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Synergistic antimicrobial effects of waste cotton
cloth extracted cellulose with phytofabricated TiO,
for potential application in agriculture
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A substantial economic loss in agriculture due to plant microbial diseases has driven attention towards
developing nanomaterials as antimicrobial agents for crop protection. The currently available fungicides
and pesticides are highly toxic and non-degradable, causing environmental pollution and even being
harmful to consumers of agricultural products. However, this work attempts to develop a non-toxic and
biocompatible nanomaterial as a good antimicrobial agent. In this regard, a waste product, i.e., waste or
used cotton cloth, has been recycled and used as a source of cellulose (natural biopolymer) extraction
and for isolation of nanocrystalline cellulose (NCell) as well. Another biocompatible nanomaterial,
titanium oxide (TiO,), was synthesized using Azadirachta indica leaf extract to utilize the advantage of
phytochemicals in the green extract. Furthermore, the two eco-friendly nanocomposites of NCell were
prepared as nanomedicines, one with commercially available chemical TiO, (CNC) and another with
green TiO, (GNC). The nanocomposites (CNC and GNC), in comparison with their individual
nanomaterials (NCell and TiO,), were examined against phytopathogens: Xanthomonas campestris pv.
campestris (Xcc), Bacillus subtilis (BS) and Pseudomonas fluorescens (Psfl); fungi: Fusarium graminearum
and Phytophthora spp. The results illustrated the synergistic effects of NCell and TiO, as
nanocomposites showing a stronger and longer ability to inhibit pathogen growth and, thus, proved

GNC to be an excellent antimicrobial agent for crop protection in agriculture.

The study on developing nanomaterials as antimicrobial agents for crop protection aligns well with the scope of sustainable food technology. This research

focuses on sustainable agricultural practices by recycling waste cotton cloth to extract nanocrystalline cellulose (NCell) and synthesizing biocompatible titanium
oxide (TiO,) nanoparticles using Azadirachta indica leaf extract. These eco-friendly nanocomposites (CNC and GNC) demonstrated significant antimicrobial

efficacy against various phytopathogens and fungi, highlighting their potential to replace toxic, non-degradable pesticides and fungicides. This innovative
approach not only addresses environmental and health challenges associated with conventional agrochemicals but also contributes to the circular economy and

sustainable intensification of food production.

1. Introduction

extensive damage. These fungi often produce toxic mycotoxins,
endangering consumers and animals.* The widespread use of

Agriculture suffers from significant losses globally due to
microbial plant diseases caused by bacteria, fungi, and viruses.
These pathogens threaten food security by reducing crop yield
and quality." Despite plants’ natural defense mechanisms,
harmful pathogens such as Pseudomonas syringae* and fungi
such as Fusarium spp. and Alternaria spp. continue to cause
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synthetic fungicides and antimicrobials in agriculture has
serious drawbacks, including toxicity, non-biodegradability,
environmental pollution, and potential carcinogenic effects,
necessitating the development of safer alternatives.
Nanotechnology offers innovative solutions for managing
plant diseases sustainably. Metal oxide nanoparticles,*®
including TiO,, MgO, and ZnO, as well as graphene oxide,’ silver
and gold nanoparticles,'>'" have demonstrated potent antimi-
crobial activity. For example, MgO nanoparticles combat soil-
borne pathogens,*” while TiO, nanoparticles inhibit microbial
cells by generating reactive oxygen species (ROS). Silver nano-
particles (AgNPs) are examined as measures against the bacte-
rium Xanthomonas campestris pv. campestris (Xcc).** However,
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the high cost and potential environmental risks associated with
silver and gold nanoparticles limit their application in agricul-
ture. The present study addresses these challenges by devel-
oping cost-effective, eco-friendly nanocomposites using waste-
derived cellulose and green-synthesized TiO, nanoparticles.
Cellulose, a naturally abundant, biodegradable polymer, was
extracted from waste cotton cloth and processed into nano-
crystalline cellulose (NCC). NCC offers numerous benefits,'***
such as a high surface area, excellent heat resistance, and
functional groups (hydroxyl and carbonyl) that enhance anti-
microbial properties. It has applications in various
industries,**® including pharmaceuticals, food packaging, and
textiles, and also has great prospects for biomedical applica-
tions such as drug delivery, antibacterial wound dressing,
antimicrobial films, and photobacterial nanofillers for food
packaging.'*** The presence of a large number of chemical
groups (hydroxyl or carbonyl) on its surface exhibits a high
affinity towards various contaminants.”® This property helps
cellulose-based nanomaterials used for the adsorption of
charged contaminants which attack the pathogen's surface to
weaken or damage its cell wall. Incorporating another
biocompatible nanomaterial® further amplifies these proper-
ties, creating nanocomposites with enhanced structural and
functional capabilities to strengthen antimicrobial potency.

TiO, was chosen as another nanomaterial for its stability,
biocompatibility, and antimicrobial potency.”>*” Notably, its
photocatalytic properties produce ROS that damage bacterial
and fungal cells,”®?*® making it a promising material for plant
disease control.**** The study employed a green synthesis
method to produce TiO, nanoparticles using Azadirachta indica
(neem) leaf extract,® known for its rich phytochemical compo-
sition. Neem has been valued for centuries for its antimicrobial,
anti-inflammatory, and antioxidant properties, with over 300
bioactive compounds that enhance plant defense mechanisms.
The nanocomposites were prepared by combining NCC with
both green-synthesized and commercially available TiO, nano-
particles. The materials were characterized using advanced
analytical techniques, including transmission electron micros-
copy (TEM), X-ray diffraction (XRD), and UV-Vis spectroscopy, to
assess their structural and optical properties. These nano-
composites were then evaluated for their antimicrobial efficacy
against key phytopathogens and beneficial microbes.

The primary bacterial pathogen tested was Xanthomonas cam-
pestris pv. campestris (Xcc), responsible for black rot in Brassica-
ceae crops®™ such as cabbage, cauliflower, and broccoli. This
disease causes V-shaped lesions on leaves, leading to significant
yield losses. As per the reported literature,'****° only silver, copper
and chitosan nanoparticles have been demonstrated against Xcc.
These NPs are either expensive or not eco-friendly. However, the
nanomaterials explored in the present work are earth-abundant,
cost-effective, non-toxic, and biocompatible. This work is a first
attempt to prepare such nanomaterials with efficient antimicro-
bial strength against chosen antimicrobials, especially Xantho-
monas campestris pv. campestris (Xcc). However, cellulose and TiO,
have been explored for their antimicrobial action against different
microbes but not against Xcc and other microbes explored in the
present work. Moreover, only a few studies have reported
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antimicrobial properties of nanocomposites of cellulose and TiO,;
one such report** has demonstrated bacterial cellulose with CQD-
TiO, nanocomposite action against S. aureus and E. coli bacteria
only. The present work provides first-hand information on the
reporting of microbicidal action of cellulose-TiO, nano-
composites against Xanthomonas campestris pv. campestris (Xcc)
and other fungicides. Antifungal activity was assessed against
Fusarium graminearum and Phytophthora spp., pathogens causing
severe diseases such as Fusarium head blight in cereals (wheat
and barley)*** and water- and soil-borne diseases in citrus,**
respectively. Both fungi are highly destructive, with F. graminea-
rum producing mycotoxins such as deoxynivalenol, which poses
risks to human and animal health. Additionally, the compatibility
of the nanocomposites with beneficial biocontrol agents, Bacillus
subtilis and Pseudomonas fluorescens, was also studied. These
microbes play vital roles in suppressing plant diseases and
enhancing soil health. B. subtilis manages bacterial wilt in
tomatoes caused by Ralstonia solanacearum,***” while P. fluo-
rescens protects seeds and roots from fungal infections.*® The
obtained antibacterial and antifungal results of nanocomposites
were analyzed and compared with those of each other and their
individual parent components. Thus, the present work aims to
utilize the synergistic effect of TiO, and cellulose to increase their
strength to damage bacterial cell growth without affecting the
growth of biocontrol agents. Hence, the potential of prepared
nanocomposites has been demonstrated for plant disease
management or crop protection in agriculture.

2. Materials and methods
2.1 Materials used

Waste cotton cloth was picked from old daily used clothes. The
10% NaOH solution and 50% hydrogen peroxide used for the
extraction process were purchased from Sigma-Aldrich. Acid
treatment of extracted cellulose was done using concentrated
sulphuric acid (98 wt%). The solvents used for washing and
other testing purposes are DI water and absolute ethanol
(99.9%). All the reactants and solvents used in the experiment
were of analytical grade. The Azadirachta indica leaves were
obtained from the ICAR-Indian Agricultural Research Institute
campus. Titanium tetra isopropoxide (TTIP) with 99.99% purity
was used as a precursor for the synthesis of green TiO,, while
commercially available titanium(v) oxide (TiO,) with 99.7%
purity was used as chemical TiO, (C-TiO,). TTIP and chemical
TiO, were obtained from Merck Chemicals Limited. The
bacterial strain Xanthomonas campestris pv. campestris (Xcc) Xcc-
C7, Bacillus subtilis DTBS-5 (BS), and Pseudomonas fluorescens
DTPF-3 (PSFL) were obtained from the bacteriology lab, Divi-
sion of Plant Pathology, ICAR-Indian Agricultural Research
Institute. The fungal pathogens F. graminearum and Phytoph-
thora spp. were obtained from the ITCC department of ICAR-
Indian Agricultural Research Institute.

2.2 Synthesis

2.2.1 Cellulose extraction from cotton cloth. According to
the extraction process,* waste cotton cloth, preferably white cotton

© 2025 The Author(s). Published by the Royal Society of Chemistry
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cloth (free from dyes), was washed with detergent and rinsed
properly to get it dried naturally in the sunlight. It was later cut into
small pieces and dispersed in 10% NaOH solution at 70 °C
temperature for 2 h. It was then washed with DI water and further
treated with hydrogen peroxide (50%) at a temperature of 70-80 °C
for 3 h. When the dispersion becomes off-white, then the pH was
maintained using NaOH and acetic acid at 7. It was then washed
with DI water repeatedly until it became a clean white solid which
was further immersed in DI water with constant stirring overnight.
This resulted in a stable colloid marked as Cotton cloth extracted
Cellulose (CCell).

2.2.2 Isolation of nanocrystalline cellulose. 0.62 mol CCell
was treated with 10 ml H,SO,, added dropwise at a temperature of
50 °C for about an hour. The reaction was terminated by adding an
equal amount of cold water to the heated solution. The solution
was then washed with DI water thrice using centrifugation at
7000 rpm. The sediment was dried at 60 °C for an hour, and the
obtained nanocrystalline cellulose powder was marked as NCell.

2.2.3 Preparation of Azadirachta indica leaf extract. 10 g of
freshly finely chopped Azadirachta indica leaves were completely
clean with deionized water and heated for 45 min with 50 ml of
deionized water during constant stirring. The aqueous extract
was filtered with Whatman filter paper no. 1 to eliminate any
remaining impurities and kept at 4 °C for further use.

2.2.4 Green synthesis of TiO, nanoparticles. The titanium
dioxide nanoparticles were synthesized using Azadirachta indica
leaf extract and titanium tetra isopropoxide as a precursor.
According to the procedure, 4 ml of titanium tetra isopropoxide
precursor was added to 50 ml of green extract, and the solution
was heated in a conical flask at 80 °C for 3 h with constant
stirring. The phytochemicals found in leaf extract contribute to
the conversion of metal salts to metal oxide nanoparticles and
are also in charge of the reaction mixture's color change of
particles. The color change from green to yellowish green
confirmed the formation of nanoparticles. The reaction mixture
was centrifuged at 5000 rpm for 15 minutes to separate the
synthesized TiO, nanoparticles. The obtained sediment was
dried in the oven overnight at 60 °C and further calcined at 400 °
C for about 3 h in a furnace. The dried white powder obtained
was the anatase form of TiO, nanoparticles which was stored in
a glass bottle and marked as G-TiO,. The anatase form of TiO, is
known to be the most stable and highly non-toxic in nature with
relatively low cost.

TI{OCH(CHg)z }4 Green extract

(metal salt)

TiO,

in DI water (first product)

+4(CH;),CHOH

2.2.5 Preparation of nanocomposites. 0.2 g NCell was
dispersed in 40 ml ethanol/DI water solution with a ratio of 1: 1
and magnetically stirred. After about 15 min, 0.2 g of TiO, NPs (G-
TiO, or C-TiO,) were added to the suspension, and the stirring was
continued for another 10 min. The obtained white solution was
further ultrasonicated for 3 h followed by heating for half an hour
at 70 °C. Later, heating was stopped, but the solution was kept on
stirring overnight for homogeneous dispersion of nanoparticles.
Next, the solution was centrifuged at 5000 rpm twice with ethanol
and finally with DI water. The obtained sediment was dried at 50 °©
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C for an hour to get the powdered nanocomposites marked as GNC
(for G-TiO,) and CNC (for C-TiO,).

2.3 Characterization techniques

The synthesized nanoparticles’ shape and size were analyzed using
a transmission electron microscope (JEM 1011 model TEM). The
well-sonicated ethanol dispersion of all the prepared nanomaterials
was used to prepare carbon-coated copper TEM grids for testing.
The absorption profile of all the samples was analyzed by UV-visible
spectroscopy (Analytik Jena SPECORD 210 PLUS double beam UV-
visible spectrophotometer). The diffraction pattern showing the
phase composition of the nanocomposites in comparison with
their parent components was analyzed by using a powder X-ray
diffractometer (XRD) using CuK, radiation of wavelength (A =
1.5418 A) in the range of 26 = 20° to 80° with a scan rate of 0.02 deg
per second. Each measurement of XRD was recorded using ~50 mg
of well dried powdered sample. The data obtained from XRD and
UV-visible spectroscopy were plotted using Origin software.

2.4 Invitro analysis of the antimicrobial properties

2.4.1 Bacterial culture. All the bacterial strains (Xcc, BS and
Psfl) were cultured in nutrient broth (NB) (SRL, India) for 24-
48 h at 28 °C with 200 rpm in a rotary shaker. The optical density
of bacterial culture was measured using a spectrophotometer
(Thermo Fisher Scientific, USA) at a 600 nm wavelength and
maintained at a 0.5 McFarland unit - 1.5 x 10® c¢fu ml™".

2.4.2 Antibacterial activity. The antibacterial activity of
nanomaterials (NPs and nanocomposite NC) was evaluated
using the agar well diffusion method'®**** against X. campestris
pv. campestris, B. subtilis and Pseudomonas fluorescens. Nutrient
Agar (NA) plates were prepared by spreading 100 pl of 1.5 x 10°
cfu ml™" bacterial suspension evenly over solidified nutrient
agar. Then, a well of 5 mm was punctured in these bacterial NA
plates, and 50 pul of nanomaterial to be tested was poured into
the well. The prepared plates were kept at 28 °C for 48 to 72 h in
an incubator. The inhibition zone (IZ) was observed at 48 and
72 h of incubation. The experiment was conducted at different
concentrations (2, 4 and 8 mg ml ") of nanomaterials, and the
results mentioned here present the optimized concentration.
Each concentration has been tested thrice, and the results were
repeatedly the same with an uncertainty of £1 mm IZ.

2.4.3 Antifungal activity. The poison food agar assay has
been used to evaluate the nanomaterials' antifungal activity
against mycopathogens - F. graminearum and Phytophthora spp.
Potato dextrose agar (PDA) medium plates were prepared and
supplemented with different concentrations (4, 2, 1, 0.5, 0.25
and 0.125 mg ml™") of the samples. A small plug of 3-day
mycelial growth of F. graminearum and Phytophthora spp. was
placed on the prepared PDA plates and incubated at 28 °C for 5
days. The results were observed after 5 days of incubation.

3. Results and discussion
3.1 X-ray diffraction pattern analysis

The diffraction peaks recorded using XRD spectra (shown in
Fig. 1) represent the crystalline phases of the prepared

Sustainable Food Technol.,, 2025, 3, 537-548 | 539
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nanocomposites (CNC and GNC) as compared with their indi-
vidual components (NCell and TiO,), reflecting their joint
contributions in composites. The characteristic peaks of TiO,
(both chemical and green synthesized) are indexed according to
the JCPDS card no. 21-1272, which reflects the pure anatase
phase.*> On the other hand, the XRD spectra of nanocrystalline
cellulose featured three characteristic peaks with 26 = 16.4°,
22.5°, 34.5° corresponding to (110), (200) and (004) planes,
respectively.®** However, the characteristic peak of NCell
corresponds to the (200) plane, and XRD peaks of TiO, corre-
spond to (101), (004), (200), (105), (211), and (204) planes
simultaneously featured in XRD spectra of nanocomposites
(CNC and GNC). This confirms the successful formation of
nanocomposites featuring the contribution of both NCell and
TiO,.

The X-ray diffraction pattern has also been used to deter-
mine the crystallite size in a solid by using the Debye Scherrer
equation.*®*’

D = KMBcosd

(101) (103) G TiOo2

(004) (200)

311)

Sk 101
E (o1 (105)
~ 200)\(211)
2 (200) (004) (2000\= (204)
= A
[ = B 'l I | » » » 'l »
SL i
£ I |(101) (1<5)
004 (211)
(004) (200) \“y (204)

50

60

70

10 30 40 80

2 Theta (degrees)

Fig.1 X-ray diffraction pattern of nanocrystalline cellulose (NCell), C-
TiO, (chemical TiO,), G-TiO, (green synthesized TiO,), CNC (NCell:
C-TiO, nanocomposite) and GNC (NCell : G-TiO, nanocomposite).
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where D = crystalline size of the nanoparticle. K = Scherrer
constant equals 0.98. A = Wavelength of X-rays (1.54 A). § = Full
width at half maxima.

The calculated value of crystallite size of nanomaterials has
been recorded and is shown in Table 1.

3.2 Optical characteristics

The absorption spectra shown in Fig. 2 have been obtained
using UV-visible spectroscopy for optical analysis. It can be
clearly seen that cellulose and TiO, both exhibit absorption in
the ultraviolet region. Considering that the slope of the
absorption band corresponds to the absorption edge of
a material, the NCell absorption is slightly blue-shifted
compared to that of CCell. Similarly, the C-TiO, absorption
peak is blue-shifted compared to that of G-TiO,. This blue shift
in the absorption profile suggests particle size reduction.
However, the absorption spectra of the nanocomposite showed
the characteristic features of both NCell and TiO,. This suggests
the contribution of both individual parent components to the
optical properties of nanocomposites, similar to the inference
obtained from XRD spectra.

3.3 Structural and morphological analysis

The particle shape and size of prepared materials were analysed
using TEM images shown in Fig. 3. Image (a) depicts the cluster
of long fibers of cellulose extracted from waste cotton cloth
while nanocrystalline cellulose (NCell shown in image b) iso-
lated from extracted microcrystalline cellulose shows spherical
nanoparticles of size ~35-50 nm. Images (c) and (d) exhibit
commercial TiO, of particle size ~20 nm and green synthesized
TiO, with particle size ~20-25 nm, respectively. Thus, the
particle size of C-TiO, is found to be lower as compared to G-
TiO,, commensurating well with the UV-visible absorption
results. However, images (e) and (f) belong to the nano-
composites of NCell with commercial chemical TiO, (CNC) and
green synthesized TiO, (GNC), respectively. The TEM image of
CNC depicts spherical nanoparticles of size ~16-20 nm, while
that of GNC depicts ~7-12 nm spherical nanoparticles. More-
over, particle agglomeration is noted in the CNC image, while
the GNC image depicts evenly distributed nanoparticles. Hence,
the TEM results suggest that the nanocrystalline cellulose
nanocomposite with green synthesized TiO, exhibits better
morphology than the nanocomposite of chemical TiO,, as GNC
shows good particle distribution with lower or no agglomera-
tion. This indicates that the phytochemical-rich green extract in

Table 1 The crystallite size of all the samples calculated by using the
Debye Scherrer equation

Sample g 26 D (nm)
NCell 0.3 22.42 28.18
C-TiO, 0.38 25.23 21.25
G-TiO, 0.4 25.28 22.37
CNC 0.52 25.32 16.35
GNC 0.72 25.44 11.81

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Absorption profile of cotton extracted cellulose (CCell), nanocrystalline cellulose (NCell), C-TiO, (chemical TiO;), G-TiO, (green
synthesized TiO,), CNC (NCell: C-TiO, nanocomposite) and GNC (NCell : G-TiO, hanocomposite) obtained from UV-visible spectroscopy.

the TiO, material played an important role in the preparation of
nanocomposites. Moreover, the results obtained from TEM
commensurate well with the crystallite size calculated using X-
ray diffraction patterns.

Furthermore, the particle size distribution has been
analyzed by using dynamic light scattering. Although DLS is too
sensitive toward the presence of even small aggregates as I
(scattering intensity) «R® (particle radius), it is used to deter-
mine the size distribution profile of particles in a suspension,
measuring the hydrodynamic size of particles. Thus, it provides
the nanoparticle size much larger than that analyzed using TEM
results. Therefore, DLS data owe to hydrodynamic diameters
based on ligands, ionic species, capping agents, solvents, etc.
However, it can be appropriately utilized to monitor the PDI
(polydispersity index) value to determine its monodispersity/
polydispersity nature. The PDI value represents the particle
size distribution, which should ideally be less than 1 to show
monodispersity. Table 2 presents the particle hydrodynamic
size of all the samples along with their PDI values. It has been
found that the PDI value of all the samples is less than 1 owing
to their monodispersive nature. Fig. 4 describes the particle size
distribution of all the synthesized nanomaterials, while the
inset figure shows the plot of the DLS correlation coefficient
versus time. The particle size distribution profile shows a broad
peak of chemical TiO, while the sharpest peak of the phyto-
fabricated nanocomposite i.e., GNC. Similarly, the correlation
decay of GNC is steeper than that of all other samples, and its
PDI value (0.2) is also lower comparatively, which indicates that

© 2025 The Author(s). Published by the Royal Society of Chemistry

it is more stable or monodispersive than other nanomaterials.
Thus, the DLS analysis also makes evident that the phytofabri-
cated nanocomposite is the most stable and monodispersive
nanomaterial.

3.4 Antibacterial study of synthesized nanomaterials

The antibacterial properties of nanocomposites (CNC and GNC)
in comparison with their parent components (NCell, chemical
TiO, and green TiO,) were analyzed by the agar well diffusion
method at different concentrations (2, 4 and 8 mg ml%).
Initially, the experiment was conducted at an 8 mg ml "
concentration, but all the nanomaterials showed no activity at
this concentration. It might be the case that the density of
nanoparticles is too high, providing higher chances for
agglomeration, due to which the nanoparticles could no longer
maintain smaller particle size. Since particle size is one of the
major factors responsible for the defensive mechanism against
pathogens, small particles comparatively have a high ability to
rupture and penetrate the bacterial cell wall.***® Keeping this in
mind, the concentration of the nanomaterials has been reduced
to 4 mg ml~" and tested against phytopathogen X. campestris pv.
campestris, and the results were observed until 72 h, as shown in
Fig. 5. Furthermore, the concentration of all the nanomaterials
was reduced to 2 mg ml~* and expected to provide better results
but found no reactivity of nanomaterials against phytopath-
ogen. This suggests that the density of NPs at lower concen-
trations (2 mg ml ") is so low that the collective strength of NPs

Sustainable Food Technol., 2025, 3, 537-548 | 541
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Images recorded using a transmission electron microscope (TEM) for (a) cotton-extracted cellulose, (b) nanocrystalline cellulose, (c)

chemical TiO,, (d) green synthesized TiO,, () CNC (NCell: C-TiO, nanocomposite) and (f) GNC (NCell : G-TiO, nanocomposite).

Table 2 The hydrodynamic size of particles of all the samples, along
with their PDI value obtained by DLS analysis

Sample Hydrodynamic size (nm) PDI value
NCell 78.8 0.584
C-TiO, 58.8 0.9
G-TiO, 58.8 0.4

CNC 37.8 0.327
GNC 21 0.2

542 | Sustainable Food Technol., 2025, 3, 537-548

is not enough to be defensive against the pathogens. Thus, the
4 mg ml~" concentration is found to be the optimized reactive
concentration against pathogen Xcc, so the results obtained
from this concentration are presented here to be analyzed.
The obtained results manifest that the chemical TiO, (C-
TiO,) nanoparticles have shown an inhibition zone (IZ) of
10 mm until 24 h, and beyond that, bacterial growth was
observed inside the IZ. Thus, Fig. 5 depicts no activity of C-TiO,
NPs against Xce, while green synthesized TiO, depicts a 20 mm
clear inhibition zone (IZ) up to 48 h. This suggests that the
phytochemicals present in neem extract played a role in the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 DLS spectra showing the particle size distribution of (a) nano-
crystalline cellulose (NCell), (b) chemical TiO, (C-TiO,), (c) green
synthesized TiO, (C-TiO,), (d) CNC (NCell: C-TiO, nanocomposite)
and (e) GNC (NCell: G-TiO, nanocomposite); inset showing the
correlation coefficient versus time plot of all the samples.

bacterium. However, the G-TiO, NPs could no longer resist the
pathogen attack, and bacterial cells could even cover the inhi-
bition zone after 48 h. Similarly, the nanocrystalline cellulose
(NCell) extracted from cotton cloth also showed an 18 mm IZ
until 48 h and depicted bacteriostatic activity (NPs still resist
bacterial growth with a 1 mm clear 1Z) against Xcc after 72 h.
However, the nanocomposites (CNC and GNC) showed prom-
ising results even after 72 h. The nanocomposite (CNC) of NCell
and chemically synthesized TiO, manifests a 30 mm IZ up to
48 h and even beyond that showed a 24 mm IZ up to 72 h,
whereas the nanocomposite (GNC) of NCell and green synthe-
sized TiO, demonstrated a 44 mm IZ even after 72 h. It signif-
icantly involves the action of phytochemicals associated with
neem (Azadirachta indica). Firstly, the neem extract acts as
a capping agent responsible for particle size reduction.
Secondly, the phytochemicals present in neem also played
defensive roles against pathogens, either by weakening the
bacterial cell wall or slowing cell growth. The reactivity of GNC
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against Xcc up to 72 h evidences the synergistic effect of NCell
and G-TiO, NPs as well as the strong defensive role of
phytochemical-rich neem extract against phytopathogen.

It is necessary to investigate that the nanomaterial showing
activity against phytopathogens should not harm plant health.
Thus, all the synthesized nanomaterials tested against patho-
gens Bacillus subtilis (BS) and Pseudomonas fluorescens (PSFL)
are biocontrol agents maintaining plant health. The results
shown in Fig. 6a manifest the activity of nanomaterials against
the biocontrol B. subtilis (BS). Green synthesized TiO, and its
corresponding nanocomposite (GNC) inhibited the bacterial
growth until 48 h with an 8 mm and a 20 mm IZ, respectively. In
spite of this, the nanomaterials (G-TiO, and GNC) could no
longer resist bacterial growth beyond 48 h and became inef-
fective against pathogen BS. On the other hand, Fig. 6b also
depicts similar results that P. fluorescens growth was inhibited
by green synthesized TiO, (GNC) with a 6 mm IZ until 48 h, but
these NPs could not be effective for another 24 h (no I1Z after 72
h). This suggests that the nanomaterials which showed activity
against phytopathogens Xcc are not harmful against biocontrol
agents BS and PSFL. The measurement of the inhibition zone
observed from antibacterial testing of all the nanomaterials
against phytopathogens is noted in Table 3, which indicates the
potential of the prepared nanocomposites.

3.5 The defense mechanism of nanomaterials against
pathogens

The obtained antibacterial results were analyzed based on the
observed inhibition zone. Fig. 7 attempts to explain the scenario
inside the inhibition zone, or the defence mechanism of the
material against pathogens, using TEM images of untreated Xcc
and treated Xcc by the G-TiO, nanomaterial as an example. In
this respect, a very small area inside the inhibition zone of the
G-TiO, plate (72 h) was swept out, dispersed in autoclaved DI
water, and further used to prepare the TEM grid for testing. It is
seen from Fig. 7 that the untreated bacterium is a rod-shaped
microorganism with a fine thick cell wall and thread-like
flagella. On the other hand, there are two types of defensive
action during a pathogen treatment with a nanomaterial:

Fig. 5 Antibacterial activity of synthesized nanomaterials at a 4 mg ml~* concentration against phytopathogen X. campestris pv. campestris.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Agar well diffusion assay testing of nanomaterials at a 4 mg ml™ concentration against biocontrol agent Bacillus subtilis (BS). (b) Agar
well diffusion assay testing of nanomaterials at a 4 mg ml™* concentration against biocontrol agent Pseudomonas fluorescens (PSFL).

Table 3 Measurement of the inhibition zone observed from anti-
bacterial testing of nanomaterials against phytopathogens. NI repre-
sents no inhibition

Zone of inhibition (mm)

Xcc BS PSFL
Materials 48 h 72 h 48 h 72 h 48 h 72 h
NCell 18 NI NI NI NI NI
C-TiO, NI NI NI NI NI NI
G-TiO, 20 NI 8 NI NI NI
CNC 30 24 NI NI NI NI
GNC 60 44 20 NI 6 NI

bactericidal and bacteriostatic. In this example case, G-TiO,
showed bactericidal action until 48 h showing a clear inhibition
zone. This means the nanoparticles could successfully rupture
the bacterial cell wall and penetrate the cell to kill it. However,
after 48 h, the strength of nanoparticles decreases with further
bacterial growth. Although, at this stage (after 48 h), G-TiO, NPs
could not penetrate the bacterial cell, they are still effective
enough to weaken or inactivate the bacterium making it
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Fig. 7 Schematic of TEM images depicting the action on green
synthesized TiO, on phytopathogen X. campestris pv. campestris
(Xcq).

unconscious. It basically suppresses the growth of bacterial
cells, keeping them in a stationary phase of growth known as
a bacteriostatic condition. Thus, the TEM images recorded for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the sample inside the inhibition zone of the 72 h condition of
the G-TiO, sample plate show dead cells with ruptured cell walls
and deactivated cells, also depicting bacteriostatic conditions.

3.6 Antifungal studies of synthesized nanomaterials

The antifungal activity of prepared nanocomposites in
comparison with their parent components was analyzed using
poison food agar assay against pathogens Fusarium graminea-
rum and Phytophthora spp., and the results are presented in
Fig. 8. Since the antibacterial studies revealed 4 mg ml ™" to be
the optimized concentration, this concentration is considered
areference for antifungal studies. However, it was found that all
the nanomaterials at 4, 2, 1, and 0.5 mg ml ' concentrations
exhibited the complete inhibition of mycopathogens
Fusarium g. and Phytophthora spp. even after 7 days, and the
control plate showed full fungus growth within 5 days. Thus, the
nanomaterial concentration was further lowered to find the
minimum optimized concentration effective against fungus.
Fig. 8a shows the antifungal results of nanomaterials at 0.25
and 0.125 mg ml™" concentrations against Fusarium graminea-
rum (FG). It has been found that the 0.25 mg ml~* concentration
is strongly effective against FG as all the nanomaterials
completely inhibit the fungal growth. However, the results at
the 0.125 mg ml™' concentration are quite different, but the
nanomaterials are still effective against FG as they showed
restricted growth compared with the control plate. Moreover,
the PDA plate consisting of G-TiO, showed no fungal growth,
while only the plug of 3-day mycelial growth placed in the PDA
plate of GNC is covered with fungus FG and could not grow
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beyond due to the defensive action of GNC NPs. Thus, this
suggests that the green synthesized TiO, and its corresponding
nanocomposite completely inhibit the fungal growth even at
0.125 mg ml~' concentration and thus prove their potential for
preventing FHB diseases caused by F. graminearum in wheat and
barley.

However, all the nanomaterials exhibited strong inhibition
of fungal growth of Phytophthora spp. even at 0.125 mg ml "
concentration, as shown in Fig. 8b. It can be seen that the
control plate showed full fungal growth within 5 days while all
the nanomaterials exhibited complete inhibition and thus are
strongly effective against Phytophthora spp. This suggests that
all the prepared nanomaterials have the ability to control water
and soil-borne diseases caused by Phytophthora spp. in citrus.

Thus, the obtained antimicrobial results manifest that the
synergistic effects of nanocrystalline cellulose and TiO, are
stronger than those of the individual nanomaterials. Moreover,
the Azadirachta indica leaf extract contributed well to the
defense mechanism against pathogens. The phytochemicals in
green extract acted as a reducing agent during synthesis and as
a capping agent to stop further growth and maintain smaller
particle sizes. So, the phytochemicals help weaken the bacterial
cell wall so that smaller-sized particles®>** easily penetrate the
cytoplasm by damaging the cell wall and rupturing the
membrane, causing vacuole formation due to increased NP
concentration in the cell, inhibiting cell growth, and finally
opening the death pathways for pathogens either by deactivat-
ing or killing the bacteria. Hence, the nanocomposite of cotton
cloth extracted nanocrystalline cellulose with green synthesized

e
]

A, .

Fig.8 (a) Poison food agar assay testing of all the nanomaterials at 0.25 and 0.125 mg ml™* concentrations against F. graminearum under in vitro
conditions. (b) Poison food agar assay testing of all the nanomaterials at a 0.125 mg ml~* concentration against Phytophthora spp. under in vitro

conditions.
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TiO, has proved its potential to be a good antimicrobial agent
for crop protection in agriculture.

4. Conclusions

This work presents two different non-toxic, biocompatible
compounds to prepare environmentally friendly nano-
composites. A waste product (waste cotton cloth) has been
recycled successfully used to prepare cellulose nanoparticles
and tested against pathogens. Another biocompatible
compound TiO, has been green synthesized by using Azadir-
achta indica leaf extract to utilize the effects of phytochemicals
against pathogens. Moreover, commercially available TiO, has
also been used for comparison. So, two nanocomposites of
nanocrystalline cellulose (NCell) have been prepared, one with
chemical TiO, and another with green TiO,. All the nano-
materials (NCell, C-TiO,, G-TiO,, CNC and GNC) were analysed
by XRD, UV-visible spectroscopy and TEM. The results obtained
from XRD and UV-visible spectroscopy evidence the contribu-
tion of NCell and TiO, in nanocomposites. The TEM results
demonstrate the particle size of nanomaterials and prove that
GNC particle size is smaller than that of CNC. The prepared
nanocomposites, in comparison with individual parent
components, have been examined against phytopathogens:
Xanthomonas campestris pv. campestris and two biocontrol
agents — Bacillus subtilis and Pseudomonas fluorescens; fungal
pathogens: Fusarium graminearum and Phytophthora spp. It is
evident from the antibacterial results against Xcc that only the
nanocomposites CNC and GNC showed bactericidal action even
after 72 h with an inhibition zone of 24 and 44 mm, respectively.
However, comparing CNC and GNC with each other, the
phytochemicals present in the green extract are responsible for
stronger and longer defensive actions of the GNC nano-
composite against Xcc compared to CNC. Similarly, the nano-
composites have proved their efficiency against fungi F.
graminearum and Phytophthora spp. Moreover, all the prepared
nanomaterials have not affected the growth of B. subtilis and P.
fluorescens, which are biocontrol agents helping to maintain
plant health. Thus, the results evidently demonstrated that the
nanocomposites exhibited enhanced antimicrobial activity
compared to their individual components, with the green-
synthesized TiO, showing superior performance. This
enhanced efficacy is attributed to the synergistic effects of TiO,
and cellulose, which disrupt bacterial and fungal cell walls
more effectively. The nanocomposites also displayed excellent
biocompatibility, ensuring that they do not harm beneficial
microbes. The green synthesis method further reduced particle
agglomeration, improved stability, and minimized environ-
mental impact, aligning with sustainability principles. This
approach highlights the potential of waste-derived nano-
materials in sustainable agriculture. Using cellulose extracted
from waste cotton cloth not only reduces waste but also creates
value-added products for agricultural applications. Similarly,
green synthesis using neem extract leverages natural resources
to produce environmentally friendly nanoparticles without
hazardous chemicals. Thus, the present study demonstrates
that nanocomposites of cellulose and TiO,, particularly those
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synthesized using green methods, offer a promising solution for
managing plant diseases. These materials provide effective
antimicrobial action against harmful pathogens while
preserving  beneficial biocontrol agents. Their cost-
effectiveness, environmental safety, and scalability make them
suitable for widespread agricultural use. By integrating
advanced nanotechnology with sustainable practices, this work
contributes to improving crop protection and ensuring global
food security.
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