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Endophytic fungi-assisted synthesis of chitosan-
based cerium oxide nanoparticles for the
preservation of postharvest fruits

Bridget Kpomah, 7 Onome Ejeromedoghene,ﬂDT*b Abiodun Oladipo,©
Victor Enwemiwe,? Muritala Olusola® and Sheriff Adewuyi ® ¢

Microbial infestation of postharvest fruits is a serious issue affecting agricultural production and the quality
of fresh fruits, especially in areas without advanced storage technologies. This study presents an eco-
friendly approach using endophytic fungal (Aspergillus tubingensis, AT, and Rosellinia convexa, RC)
extracts, stabilized with biopolymeric chitosan for the synthesis of cerium oxide nanoparticles (CeONPs)
for the preservation of postharvest fruits. The CeONPs were prepared by dissolving chitosan in citric
acid, followed by the addition of cerium salts and fungal extracts, which facilitated the reduction of Ce®*
to CeP. The nanoparticles were then purified and dried for further characterization. X-ray photoelectron
spectroscopy (XPS) analysis confirmed the presence of Ce®* and Ce** ions, along with Ce—O bonds,
while X-ray diffraction (XRD) revealed highly crystalline CeO, nanoparticles with crystallite sizes ranging
from 72.4 to 96.7 nm. The materials exhibited hydrophilic properties, as evidenced by water contact
angles (WCAs) between 58.95° and 69.31°, ensuring effective adhesion to fruit surfaces for fungal
inhibition. Additionally, the chitosan-stabilized CeONPs demonstrated significant antifungal activity,
reducing moisture loss and extending the shelf life of cherry tomatoes and grapefruits during storage.
This study highlights a sustainable and efficient method for postharvest fruit preservation using biogenic
CeONPs.

This innovative approach leverages endophytic fungi to sustainably synthesize chitosan-based cerium oxide nanoparticles (CeONPs), offering an eco-friendly
solution to reduce postharvest fruit losses. Chitosan, a biodegradable polymer, and cerium oxide, known for its antioxidant/antimicrobial properties, combine
to form a protective coating that extends the shelf life of postharvest fruits while minimizing chemical preservatives. The fungal-mediated synthesis reduces
energy consumption and toxic byproducts compared to traditional methods. By enhancing food security and reducing waste, this technology supports
sustainable agriculture and aligns with circular economy principles, contributing to United Nations Sustainable Development Goals, SDGs 2 (Zero Hunger) and
12 (Responsible Consumption). This technique, which uses green materials, is an example of sustainable innovation at the nexus of biotechnology and

nanotechnology.

1. Introduction

Most fruits are perishable due to their high water content,
which accelerates their deterioration during postharvest
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storage." This deterioration is frequently brought about by
fungal decay that has evolved various strategies for attacking
crops by breaking in and snatching nutrients necessary for their
growth and development, and the resulting fruit decay typically
leads to significant losses in agricultural output and economy.”
Therefore, to increase the shelf life and nutritional value of
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vulnerable fruits, it is imperative to design appropriate pack-
aging and storage materials.

Over the years, natural plant extracts and beneficial micro-
organisms have demonstrated significant potential as fungi-
cides to combat fungal infections in agriculture. However, some
plants may develop natural resistance over time by producing
defense molecules that protect them against invasive fungal
pathogens.*” To address these challenges, phytonanotechnol-
ogy has emerged as a promising solution for managing and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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detecting crop and fruit diseases both pre- and post-harvest.
This innovative approach combines plant extracts with nano-
particles or nanomaterials containing bioactive compounds,
which can effectively interact with and target phytopathogen
vectors, offering a sustainable and efficient disease manage-
ment strategy.®’

Even though synthetic agrochemical compounds like pesti-
cides, fungicides, herbicides, and insecticides are widely used
for the control and management of phytopathogens in pre- and
post-harvest fruits, their careless application has led to unfa-
vorable environmental contamination and further affects non-
target microorganisms.® Also, many pathogens and pests may
have developed resistance and recurrence to these synthetic
chemicals.” Thus, bio-friendly and biocontrol strategies have
emerged as a significant and promising approach for the miti-
gation of phytopathogens.*®

By exploring bio-friendly and biocontrol approaches, chito-
san, a natural linear polysaccharide (biopolymer), and the
second most abundant biopolymer after cellulose, found in the
exoskeletons of crustaceans (e.g., shrimp and crab), insect
cuticles, and fungal cell walls, has been used extensively to
prepare many biochemical compounds for numerous applica-
tions. It is non-toxic, biodegradable, and can serve as
a biocompatible framework for the synthesis of nano-
composites for phytopathogen management.**?

Notwithstanding, endophytes, especially those isolated from
medicinal plants, contain potent secondary metabolites that
have been widely utilized in agriculture, biomedicine, and food
processing.” Numerous studies have been conducted on these
metabolites, which contain plant bioactive chemicals like
phenols, alkaloids, steroids, flavonoids, and terpenoids, and
have shed light on their intricate production pathways."* For
example, the fungus Aspergillus tubingensis produces a variety of
bioactive phytochemicals, approximately 20% of which are
terpenoids.” These compounds—including fonsecin, asper-
azine, pyranonigrin A, 3,7-diacetamido-7H-s-triazolo[5,1-c]-s-
triazole, 1,6-dideoxy-L-mannitol, and cis-9,10-epoxyoctadecan-1-
ol—exhibit antifungal, antibacterial, antipyretic, and even anti-
cancer properties.'®"” Although there are limited studies on the
bioactive compounds of Rosellinia spp., phytochemicals
including cyclooctadepsipeptide, alkaloid, rosellisteroid, and
the cichorine derivative 2, among others, have been derived
from extracts of Rosellinia spp.*®

Many recent studies have examined new methods for tar-
geted synthesis of these vital metabolites using a variety of
biotechnological instruments, which allow for the regulated
synthesis of agrochemical materials with greater efficacy,'
especially by exploring these bioactive compounds as eco-
friendly materials for developing novel nanoparticles.>***

The combination of chitosan and inorganic nanoparticles is
important in current research because they exhibit strong
antimicrobial properties that can effectively inhibit the growth
of bacteria, fungi, and other pathogens responsible for post-
harvest spoilage. The bioactive content can be released in
a controlled manner, ensuring long-lasting protection during
storage and transportation. These materials also possess anti-
oxidant properties that scavenge reactive oxygen species (ROS),

© 2025 The Author(s). Published by the Royal Society of Chemistry
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reducing oxidative damage to fruits and vegetables and main-
taining their freshness.

Previous studies have established chitosan-stabilized
bismuth and zirconium nanoparticles as potent antifungal
agents against B. cinerea for the preservation of postharvest
cherry fruits with shelf life preservation of up to 10 d under
normal environmental conditions.* Moreover, the dragon fruit
stem extract has been examined as a reducing agent for the
synthesis of silver nanoparticles and incorporated into a chito-
san-based film as a potential packaging material for extending
the shelf life of postharvest strawberry fruits during storage.*
Furthermore, modified chitosan-stabilized zinc oxide nano-
particles assisted by hydrogen were reported to significantly
enhance the quality and nutritional content of tomato fruit
during storage.** Similarly, the fabrication of chitosan oligo-
saccharide-zinc oxide nanocomposites was seen to improve the
quality of tomato fruits during postharvest storage.>* Chitosan-
iron oxide nanoparticles have demonstrated effectiveness in
controlling soft rot disease in peach fruits, with their efficacy
dependent on concentration and application timing. Studies
indicate that 1% chitosan-iron oxide nanoparticle treatment
inhibits fungal growth and suppresses fruit respiration by
forming a protective chitosan surface layer, thereby significantly
reducing weight loss during storage.>®

Nevertheless, studies involving chitosan-cerium acetate coat-
ings have demonstrated fruit firmness, reduced weight loss,
enhanced antioxidant enzyme activity, and preserved nutrients
(vitamin C and lycopene) in cherry tomatoes;” meanwhile, water-
soluble chitosan-cerium complexes could improve the shelf life of
cherry tomatoes and degrading pesticide residues, showing
cerium's strong preservation capabilities.?®* To the best of our
knowledge, no studies have directly addressed the combination of
endophytic fungi-assisted synthesis of cerium oxide nanoparticles
(CeONPs) integrated into chitosan matrices for spraying post-
harvest preservation of cherry tomatoes (Solanum lycopersicum var.
cerasiforme) or grapefruits (Vitis vinifera). However, related work
supports the potential of chitosan-CeO, coatings for microbial
spoilage reduction and shelf life extension.*

2. Materials and methods
2.1 Materials

Analytical grade reagents were used as received for the experi-
ment without further purification. The chemicals include chi-
tosan (100-200 mPa s, 95%) purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd, China, citric acid anhydrous
(99.5%) obtained from Shanghai Lingfeng Chemical Reagent
Co. Ltd (Shanghai, China), and ammonium cerium nitrate
procured from TCI Chemicals, Shanghai, China. Ethanol
(99.7%) of analytical purity was procured from Sinopharm
Chemical Reagent Co. Ltd Shanghai, China. Double-distilled
water was used for the preparation of all aqueous solutions.

2.2 Preparation of fungal cultures and extracts

Fresh leaves of Gingko biloba were obtained from Nanjing
Forestry University, China. The leaves were sterilized with 70%
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alcohol and 2% sodium hypochlorite for 60 s and 180 s,
respectively. Thereafter, the sterile leaves were rinsed thrice in
sterilized distilled water to separate the extra surfactant and
dried in an ultra-clean environment. Next, the leaves were cut
into 1 cm” using a sterilized scalpel, transferred to a plate
containing potato dextrose agar (PDA), and cultured in an
incubator at 28 °C for 3 days without light. The pure fungal
colonies were cultured in PDA plates and further identified as
Aspergillus tubingensis and Rosellinia convexa; organic crude
extracts of the mycelium of both fungi were extracted following
previously reported methods with slight modification,*" and the
extracts were stored for further use.

2.3 Preparation of chitosan-cerium oxide nanoparticles

First, a homogeneous chitosan (Chit) solution was prepared by
dissolving 1.0 g of Chit in 0.1 M citric acid solution (100 mL) in
a round-bottom flask placed in a temperature-controlled oil
bath at 70 °C for 2 h under magnetic stirring. To 25 mL of the
Chit solution, 1.0 mM cerium salts were introduced with
continuous stirring for 1 h. Next, 10 mL of the freshly prepared
fungal (Aspergillus tubingensis, AT, and Rosellinia convexa, RC)
extract solution was added carefully, and the reaction was
allowed to proceed for another 1 h to allow the reduction of Ce**
to Ce®.* The CeONPs were collected by centrifuging the ob-
tained mixture, while the supernatant was decanted. The CeNPs
obtained were washed with ethanol to remove impurities and
vacuum-dried at 60 °C for 6 h. The obtained nanoparticles were
designated as Chit-CeONPs, Chit-AT CeONPs, and Chit-RC
CeONPs (Table 1 and Scheme 1).

2.4 Characterization of the prepared nanoparticles

The samples were characterized by measuring the absorbance
using a UV-2600 Shimadzu, Japan, in the wavelength range of
200-800 nm. The presence of functional groups was determined
on a TENSOR27 PMA 50 Fourier transform infrared (FT-IR)
spectrophotometer (Brook, Germany) at a resolution of 4.0
cm ! over 32 scans from 4000 to 400 cm . The electronic state
of the elemental species was studied with a Thermo Scientific
ESCALAB 250 XI X-ray photoelectron spectrometer. Thermog-
ravimetric analysis (TGA) and derivative thermogravimetric
(DTG) analysis were performed at a heating rate of 10 °C min "
and from 30 to 500 °C, under a nitrogen atmosphere on
a NETZSCH TG 209F3 instrument. The morphology features
were analyzed on a Nova NanoSEM 450 scanning electron
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from 5° to 80°. The water contact angle (WCA) was studied on
a SL200C, KINO Industries Inc., USA.

2.5 Postharvest fruit preservation studies

Fresh postharvest cherry tomatoes and grapefruits were
purchased from the Soochow University fruit shop. The fruits
were properly washed with distilled water and allowed to dry at
room temperature. Thereafter, the fruits were distributed into
five groups (containing 5 fruits per group) and sprayed with 10
mL of the as-prepared CeONP solution on the first day, stored
under ambient environmental conditions (70% relative
humidity and 25 °C room temperature), and observed daily for
up to 35 days. The first group, which served as the control
group, was unsprayed. The other groups were sprayed with pure
chitosan solution, Chit-CeONPs, Chit-AT CeONPs, and Chit—
RC CeONPs, respectively. After several days of observation, the
percentage of fruit spoilage evidence and severity was deter-
mined by weight loss due to a reduction in moisture content
according to eqn (1):

s [(%r 1) < 1o o

where S is the severity of fruit spoilage, W, is the original weight
of the fresh fruit, and W,, is the average weight loss in moisture
content during storage.*® The test was done in triplicate, and
results were presented as mean =+ standard error.

3. Results and discussion
3.1 UV optical characteristics

The UV-vis characterization of the CeONPs displayed charac-
teristic absorbance peaks at wavelengths below 400 nm as ex-
pected.** According to UV-vis spectra, Chit-CeONPs displayed
a maximum absorption at 230 nm; however, Chit-AT CeONPs
and Chit-RC CeONPs displayed broad maximum absorption at
275 and 272 nm, respectively (Fig. 1a). The observed absorption
maxima are associated with the intrinsic absorption band-gap
of CeONP powder that is facilitated by the electronic transition
occurring within the valence and conduction bands. Moreover,
the absorption observed at 301 nm in Chit-AT CeONPs could be
due to the charge transfer from O 2p to Ce 4f in cerium oxide.**

Furthermore, the optical band gap energy (E) of the synthe-
sized CeONPs was calculated from the wavelength (1) obtained
from the UV-vis data according to eqn (2);

microscope coupled with an energy-dispersive X-ray (EDX) E= 1240 (2)
spectrometer. The crystalline features were assessed using A

a Bruker-AXS X-ray diffractometer at a scan speed of 10° min ™"

Table 1 Composition of various samples

Sample Chitosan (g) Citric acid (M) Cerium salt (mM) Fungal extracts (10 mL)
Chit-CeONPs 1.0 0.1 1.0 —

Chit-AT CeONPs 1.0 0.1 1.0 Aspergillus tubingensis
Chit-RC CeONPs 1.0 0.1 1.0 Rosellinia convexa
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Scheme 1 The preparation process of chitosan-based cerium oxide nanoparticles aided by bioactive extracts.
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Fig. 1 UV-vis spectroscopic study showing (a) electronic absorption and (b) optical band gap of the synthesized CeONPs.

The obtained optical band gap was 5.4, 4.1, and 4.5 eV for
Chit-CeONPs, Chit-AT CeONPs, and Chit-RC CeONPs, respec-
tively (Fig. 1b), which are larger than the value (3.2 eV) obtained
for bulk CeO,. The increase in the optical band gap for the
CeONPs could be ascribed to the surface defects due to oxygen
vacancies in the Ce®" state. Typically, the Ce*'/Ce*" ratio
increases near the surface, creating localized defect states
within the band gap. Moreover, the presence of hydroxyl (-OH)
or carbonate (-CO;) groups on nanoparticle surfaces can
introduce new electronic transitions, shifting the absorption
edge.*®

3.2 Structural characteristics

The chemical structure characterization of the materials based
on FTIR studies shows the presence of interacting functional

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

groups in the materials.’” Typically, strong overlapping -OH
and -NH vibrational modes were observed around 3452-3445
cm ™' in the materials. The sharp and strong amide (C=0) bond
was obtained at 1632-1623 cm ' and the -NH deformation
band at 1460-1456 cm ' in the materials. Furthermore, the
weak vibrational frequency due to -NH deformation occurring
at 1379 cm™" in Chit-CeONPs was significantly intensified and
shifted to 1388 cm™ ' in Chit-AT CeONPs and Chit-RC CeONPs,
showing good interaction of the endophytic fungi in the reac-
tion process (Fig. 2). The bands that occurred at 1239-1227
em " and 1127-1125 cm ™" could be due to the interaction of C-
O-C and C-N bonds, while the stretching of Ce-O bonds was
observed at 593-515 cm ™ '.%

Furthermore, XPS studies were performed to ascertain the
interfacial elemental composition and interaction of the

Sustainable Food Technol.,, 2025, 3, 1890-1900 | 1893
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Fig. 2 FTIR spectra of the synthesized CeONPs.

materials. The XPS low-resolution full survey scan spectra show
the presence of major interacting components (C 1s, N 1s, O 1s,
and Ce 3d) in the materials with slight differences in the peak
intensities (Fig. 3a—c). The deconvolution of the high-resolution
XPS spectrum of cerium in Chit-CeONPs shows the Ce 3d spin-
orbit components with the binding energies of ~883 and ~885
eV, which are typical for Ce 3ds/, splitting for cerium oxide
compounds; however, Ce 3d spin-orbit components for Chit-
AT CeONPs and Chit-RC CeONPs were observed at binding
energies of ~884 and ~902 eV, respectively (Fig. 4a(i)-(iii)). The
well separated spin-orbit components correspond to the Ce 3d5,
» and Ce 3dj,, splitting, respectively, due to Ce** and Ce*" ions
in CeO, compounds.* These peaks were characterized by
intense absorption and corresponded to the splitting of CeO,.
The XPS survey scan for O 1s of the materials shows a strong
peak at ~530 eV, which is due to a metal-oxygen (Ce-O) bond,
showing the formation of metal oxide nanoparticles
(Fig. 4b(i)-(iii)). Moreover, in the N 1s spectra of Chit-CeONPs,
the single intense peak at ~398 eV binding energy could be due
to the organic C-NH, group of chitosan in the material. Simi-
larly, Chit-AT CeONPs and Chit-RC CeONPs demonstrated an

(b)
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intense peak at ~398 eV binding energy as well as a new peak at
~406 eV binding energy (Fig. 4c(i)—(iii)). The occurrence of the
new peak could be due to the presence of nitrogen-containing
aromatic w-mv* satellite features.*

In addition, the C 1s spectra of Chit-CeONPs were charac-
terized by a strong peak at ~284 eV due to -C/C-H bonding
interactions and a weak peak at ~288 eV, which is assigned to
C=O0 bonds in chitosan.** However, the C-C/C-H bonds in
Chit-AT CeONPs and Chit-RC CeONPs were shifted to the
binding energy of ~283 eV as well as the C=0 bonds occurring
at ~288 eV; also, a shoulder peak appeared at the binding
energy of ~285 eV, which could be associated with C-O-C
bonds impacted by the phytochemicals of the plant extracts, as
this peak was not obvious in Chit-CeONPs (Fig. 4d(i)-(iii)).

3.3 Thermal characteristics

The thermolysis properties of the materials that reveal the
degradation rate at high temperatures were conducted, and the
results are presented in the TGA and DTG profiles (Fig. 5a and
b). The results show that the materials displayed two stages of
degradation. In the first stage, there was a steady loss of phys-
ically absorbed water in the material with 83% weight loss at 73
°C. This could be due to the hydrophilic nature of chitosan with
numerous hydroxyl (-OH) and amino (-NH,) groups in its
structure. These polar functional groups and the polysaccharide
backbone of chitosan have a high affinity for water, contrib-
uting to hydration. However, in the second stage of degradation,
the weight loss around 73 to 220 °C could be associated with the
degradation of the bioactive organic groups attached to the
surface of the endophytic fungal extracts/chitosan that are
involved in the stabilization and formation of CeONPs.**

3.4 Microstructure characteristics

The micromorphological features of the materials were
analyzed by scanning electron microscopy (SEM) to provide
information on the surface morphology. The surface features of
Chit-CeONPs demonstrate a rough surface with stripes and
microspheres of uniform distribution, which could be due to
the distribution of cerium oxide in the organic-inorganic
polymer matrix (Fig. 6a).> Moreover, the surface characteristics

(c)
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Low-resolution XPS spectra of (a) Chit—CeONPs, (b) Chit—AT CeONPs and (c) Chit—RC CeONPs.

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fb00240k

Open Access Article. Published on 26 August 2025. Downloaded on 11/22/2025 11:46:23 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Sustainable Food Technology
. 80000 . ( -) ) ( -)
35000
(ai) ., (bi) soco ) ci) .. ) di R
I\ i 20000
60000 [l 9000 "
- - 40000 | | = IR 25000
3 50000 3 (R 3 8000 IR &
£ = son Ini < [\ S 20000
%* 40000 E AN E- 7000 ‘\ \ z
£ H f e AR Z 15000
£ 30000 2 | 8 6000 | 8
E E 20000 f H f g
| = 10000
20000 i / A\ 5000
10000 bW e 0000 ) Ny = = w0 / S WY PP 5000
o e 3000 £ i ° -
o - -
880 85 850 895 525 530 535 540 545 392 394 396 398 400 402 404 406 408 410 2 25 290 295
Wave number (eV) Binding energy (eV) Binding energy (eV)
-- oo (cii)> (dii)
(aii) \ (biiy 1 e
1 25000 |
2200 A f\ 40000 | | |
/ 3 . | 3
20000 “M\l / ) [\ 3 200 ‘, “ 5 oo
3 f 30000 frim < | >
gl | g e 2 oo [ z
> \ § f \ g [ 8 10000
@ 16000 | b £ 20000 | \ £ A £
§ £ 10000 / \
£ 14000 / S /) \ 5000
/ 10000 » - 5000 = S =
12000 Jptent = S
L T ! % 285 200 295
10000 . . . . . e = =5 PR 53 392 34 36 3 40 42 404 46 408 410
"o ::mng :::rvy (.t: o Binding energy (eV) Binding energy (eV) Binding energy (eV)
coe 111 Ysooo 22118000
(aiii) ™ ‘ biii) ‘. (diii)
26000 A 40000 / 16000
- | \ !ﬁ' 35000 “‘ _ 14000
5 \ 3 \ 3
3 220 Al i 8 w0 [ S
£ J i \ =
£ 20000 f ‘\ \ e | \ -
£ e [ I\ e e 5 200 AR £ o
c | A / - {
o] [ 1o [ w00 \
[ / \
14000 / N 10000 - \.\ T — 408 = jasT—Tp—
12000 e’ 6000 4~ - o 2000 =2
10000 o = o o = T P S S R T PR PO P A 2 P e
L N T Binding energy (eV) Binding energy (eV) Binding energy (eV)

Binding energy (eV)

Fig. 4 High-resolution XPS spectra of (i) Chit—CeONPs, (ii) Chit—AT CeONPs, and (i) Chit—RC CeONPs showing (a) Ce 3d, (b) O 1s, (c) N 1s, and

(d) C 1s splitting.
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Fig. 5 Thermogravimetric analysis showing the (a) TGA profile and (b)

of Chit-AT CeONPs and Chit-RC CeONPs demonstrated
morphological changes due to the presence of the plant extract,
giving rise to coarse surfaces with a uniform distribution of
well-ordered stripes (Fig. 6b and c).

The elemental maps of the materials showed that the
primary elemental compositions were uniformly distributed,
and CeONPs were well stabilized in the organic-inorganic
polymer matrix (Fig. 6d-f). Furthermore, the energy dispersive

© 2025 The Author(s). Published by the Royal Society of Chemistry
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DTG curve of the synthesized CeONPs.

X-ray (EDX) spectra showed remarkable C, N, O, and Ce
composition in all the materials (Fig. 7a-c).** Typically, for all
the materials, the representative relative weight abundance and
atomic percentage were 29-38% for C, 28-31% for N, and 29-
32% for O.** However, the relative weight abundance and
atomic percentage for Ce were ~9% and ~1%, respectively
(Fig. 7d and e).
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X-ray diffraction (XRD) studies were performed to charac- contaminants from other species. The XRD profile of Chit-
terize the crystallinity of the CeONP-based materials (Fig. 8). CeONPs displayed a characteristic strong peak at 26 = 12.2°
The materials displayed crystalline diffraction peaks, which (100) and a weak peak at 26 = 25.8°. These peaks were shifted to
differ in intensity. This shows that CeONPs did not contain any 26 = 21.13° (110) and 26 = 36.7° (104), respectively, in Chit-AT
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Fig. 8 XRD spectra of the synthesized CeONPs.

CeONPs and Chit-RC CeONPs due to the presence of plant
extracts (Monica & Aishah, 2023).** The observed diffraction
pattern corresponds to the formation of CeO, with JCPDS (Joint
Committee on Powder Diffraction Standards) file no. 44-1001.

In addition, the average crystallite sizes of the CeONPs,
calculated by using the Debye-Scherrer equation, eqn (3), were
found to be 72.4, 91.9, and 96.7 nm.

kA
" Bcosd

(3)

where D is the average crystallite size (nm), 4 is the wavelength
of X-ray source (0.15406 nm), k is the Scherrer constant (0.94),
@ is the full width at half-maximum (FWHM) data with intensity
and position provided by XRD patterns (radians), and 6 is the
Bragg diffraction angle/peak position (radians). The obtained
average crystallite sizes show evidence of the association of the
bioactive extract with ceria, validating their interaction in the
synthesis of CeONPs.*®

3.5 Hydrophilicity/wetting properties of the nanoparticles

To determine the stability of the CeONPs and their adhesive
properties on the surface of post-harvested fruits when applied
by spraying, the water contact angle (WCA) of the materials was

(a)

CA= 69.31°I

(b)

CA= 58.95°I
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measured.”” Studies have shown that as the WCA decreases
from 90°, its hydrophilic nature increases.”® Therefore, we
observed that Chit-CeONPs were less hydrophilic with a recor-
ded contact angle of 69.31° (Fig. 9a); meanwhile, Chit-AT
CeONPs and Chit-RC CeONPs showed WCAs of 58.95° and
64.95°, respectively (Fig. 9b and c). The results show increased
stability of the nanoparticles as well as good wetting and
hydrophilic properties of the materials, showing that the
nanoparticle solution can spread completely on the fruits'
surfaces to inhibit the growth of fungi during storage.*

3.6 Fruit preservation studies

During postharvest storage, the most observable variable for
assessing fruit spoilage is weight loss, which is often due to loss
of water and the respiratory cycles that convert glucose to CO,
(Fig. 10a).>® This causes the fruits to become soft and unap-
pealing. The process of spoilage during storage results from
a series of physicochemical reactions and rotting microorgan-
isms affecting the tissues of fruits.”* The growth and develop-
ment of these microorganisms change due to changing
environmental conditions of temperature and humidity,
affecting the stored fruits' pH and color.*

In the process of storage, for the cherry tomato fruits, the
loss of moisture was experienced in the control group after
seven days of storage. This group experienced gradual weight
loss, with dark patches on the surface due to microbial infes-
tation; meanwhile, the other groups remained fresh (Fig. 11a).
The loss in moisture in the tomatoes could be ascribed to the
enzymatic degradation of pectin present in the cell wall via
enzymes like pectin methyl esterase and polygalacturonase.>

Moreover, the grape control group displayed gradual
discoloration after 3 days, followed by the gradual growth of
mold as fuzzy gray patches on the surface of fruits. This was also
accompanied by a mushy and wrinkled texture or leaky juice
(Fig. 11b). The degradation of the grapefruit could be due to an
increase in oxygen consumption due to the low rate of aerobic
respiration of grapefruit as the spoilage progresses. The
spoilage and the increase in the number of aerobic microor-
ganisms increased the oxygen consumption, leading to
spoilage.>*

The determination of the extent of disease evidence and
severity was achieved by weight loss, resulting in a decrease in

(c)

CA = 64.95°

Fig. 9 Water contact angle (CA) of (a) Chit—CeONPs, (b) Chit—AT CeONPs and (c) Chit—RC CeONPs.
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Fig. 11 Postharvest fruit preservation of (a) cherry tomatoes and (b) grapefruits: (i) control group (unsprayed), (i) sprayed with pure chitosan
solution, (iii) sprayed with Chit—CeONPs, (iv) sprayed with Chit—AT CeONPs, and (v) sprayed with Chit—-RC CeONPs.
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moisture content during postharvest storage. The results show
that the control group recorded 85% weight loss in cherry
tomato fruits after 35 days. Nevertheless, the fruits that were
preserved with pure chitosan, Chit-CeONOs, Chit-AT CeONPs,
and Chit-RC CeONPs demonstrated 43%, 21%, 4%, and 6%
decrease in moisture content by weight loss, respectively, on the
same day (Fig. 10b). Moreover, the control group in the grape-
fruits recorded 74% weight loss after 15 days; while the ones
preserved with pure chitosan, Chit-CeONOs, Chit-AT CeONPs,
and Chit-RC CeONPs demonstrated 22%, 13%, 2%, and 2%
loss in moisture content, respectively, on the same day
(Fig. 10c).

To verify whether the CeONPs were absorbed or remained on
the fruit surface, a simple rinse-and-observe test was carried
out. Herein, after spraying the CeONP solution on the fruit
surface, it was allowed to dry for at least 10 days. Thereafter, the
fruits were gently rinsed with distilled water and mild buffer pH
7. After observation, the water/buffer solution became cloudy
with visible tiny residues. This suggests that the nanoparticles
loosely adhered to the surface of the fruit and not adsorbed.>

4. Conclusion

The study demonstrates that the application of endophytic
fungi-assisted synthesis of chitosan-based cerium oxide nano-
particles (CeONPs) for the preservation of postharvest fruits
could help tackle or delay post-harvest fruit rot, mainly caused
by moisture loss and pathogenic microbes. Herein, freshly
prepared fungal (Aspergillus tubingensis, AT, and Rosellinia con-
vexa, RC) extract and chitosan solution were explored for the
preparation of CeONPs with optical band gap properties (4.1-
5.4 eV) larger than that of bulk CeO, (3.2 eV). This value reflects
the quantum size effect or the charge transition of ions
observed in Ce** and Ce**. The micromorphological features of
the materials reveal coarse surfaces with a uniform distribution
of well-ordered stripes, which could be attributed to the pres-
ence of plant extracts. Furthermore, the XRD spectra show
sharp crystalline diffraction peaks attributed to pure CeONPs
free from contaminants that may arise from other species in the
material. In addition, the water contact angle studies reveal the
formation of stable nanoparticles as well as good wetting and
hydrophilic properties that can spread uniformly and
completely when applied on fruit surfaces to help inhibit the
growth of fungi during storage. This study revealed that endo-
phytic fungi-assisted synthesis of chitosan-based CeONPs could
significantly enhance perishable fruits' firmness with minimal
moisture loss, thus improving the shelf life of the fruits during
storage. In addition, it will be interesting to optimize fungal
strains and synthesis conditions to scale up eco-friendly
production.
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