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investigation for sustainable agricultural
applications†
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Samridhi Chopra,ab Mahesh Kumar,ab Deeba Kamil,e Ritu Srivastava, ab

Sang-Koog Kim, c Rajni Verma *c and Shailesh Narain Sharma *ab

The increasing global food scarcity necessitates the development of nanomaterials with low toxicity for

use as antimicrobial agents and sensors to mitigate agricultural losses. In this study, we present an

investigation into the green synthesis of titanium dioxide nanoparticles (TiO2 NPs) utilizing plant extracts

derived from Azadirachta indica (A. indica) and Mangifera indica (M. indica) as reducing and stabilizing

agents. The antimicrobial activity of the NPs is investigated against a range of pathogenic fungi (A.

alternata, C. gloeosporioides, T. harzianum, and A. rolfsii) and a bacterial species (X. oryzae) known to

significantly impact crop yield in agriculture. Remarkably, the TiO2 NPs exhibit potent inhibitory action

against all tested microorganisms, suppressing their growth over an extended period as revealed by the

zone of inhibition (ZOI) estimated via disc diffusion assay. This can be attributed to the generation of

reactive oxygen species (ROS), including hydroxyl radicals, in close proximity to the microbial cell wall.

Furthermore, the free radical scavenging activity was confirmed by a dose-dependent response in the

2,2-diphenyl-1-picrylhydrazyl (DPPH) assay, demonstrating their substantial antioxidant activity.

Moreover, we also explore the non-linear optical (NLO) properties of the TiO2 NPs through Z-scan

measurements employing femtosecond (fs) laser pulses. Notably, both types of NPs exhibit reverse

saturable absorption (RSA) behaviour when excited by femtosecond laser pulses, enabling the

determination of the nonlinear absorption coefficient and nonlinear refractive index through fitting open

and closed aperture curves. The calculated values of the nonlinear susceptibility of NPs synthesized

using M. indica and A. indica are 2.43 � 10�15 + i.7.2 � 10�18 and 3.91 � 10�15 + i.1.06 � 10�18,

respectively. These values reflect the robust NLO response of NPs, indicating their potential for a wide

range of applications. Combining their potent antimicrobial activity, antioxidant properties, and strong

nonlinear optical characteristics, these NPs hold tremendous promise in addressing critical challenges in

sustainable agriculture.

1. Introduction

Food security, a critical global concern, pertains to the avail-
ability, accessibility, and affordability of food. This issue is
amplified by the growing global population and shifting envir-
onmental conditions.1 Particularly, climate change has a severe
impact on agriculture and food production, due to more
frequent and severe weather events like droughts and floods,
which lead to crop failure and food shortage.2 Moreover, plant
diseases caused by various pathogens, including bacteria,
viruses, and fungi, can cause significant crop losses and reduce
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food quality, exacerbating the challenge of meeting the surging
demand for food.3 Although conventional agricultural prac-
tices, like use of chemical pesticides and fungicides, have
yielded some success in controlling and detecting diseases,
they possess several limitations.4 These methods can be expen-
sive and have adverse impacts on the environment, leading to
resistance development in pathogens over time, reducing their
effectiveness. Thus, innovative and sustainable approaches are
needed to tackle plant diseases and boost food security.5,6

Pathogenic fungi such as Alternaria alternata (A. alternata),
Colletotrichum gloeosporioides (C. gloeosporioides), and Athelia
rolfsii (A. rolfsii) pose significant threats to agricultural produc-
tivity. A. alternata is a broad-range pathogen that infects diverse
crops, causing diseases such as Alternaria leaf spot, fruit rot,
and blight. These diseases have detrimental effects, leading
to reduced crop yields, compromised quality, and economic
setbacks for farmers.7 Similarly, C. gloeosporioides is notorious
for causing anthracnose disease, characterized by sunken
lesions, rotting, and fruit drop.8 The impact of this fungus is
severe, causing substantial agricultural losses in terms of yield
reduction and decreased market value of affected crops.
In addition to these fungi, the bacterial pathogen Xanthomonas
oryzae (X. oryzae) poses a significant threat to rice production.
It is responsible for bacterial leaf blight, a devastating disease
that affects the leaves of rice plants.9 This disease manifests as
chlorosis, lesions, and, in severe cases, complete crop failure.
Bacterial leaf blight has a profound impact on rice production,
leading to substantial losses in both yield and quality.10

To mitigate the adverse effects of these pathogens, farmers
must implement effective disease management strategies.11

Over the past few decades, nanotechnology has undergone
remarkable advancements, leading to enhanced performance
of various systems across a wide range of fields such as
electronics,12,13 medicine,14 energy,15,16 sensing17 and materials
science,18 opening up new possibilities and improving the effi-
ciency and functionality of numerous applications.19 Nanotech-
nology offers a promising solution to the challenges faced in
agriculture, leveraging the unique physical and chemical proper-
ties of nanomaterials for various agricultural applications, parti-
cularly disease detection and control.20 Nanoscale materials, with
their high surface-to-volume ratios, have the capacity to interact at
the molecular level, leading to the development of nanomaterial-
based sensors that detect the early signs of plant diseases.21

Additionally, nanomaterials enable the targeted delivery of
fungicides or insecticides directly to infected sites, minimizing
chemical usage and non-target organism impact.22,23 Further-
more, nanotechnology enhances fertilizer efficiency by encap-
sulating and delivering nutrients to plant roots, reducing
nutrient loss and environmental impacts.24 Nanomaterials
can improve food production quality and quantity by control-
ling the release of pesticides, reducing resistance development
in pests and weeds. Safety and environmental concerns require
appropriate regulation and analysis of long-term effects of
nanomaterials on agriculture.25

Among metal oxide nanoparticles, TiO2 NPs are widely used
in agriculture due to their antimicrobial activity against a range

of plant pathogens.26 They show enhanced performance com-
pared to their bulk counterparts, attributed to their small size,
large surface area, and high reactivity.27,28 Their contact with
microbial cells leads to increased efficacy, penetrating cell walls
and causing membrane damage. Additionally, TiO2 NPs pos-
sess photoactivity, generating ROS upon exposure to light. Due
to this property, they effectively target pathogens sensitive to
oxidative stress, contributing to their antimicrobial action.29

Moreover, these NPs exhibit biocompatibility and biodegrad-
ability, ensuring environmental safety. TiO2 NPs also possess
unique NLO properties, making them suitable for the develop-
ment of biosensors.30 These NLO materials respond to specific
stimuli, emitting light at different wavelengths.31 When incor-
porated into sensors, NPs enable the detection of changes in
temperature and humidity or specific chemicals present in the
environment, aiding in monitoring soil moisture, nutrient
levels, and pest infestation.32 Furthermore, NLO properties
facilitate imaging and visualization, enabling the detection of
plant diseases and the monitoring of crop growth.33 These
properties offer opportunities for developing innovative and
sustainable sensing technologies in agriculture. TiO2 NPs
demonstrate a rapid and notably substantial NLO response.34

This characteristic has led to their utilization in combination with
other materials to modify or augment their NLO properties.
Trejo-Valdez et al. successfully employed TiO2 NPs alongside Au
NPs, showcasing altered or enhanced NLO responses.35 Addi-
tionally, Dong et al. achieved an enhanced broadband NLO
response through the incorporation of TiO2 as a dopant in CuO
nanosheets.36 Numerous other studies provide evidence sup-
porting the notion that the introduction of TiO2 into various
materials enhances their NLO response.

TiO2 NPs can be synthesized through established techni-
ques, including green synthesis, sol–gel, hydrothermal, and
precipitation methods.37 These methods offer a reliable frame-
work for achieving precise control over the size, morphology,
and crystalline structure of the NPs.38 Green synthesis, in
particular, aligns with sustainable practices by utilizing plant
extracts and natural sources as both reducing and stabilizing
agents.39 However, non-conventional methods, such as micro-
fluidic reactors, microwave-assisted synthesis, and sonochem-
ical synthesis, have gained recognition for their efficiency,
speed, and eco-friendliness.40 Although conventional methods
provide a sturdy foundation, non-conventional methods offer
promising avenues for innovation and customization.41 In our
study, we prefer conventional methods rooted in the pursuit
of well-defined, reproducible results. Nevertheless, given the
dynamic landscape of NP synthesis, we anticipate that non-
conventional methods will play an increasingly vital role in
future investigations and large scale synthesis of NPs for
applications. These methods contribute to the continuous
evolution of efficient, sustainable, and tailored protocols for NP
synthesis.42

Green synthesis has emerged as a preferable method for
producing NPs due to its environmentally friendly nature and
sustainability.43 Unlike traditional chemical synthesis, green
synthesis utilizes natural sources, such as plant extracts, to

Paper Materials Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 1
2/

4/
20

25
 7

:3
6:

15
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00414g


© 2024 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2024, 5, 2767–2784 |  2769

produce NPs without the need for toxic solvents or reducing
agents.44 This method minimizes environmental impacts, gen-
erates no toxic waste, and relies on renewable resources.45

Recently, Ansari et al. synthesized TiO2 NPs using the Acorus
calamus leaf extract to probe their antimicrobial activity against
Gram-positive and Gram-negative bacteria.46 They have
reported excellent antimicrobial activity of green synthesized
NPs against the selected Gram-positive bacteria (B. subtilis and
S. aureus) over Gram-negative pathogenic bacteria (P. aerugi-
nosa and E. coli). Achudhan et al. synthesized TiO2 NPs from the
natural extracts of Azadirachta indica twigs, Ficus benghalensis,
and Syzygium aromaticum and reported their significant anti-
bacterial and antifungal properties, inhibiting the formation of
biofilms of Streptococcus mutans, Citrobacter freundii, and Can-
dida albicans.47 They also demonstrated larvicidal activity
against the Zika virus vector Aedes aegypti, with a mortality rate
of 98% at a concentration of 75 mg mL�1. The properties of NPs
derived from various plant extracts vary due to the unique
phytochemical composition present in each extract.48 It is
crucial to conduct comprehensive studies to thoroughly exam-
ine the physicochemical attributes of these NPs. Such investi-
gations are essential for optimizing their performance and
harnessing their full potential in diverse applications.49

The present study is focused on the synthesis of TiO2 NPs
using leaf extracts from M. indica and A. indica plants. The
primary objective is to investigate the NLO properties of the
NPs through the Z-scan method. Additionally, we aim to
evaluate the NPs’ potential as an antimicrobial agent targeting
plant pathogens, particularly bacteria and fungi that adversely
impact agricultural crops. This dual focus on NLO and anti-
microbial properties aligns with the overarching goal of sus-
tainable agriculture. Specifically, the NPs are examined for their
effectiveness against prevalent plant pathogens, including A.
alternata, A. rolfsii, C. gloeosporioides, T. harzianum, and X.
oryzae. The envisaged outcome is a comprehensive understand-
ing of the NPs’ capabilities both as disease detection sensors
and as agents, combatting microbial threats in agriculture. By
synthesizing TiO2 NPs via an environmentally friendly means,
utilizing plant extracts, and subjecting them to rigorous assess-
ment of their antimicrobial activities and NLO properties, this
study aims to contribute significantly to the progress of eco-
friendly nanotechnology in the agricultural domain. Such
advancements have the potential to minimize crop losses and
increase overall agricultural productivity.

2. Experimental methods
and materials
2.1. Chemicals and pathogens

Titanium(IV) isopropoxide (TTIP), sodium hydroxide, ethanol
and streptomycin sulphate were acquired from Sigma-Aldrich
for the synthesis. The synthesis was performed using Millipore
DI water. Agar powder and dextrose anhydrous were purchased
from Srichem Consultants Private Limited, Hyderabad, India.
Different fungi such as Alternaria alternata (A. alternata),

Colletotrichum gloeosporioides (C. gloeosporioides), Trichoderma
harzianum (T. harzianum), and Athelia rolfsii (A. rolfsii) and
the bacterial pathogen Xanthomonas Oryzae (X. oryzae) were
collected from IARI, New Delhi.

2.2. Preparation of M. indica and A. indica plant leaf extracts

The leaves of M. indica and A. indica were gathered from the
medicinal plant farm of the National Physical Laboratory, New
Delhi, India. The collected leaf samples were surface cleaned
with running faucet water to eliminate soil followed by washing
with DI water thrice. The obtained leaves were shade dried for a
few days at room temperature. The dried samples were pow-
dered in a mortar pestle to get a uniform size range. Then 10 g
of M. indica and A. indica powdered leaf samples were mixed in
200 ml of DI water boiled at 70–80 1C for 30 min. The resulting
solution was then filtered using Whatman no. 1 filter paper and
subsequently stored at 4 1C for NP synthesis. The filtrate was
utilized for the synthesis of NPs.

2.3. Preliminary phytochemical screening:

Preliminary chemical reactions were performed to test the
presence of various metabolites in both the plant extracts.50

The brief procedure of the chemical test is described in Section
S1 (ESI†). It was observed that both A. indica and M. indica plant
extracts possessed the metabolites shown in Table 1.

It is important to note that the concentration of each
metabolite may differ in both the plant extracts. The exact
concentration of each metabolite is not known.

2.4. Green synthesis of TiO2 NPs

TiO2 NPs were synthesized using A. indica and M. indica leaf
extracts, following previously reported procedures with slight
modifications.46 The leaf extracts act as both the capping and
reducing agents, while TTIP served as the precursor for produ-
cing TiO2 NPs. Firstly, 4 ml of TTIP was dissolved in 50 ml of
leaf extract, stirred and heated for 2 hours at 80 1C. During the
reaction, the colour change was observed from a light green
and white solidified precursor to an orange colour over time.
The particles were observed to be mixed and dissolved com-
pletely in the extract for 2 hours. After that the resulting slurry
was collected in Petri dishes and dried overnight at 60 1C. The
dried powder was then crushed with a mortar and pestle and
annealed in a furnace at 400 1C for 2 hours, which transformed
the orange-coloured powder to white powder. The resulting

Table 1 Different metabolites present in the plant extracts

Functional groups

Metabolites

M. indica A. indica

Flavonoids + +
Steroids + +
Terpenoids + +
Phenols + +
Saponins + +
Proteins + +
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TiO2 NPs were used for further experiments without further
modification.

2.5. Materials characterization

The structural, morphological, optical, and antimicrobial prop-
erties of the prepared NPs were characterized using various
analytical techniques. The crystalline structure and crystallite
size of TiO2 NPs were determined using X-ray diffraction (XRD)
analysis on a Rigaku Miniflex-II instrument with CuKa radia-
tion (l = 1.540 Å) in the 2y range of 10–801.51 The morphology
and particle size distribution of the NPs were determined by
scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) using a ZEISS instrument and an FEI Philips
Morgagni 268D instrument, respectively. The UV-visible absor-
bance spectra of the NPs were recorded using a Shimadzu
UV-3101 spectrophotometer in the range of 200–800 nm.52,53

The functional groups present in the NPs were analysed by
Fourier transform infrared (FTIR) spectroscopy using a Perkin-
Elmer BX-II spectrophotometer within the wave-number range
of 4000–400 cm�1.54 The specific surface area and pore size of
the NPs were measured using the Brunauer–Emmett–Teller
(BET) NOVA instrument via nitrogen adsorption–desorption
studies conducted at 77 K. Furthermore, the third-order NLO
properties, such as non-linear absorption, refractive index and
susceptibility, of the 0.05 mg ml�1 NP suspension were deter-
mined by a conventional Z-scan measurement employing a
Ti:sapphire pulsed laser source (Legend USP and Coherent
Micra) of wavelength 800 nm with a repetition rate and a pulse
width of 1 kHz and 35–45 fs, respectively.55 The Z-scan setup
was calibrated using CS2 solvent, ensuring accurate measure-
ment for linearly plane-polarized incident light in the visible
spectrum.

2.6. Antimicrobial activity determined by disk diffusion assay

The antimicrobial action of the synthesized NPs was evaluated
against the fungal pathogens of A. alternata, C. gloeosporioides,
T. harzianum, and A. rolfsii and the bacterial pathogen of
X. oryzae. The disk diffusion method was adopted to monitor
the antimicrobial activity of synthesized NPs as reported by
Degado et al.56 The microbial strains were collected from the
Indian Agricultural Research Institute (IARI), Pusa, India. The
strains were refreshed in an 8.5 cm Petri dish containing
potato-dextrose agar (PDA) at 37 1C for 7 days. PDA broth was
prepared using 10 g of agar powder, 10 g of dextrose anhydrous,
potato extracts (100 ml), and DI water (400 ml). Flasks were
autoclaved at 115 1C for 3 h in a dark environment.

To produce fungal biomass for determining TiO2 NP anti-
fungal activity, a small number of fresh mycelia were harvested
from the plates and transferred to a 500 ml flask containing
PDA broth.57 10 ml of fungus-containing PDA is added into
different Petri dishes to rest and it is allowed to solidify.
Specific fungal pathogens were inoculated in PDA medium
along with the antibiotic streptomycin sulphate to prevent
contamination (2 g). 5 mm (diameter) discs were prepared
using a sterile filter paper (disc cutter) on the potato-dextrose
agar broth solution that carried pathogens. Different concentrations

of TiO2 NPs prepared using different plant extracts (60, 80 and
100 mg ml�1) were added to the discs; simultaneously, deio-
nized water was used as a positive control. The inoculated
cultured plates were incubated at 37 1C for 48 h, and the
diameter of the zone of inhibition (ZOI) was measured in
mm, and the findings were recorded throughout studies.

The antibacterial activity of TiO2 NPs was tested against
X. oryzae bacterial strain inoculated on the plate using the disk
diffusion method performed as described previously by Perez
et al. with minor changes.58 The nutrient agar medium was
separately placed in Petri dishes, and 10 ml of a bacterial culture
with a concentration of 107 CFU ml�1 was spread on the Petri
dishes with a spreader and allowed to settle overnight. Different
TiO2 NP concentrations (60, 80 and 100 mg ml�1) were added to
various Petri dishes with deionized water, which is also used as
a control, and incubated at 30 1C for 48 h. The antibacterial
activity was determined by measuring the ZOI. There were
duplicates for each treatment of NPs for both fungi and
bacteria with the same concentration.

2.7. Estimation of antioxidant efficacy by DPPH free radical
scavenging assay

DPPH is a stable synthetic-free radical widely used to investi-
gate the free radical scavenging activity of natural products or
synthetic compounds. The antioxidant activities of TiO2 NPs
synthesized using two plant extracts were determined at
different concentrations (50, 100, 150, 200, 300, 350, and
400 mg ml�1) using DPPH assay. In brief, 3 ml of 0.1 mM DPPH
solution was prepared in 50% methanol (working solution),
along with different concentrations of the TiO2 NPs and ascor-
bic acid (control sample).59 This reaction mixture was incu-
bated for 30 min at room temperature under dark conditions.
The absorbances of the test and standard reaction mixtures
were obtained at 517 nm. Radical scavenging activity was
calculated using the following formula:60

DPPH radical scavenging activity %ð Þ

¼
absorbanceð Þcontrol� absorbanceð Þsample

absorbanceð Þcontrol

� �
� 100

3. Results and discussion
3.1. Phase identification and crystal structure

The XRD spectra were obtained for TiO2 NPs synthesized using
A. indica and M. indica, in the 2y range of 10–801, using an X-ray
diffractometer at a wavelength of 1.5406 Å.61 TiO2 NPs can exist
in anatase, rutile, brookite, and amorphous phases, depending
on various factors such as synthesis conditions, temperature,
and pressure. Anatase is formed at low temperatures, high
pH, and low precursor concentration, while rutile is favoured
at high temperatures, low pH, and high precursor concen-
tration.28 Brookite is formed under hydrothermal or solvo-
thermal conditions with specific additives, and the amorphous
phase can be obtained through non-equilibrium processes like
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sol–gel, precipitation, or combustion synthesis. Precursor
concentration, pH, and the presence of dopants or surfactants
also influence phase formation.62 The XRD patterns of the TiO2

NPs synthesised using A. indica and M. indica are shown in
Fig. 1(a). The diffraction peaks at the 2y values of 25.191, 38.021,
47.931, 54.621, 62.721, 69.061 and 75.751 correspond to diffrac-
tion planes (101), (004), (200), (211), (204), (116), and (215),
which confirm the anatase phase (JCPDS no. 89-4921) of the A.
indica derived NP sample.63 The TiO2 NPs synthesized using
M. indica also show diffraction peaks in close proximity to those
of the TiO2 NPs synthesized using A. indica. The TiO2 NPs
synthesized using A. indica have lattice parameters of a = b =
3.778 Å and c = 9.509 Å, while those synthesized using M. indica
have lattice parameters of a = b = 3.789 Å and c = 9.521 Å. It is
important to note that the standard lattice parameter values of
TiO2 are a = b = 3.784 Å and c = 9.515 Å. The (101) plane exhibits
the highest peaks, and the other planes are comparatively
broader, indicating a smaller crystallite size.62 Furthermore,
the crystallite sizes of both NP samples were determined using

Scherrer’s equation,64 which is expressed as D ¼ 0:9l
bhkl cos y

,

where D is the crystallite size in nanometers, bhkl is the full-
width at half-maximum, y is the Bragg’s angle of reflection, and
l is the wavelength of X-ray (= 1.54 Å).65 The crystallite sizes of

TiO2 NPs synthesized using A. indica and M. indica were
calculated to be 11.2 nm and 11.9 nm, respectively.66 However,
the determination of the crystallite size through Scherrer’s
equation is susceptible to peak broadening effects.67 Conse-
quently, for a more accurate calculation of the crystallite size,
we have employed the Williamson–Hall method by fitting a

straight line using equation:68 bhkl cos y ¼ 4e sin yþ kl
D

where e

is the lattice strain and k is the shape factor.54 The Williamson–
Hall plot for both NP samples is shown in the inset of Fig. 1(a).
The crystallite size and lattice strain obtained for the TiO2 NPs
prepared using A. indica are 9.3 nm and 0.0036, respectively,
while for the TiO2 NPs prepared using M. indica, the values are
10.1 nm and 0.0039, respectively.69

The Raman spectra of both the TiO2 NPs exhibited char-
acteristic peaks at 145 (Eg), 198 (Eg), 397 (B1g), 519 (A1g + B1g),
and 641 (Eg) cm�1 (Fig. 1(b)), which were consistent with the
anatase phase of TiO2. The peak observed at 145 cm�1 corre-
sponds to the Eg mode and is related to the symmetric stretch-
ing vibration of Ti–O bonds.70 The peak observed at 198 cm�1

also corresponds to the Eg mode and is related to the symmetric
bending vibration of Ti–O bonds. The peak observed at
397 cm�1 corresponds to the B1g mode and is related to the
anti-symmetric bending vibration of O–Ti–O bonds.71 The peak

Fig. 1 (a) XRD patterns, (b) Raman spectra and (c) FTIR spectra of green synthesized TiO2 NPs obtained using A. indica and M. indica plant extracts.
The insets of (a) display the corresponding Williamson–Hall plots.
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observed at 519 cm�1 corresponds to the A1g + B1g mode and is
related to the mixed mode of symmetric stretching and anti-
symmetric bending vibrations of O–Ti–O bonds. The peak
observed at 641 cm�1 corresponds to the Eg mode and is related
to the bending vibration of Ti–O–Ti bonds.71 These Raman
peaks are associated with the vibrational modes of the TiO2

lattice structure, and their positions and intensities provide
information about the crystal phase, particle size, and defects
in the material.70 The presence of these characteristic peaks at
specific wavelengths confirms the anatase phase of TiO2 NPs
and provides insights into their structural properties.

The FTIR spectra of both TiO2 NP samples are shown in
Fig. 1(c), which demonstrate the characteristics of the for-
mation of high purity products revealing the presence of
various functional groups in the samples. A broad band
observed in between 3600 and 3000 cm�1, i.e. 3424 cm�1, is
related to the O–H stretching mode of the hydroxyl group,
indicating the presence of moisture in the sample. The peak at
1640 cm�1 is associated with the O–H bending mode of
adsorbed water molecules.52 The broad band from 1000–
400 cm�1 corresponds to Ti–O stretching and Ti–O–Ti bridging
stretching modes. It has been reported that the peak in the
range of 800–400 cm�1 is the contribution from the anatase
phase of TiO2 NPs.72 Thus, the characteristic peak at 772.5 cm�1

confirms the formation of the anatase phase of NPs, attributed to
the stretching vibration of Ti–O–Ti linkage.52 The obtained product
can show weak absorption bands corresponding to the residual
organic species that have not been completely removed during the
reaction process.52 The organic impurities could be hydroxyl,
carboxylate and alkane groups, which have not been washed
off with ethanol and distilled water. Two weak bands at 2645
and 2820 cm�1 are assigned to the C–H stretching vibrations of
alkane groups. The peaks at 1356 and 1581 cm�1 could be
attributed to carboxyl and methylene groups, which has also
resulted from the residual organic species.

3.2. Morphology and size distribution

The fine-scale topological features of the samples were evalu-
ated using SEM analysis. The SEM micrographs in Fig. 2(a) and
(b) depict the slightly agglomerated spherical-like morphology
of the NPs synthesized using A. indica and M. indica plant
extracts, respectively. The agglomeration was observed through-
out the region of NPs synthesized using M. indica (Fig. 2(a)),
whereas less agglomeration was noticed in NPs synthesized
using A. indica (Fig. 2(b)). These variations may be attributed to
several factors: (i) the presence of different phytochemicals
such as polyphenols, flavonoids, terpenoids, and alkaloids in
both the plant extracts, leading to various interactions with
metal precursors and affecting the nucleation and growth of
NPs, (ii) the different compounds within the extracts posses-
sing diverse abilities to reduce metal ions and stabilize NPs,
resulting in size variation, and (iii) the variation in the types
and nature of antioxidants present in the plant extracts, which
can influence the reduction reaction of the metal precursor
during NP synthesis.73 Further insights into the morphology were
obtained through TEM analysis (Fig. 2(c) and (d)). The bright field

TEM images of both the samples revealed agglomeration in the
NPs synthesized using M. indica (Fig. 2(c)), whereas the NPs
synthesized using A. indica (Fig. 2(d)) showed less agglomera-
tion, which is consistent with the SEM analysis. This suggests
that the NPs synthesized using A. indica act as a better capping
agent compared to M. indica. The particle sizes of the NPs were
determined through fitting the particle size distribution plot,
revealing size ranges of approximately 8–28 nm for those
produced using M. indica and 3–27 nm for those produced
using A. indica (Fig. S1, ESI†).67 Notably, the majority of NPs in
both cases exhibited a median size of 20 nm. The average
particle sizes of NPs synthesized using M. indica and A. indica
were measured as 18.9 nm and 19.6 nm, respectively. Moreover,
Fig. 2(e) presents the high-resolution transmission electron
microscopy (HRTEM) image of the TiO2 NPs synthesized using
M. indica. The image reveals a distinct lattice spacing of
0.237 nm, corresponding to the (004) plane of the anatase
phase. Furthermore, the polycrystalline nature of the sample
is evident in Fig. 2(f), where multiple bright fringes are
observed. Notably, lattice planes, specifically (101) and (004),
are clearly identifiable in the selected area electron diffraction
(SAED) pattern. The elemental composition of Ti and O in NPs
prepared using A. indica and M. indica plant extracts were
confirmed using EDX, as shown in Table S1 (ESI†).

To gain a deeper understanding of the mechanism, the
surface properties of the NPs were examined through BET
characterization. Fig. 2(g) and (h) display the nitrogen adsorp-
tion–desorption isotherms of NPs obtained using both plant
extracts. The volume adsorbed vs. relative pressure curve corre-
sponds to a type IV adsorption isotherm with an H4 hysteresis
curve and mesoporous phases, according to the IUPAC classi-
fication.74 The presence of a type IV hysteresis loop indicates
the existence of mesoporous materials with a narrow pore size
distribution. Furthermore, the Barrett–Joyner–Halenda (BJH)
model (inset of Fig. 2(g) and (h)) was employed to calculate the
average pore diameter and volume of the green-synthesized NP
samples.74 The surface areas of TiO2 NPs synthesized using
A. indica and M. indica were determined to be 94.09 m2 g�1 and
127.60 m2 g�1, respectively. The average pore diameters were
calculated to be 4.1 nm and 5.8 nm, while the average pore
volumes were found to be 1.307 cc g�1 and 1.205 cc g�1 for TiO2

NPs produced using A. indica and M. indica plant extracts. The
higher pore diameter directly corresponds to enhanced anti-
microbial activity, as discussed in the further section on anti-
microbial activity.

3.3. Linear and nonlinear optical properties of TiO2 NPs
determined using UV-vis spectroscopy, PL spectroscopy
and Z-scan measurements

The optical properties of the NPs were investigated through
UV-vis and PL spectroscopy measurements. UV-visible light
ranging from 200 to 600 nm was employed to evaluate the light
absorption characteristics of TiO2 NPs. Fig. 3 illustrates the
UV-visible spectra of TiO2 NPs synthesized using A. indica and
M. indica plant extracts in an aqueous solution at room tem-
perature. The absorption maxima (lmax) were observed at
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337 nm and 341 nm for the NPs synthesized using M. indica
and A. indica, respectively. Although there was a very slight
difference, the absorption maxima were found to be similar.
This minor variation could be attributed to differences in the
particle size of the NPs synthesized using the two different
plant extracts.75 The optical bandgap (Eg) of the green-
synthesized NP samples was determined using a Tauc plot, hn
versus (ahn)2, as shown in the inset of Fig. 3, and the following

equation:76 ðahnÞ1
n
¼ k hn � Eg

� �
, where k is a constant, hn is the

photon energy, Eg is the band gap, and a is the absorption
coefficient.53 The values of n are 1

2 and 2 for indirect and direct
band gaps, respectively, depending on the nature of the elec-
tronic transition. The bandgap energies of the two types of TiO2

NPs synthesized using M. indica and A. indica were estimated to
be 2.9 eV and 3.1 eV, respectively. These values correspond to

the electronic transition from the valence band to the conduc-
tion band (O-2p and Ti-3d).28 Furthermore, the photolumines-
cence spectra provide insights into exciton recombination and
surface defects. Fig. 3(b) presents the PL spectra of TiO2 NPs
synthesized using M. indica and A. indica plant extracts at an
excitation wavelength of 370 nm. The emission peaks were
observed at 455 nm and 470 nm, exhibiting equal intensities.
These emissions at 455 nm and 470 nm are attributed to
surface state emissions, resulting from the recombination of
trapped electron–hole pairs arising from dangling bonds in the
NPs.26 The similar intensities of both peaks suggest that there
is no significant variation in the particle size between the NPs
prepared using the two different plant extracts.

The NLO properties of the nanoscale materials are ideal
for the development of a variety of applications including,
optical switching and modulation, laser, signal processing and

Fig. 2 (a) and (b) SEM micrographs, (c) and (d) TEM images of the TiO2 NPs prepared using M. indica and A. indica plant extracts, respectively. (e) HRTEM
image and (f) SAED pattern of the TiO2 NPs prepared using M. indica. (g) and (h) N2 adsorption–desorption isotherm plots of the TiO2 nanoparticles.
Insets in (g) and (h) illustrate the pore size distributions obtained from the BJH desorption pore volume data of the respective samples.

Materials Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 1
2/

4/
20

25
 7

:3
6:

15
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00414g


2774 |  Mater. Adv., 2024, 5, 2767–2784 © 2024 The Author(s). Published by the Royal Society of Chemistry

bioimaging.77 Nanomaterial-based biosensors with NLO prop-
erties have the potential to revolutionize agriculture by provid-
ing rapid, sensitive, label-free, and portable detection methods
for various analytes.78 They enable real-time monitoring, pre-
cision agriculture, and environmental sustainability, thereby
contributing to improved crop quality, yield, and resource
management in agricultural applications. We have probed the
NLO parameters of the TiO2 NPs using Z-scan measurement,
i.e., the nonlinear absorption coefficient (b) and refractive index
(n2) are measured to calculate the third-order nonlinear
susceptibility.55

Fig. 4 illustrates the schematic representation of the Z-scan
setup employed for determining various NLO parameters. The
Z-scan measurement of TiO2 NPs was conducted using a 35 fs
Ti:sapphire pulsed laser system consisting of the Legend USP
and Coherent Micra lasers, operating at a wavelength (l) of
800 nm. To generate mode-locked Gaussian-shaped pulses,

a repetition rate of 1 kHz and a pulse width of 35–45 fs were
employed. The laser beam was split into two components using
beam splitters. One component served as the pump, passing
through an operational parametric amplifier (OPA), while the
other component was directed towards the spectrometer after
passing through a delay stage.55 The probe beam, known as the
white light continuum (WLC), was generated by a sapphire disc
and transmitted through the delay stage. The open and closed
curves were determined using the Z-scan setup and a linear
translator.79 The experimental results were obtained for both
open and closed apertures of TiO2 NPs at a concentration of
0.05 mg ml�1. The laser beam was focused onto the TiO2 NPs
using a convex lens with a beam waist of 40 mm and a focal
length of 40 cm. The sonicated NPs were placed in a 1 mm
quartz cuvette for observation. The nonlinear parameters, such
as the absorption coefficient and refractive index, were mea-
sured to calculate the third-order nonlinear susceptibility.

Fig. 4 Schematic of the Z-scan measurement setup used for probing the nonlinear optical properties of TiO2 NPs.79

Fig. 3 (a) Ultraviolet-visible absorption spectra and (b) photoluminescence spectra obtained at an excitation wavelength of 370 nm for TiO2 NPs
synthesized using M. indica and A. indica plant extracts. The inset in (a) displays the Tauc plot illustrating the band gap energy values.
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The closed aperture Z-scan technique was used to determine
the nonlinear refractive index, while the open aperture technique
involved unlocking the aperture before the detector to measure
two-photon absorption (2PA) and nonlinear absorption.79

Third-order NLO processes can be categorized into resonant
and nonresonant types. Resonant processes involve actual elec-
tronic transitions and exhibit relatively slow response times,
typically in the nanosecond range.80 In contrast, nonresonant
processes involve virtual transitions and display faster response
times, often in the picosecond or femtosecond range. Resonant
nonlinearities encompass phenomena like saturable absorp-
tion (SA), RSA, excited state absorption (ESA), free carrier
absorption (FCA), nonlinear refraction (NLR), and nonlinear
scattering (NLS).81 Nonresonant nonlinearities, on the other
hand, include two-photon absorption and multiphoton absorp-
tion (MPA), which occur when multiple photons are absorbed
simultaneously.82 It is important to acknowledge that resonant
nonlinearities primarily depend on the total energy of the
incident pulse, while nonresonant nonlinearities, such as 2PA
and MPA, rely on the maximum intensity of the incident light.
TiO2 NPs can exhibit RSA or SA depending on the experimental
conditions and the specific characteristics of the NPs. In the

case of pure TiO2 NPs, they typically display RSA behaviour.83

RSA occurs when the absorption of light increases with increas-
ing light intensity. This phenomenon arises due to a combi-
nation of NLO effects, such as 2PA and excited-state absorption
ESA. In RSA, at low light intensities, the NPs are in the ground
state and have low absorption. However, as the intensity
increases, 2PA and ESA processes become more significant,
leading to a nonlinear increase in absorption. It is important to
note that the behaviour of TiO2 nanoparticles, including RSA or
SA, can also depend on other factors such as particle size,
surface modifications, excitation wavelength, and experimental
conditions.82

The results obtained from the open and closed aperture
Z-scan measurements of the TiO2 NPs are shown in Fig. 5(a)–(d),
where the symbols represent the experimental data and the solid
lines represent theoretical fitting. It is noteworthy that the
corresponding measurement curve exhibits a well-defined peak
of the normalized transmittance. This distinctive peak is indi-
cative of the presence of RSA in both samples, whereby the
absorption of light by the material diminishes as the intensity of
the incident light increases. Open aperture Z-scan measures
laser beam transmission through the sample, providing insights

Fig. 5 (a) and (b) Open aperture and (c) and (d) close aperture Z-scan measurements of TiO2 NPs at 35 fs laser excitation. Closed symbols are the
experimental data, while the solid lines are theoretical fits.
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into both nonlinear absorption and refraction. Closed aperture
Z-scan, using an aperture, measures transmitted intensity as
the sample is moved, primarily capturing nonlinear refraction
effects.79 Under the experimental conditions employed in our
study, it is not feasible to induce a direct electronic transition
from the ground state to the excited state through one-photon
absorption. This limitation arises due to the energy of the
excitation light (1.55 eV) being insufficient to bridge the energy
gap (Eg) between the two states. Consequently, the only viable
pathway for electrons to reach the excited state is through MPA.
Interestingly, the band gap energy values obtained from our UV-
vis spectroscopy analysis, ranging from 2.9 to 3.1 eV, align closely
with the energy requirements for 2PA. Therefore, it is highly
likely that 2PA serves as the dominant absorption mechanism in
our experimental system. Furthermore, the values of the non-
linear absorption coefficient were calculated using eqn (1):55

b ¼ mþ 1ð Þ
3
2DTðzÞ

LeffIo
(1)

where Leff ¼
ð1� e�aLÞ

a
is the sample length (cm), DT(z) = 1 – T(z)

at the focus, T(z) is the transmittance of the sample at z, Io is the
peak on-axis irradiance at the focus (W cm�2), z is the position of

the sample corresponding to the focus (cm), zo ¼
po0

2

l
is the

Rayleigh range (cm), a is the linear absorption coefficient (cm�1),
L is the sample length (cm), o0 is the spot size at the focus (cm),
and l is the laser wavelength (cm). Here, m is a constant that
characterizes the degree of nonlinearity exhibited by the material
and its value can be calculated by fitting eqn (2):55

T zð Þ ¼
X1
m¼0

½�q zð Þ�m

ðmþ 1Þ
3
2

(2)

where q zð Þ ¼ bLeffIo

1þ z2

zo2

� �. The open aperture curves were fitted

using eqn (2) for m = 1 as shown in Fig. 5(a) and (b), which
confirms the third order NLO phenomenon. The values of the
nonlinear absorption coefficient of the TiO2 NPs obtained from
M. indica and A. indica are 3.74 � 10�12 and 5.15 � 10�11,
respectively, which are comparable to the previous results
reported by other groups. The value of the nonlinear absorption
coefficient depends on several factors such as particles size,
experimental conditions and measurement parameters and thus
a wide variety of values have been reported in the literature.
Furthermore, the nonlinear refractive index values were obtained
from the closed aperture curves shown in Fig. 5(c) and (d) using

eqn (3)55 considering the ratio of the incident to the transmitted
power at iris to be approximately zero. A valley-peak signature is
observed for both the samples, which indicates self-focusing
behaviour and a positive value of the nonlinear refractive index.
For the calculation of n2, the contribution of nonlinear refraction
through the heat effect is disregarded due to the extremely
short pulse duration (approximately 35 fs) in comparison to
the thermal rise time.55

n2 ¼
l
2p

Dj
LeffIo

(3)

where Dj ¼ �DTpv

0:406
is the phase change of the transmitted laser

beam and DTpv = Tp � Tv is the difference between the peak and
the valley transmittance. After putting the values of Dj in
eqn (3), the values of the nonlinear refractive index are calculated
as 2.10 � 10�17 and 3.83 � 10�17, respectively, for NPs synthe-
sized using M. indica and A. indica (Table 2). Moreover, using the
values of the nonlinear absorption coefficient and nonlinear
refractive index from eqn (1) and (3), susceptibility (w(3)) of the
material was calculated using eqn (4),55 which quantifies the
material’s ability to generate and interact with higher-order
optical phenomena.

w3 = w3(r) + iw3(i) (4)

where the real w3(r) and imaginary part w3(i) are as follows:

w3 rð Þ ¼ 10�4
E0c2n02n2

p
(5)

w3 ið Þ ¼ 10�4
E0c2n0lb

4p2
(6)

where E0 is the vacuum permittivity, which represents the
permittivity of free space, c represents the speed of light in
vacuum, and n0 represents the refractive index of the material
at the fundamental frequency or the linear refractive index.
After putting the values of the constants and nonlinear absorp-
tion coefficient and refractive index obtained above, the values
of susceptibility of real w3(r) and imaginary parts w3(i) were
calculated and provided in Table 2. The values of the third
order nonlinear susceptibility are 2.43 � 10�15 + i.7.2 � 10�18

and 3.91 � 10�15 + i.1.06 � 10�18, respectively, for TiO2 NPs
synthesised using M. indica and A. indica. These values
obtained for both the NPs indicate that the materials exhibit
a strong nonlinear response to an applied electric field. Also,
these NPs possess favourable properties for applications in
nonlinear optics, such as frequency conversion, optical switch-
ing, and all-optical signal processing.

Table 2 Third-order nonlinear parameters of TiO2 NPs prepared using M. indica and A. indica

Laser parameters: 2.5 mW power, 1 kHz repetition rate and 35 fs frequency

Sample
Nonlinear absorption
coefficient (b) m W�1

Nonlinear refractive
index (n2) m2 W�1

Real part of
susceptibility (w3(r))

Imaginary part of
susceptibility (w3(i))

M. indica 3.74 � 10�12 2.10 � 10�17 2.43 � 10�15 7.2 � 10�18

A. indica 5.15 � 10�11 3.83 � 10�17 3.91 � 10�12 1.06 � 10�17
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3.4. Antimicrobial and antioxidant activities

To investigate the antimicrobial activity of TiO2 NPs synthe-
sized using a green approach against a diverse range of
pathogenic organisms, including fungi such as A. alternata,
C. gloeosporioides, T. harzianum, and A. rolfsii, and the bacterial
pathogen X. oryzae. To assess the efficacy of the NPs, the agar
disk diffusion method was employed at three different concen-
trations: 60, 80, and 100 mg ml�1. Fig. 6(a) and (b) provides a
visual representation of the diameter of the zone of inhibition
for both types of NPs tested against A. alternata and C. gloeos-
porioides, providing clear evidence of their antimicrobial effec-
tiveness. The obtained ZOI indicates the regions where the
growth of the microorganisms is hindered by the presence of
the NPs. Furthermore, Fig. 7(a)–(e) clearly depict that upon
increasing the concentration of both the NPs (synthesized
using A. indica and M. indica), their corresponding diameters
of ZOI increase. This observation suggests that higher NP
concentrations lead to a more significant antimicrobial effect.
The underlying mechanism behind this phenomenon can be
attributed to the gradual release of Ti4+ ions from the NP discs
into the agar medium during the incubation period. These
released ions subsequently interact with the surfaces of fungal
cells, inducing damage to their cell walls and membranes.84

Moreover, the released Ti4+ ions can also disrupt the integrity of
their cell membranes by binding to sulfur-containing groups,
such as cysteine. This interaction triggers oxidative stress
within the fungal cells, which ultimately results in an increase
in the permeability of the cell membrane. Consequently, the
leakage of cellular components occurs, leading to the eventual
death of the fungal cells.46

The investigation revealed variations in the diameter of the
ZOI between the highest and lowest concentrations of NPs,
depending on the nature of the fungi and bacteria being tested.
For instance, at a concentration of 100 mg ml�1, the NPs
synthesized using A. indica exhibited a higher ZOI (18.9 �
0.4 mm) compared to those prepared using M. indica (16.3 �
0.65 mm) against A. alternata fungus. However, at the lowest
concentration of 60 mg ml�1, the respective ZOIs were 14.2 �
0.3 mm and 10.3 � 0.56 mm for NPs synthesized using A. indica
and M. indica against A. alternata. Interestingly, the difference
in inhibition between the highest and lowest concentrations
was greater for NPs synthesized using M. indica compared to
those synthesized using A. indica for A. alternata fungus. This
trend of inhibition was also observed for other fungi such as
C. gloeosporioides and T. harzianum.

Similarly, for A. rolfsii, the ZOIs of NPs synthesized using A.
indica were 9 � 0.4 mm and 12 � 0.7 mm, while for NPs
synthesized using M. indica, the ZOIs were 12 � 0.6 mm and
14 � 0.8 mm at the lowest (60 mg ml�1) and highest concentra-
tions (100 mg ml�1), respectively. In this case, the ZOI was
greater for NPs synthesized using M. indica compared to those
synthesized using A. indica at the same concentration. Hence, it
can be concluded that both types of NPs exhibited antifungal
activity against all the fungi tested, however, NPs prepared
using M. indica exhibited a somewhat higher antifungal activity
than those prepared using A. indica. This difference in activity
can be attributed to the larger pore diameter observed for the
NPs synthesized using M. indica compared to those synthesized
using A. indica, as revealed by the BET analysis (Fig. 3(g)
and (h)). A larger pore diameter provides a greater surface area

Fig. 6 Evaluation of zone of inhibition of TiO2 NPs synthesized by A. indica and M. indica plant extracts against (a) A. alternata and (b) C. gloeosporioides
at 60, 80 and 100 mg ml�1 using disk diffusion method.
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available for interaction with microbes.48 This increased sur-
face area allows for more contact between the NPs and micro-
bial cells, thereby enhancing the likelihood of antimicrobial
activity.14 Furthermore, the larger pore diameter of the NPs
enables them to accommodate a wider range of microbial
cell sizes. This facilitates better penetration of the NPs into
microbial cells, leading to increased interaction with the cell
membrane and, consequently, higher antimicrobial activity.50

The plausible mechanism is discussed in detail in the next
section ‘Mechanism of interaction of fungal cells with NPs’.
Additionally, it is worth noting that both types of NPs synthe-
sized using A. indica and M. indica exhibited equal effectiveness
against X. oryzae, as illustrated in Fig. 7(e). This intriguing
finding suggests that the variation in the structural composi-
tion of bacteria, compared to fungi, may contribute to this
equal susceptibility. Bacteria possess unique cellular structures
and components that may respond differently to the anti-
microbial mechanisms employed by the TiO2 NPs.84

Moreover, evaluation of the antioxidant activity of NPs
involves the utilization of various methods and assays. A widely
employed assay is the DPPH assay, which offers broad applic-
ability for assessing the ability of different antioxidant agents
to scavenge free radicals. The scavenging potential of DPPH
is associated with the hydrogen or electron-donating activities
of antioxidant agents. DPPH is a stable free radical that main-
tains its structure at room temperature and generates a violet
solution when dissolved in methanol.59 However, in the
presence of antioxidant molecules, it undergoes reduction,
leading to a colour change in the solution from violet to yellow.

The utilization of DPPH offers a convenient and swift method
to assess the antioxidant properties of substances.59 The anti-
oxidant activity of NPs synthesized using A. indica and M. indica
plant extracts was evaluated using the DPPH radical scavenging
method, as illustrated in Fig. 8. The results revealed that NPs
synthesized using M. indica exhibited radical scavenging activ-
ities of 34% and 45% at concentrations of 100 and 200 mg ml�1

respectively. Conversely, NPs synthesized using A. indica demon-
strated higher scavenging activities, measuring 38% and 52% at
the same concentrations. As a reference standard, ascorbic acid
exhibited the highest scavenging activity of 49% and 55% at the
concentrations of 100 and 200 mg ml�1 respectively. Both types of
NPs synthesized using different plant extracts displayed anti-
oxidant activity relative to the standard sample. This can be
attributed to the green synthesis approach, which allows for the
presence of phytochemicals such as flavonoids and phenolics
as capping agents during NP synthesis. Notably, the NPs
synthesized using the A. indica plant extract exhibited a higher
IC50 value, indicating better antioxidant activity. This difference
can be attributed to variations in the concentration of various
phytochemicals present, which facilitate free radical scaven-
ging. It is important to note that the green synthesis approach
utilized in this study not only allows for the production of NPs
with desirable antioxidant properties, but also highlights the
potential of utilizing plant extracts as sustainable resources for
NP synthesis. Overall, the DPPH assay revealed the dose-
dependent increase in the antioxidant activities of the TiO2

NPs synthesized using A. indica and M. indica plant extracts.
The results demonstrated the potential of these NPs as effective

Fig. 7 Antimicrobial activity of green synthesized TiO2 NPs obtained using A. indica and M. indica against fungi such as (a) A. alternata,
(b) C. gloeosporioides, (c) T. harzianum, and (d) A. rolfsii, and the bacterium (e) X. oryzae at the concentrations of 60, 80 and 100 mg ml�1.
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radical scavengers, with the NPs synthesized using the A. indica
extract exhibiting superior antioxidant activity. The findings
underscore the importance of green synthesis approaches and
highlight the influence of phytochemical concentrations on the
antioxidant properties of the synthesized NPs.

3.5. Mechanism of interaction of fungal cells with
nanoparticles

Fungal cells, like other eukaryotic cells, possess a well-defined
nucleus that contains the genetic material in the form of DNA.
Surrounding the nucleus is the cytoplasm, which houses var-
ious organelles responsible for different cellular processes. The
fungal cell wall is composed of multiple layers, including
mannoproteins, b-glucans, and chitin, with the innermost layer
serving as a conserved structure onto which the remaining
layers are deposited.39,85 The composition of the cell wall
can vary among different fungal species. The fungal cell wall
performs several important functions, such as providing rigid-
ity and shape to the cell and facilitating metabolism, ion

exchange, and interaction with host defence mechanisms.
Glucan, a polysaccharide, is the predominant component of
the fungal cell wall. Most glucan polymers are composed of
glucose units linked by 1,3 linkages (65–90%), although there
are variations with b-1,6, b-1,4, a-1,3, and a-1,4 linkages
depending on the fungal species.86 The b-1,3-D-glucan and
chitin molecules form intrachain hydrogen bonds and can
assemble into fibrous microfibrils, creating a basket-like scaf-
fold around the cell.87 b-1,3-D-glucan is responsible for
covalently linking other components, making it the critical
structural component of the cell wall. Chitin, on the other
hand, consists of repeating units of N-acetyl glucosamine
linked together to form long chains. Chitin acts as a protective
barrier, shielding the fungal cell from physical damage
and pathogens, while also contributing to cell adhesion and
colonization on various substrates. Mannoproteins, a class of
glycoproteins, play significant roles in the structure and func-
tion of fungal cells. These proteins consist of protein molecules
with attached mannose sugars, forming glycosidic linkages.
The specific chemical composition of mannoproteins varies
among fungal species. Mannoproteins are located on the sur-
face of fungal cells and interact with receptors on host cells,
facilitating adhesion, colonization, and the establishment of
infections.88 NPs exhibit antimicrobial activity due to their
physicochemical properties. Factors such as size distribution,
shape, composition, crystallinity, porosity, agglomeration,
and surface charge influence the antifungal activity of NPs.39

These factors can be manipulated and controlled using var-
ious synthesis approaches. In this study, a green synthesis
approach was employed to produce NPs, which demonstrated
effective antimicrobial properties. The findings are consistent
with the existing literature, highlighting the enhanced anti-
microbial effects of NPs synthesized through green methods.
In addition to the synthesis approach, the surface area of NPs
plays a crucial role in determining their antimicrobial efficacy.
NPs synthesized using A. indica and M. indica exhibited sur-
face areas of 94.09 m2 g�1 and 127.60 m2 g�1, respectively,
as already mentioned above. NPs synthesized using M. indica

Fig. 8 Free radical scavenging ability of TiO2 NPs determined using DPPH
assay.

Fig. 9 Mechanism of interaction of porous TiO2 NPs with the fungal cell at the cellular level involving (A) membrane disruption and (B) ROS generation
leading to cell damage (created using https://BioRender.com).
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possessed a higher surface area-to-volume ratio compared to
those synthesized using A. indica, leading to enhanced antimicro-
bial activity.

There are various plausible mechanisms of interaction of
NPs with fungal cells. These mechanisms involve (i) the release
of ions by NPs followed by their binding to certain protein
groups, affecting their function and interfering with cell perme-
ability, (ii) the increased binding of smaller and higher surface
area NPs at various target sites, facilitating diffusion and
(iii) the generation of ROS such as hydroxyl radicals, in the
vicinity of the fungal cell wall.85 In the present case, the high
surface area TiO2 NPs synthesized using both plant extracts
primarily interact by generating ROS, as discussed in the
section on antioxidant activity.89 As shown in Fig. 9, due to their
small size and high surface area, these NPs adhere to the outer
layer of the fungal cell wall, which mainly consists of manno-
proteins.90 The interaction between the NPs and the mannopro-
teins weakens the glycosidic linkages connecting these essential
proteins, leading to structural loosening and the disturbance of
their function.91 As a result, the fungal cell wall is disrupted to
some extent. Furthermore, the ROS generated by these NPs in the
vicinity of the fungal cell wall readily react with the N-acetyl-
glucosamine monomer of chitin and/or the glucose monomer of
the glucan layers within the fungal cell wall. This reaction results
in the cleavage of glycosidic linkages, leading to the rupture of the
cell wall.92 Consequently, the boundaries of the fungal cells are
perforated, allowing the passage of intracellular materials.91

These two synergistic mechanisms ultimately contribute to the
cell death of the fungi. The proposed mechanisms align with the
existing literature and support the idea that the interaction
between TiO2 NPs and fungal cells results in the disruption and
ultimate death of the fungal cells.

4. Conclusion

The present work highlights the potential of green-synthesized
TiO2 NPs as a multifunctional solution for sustainable agricul-
ture. The green synthesis approach, utilizing plant extracts
from A. indica and M. indica as reducing and stabilizing agents,
offers numerous advantages. One key benefit is the low toxicity
of the resulting NPs, as natural plant extracts replace harsh
chemical reagents, ensuring the production of safer NPs for
human health and the environment. Furthermore, green synth-
esis minimizes the production of toxic waste and reduces the
environmental impact associated with NP synthesis, aligning
with sustainable and eco-friendly practices.

The antimicrobial properties of the TiO2 NPs synthesized
using the green synthesis approach were extensively investi-
gated, revealing their remarkable inhibitory action against a
range of pathogenic fungi and bacterial species known to
adversely affect crop yield. The effectiveness of these NPs was
evaluated using the agar disk-diffusion method, focusing on
four fungi (A. alternata, C. gloeosporioides, T. harzianum, and
A. rolfsii) and one bacterial species (X. oryzae). The results
demonstrated that both types of NPs exhibited significant

antimicrobial efficacy, as evidenced by the formation of inhibi-
tion zones. The antimicrobial efficacy of the NPs was observed
to be concentration-dependent, with higher concentrations
leading to larger zones of inhibition. The antimicrobial activity
of the NPs was attributed to their ability to generate ROS, such
as hydroxyl radicals, in close proximity to the fungal cell wall.
The interaction between the TiO2 NPs and the fungal cells
resulted in the damage of the cell walls and membranes,
disrupting their integrity and leading to increased permeabil-
ity. This, in turn, caused the leakage of cellular components
and eventual cell death. Moreover, the NPs showed substantial
antioxidant activity, attributed to the presence of phyto-
chemicals like flavonoids and phenolics. Their antioxidant
abilities increased with higher doses, indicating their potential
as effective antioxidants.

Furthermore, the green-synthesized TiO2 NPs possess excel-
lent NLO properties. They exhibit high nonlinear absorption
coefficients, indicating efficient energy absorption for non-
linear optical processes. The nonlinear absorption coefficient
of TiO2 NPs synthesized using M. indica was found to be 3.74 �
10�12, while for those synthesized using A. indica, the value was
5.15 � 10�11. These values demonstrate the high nonlinear
absorption capacity of both types of nanoparticles, indicating
their potential for efficient energy absorption and utilization in
nonlinear optical processes. Also, the nonlinear refractive
indices were calculated to be 2.10 � 10�17 and 3.83 � 10�17

for NPs synthesized using M. indica and A. indica, respectively.
These values signify the materials’ ability to exhibit self-
focusing behaviour and their response to an applied electric
field. The higher value of n2 obtained for NPs synthesized using
A. indica suggests enhanced nonlinear optical properties com-
pared to those synthesized using M. indica. Additionally, the
third-order nonlinear susceptibility values were calculated as
2.43 � 10�15 + i.7.2 � 10�18 and 3.91 � 10�15 + i.1.06 � 10�18

for TiO2 NPs synthesized using M. indica and A. indica, respec-
tively. These values further confirm the strong nonlinear
response of the NPs to an applied electric field and emphasize
their suitability for application in nonlinear optics. These
quantitative measurements provide evidence for the potential
applications of TiO2 NPs in nonlinear optical processes, such as
frequency conversion, biosensors, optical switching, and all-
optical signal processing. The study contributes valuable
insights into the feasibility and efficacy of these NPs for a
broad range of technological applications.

Combining their antimicrobial activity, antioxidant proper-
ties, and strong nonlinear optical characteristics, the green-
synthesized TiO2 NPs hold great promise in addressing critical
challenges in sustainable agriculture. Their multifunctional
nature opens avenues for the development of novel antimicro-
bial agents, biosensors, and nanomaterial-based strategies for
crop protection, ultimately contributing to improved crop
quality, yield, and resource management. The green synthesis
approach provides a sustainable and environmentally friendly
method for producing NPs with desirable properties, paving
the way for greener agricultural practices and enhanced food
security.
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