interactions between nanoparti-

cles (ZnO) and biosystem (E. coli), we have searched for

the representative nanoclusters for ZnO with spherical and

triangular shape. As a result of critical search for suit-

able nanoclusters with spherical and triangular shape and

comparable average sizes, we have obtained spherical

(ZnO)24 and triangular (ZnO)25 nanoclusters of average

size about 1 nm for investigation to meet the requirement

to understand the experimental observations. On the other

hand, we have considered the nuclic acids (DNA and RNA)

base Guanine as the model biosystem for E. coli, since

Guanine is reported to possess the maximum electronega-

tivity compared to all other nuclic acid bases Adenine,

Cytosine, Thymine and Uracil [37]. The geometry of

Guanine as well as its complex with considered spherical

and triangular nanoclusters are also optimized to gain more

insight on their interactions. The charge transfer (DN) and

energy transfer (DE) between the spherical and triangular

ZnO nanoclusters and the Guanine is also computed to

understand the shape (spherical and triangular) dependent

antibacterial activities of ZnO nanoparticles. The geome-

tries of all the zinc oxide clusters and their Guanine com-

plexes, A. indica leaf extract compounds and their Zn2?

complexes are optimized under the framework of Density

Functional Theory (DFT) [38] by utilizing GAUSSIAN 09

[39] suits of programs. A molecular orbital method is

approached using linear combination of atomic orbitals

(LCAO) to examine the electronic structure. A very pop-

ular hybrid functional, namely, Becke 3- parameter

exchange and Lee–Yang–Parr correlation (B3LYP) func-

tional [40] is employed in the Hamiltonian. A standard

basis set, namely, LANL2DZ (Los Alamos ECP plus D.Z.)

is considered which includes a scalar relativistic correction

[41, 42]. In order to examine the effect of Grimme dis-

persion correction (D3 parameter) [43, 44] in the basis set,

we have also calculated DFT-D3 calculations for all the

system and compared the respective electronic properties.

The following are the various reactivity parameters

calculated to determine charge (DN) and energy transfers

(DE) between nanoparticles and biosystem. The chemical

potential (l) [45] and chemical hardness (g) [46] are

defined as the first and second derivative of total electronic

energy (E)in respect to the total number of electrons (N), at

a constant external potential v(r):

l ¼ oE

oN

� �
vðr~Þ

ð1Þ

g ¼ 1

2

o2E

oN2

� �
vðr~Þ

¼ 1

2

ol
oN

� �
vðr~Þ

ð2Þ

The electronegativity (v) can be defined as the negative

of chemical potential (l) as [45]:

Table 1 Antibacterial activity of G-ZnO nanoparticles evaluated in terms of zone of inhibition (ZOI, mm) against E. coli and B. subtilis at

different concentration (in ll). The borer diameter (Bd) has an average value of 8 mm

Bacteria Concentration of G-ZnO NPs (ll) ZOI0 (incl. Bd) (mm) ZOI = ZOI0-Bd (mm)

E. coli 50 11.0 ± 0.25 3.0 ± 0.25

75 12.5 ± 0.25 4.5 ± 0.25

B. subtilis 50 13.0 ± 0.25 5.0 ± 0.25

75 14.5 ± 0.25 6.5 ± 0.25

100 15.5 ± 0.25 7.5 ± 0.25
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v ¼ �l ¼ � oE

oN

� �
vðr~Þ

ð3Þ

Parr et al. [47] have defined electrophilcity index (x) as

the measure of maximal transfer of electrons from a donor

to acceptor as follows:

x ¼ l2

2g
¼ v2

2g
ð4Þ

which can be considered as a measure of electrophilicity of

the ligand.

Parr and Pearson [48] proposed an expression to mea-

sure the amount of charge transfer (DN) and the energy

transfer (DE) from a molecule A towards another molecule

B as follows:

DN ¼ vA � vB
2ðgA þ gBÞ

ð5Þ

DE ¼ vA � vBð Þ2

4ðgA þ gBÞ
ð6Þ

where v and g presents electronegativity and chemical

hardness, respectively. In the present work, spherical and

triangular nanoclusters are considered to be system

A whereas Guanine (model biomolecule) is chosen as

system B.

Results and Discussions

X-Ray Diffraction (XRD)

The phase identity and crystalline size of NPs were char-

acterized using X’Pert Pro A Analytical X-ray

diffractometer using Cu Ka radiation in the range of

30–80� at 3 kW.

Figure 1 shows the XRD diffraction peaks at 2h of

31.96, 34.54, 36.36, 47.76, 56.66, 63.02, 66.56, 68.06,

69.24, 72.68 and 77.68 degrees which were assigned to the

110, 002, 101, 102, 110, 103, 200, 112, 201, 004, and 202

planes respectively [49]. The narrow and strong diffraction

peaks indicate the well crystalline nature of zinc oxide. The

Scherrer’s formula was used to calculate the particle sizes

and was observed and calculated particle sizes belongs

within the size range of 60–65 nm.

XRD study confirmed the presence of even smaller

particles than that observed in SEM examination as

reported in the Sect. 3.3. The agglomeration of smaller

nanoparticles occurred due to the fact that we are dealing

with biological material and presence of the moisture in

atmosphere.

Fourier Transform Infrared Spectroscopy (FTIR)

The results were further analyzed using FTIR analyses

where it showed the shift and differences in peak area.

Figure 2a, b show the FTIR spectra attributed to A. indica

leaves extract and green synthesized G-ZnO NPs, respec-

tively. The FTIR spectrum of A. indica leaves extract and

green synthesized G-ZnO NPs were recorded in the range

of 400–4000 cm-1. The FTIR spectra as represented by

Fig. 2a, confirms the existance of several chemical moi-

eties (functional groups) coming from the phytochemicals

as present in the A. indica leaves, whereas Fig. 2b confirms

the existance of ZnO NPs as well as the phytochemicals, as

discussed below.

The FTIR spectrum of A. indica leaves extract in Fig. 2a

shows the presence of some significant bands viz.

3399.52 cm-1 (O–H stretching vibration of polyphenols

like gallic acid) [50], 1719.42 cm-1, 1119.60 cm-1 and

1033.77 cm-1 (stretching frequency of C=O and C-O

bonds of ascorbate, nimbin, hydroxyazadiradione) [51, 52],

2964.39 cm-1 and 2928.71 cm-1 (C-H stretching fre-

quencies due to the organic phytochemicals),

1629.74 cm-1 and 1599.84 cm-1 (stretching and bending

vibrations of C=C of ascorbate, nimbin, hydroxyazadira-

dione etc.) [53–56]. Figure 2b shows the FTIR spectra of

green synthesized G-ZnO NPs. Upon formation of the

nanoparticles, most of the significant stretching frequencies

of bands as mentioned in Fig. 2a are found to be either

shifted or significantly lowered in intensity. The substantial

disappearance of the FTIR bands due to the stretching

vibrations of O–H group, C=O, C-O and C=C bonds have

been observed in case of the FTIR spectrum of G-ZnO

NPs. At the same time shifted bands with very low inten-

sity are also marked e.g. O–H group stretching (around

Fig. 1 XRD pattern for green synthesized G-ZnO nanoparticles
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3553.00 cm-1 and 3020.63 cm-1), –C–O acid stretching

(1383.01 cm-1), aldehyde stretching (1768.78 cm-1) etc.

The new bands at around 2300–2900 cm-1 can be

attributed to the C=C–H stretching, O=C–H stretching and

C:C stretching. This is consistent with the reduction of

the phytoconstituents of the neem leaf extracts to form the

oxide nanoparticles. These findings indicate the involve-

ment of several of these functional groups, e.g. phenolic

group, carbonyl group, carboxylate group, ether group etc.

in the formation and stabilization of the ZnO nanomateri-

als. Moreover, in the Fig. 2b, the bands located near

500.8 cm-1, 459.07 cm-1 and 418.57 cm-1 are due to the

standard stretching vibration of Zn–O bond [57, 58], which

confirms the existence of our green synthesized zinc oxide

nanoparticles, and similar characteristics also reported by

Yuvakkumar et al. [59] in past.

Scanning Electron Microcopy (SEM)

Th Field Emission Scanning electron microcopy (FE-SEM)

images and size distribution of G-ZnO nanoparticles are

shown in Fig. 3. The figures show the surface morphology

of synthesized nanoparticles, indicating that G-ZnO

nanoparticles are relatively triangular in shape. It was also

shown that the particles were found in the average range of

100–200 nm and appeared to be agglomerated on to the

surface due to the electrostatic interactions between the

bio-organic capping molecules bound to the G-ZnO

nanoparticles. It may be noted that although most of the

particles contains smaller sizes ranging between 50 and

300 nm (Fig. 3b), providing average particle size as

100–200 nm, the distinct triangular shape is observed in

the order of 1 lm. The agglomeration of smaller

nanoparticles occurs due to the fact that the preparation of

the nanoparticles deals with biological material with the

presence of moisture in atmosphere. A. indica constitutes

of number of complex active ingredients like azadirachtin,

Fig. 2 FTIR spectra of a A.
indica leaves extract and b G-

ZnO NPs using A. indica
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Fig. 3 SEM images of green

synthesized ZnO (G-ZnO) NPs

Fig. 4 EDS image and

elemental plot of green

synthesized ZnO (G-ZnO) NPs

Fig. 5 Images of colonies of E. coli on Agar diffusion plate in the presence of G-ZnO NPs at different concentrations: a 50 ll, b 75 ll and

c 100 ll
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nimbolinin, nimbin, nimbidin, nimbidol, salannin,

hydroxyazadiradione, gallic acid, azadiradione,

6-deacetylnimbinene, 3-deacetylsalannin, 2,3-dihydronim-

bolide etc. [60–66] which help in reducing the nanoparti-

cles by breaking of molecules. It also be noted that A.

indica plant extract act as a stabilizing agent with forma-

tion of coating on the surface of nanoparticles during the

biosynthesis process.

Energy Dispersive Spectroscopy (EDS)

The EDS analysis shows sharp and narrow peaks for the

Zinc (Zn) and Oxide (O) with their confirmation in the

NPs, and elemental mapping for green synthesized G-ZnO

nanoparticles is presented in Fig. 4.

Antibacterial Activity

The antibacterial activity of green synthesized ZnO

nanoparticles performed against standard clinical bacterial

strains Gram-negative E. coli and Gram-positive B. subtilis

are demonstrated in Figs. 5 and 6, respectively. The

antibacterial activity is evaluated by agar-well diffusion

method by measuring the relevant zone of inhibition (ZOI).

The bacterial strains were sub cultured using Luria Bertani

(LB) broth and were incubated at 37 �C for 24 h. A well of

8 mm diameter, i.e. borer diameter (Bd) was punched into

Luria broth agar having microorganisms. Certain quantity

of nanoparticles and one milliliter (mL) autoclaved double

distilled water (as control) were inoculated into the well.

The well is diffused with G-ZnO NPs at the concentrations

of 50 ll, 75 ll and 100 ll. It is observed in the lawn for the

growth of microorganism, G-ZnO NPs shows effective

antibacterial activity to both the E. coli and B. subtilis. It is

Fig. 6 Images of colonies of B. subtilis on Agar diffusion plate in the presence of G-ZnO NPs at different concentrations: a 50 ll, b 75 ll and

c 100 ll

Table 2 Antibacterial activity of G-ZnO nanoparticles through chemical, physical and green synthesis methods in terms of size of the

nanoparticles and ZOI0 (including borar diameter) against Gram-negative E. coli and Gram-positive B. subtilis

Sl Synthesis Methods Size (nm) (Shape) NPs conc ZOI0

(mm)

Organism Refs

1 Chemical In situ formation of hydrogel matrix 10–20 (hydrogel

matrix)

5 cm disc of

hydrogel

14 E. coli [71]

2 Chemical Sol–gel 5–50 (thorn) 50 ll 7 E. coli [70]

3 Chemical Sol–gel 30–50 nm (hexagonal) 0.938 mg/mL 15 B. subtilis [72]

4 Physical Mechano-chemical 20–40 (spherical) 500 lg/disc 22 E. coli [73]

5 Physical Pulsed laser ablation 50–80 (hexagon) 1 mg/cm2 of fabric 20 E. coli [74]

6 Green R. graveolens 20–30 (spherical) 40 ll 1.67 E. coli [71]

7 Green S. nigrum 29.79 (quasi spherical) 20 ll 7 E. coli [75]

8 Green A. indica 40 (spherical) 50 lg/ml 12.6 E. coli [76]

9 Green A. indica 20–45 (wurtzite) 50 lg/ml 13.0 B. subtilis [69]

10 Green Goat faecal matter 28.5 (spongy) 100 lg/ml 8.46 B. subtilis [77]

11 Green A. indica 100–200 (triangular) 100 ll 13.8 E. coli Present

work
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observed that as the concentration of NPs increases, the

zone of inhibition also increases (Table 1). According to

Sunada et al. [67], the interaction of G-ZnO NPs with

microorganisms is due to the release of oxygen species on

the surface of ZnO NPs which causes fatal damage on

microorganisms. The released O species react with

hydrogen ions to form H2O2 depending on the surface area

of the ZnO nanoparticles. The H2O2 further penetrate the

cell membrane and kills cells, resulting in a higher

antibacterial activity [68].

It may be noted that ZnO NPs synthesized using A.

Indica in the range of 100–200 nm show good antibacterial

activity against Gram-negative E. coli at 50 ll concentra-

tions in terms of ZOI as 11.0 ± 0.25 mm, and the same is

increases with the increase of nanoparticles concentrations.

It’s also interesting to note from Table 1, Figs. 5 and 6 that

ZnO NPs shows better activity against B. subtilis (ZOI

11 ± 0.25 mm at 50 ll) in comparison to the E. coli, and

similar observation was also noted by Elumalai and Vel-

murugan in past [69]. A number of attempts have been

made by the researchers to synthesize ZnO nanoparticles

through various chemical, physical and green synthesis

methods, due to its various useful applications and versatile

properties. Table 2 presents comparative literature infor-

mation on the antibacterial study of ZnO NPs on E. coli

and B. subtilis with different chemical, physical and green

synthesis methods along with the present work. It may be

noted that G-ZnO synthesized using A. indica shows good

antibacterial activity. The unique feature of G-ZnO NPs is

its triangular shape which gives active site for interaction

with biomolecules and microorganisms shows good activ-

ity even with a large size (100–200 nm). Khan et al. [70]

has synthesized thorn shape CuO NPs (size 5–50 nm) by

Sol–gel method and its antibacterial activity was found to

be in terms of ZOI as 07 mm at 50 ll of NPs. Similarly,

Lingaraju et al. [71] has used Rutagraveolens stem extract

for synthesis of CuO NPs (of size 20–30 nm) and its

antibacterial study in terms of ZOI as 1.67 mm at 40 ll

[71]. In present work, ZnO NPs synthesized using A. Indica

leaf extract may be a preferable synthesis route in eco-

friendly way and their possible medical applications.

Theoretical Studies

In the present work, we report green synthesis of triangular

shaped ZnO nanoparticles using A. indica leaf extracts.

Several studies, involving the techniques e.g. LC–MS,

HPLC–MS, ESI–MS, FTIR, ATR-FTIR etc. regarding the

constituents present in the polar-solvent-extract of A.

indica leaves, have corroborated the existence of

Fig. 7 Optimized structures of Nimbin and Hydroxyazadiradione molecules and their Zn2? complexes along with respective reaction energies

(DR)
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polyphenols, phenolic acids, flavonoids, terpenoids etc. out

of which, nimbin, hydroxyazadiradione, gallic acid,

salannin, azadiradione, 6-deacetylnimbinene, 3-deacetyl-

salannin, 2,3-dihydronimbolide are important [61–66].

Since the presence of nimbin, hydroxyazadiradione, and

gallic acid are considered to be significantly high in the

aqueous extract of neem leaves, the theoretical studies have

been performed using these three important

phytochemicals.

The structures, total electronic energy (E), ionization

potential (IP) and electrophilicity (x) of Zn2?, nimbin,

hydroxyazadiradione and their complexes, viz. [Zn-Nim-

bin]2? and [Zn-Hydroxyazadiradione]2? are reported in

Fig. 7 and Table 3. The reaction energies (DR) to form

those complexes are also provided in the table. It may be

noted that the negative reaction energies for both the Zn2?

and A. indica leaf extracts complexation process indicate

their exothermic nature and therefore thermodynamically

favorable. Also, larger IP of the zinc complexes, viz. [Zn-

Nimbin]2? (12.12 eV) and [Zn-Hydroxyazadira-

dione]2? (11.45 eV) in comparison to their respective

molecules indicates better stability of the complexes. The

large enhancement of electrophilicity values in the com-

plexes imply that these extract agents have high reactivity

towards zinc, which certainly helps in formation of the

ZnO nanoparticles via these metal-complex intermediates.

The favorable energy values for the structures derived from

gallic acid viz. S1 and S2 [Scheme 1, Fig. 10], also point

out to the fact that formation of these structures are quite

possible as the byproduct of the main synthesis of

Zn(OH)2, which in turn gives the ZnO nanoparticles.

It may be noted that ZnO nanoparticles are reported

mostly with the of spherical shape [73–77], whereas tri-

angular shape is hardly reported. It certainly motivated us

for investigating the antibacterial efficacy of triangular

ZnO and compare the same with the prototypical spherical

shaped ZnO nanoparticles. Acoordingly, we have carried

out a detail and representative calculation on the compar-

ative shape dependent bio-activities for spherical and tri-

angular ZnO nanoparticles against any microorganism (e.g.

E. coli, B. subtilis etc.) through consideration of model

biosystem. The spherical (ZnO)24 and triangular (ZnO)25

nanoclusters of average size about 1 nm are considered as

representatives for respective nanoparticles. It is under-

stood that since nanoparticles are most commonly inter-

acting with nucleic acids (DNA and RNA) bases, we have

chosen the highest electronegative nucleic acid base Gua-

nine as the model biosystem for E. coli or B. subtilis.

Figure 8 presents the optimized geometries of spherical

(ZnO)24 and triangular (ZnO)25 nanoparticles, and the

Guanine nucleic acid base. Both the representative spher-

ical and triangular ZnO nanoclusters are considered with

comparable average size about 1 nm to meet the

Table 3 Total electronic energy

(E), ionization potential (IP) and

electrophilicity (x) of Zn2?,

nimbin, hydroxyazadiradione

and their complexes along with

their reaction energies (DR)

Systems E (au)a IP (eV) x (eV) DR (eV)

Zn2? - 64.63 36.17 48.46 –

Nimbin - 1841.56 6.15 4.21 –

[Zn-Nimbin]2? - 1906.62 12.12 36.17 - 11.84

Hydroxyazadiradione - 1538.50 6.39 4.31 –

[Zn-Hydroxyazadiradione]2? - 1603.49 11.45 190.22 -9.85

Gallic acid - 645.58 16.72 149.84 –

S1 - 494.614 7.44 0.24 –

S2 - 495.963 7.04 0.14 –

a1 au = 27.21 eV

Fig. 8 The optimized geometries of a (ZnO)24 (spherical), b (ZnO)25(triangular) nanoparticles and c Guanine nucleic acid base
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requirement of a representative nanoparticle to understand

experimental observations.

The Table 4 provides the total electronic energies,

chemical hardness, electronegativity and electrophilicity

values of Guanine, (ZnO)24 and (ZnO)25. The electron and

energy transfer values of spherical (ZnO)24 and triangular

(ZnO)25 nanoclusters with model biosystem Guanine is

also reported. It may be noted from the Table 4 that higher

electrophilicity value of triangular (ZnO)25 (5.96 eV) in

comparison to its spherical counterpart indicate its more

reactive nature which may facilitate better interaction to

the biosystem. Also, larger electron transfer (DN) and

energy transfer (DE) of triangular (ZnO)25 with model

biosystem Guanine confirms its potency over the spherical

particle for better biological activity facilitated with larger

electronic interactions. A similar obserbation is also

reported by our group in recent past for the green synthe-

sized rock-salt magnesium oxide nanoparticles (MgO NPs)

over its spherical counterpart, at the same level of calcu-

lations [78]. It also may be noted that the incorporation of

Grimme dispersion effect (DFT-D3) in the considered

systems also shows similar qualitative trends and therefore

confirms the better interactions (in terms of x, DN and DE)

for the triangular ZnO nanoparticle over its spherical

counterpart.

Further, in order to investigate the actual interaction of

the considered spherical and triangular nanoclusters with

Guanine, we have carried out large scale simulations. The

relaxed complexes of spherical (ZnO)24-Guanine and tri-

angular (ZnO)25-Guanine are presented in Fig. 9. It may be

noted from the figure that Guanine shows stronger

adsorption on the triangular nanocluster (Fig. 9b) with two

hydrogen bond interactions (O….H) over its spherical

counterpart (one O….H bond, Fig. 9a) in addition to the

covalent Zn-N bond. The present theoretical study clearly

indicates that the triangular ZnO nanoparticles as observed

in our present experiment are more reactive and biologi-

cally active in comparison to prototypical spherical ZnO

nanoparticles.

Table 4 Total electronic energy (Total E), chemical hardness (g),

electronegativity (v), electrophilicity (x), electron transfer (DN) and

energy transfer (DE) with Guanine for the modeled (ZnO)24

(spherical) and (ZnO)25 (triangular) zinc oxide nanoparticles. The

calculationas are carried out using LANL2DZ (L2) and DFT-D3 (D3)

basis sets

Systems Total E (au) g (eV) v (eV) x (eV) DN (eV) DE (eV)

L2a D3b L2 D3 L2 D3 L2 D3 L2 D3 L2 D3

Guanine - 542.46 - 542.47 2.67 2.67 3.33 3.33 2.08 2.07 – – – -

(ZnO)24: Sph - 3381.61 - 3381.79 2.00 1.99 4.72 4.69 5.57 5.51 0.149 0.146 0.103 0.099

(ZnO)25: Tri - 3522.51 - 3522.71 1.89 1.88 4.75 4.72 5.96 5.89 0.155 0.152 0.110 0.105

aL2: LANL2DZ
bD3: DFT-D3

Fig. 9 The optimized

geometries of a (ZnO)24

(spherical)–Guanine and

b (ZnO)25(triangular)–Guanine

interactions
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Proposed Mechanism

Several studies, involving the techniques e.g. LC–MS,

HPLC–MS, ESI–MS, FTIR, ATR-FTIR etc. regarding the

constituents present in the polar-solvent-extract of A.

indica leaves, have corroborated the existence of

polyphenols, phenolic acids, flavonoids, terpenoids etc. out

of which, nimbin, hydroxyazadiradione, gallic acid,

salannin, azadiradione, 6-deacetylnimbinene, 3-deacetyl-

salannin, 2,3-dihydronimbolide are important [61–66].

Since the presence of nimbin, hydroxyazadiradione, and

gallic acid are considered to be significantly high in the

aqueous extract of neem leaves, the theoretical studies have

been performed using these three important

phytochemicals.

The proposed mechanistic pathways for formation of

G-ZnO NPs are presented in Scheme 1, and associated

optimized structures of gallic acid and its derived S1 and

S2 are shown in Fig. 10. Formation of Zn(OH)2 from gallic

acid, with the possible byproducts (S1 and S2) are vali-

dated from the FTIR spectrum in Fig. 2b. The new bands at

around 2300 – 2800 cm-1 can be attributed to the C=C–H

stretching and C:C stretching. Moreover, the Ar–

COOCH3 groups present in the phytochemicals, as we can

see from the structures of nimbin, hydroxyazadiradione

etc., can be an excellent intermediate group to form ZnO

Scheme 1 Proposed mechanistic pathways to show the formation of G-ZnO NPs

Fig. 10 Optimized structures of gallic acid and the by-product structures S1 and S2
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nanoparticles. The formation of aldehyde Ar–CHO, as

expected to be found for these cases, can also be estab-

lished from the new-found FTIR stretching bands for

aldehyde C=O near 1768.78 cm-1 and aldehyde C–H near

2880.5 cm-1. Thus, the probable mechanism has lead us to

the formation of ZnO nanoparticles via the dehydration of

Zn(OH)2.

Concluding Remarks

The present work demonstrates the green synthesis of ZnO

nanoparticles (G-ZnO) using A. indica leaves extract,

where it is well understandable that the green route is much

safer and environmentally friendly compared to the

chemical synthesis methods. The synthesized G-ZnO

nanoparticles were characterized by Fourier transform

infrared spectroscopy (FTIR), X-ray diffraction (XRD)

technique, Scanning electron microscopy (SEM) images

and Energy dispersive X-ray analysis (EDS). The per-

formed characterizations confirmed the presence of the

synthesized G-ZnO nanoparticles in an average size of

100–200 nm. The synthesized G-ZnO NPs are found to be

in the triangular shape. The larger nanoparticles of G-ZnO

are essentially resulted from the agglomeration of smaller

nanoparticles due to the electrostatic interactions between

the bio-organic capping molecules bound to the G-ZnO

nanoparticles and the environmental moisture. Our theo-

retical investigations incuding the effct of Grimme dis-

persion correction (DFT-D3) confirm that our synthesized

triangular ZnO nanoparticles are better candidate for bio-

logical activity in comparison to its conventional spherical

counterpart. Overall, synthesized G-ZnO nanoparticles

using A. indica leaves extract in triangular shape are found

to show significant antimicrobial activity against E. coli

and B. subtilis indicating an alternative to the typical

chemical methods.
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A., (2007). Braz. J. Microbiol. 38, 369–380.

37. R. S. Mondal, D. R. Roy. Modeling of Bio-Activity and Toxicity
in Light of NA Bases Interaction, (Scholars’ Press, Latvia, 2019)

European Union.

38. R. G. Parr and W. Yang, Density Functional Theory of Atoms and
Molecules (Oxford University Press, New York, 1989).

39. M. J. Frisch, et al., GAUSSIAN 09, Revision D01 (Gaussian Inc,

Pittsburgh, 2009).

40. A. D. Becke (1993). J. Chem. Phys. 98, 5648–5652.

41. T. H. Dunning, P. J. Hay, and in: Schaefer III, H.F. (eds.),

Modern Theoretical Chemistry, vol. 3 (Plenum, New York,

1976).

42. P. J. Hay and W. R. Wadt (1985). J. Chem. Phys. 82, 270–283.

43. S. Grimme, J. Antony, S. Ehrlich, and H. Krieg (2010). J. Chem.
Phys. 132, 19.

44. S. Grimme, A. Hansen, J. G. Brandenburg, and C. Bannwarth

(2016). Chem. Rev. 116, 5105–5154.

45. R. G. Parr, R. A. Donnelly, M. Levy, and W. E. Palke (1978). J.
Chem. Phys. 68, 3801–3807.

46. R. G. Pearson, Chemical hardness: Applications from molecules
to solids (Wiley, Weinheim, 1997).

47. R. G. Parr, L. V. Szentpaly, and S. Liu (1999). J. Am. Chem. Soc.
121, 1922–1924.

48. R. G. Parr and R. G. Pearson (1983). J. Am. Chem. Soc. 105,

7512–7516.

49. T. Bhuyan, K. Mishra, M. Khanuja, R. Prasad, and A. Varma

(2015). Mater. Sci. Semicond. Process. 32, 55–61.

50. S.-H. Nam, T. K. Kim, and J.-H. Boo (2012). Catal. Today 185,

259–262.

51. A. R. Freitas, M. Silva, M. L. Ramos, L. L. Justino, S. M. Fon-

seca, M. M. Barsan, C. M. Brett, M. R. Silva, and H. D. Burrows

(2015). Dalton Trans. 44, 11491–11503.

52. L. Dash, R. Biswas, R. Ghosh, V. Kaur, B. Banerjee, T. Sen, R.

A. Patil, Y.-R. Ma, and K. K. Haldar (2020). J. Photochem.
Photobiol. A 400, 112682.

53. Z. Chi, L. Zhu, X. Lu, H. Yu, and B. Liu (2012). Z. Anorg. Allg.
Chem. 638, 1523–1530.

54. H. Li and Y. Li (2009). Nanoscale 1, 128–132.

55. R. Biswas, A. Kundu, M. Saha, V. Kaur, B. Banerjee, R.

S. Dhayal, R. A. Patil, Y.-R. Ma, T. Sen, and K. K. Haldar

(2020). New J. Chem. 44, 12256–12265.

56. R. Biswas, S. Mete, M. Mandal, B. Banerjee, H. Singh, I. Ahmed,

and K. K. Haldar (2020). J. Phys. Chem. C 124, 3373–3388.

57. P. Rajiv, S. Rajeshwari, and R. Venckatesh (2013). Spectrochim.
Acta A 112, 384–387.

58. D. Sharma, J. Rajput, B. S. Kaith, M. Kaur, and S. Sharma

(2010). Thin Solid Films 519, 1224–1229.

59. R. Yuvakkumar, J. Suresh, B. Saravanakumar, A. J. Nathanael, S.

I. Hong, and V. Rajendran (2015). Spectrochim. Acta Part A 137,

250–258.

60. M. A. Alzohairy (2016). Evid.-Based Complement. Alternati.
Med. 2016, 1–11.

61. K. Rangiah, B. A. Varalaxmi, and M. Gowda (2016). Anal.
Methods 8, 2020–2031.

62. S. K. Srivastava, B. Agrawal, A. Kumar, and A. Pandey (2020). J.
Sci. Res. 64, 385–390.

63. K. S. Santos, A. M. Barbosa, V. Freitas, A. V. C. S. Muniz, M.

C. Mendonça, R. C. Calhelha, I. C. F. R. Ferreira, E. Franceschi,

F. F. Padilha, M. B. P. P. Oliveira, and C. Dariva (2018).

Pharmaceuticals 11, 76–85.

64. S. B. Ulaeto, G. M. Mathew, J. K. Pancrecious, J. B. Nair, T.

P. D. Rajan, K. Maiti, and B. C. Pai (2019). ACS Biomater Sci.
Eng. 6, 235–245.

65. U. P. Singh, S. Maurya, and D. P. Singh (2005). J. Herb. Phar-
macother. 5, 35–43.

66. A. K. Ghimeray, C. W. Jin, B. K. Ghimire, and D. H. Cho (2009).

Afr. J. Biotechnol. 8, 3084–3091.

67. K. Sunada, Y. Kikuchi, K. Hashimoto, and A. Fujishima (1998).

Environ. Sci. Technol. 32 (5), 726–728.

68. M. Fang, J. H. Chen, X. L. Xu, P. H. Yang, and H. F. Hildebrand

(2006). Int. J. Antimicrob. Agents 27 (6), 513–517.

69. K. Elumalai and S. Velmurugan (2015). Appl. Surf. Sci. 345,

329–336.

70. M. F. Khan, A. H. Ansari, M. Hameedullah, E. Ahmad, F.

M. Husain, Q. Zia, U. Baig, M. R. Zaheer, M. M. Alam, A.

M. Khan, and Z. A. AlOthman (2016). Sci. Rep. 6, 27689.

71. K. Lingaraju, H. R. Naika, K. Manjunath, R. B. Basavaraj, H.

Nagabhushana, G. Nagaraju, and D. Suresh (2016). Appl.
Nanosci. 6 (5), 703–710.

72. M. F. Elkady, H. H. Shokry, E. E. Hafez, and A. Fouad (2015).

Bioinorg. Chem. Appl. 2015, 1–20.

73. M. Banoee, S. Seif, Z. E. Nazari, P. Jafari-Fesharaki, H.

R. Shahverdi, A. Moballegh, K. M. Moghaddam, and A.

R. Shahverdi (2010). J. Biomed. Mater. Res. Part B 93 (2),

557–561.

74. V. Svetlichnyi, A. Shabalina, I. Lapin, D. Goncharova, and A.

Nemoykina (2016). Appl.Surf. Sci. 372, 20–29.

75. M. Ramesh, M. Anbuvannan, and G. Viruthagiri (2015). Spec-
trochim. Acta Part A 136, 864–870.

76. K. Elumalai and S. Velmurugan (2015). Appl. Sur. Sci. 345,

329–336.

77. M. M. Chikkanna, S. E. Neelagund, and K. K. Rajashekarappa

(2019). SN Appl. Sci. 1, 117.

78. B. K. Sharma, B. R. Mehta, V. P. Chaudhari, E. V. Shah, S.

Mondal Roy, and D. R. Roy (2021). J Clust Sci. https://doi.org/

10.1007/s10876-021-02090-9.

Publisher’s Note Springer Nature remains neutral with regard to

jurisdictional claims in published maps and institutional affiliations.

2530 B. K. Sharma et al.

123

https://doi.org/10.1007/s10876-021-02090-9
https://doi.org/10.1007/s10876-021-02090-9

	Green Synthesis of Triangular ZnO Nanoparticles Using Azadirachta indica Leaf Extract and Its Shape Dependency for Significant Antimicrobial Activity: Joint Experimental and Theoretical Investigation
	Abstract
	Graphic Abstract 

	Introduction
	Materials and Method
	Plant Collection
	Preparation of Azadirachta indica Leaf Extract
	Green Synthesis of ZnO NPs
	Characterizations of ZnO NPs
	X-ray Diffraction (XRD)
	FTIR Spectroscopy
	Scanning Electron Microscopy (SEM)
	Energy Dispersive Spectroscopy (EDS)
	Antibacterial Study
	Theoretical Methods


	Results and Discussions
	X-Ray Diffraction (XRD)
	Fourier Transform Infrared Spectroscopy (FTIR)
	Scanning Electron Microcopy (SEM)
	Energy Dispersive Spectroscopy (EDS)
	Antibacterial Activity
	Theoretical Studies

	Proposed Mechanism
	Concluding Remarks
	Acknowledgements
	References




