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ARTICLE INFO ABSTRACT

Keywords: The present investigation entails the encapsulation of Apium graveolens essential oil into chitosan
Apium graveolens essential oil nanobiopolymer (AGEO-Ne) and assessment of its efficacy against Fusarium verticill i oides
Nanoencapsulation

contamination and fumonisins biosynthesis in stored rice (Oryza sativa L.) samples. The AGEO

grgl:giz:ol was encapsulated through ionic gelation process and characterized by scanning electron micro-
Preservation scopy (SEM), Dynamic light scattering (DLS), X-ray diffractometry (XRD), and Fourier transform
In silico docking infrared spectroscopy (FTIR) analyses. The AGEO exhibited bi-phasic delivery pattern from chi-
Fumonisin tosan matrix. The AGEO caused complete inhibition of F. verticill i oides growth at 1.2 pL/mL,
Antifungal while fumonisin B; (FB;) and By (FB3) biosynthesis at 1.2 and 1.0 pL/mL, respectively. On the

other hand, nanoencapsulated AGEO (AGEO-Ne) exhibited improved efficacy, caused complete
inhibition of fungal growth at 0.8 puL/mL, and FB; and FBy production at 0.8 and 0.6 pL/mL,
respectively. AGEO-Ne caused 100 % inhibition of ergosterol synthesis at 0.8 pL/mL and
exhibited greater efflux of Ca®*, Mg?", K* ions (18.99, 21.63, and 25.38 mg/L) as well as 260 and
280 nm absorbing materials from exposed fungal cells. The in silico interaction of granyl acetate
and linalyl acetate with FUM 21 protein validated the molecular mechanism for inhibition of FB;
and FB; biosynthesis. Further, improvement in antioxidant activity of AGEO-Ne was observed
after encapsulation with ICsg values of 12.08 and 6.40 pL/mL against DPPH and ABTS radicals,
respectively. During in situ investigation, AGEO caused 82.09 and 86.32 % protection of rice
against F. verticill i oides contamination in inoculated and uninoculated rice samples, respectively,
while AGEO-Ne exhibited 100 % protection of fumigated rice samples against F. verticill i oides
proliferation as well as FB; and FB;, contamination. The AGEO-Ne also caused better retardation
of lipid peroxidation (41.35 and 37.52 pM/g FW malondialdehyde in inoculated and uninocu-
lated treatment) and acceptable organoleptic properties in rice samples, which strengthen its
application as plant based novel preservative in food and agricultural industries.

1. Introduction

Mycotoxin contamination in rice during the storage conditions is a challenging issue throughout the world. Among different
mycotoxins, fumonisins produced by Fusarium verticill i oides are of major concern because it has been associated with different animal
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diseases including pulmonary edema, equine leukoencephalomalacia, and alteration of immunological parameters [1]. Approximately
30 different derivatives of fumonisin have been reported, among which B type fumonisins (FBs, especially FB; and FB5) being the most
common and most toxic type accounting for 70-80 % of all fumonisins contaminations in cereal and cereal based products [2]. Based
on their toxicity, International Agency for Research on Cancer has classified them as class 2B carcinogen, a possible human carcinogen
[3,4]. In human, liver and kidney are the most subtle targets of FBs; however, their exposure has been also linked to the defective
development of neural tubes, growth impairment, cardiovascular diseases, and the prevalence of esophageal cancer [5].

Different strategies have been adopted to mitigate the proliferation of toxigenic fungi and fumonisin contamination, among them
the chemical fungitoxicants are greatly employed for their inhibition. However, the indiscriminate use of these chemicals has increased
the risk of residual toxicity along with damage of environmental integrity [6]. Several physical and biological methods are commonly
employed to control fumonisin contamination, however, these process require sophisticated equipments and expensive reagents
leading to their limited practical applications. Currently, cumulative interest has been gained on plant essential oils regarding inhi-
bition of fungi and mycotoxin contamination in cereal grains [7]. Moreover, the essential oils are included in Generally Recognized as
Safe category and possess strong antimicrobial potency and anti-mycotoxigenic activity [8]. However, the essential oils are associated
with several factors such as high volatility, low aqueous phase solubility, less stability, and low antifungal potency in real food matrix
which limits their practical application in food system. Hence, a relevant delivery vehicle is indispensable for improvement of the
esteemed effects [9]. Recently, nanoencapsulation of essential oil into biocompatible polymer has been emerged as an innovative
technique for controlled delivery in food system [10]. A recent investigation of Karami-Osboo et al. [11] suggested inhibition of
Aspergillus flavus growth and reduced the level of aflatoxin B; by chitosan encapsulated Zataria multiflora essential oil in contaminated
pistachio nut. The chitosan based encapsulation of Toddalia asiatica essential oil along with the enhancement in bioefficacy against
Aspergillus flavus growth and mitigation of aflatoxin B; contamination in stored maize (Zea mays L.) samples has been demonstrated by
Roshan et al. [12]. Kalagatur et al. [13] reported the antifungal activity of Cymbopogon martinii essential oil loaded chitosan nano-
particle against Fusarium graminearum infestation and deoxynivalenol and zearalenone contamination in stored maize samples. Among
the nanoencapsulation approaches designed so far for entrapment of essential oils, ionic gelation is one of the best methods for
nanoemulsion mediated delivery system with the utilization of chitosan as wall matrix and sodium tripolyphosphate (S-TPP) as cross
linking agent [14].

Apium graveolens L. (Family: Apiaceae) is a common herbaceous annual plant with ridges and succulent branches. The dried fruits
are mainly used in medicinal purposes to treat stomach problem, spasm, and also applied as heart tonic to reduce the blood pressure
[15]. The Apium graveolens seed essential oil (AGEO) has been used to relief arthritic pain, rheumatism, and gout [16]. However, the
application of AGEO loaded chitosan nanoemulsion against Fusarium verticill i oides contamination and fumonisin biosynthesis for
protection of stored rice samples has not been elucidated till now.

The present research objective was encapsulation of AGEO within chitosan nanoemulsion (AGEO-Ne) by ionic gelation process and
chemical characterization through Scanning electron microscopy (SEM), Dynamic light scattering (DLS), X-ray diffractometry (XRD),
and Fourier transform infrared spectroscopy (FTIR) analyses. The release behavior was assessed to demonstrate the sustained delivery
of AGEO. The antifungal and anti-fumonisin efficacy of AGEO-Ne was also evaluated along with its biochemical and molecular
mechanism of action. Furthermore, the in situ inhibitory activity of AGEO-Ne against Fusarium verticill i oides, fumonisin contamination,
and lipid peroxidation in stored rice samples along with evaluation of organoleptic properties was determined to recommend its
potentiality as smart and nano-green preservative.

2. Materials and methods
2.1. Chemicals

Chemicals viz., PDA (potato dextrose agar) (Potato 200 g; Dextrose 20 g; Agar 15 g dissolved in 1000 mL distilled water) medium,
acetonitrile, chloroform, methanol, toluene, Tween 20, Tween 80, ethanol, sodium tripolyphosphate, dichloromethane, petroleum
ether, trichloroacetic acid, thiobarbituric acid, potassium hydroxides, acetic acid, ethyl acetate, n-hexane, acetone, potassium dihy-
drogen phosphate (KH;PO4), potassium monohydrogen phosphate (KoHPO4), DPPH, ABTS, potassium per sulfate (K3S20g), sodium
hypochlorite (NaOCl), Folin’s Ciocalteu’s phenol reagent, and sodium chloride (NaCl) were required for the present study. They were
purchased from HiMedia Pvt. Ltd., Mumbai and Sigma Laboratories, Bengaluru, India. We have collected low molecular weight
chitosan (50-160 kDa) with deacetylation degree 75-80 % (CAS: 9012-76-4) from Sigma-Aldrich Chemicals Pvt. Ltd., Bengaluru,
India. The purity grade of the chemicals was >98 %.

2.2. Fungal strain

The strain of Fusarium verticill i oides (producing fumonisin B; and B,) has been isolated from the stored rice samples. Five varieties
of rice samples were collected from different regions of India. Mycoflora analysis of rice samples showed 10 different F. verticill i oides
strains. Among them, FV-BRC-05 showed maximum production of fumonisin B; and B, and has been selected as test strain for the
present investigation (Authors unpublished work). Maintenance of fungal strain was performed at 4 °C at Potato dextrose agar (PDA)
medium. For preparation of spore suspension, the disc of F. verticill i oides pure culture was aseptically inoculated in Petri plate having
PDA medium and left in B-O.D incubator at 25 + 2 °C for 10 days. After that, PDA surface having the fungal growth with spores was
immersed into sterilized 0.1 % Tween-80 solution (prepared in double distilled water). Thereafter, the spores from F. verticill i oides
were obtained by shaking the immersed PDA surface with spatula. The same procedure was repeated multiple times for maximum
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collection of spores. Finally, the double distilled water containing fungal spores was filtered through double layered muslin cloth and
suspended in 0.1 % Tween-80 solution in conical flask [17,18]. The spore density was measured as 1 x 10° spores/mL by
hemocytometer.

2.3. Isolation and characterization of Apium graveolens essential oil (AGEO)

The fruits of Apium graveolens were collected from an agriculture farm of Durgapur, West Bengal, India. The fruits (500g) were
submitted to hydrodistillation at 50 °C for 5 h using a Clevenger-type apparatus (Merck Specialities Pvt., Ltd., Mumbai, India). The
essential oil was separated in graduated tube and collected over the anhydrous sodium sulfate to remove excess water. The collected
essential oil was stored in clean amber vial at 4 °C in refrigerator for further experimental analyses. The AGEO was characterized
through Gas chromatography Mass spectrometry (GC-MS) analysis. The analysis was performed by TG-5 MS silica capillary column
fused with Thermo Scientific 1300 GC and TSQ quadruple Mass spectrometry. The AGEO was diluted 100 times in n hexane and 1 pL
was injected under the consecutive points; oven temperature and injector temperature at 250 °C, and 60-240 °C which enhanced to
270 °C at a rate of 5 °C/min, Helium (He) was used as carrier gas with flow rate 1 mL/min, ion source and transfer line temperature
220 °C and 245 °C with energy of ionization 70 eV. The mass scan range was 40-450 amu. The components were identified by NIST
(National Institute of Standards and Technology) and WILEY (Wiley online) libraries [19].

2.4. Synthesis of Apium graveolens essential oil infused chitosan nanoemulsion (AGEO-Ne)

Encapsulation of AGEO into chitosan nanobiopolymer was performed by ionic gelation technique of Hosseini et al. [20] with little
changes. For this, 1.3 g of chitosan was mixed with 120 mL of double distilled water containing 1 % acetic acid and agitated for
overnight on magnetic stirrer at 27 °C. Thereafter, tween-80 (450 mg) was dissolved into chitosan solution and again vortexed for 2 h
(45 °C). Specific amounts of AGEO were dissolved into 3.5 mL of dichloromethane to develop the oil phase and subsequently added to
the solution of chitosan at high speed homogenization of 12,960xg for 15 min at 4 °C for the development of oil-in-water emulsion.
After that, 0.35 g of sodium-tripolyphosphate (S-TPP) was inflated to the emulsion for ionic gelation and agitated for 40 min at 25 °C.
The synthesized emulsionic particles were collected by centrifugation at 12,560xg for 14 min. Subsequently, isolated pellet was
repeatedly washed by tween-80 for 3 times and finally diffused to 10 mL of double distilled water followed by sonication for 4 min to
develop AGEO loaded chitosan nanoemulsion (AGEO-Ne). Similar process was used to develop chitosan nanoemulsion (CS-Ne)
without involving AGEO.

2.5. Entrapment (EE) and loading efficiency (LE) of AGEO-Ne

For this, 200 pL of AGEO-Ne was mixed with 3 mL of ethyl acetate (added in a sequence of 1 + 1 + 1 mL) and subjected to
centrifugation at 10,690xg for 13 min. The supernatant was used to determine EE and LE of AGEO-Ne through standard curve of AGEO
prepared at 268 nm (Y = 0.0236 X + 0.0063; R? = 0.987). A blank without mixing of AGEO-Ne was also prepared in the same way.
Following formula was used for determination of EE and LE of AGEO-Ne [21].

Amount of loaded AGEO in nanoemulsion

EE (%) = 100 1
(%) Initial amount of AGEO added % O

LE (%) = Amount of loaded AGEO in nanoemulsion % 100 @
v Weight of nanoemulsion

Amount of AGEO loaded in nanoemulsion was determined by putting the absorbance value of supernatant (as recorded at 268 nm)
in the standard curve followed by multiplication with the dilution factor. This value provides the total amount of loaded AGEO. When
the “total amount of loaded AGEO (value expressed as pL)” was divided by “initial amount of AGEO applied (value expressed as pL)”
during the homogenization process it has given the entrapment efficiency (%). However, the “total amount of loaded AGEO (value
expressed as pL)” was divided by “total weight of nanoemulsion” (value has been converted to pL from mL) it has provided the loading
efficiency (%).

2.6. Physico-chemical characterization of AGEO-Ne

2.6.1. Dynamic light scattering (DLS)

Particle size distribution of CS-Ne and AGEO-Ne was determined by DLS technique using a zetasizer (Malvern Instrument, Wor-
cestershire, UK). Different size criteria of CS-Ne and AGEO-Ne were particle size, zeta potential, and polydispersity index (PDI). To
achieve this, 0.001 mL of sample was dissolved in 10 mL of double distilled water and performed in presence of laser wavelength 532
nm and scattering angle of 173° at 25 °C [22].

2.6.2. Scanning electron microscopy (SEM)

The morphological structure of CS-Ne and AGEO-Ne was determined by SEM analysis. For this, 1 mL of CS-Ne and AGEO-Ne
emulsion was dissolved in 10 mL of double distilled water and sonicated for 5 min. Thereafter, one drop of the dispersion was
spread on a glass slide, dried and mounted on an aluminium stub followed by thin layer of gold coating using a vacuum dependent ion
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sputtering (E—1010, Hitachi, Japan). Thereafter, the gold coated samples were observed in scanning electron microscope (EVO 18
Research, Zeiss, Germany) at 30 KX magnification.

2.6.3. Peak structure analysis by fourier transform infrared spectroscopy (FTIR)

The FTIR analysis was conducted for chitosan, CS-Ne, AGEO, and AGEO-Ne by Fourier transform infrared spectroscopy (Perki-
nElmer, USA). For this, the samples were grinded in potassium bromide (KBr) and pressed to form pellets. The spectra were obtained
between 500 and 4000 cm~! wave number (32 scan turns and 8 cm ™! resolution).

2.6.4. X-ray diffractometry (XRD) study

The XRD analysis representing the crystallographic structure of chitosan, CS-Ne, and AGEO-Ne were achieved by Bruker D8
diffractometer and operated at 40 KV. The scanning was performed over the range of 20 angle 5-50° with a scanning of 0.05° min ™"
and step angle 0.02° min~! at room temperature.

2.7. Release structure of AGEO

The release structure of AGEO from chitosan nanoemulsion was studied in phosphate buffer saline (PBS; pH 7.0) according to the
protocol of Esmaeili and Asgari [23] with little changes. Five hundred microlitre of AGEO-Ne was centrifuged at 9200xg for 12 min at
25 °C. After decanting water, 800 pL of PBS was added into microcentrifuge tube followed by agitation and incubation at ambient
temperature for 7 days. At different interval of time (4 h of interval up to 1 day and after that 24 h of interval up to 7 days),
centrifugation of the sample was performed at 8500xg for 15 min and a specified amount of supernatant (200 pL) was used for the
release study. The fresh PBS was used to conserve the sink volume. The AGEO release amount was calculated by UV-Visible spec-
trophotometry (Hitachi 2900) at 275 nm using the calibration curve (Y = 0.216 X + 0.0034; R? = 0.9953) and cumulative amount
released was measured using following formula.

Cumulative release of AGEO at each sampling time
Initial weight of AGEO loaded in the sample

% Cumulative AGEO release = x 100 3)

2.8. Effectiveness for mitigation of F. verticill i oides proliferation and FB; and FBy synthesis by AGEO and AGEO-Ne

Required concentrations of AGEO (0.2-1.2 pL/mL) and AGEO-Ne (0.2-0.8 pL/mL) was dissolved into 9.5 mL of PDA and conse-
quently 2 mm peripheral disc of F. verticill i oides was introduced to PDA. The control sets did not include AGEO and AGEO-Ne. All the
sets were subjected to incubation at 27 + 2 °C for 7 days. The AGEO and AGEO-Ne concentrations representing cent percent inhibition
of F. verticill i oides growth were recognized as minimum inhibitory concentrations (MICs) [21].

For determination of FB; and FBy, all the sets (control and treatment) were incubated for 5 days at 20 + 2 °C. At the end of the
incubation periods, all the plates were transferred into refrigerator at 4 °C for 10 days. The agar medium having mycelium was cut into
small pieces (1 cm?) and subjected to mix with 50 mL of 96 % methanol followed by agitation in a rotary shaker at 200xg for 24 h and
filtered through filter paper (Whatman No. 1). The residue was then washed through 25 mL of methanol. Thereafter, the methanolic
extracts were combined, dried over anhydrous sodium sulfate and evaporated to dryness at room temperature. The thin layer chro-
matographic technique was adopted for determination of FB; and FB,. The crude extract (10 pL) was spotted onto a TLC plate
(aluminium sheet, silica gel; Merck) along with 5 pg FB; and FB, standard. The spots were dried and developed into 96 % methanol/
water (80:20 v/v). The plates were viewed after spraying with p-anisaldehyde (0.5 g p-anisaldehyde in methanol-acetic acid-sulfuric
acid; 8:10:5 v/v/v) under UV-trans-illuminator (Zenith Engineers, India) under short-wave (254 nm) and long-wave (365 nm) UV
irradiation. The FB; and FB, appeared as slight bluish green spots with Rf value 0.25 and 0.30, respectively [24,25].

2.9. The mechanisms of antifungal action

2.9.1. Effect on ergosterol production

The ergosterol content of F. verticill i oides was determined through the designed protocol of Sun et al. [26]. For this, the mycelia of
AGEO and AGEO-Ne treated F. verticill i oides was mixed with 90 % ethanol and 15 % sodium hydroxide followed by heating at 80 °C for
2 h. Sterol was extracted by addition of petroleum ether (5 mL) and dried in Ny steam. The absorbance of ergosterol and 24,28
dehydroergosterol was measured at 281.5 and 230 nm, respectively. Ergosterol amount was calculated by the following equation.

100

% Ergosterol = 4
B TS A @
% 24,28 dehydroergosterol = 100 % — % Ergosterol 5)

2.9.2. Effect on ions, nucleic acid, and protein leakage

The method of Dwivedy et al. [27] was used to determine the leakage of ions, nucleic acids, and proteins from F. verticill i oides cells.
The 10 days grown biomass of F. verticill i oides was isolated and washed twice by sterile distilled water. Thereafter, the biomass was
suspended in 20 mL of 0.85 % NaCl solution followed by fumigation with different concentrations of AGEO (0.2-1.2 pL/mL) and
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AGEO-Ne (0.2-0.8 pL/mL). The control sets did not include AGEO and AGEO-Ne fumigation in F. verticill i oides biomass. Thereafter,
both the control and treatment sets were incubated for 24 h at 27 + 2 °C. After completion of incubation period, the biomass was again
filtered and filtrate was used for determination of leakage of Ca**, Mg+, and K™ ions by Atomic absorption spectroscopy (PerkinElmer
Aanalyst 800). However, absorbance of the filtrate at 260 nm and 280 nm was recorded by UV-Visible spectroscopy to determine the
leakage of nucleic acids and proteins [28].

2.10. Anti-fumonisin mechanism of action of AGEO: In silico investigation

The molecular docking study was performed using a combination of bioinformatic tools like PatchDock, FireDock, Chimera 1.8.1.
and Discovery studio 4.0 software. The FASTA sequence of FUM-21 protein was downloaded from UniProtKB software and developed
the three dimensional (3 D) structure by Phyre 2 Protein fold Recognition server. The modeled FUM-21 protein was further refined by
non-standard residues and addition of hydrogen. Functional and conservative residue of FUM-21 has been elucidated by CornSurf Web
server. The 3 D structures of linalyl acetate and geranyl acetate (major components of AGEO) were retrieved from PubChem data base.
Thereafter, the binding of ligand (linalyl acetate and geranyl acetate) and receptor (FUM-21 protein) was performed by PatchDock
software and refined by FireDock software to get 10 best models on the basis of interactive energy like global energy, attractive vander
waal force, and atomic contact energy. The results were ranked on the minimum global binding energy of the ligand receptor bond. To
determine the ligand-receptor interaction Chimera 1.8.1 and Discovery Studio 4.0 Client were used [29].

2.11. Antioxidant potency and total phenolic content of AGEO and AGEO-Ne

2.11.1. 2,2-Diphenyl-1-picrylhydrazyl (DPPH) radical scavenging assay

Briefly, different concentrations of AGEO (5.0-30 pL/mL) and AGEO-Ne (2.0-20 pL/mL) were dissolved in 2 mL of 0.004 %
methanolic DPPH solution [14]. The mixture was incubated at room temperature for 20 min and then optical density was measured at
517 nm against a blank by UV-Visible spectrophotometer. The radical quenching capability was measured by the following equation.

Blank optical density — Sample optical density «

100 6
Sample optical density ®

% Radical quenching capability =

In case of blank, methanol was used. The 50 % radical quenching capability of AGEO and AGEO-Ne was measured as ICsg value.

2.11.2. 2,2-Azinobis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS) radical scavenging assay

Preparation of ABTS radical solution was done by mixing of 0.0074 mol/L ABTS and 0.0026 mol/L potassium persulfate [30].
Different concentrations of AGEO (5.0-30 pL/mL) and AGEO-Ne (2.0-20 pL/mL) were homogenized into 1900 pL of ABTS radical
solution and optical density was noted after incubation in dark (6 min) at 734 nm. Radical quenching capability was measured through
DPPH equation.

2.11.3. Folin—Ciocalteu assay for total phenolic content determination

Total phenolic content of AGEO and AGEO-Ne was determined by spectrophotometric method of Folin-Ciocalteu assay following
the protocol of Gholivand et al. [31]. A solution (0.1 mL) was prepared in conical flask containing 1000 pg of AGEO and AGEO-Ne and
mixed with 46 mL of sterilized distilled water and 1 mL Folin—Ciocalteu reagent. The mixture was thoroughly agitated for 3 min and 3
mL of 2 % NayCOs solution was added followed by incubation at 25 + 2 °C for 2 h. Absorbance of the mixture was measured at 760 nm.
The same process was applied for gallic acid for development of standard curve and total phenolic content was determined by the
equation expressed as pg gallic acid equivalent/mg of the oil.

Absorbance = 0.0012 x gallic acid (pg) + 0.024 @

2.12. Insitu efficacy of AGEO and AGEO-Ne for protection of rice: antifungal and anti-fumonisin activity

The in situ efficacy of AGEO and AGEO-Ne against the fungal infestation and fumonisin production into rice samples in storage
containers was performed following the strategy of Mishra et al. [32]. Before experiment, the rice samples were sanitized by 1 %
sodium hypochlorite solution (45 s at room temperature) followed by washing of three times with double distilled water under the
aseptic conditions to remove the surface microbial contaminations. Thereafter, the experiment was performed in six different sets.

i) Uninoculated control (only rice seeds without inoculation of F. verticill i oides spore suspension and without fumigation of AGEO
and AGEO-Ne) (UIC)
ii) Inoculated control (rice seeds inoculated with F. verticill i oides spore suspension and without fumigation of AGEO and AGEO-
Ne) (IC)
iii) Uninoculated treatment with AGEO (rice seeds without inoculation of F. verticill i oides spore suspension and fumigated with
AGEO) (U-AGEO-t)
iv) Inoculated treatment with AGEO (rice seeds inoculated with F. verticill i oides spore suspension and fumigated with AGEO)
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v) Uninoculated treatment with AGEO (rice seeds without inoculation of F. verticill i oides spore suspension and fumigated with
AGEO-Ne) (U-AGEO-Ne-t)

vi) Inoculated treatment with AGEO-Ne (rice seeds inoculated with F. verticill i oides spore suspension and fumigated with AGEO-
Ne)

500 g of rice samples of each set was kept separately in clean and sterilized glass containers of 1 L capacity. The fungal inoculated
rice sets (inoculated control and treatments) were introduced with 1 mL of F. verticill i oides spore suspension (1 x 10°® spores mL™ D by
uniform spraying. The spore suspension of F. verticill i oides was prepared in 0.1 % tween-80. The treatment sets (uninoculated and
inoculated treatment) were fumigated with AGEO and AGEO-Ne at the respective MIC doses i.e. 1.2 and 0.8 pL/mL, respectively. For
fumigation, the required amount of AGEO (1.2 pL/mL) and AGEO-Ne (0.8 pL/mL) was calculated on the basis of the aerial volume of
the storage container, and soaked separately onto a cotton swab (2 x 2 x 1 c¢cm) to obtain the dose of minimum inhibitory concen-
trations and placed beneath the lid of the glass container. All the containers were kept air tight and stored for 1 year in the storage
chamber at 27 + 2 °C (relative humidity ~ 70 %).

The samples of control and treatment sets stored for 1 year were then carried forward for mycological analysis by serial dilution
method. The samples were individually ground in mixer grinder and before and after grinding, the blender’s cup was rinsed with 90 %
ethanol. The powdered samples were sieved through muslin cloth and 10 g of powder of each set was mixed with 90 mL of sterilized
distilled water and homogenized for 15 min in a shaker. After that, 10 fold dilutions were prepared and 1 mL of 10~* dilution was
aseptically spread on PDA medium. The dilution was uniformly spread over the PDA medium by L shaped spreader and plates were
incubated at 27 + 2 °C for 10 days. The colony count of F. verticill i oides was made after 10 days and log cfu/g was calculated. Percent
protection of rice samples was determined by the given formula.

] Total%“of F verticillioides in control set — Total%of F.verticillioides in treatment set
% Protection = x 100 8

Total %of F verticillioides in control set

For quantification of fumonisin content, 10 g of milled samples was mixed with 50 mL of reaction mixture consisting of methanol,
water, and acetonitrile (25:50:25 v/v/v) followed by 1 h of agitation and filtration through Whatman No. 1 filter paper. Thereafter, 10
mL of extraction was diluted by 40 mL of PBS and Whatman GF/A filter paper was used for further filtration. After that, 10 mL of
diluted extract was purified through column chromatography (Fumonitest™ type of column from VICAM, Watertown, MA) at a flow
rate of about 1-2 drops/second. The column was washed with 10 mL PBS followed by 2 mL water at a flow rate of 1-2 drops/second
until air came through the column and the elute was discarded. The eluted sample (800 pL) was further dried under a nitrogen stream
at 60 °C, and dissolved into 0.25 mL water and acetonitrile (70:30 v/v) by mixing in a vortex mixture for 1 min and retained at 4 °C
until HPLC analysis [33]. Thereafter, 2 pL of sample was introduced into HPLC column and compared with a calibration curve of FB;
and FB, standard. The HPLC determinations of rice samples were carried out at C18 (150 x 4.6 mm, 5 pm) column (Waters, Bengaluru,
India) preceded by a 0.5 pm Rheodyne guard filter. The fluorometric detector of Prostar 363 module and star data system version 6.20
was used for the study. The mobile phase consisted of a mixture of acetonitrile, water and glacial acetic acid (30:69:1; v/v/v) with a
flow rate of 1 mL/min. The stock solution of FB; and FB, was prepared in acetonitrile and water (50:50 v/v). Required amount of stock
solution were then dried and mixed with acetonitrile and water (70:30 v/v/) to obtain the standard solution for HPLC calibration. The
linearity of the analytical response was observed by using a calibration curve in the range of 0.1-1.0 ng/pL of FB; and FB, and the
content was measured by pg/kg of rice seeds [24].

2.13. Lipid peroxidation inhibitory potency of AGEO and AGEO-Ne

The method of Das et al. [35] was used for estimation of lipid peroxidation in terms of malondialdehyde (MDA) content. Briefly,
0.056 g of milled rice samples were homogenized into hydrocholic acid inflexed thiobarbeturic acid and trichloroacetic acid solution
(2.5 N HCl + 20 % TCA + 0.5 % TBA) and heated on waterbath at 70 °C for 22 min. After cooling, samples were centrifuged at 6500xg
for 12 min and optical density of the supernatant was taken at 532 and 600 nm by UV-Visible spectrophotometry. MDA content (1M/g
FW of rice) was calculated by the help of extinction coefficient of 1.56 x 10° M ' em 2.

2.14. Determination of organoleptic qualities of rice

Different organoleptic parameters like color, texture, odor, and flavor were taken into consideration during fumigation of rice
samples by AGEO and AGEO-Ne. Twenty different panelist (10 male and 10 female) from our institution (approved by ethical com-
mittee of Burdwan Raj College No. BRC-205632) were involved to assess the quality of different sensory parameters. The panelist
signed a consent form pertaining to the testing of nanoemulsion treated rice. Five minutes were given to each panelist with 2 min rest to
test the rice samples. The sensory properties were scored according to the 5 point hedonic scale viz. 1 = dislike extremely; 2 = dislike
moderately; 3 = neither like nor dislike; 4 = like moderately; 5 = like extremely [36].

2.15. Statistical analysis

All the experiments were performed in triplicate and data analysis was done by mean + standard error subjected to one way
analysis of variance (ANOVA). Means were separated by Tukey’s multiple comparison tests when ANOVA was significant (p < 0.05)
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(SPSS 10.0; Chicago, IL, USA).

3. Results and discussion

3.1. Isolation and characterization of AGEO

The AGEO was isolated from the fruits of Apium graveolens. The AGEO was chemically characterized through GC-MS analysis.
Twenty three different components were identified and accounted 93.7 % of total oil (Table 1). Among different identified compo-
nents, linalyl acetate (37.5 %), geranyl acetate (24.7 %), 1,8-cineol (8.9 %), and linalool (6.8 %) were recorded as the major in-
gredients of AGEO. Our result shows similarity to the previous investigation of Das et al. [37] for the chemical profiling of AGEO.
Dabrowska et al. [38] reported very low content of linalool (0.1 %) from Apium graveolens essential oil. However, Hassanen et al. [39]
reported p-limonene as the principal compound of AGEO. Variation in compounds of essential oil may depend on growing season,
weather condition, harvesting time and chemotype of the plants [40]. Moreover, the plant developmental stage resulting from the
interaction of physiological, biochemical, ecological, and evolutionary processes might be a possible reason for variation in essential
oil composition [41]. Hence, chemical component analysis of essential oil is important before preparation of antifungal
nanoformulations.

3.2. Entrapment (EE) and loading efficiency (LE) of AGEO-Ne

The entrapment and loading efficiency of AGEO-Ne is presented in Table 2. The EE value was increased from 29.67 to 95.23 % at
different ratio of chitosan to AGEO ranging from 1:0.2 to 1:1. Similarly, the LE value was also found to increase from 0.37 to 5.64 %
with rising chitosan to AGEO ratio from 1:0.2 to 1:1. The result was similar to the research of Chaudhari et al. [42] with increasing the
value of EE (45.81-85.84 %) and LE (0.68-8.26 %) for Allspice essential oil during encapsulation into chitosan biopolymer. Inter-
estingly, the present report showed better entrapment efficiency of AGEO into chitosan matrix. The variation in loading and
entrapment efficiency has been associated with deacetylation degree of chitosan and essential oil affinity towards the wall matrix [43].
Moreover, the differences in entrapment and loading efficiency of essential oil also depend on types and composition of wall material,
ratio of the essential oil to biopolymer matrix, physico-chemical properties and stability of the nanoemulsion [44]. The ratio of
essential oil with wall matrix had a significant effect on encapsulation of essential oil. It has been reported that the smaller size of
particles had the inconsiderable surface oil content which could be explained by droplet size [45]. In previous studies of Padua et al.
[46] and Omar et al. [47] considerably low levels of encapsulation efficiency have been recorded during entrapment of essential oil
and flax oil into zein particles which was also depend on the characteristic structure of biopolymer. Most notably, the high value of EE
and LE is a desirable feature in encapsulation strategy because it improves the shelf-life of essential oil into nanoparticles [48]. The
encapsulation improves the stability of the essential oil by protecting them from the fluctuating environmental conditions hence in-
hibits the oxidation and volatilization which directly helps in improvement of shelf life of essential oils [49,50].

Table 1
GC-MS analysis of Apium graveolens essential oil.
S.No. Retention time (min) Components % Area Retention index
1. 4.21 o-pinene 0.5 939
2. 4.52 Camphene 0.5 954
3. 5.02 Sabinene tr 975
4. 6.09 1,4 cineol tr 1014
5. 6.28 O-cymene 0.1 1026
6. 6.34 Sylvestrene 0.3 1030
7. 6.48 1,8 cineol 8.9 1031
8. 7.13 Lavender lactone 4.8 1039
9. 8.56 Linalool 6.8 1096
10. 9.73 1,2 dihydrolinalool 0.1 1135
11. 10.15 Camphor 2.9 1146
12. 11.06 Borneol 0.2 1169
13. 11.92 a-terpineol 0.5 1188
14. 13.47 Nerol 0.1 1229
15. 14.33 Linalyl acetate 37.5 1257
16. 15.56 Bornyl acetate 0.2 1285
17. 15.88 Trans sabinyl acetate 5.1 1290
18. 18.04 a-terpinyl acetate 0.1 1349
19. 19.43 Geranyl acetate 24.7 1381
20. 23.08 ar-curcumene 0.1 1480
21. 24.01 (Z)-o-Bisabolene tr 1507
22. 25.63 Z- Nerolidol 0.1 1532
23. 26.96 Caryophyllene oxide 0.2 1583
Total 93.7

Note: Compounds in bold are major components.
tr = trace components (<0.1 %).
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Table 2
Entrapment and loading efficiency of AGEO-Ne.
Chitosan/AGEO (w/v) Entrapment efficiency (%) Loading efficiency (%)
1:0.0 0.00 + 0.00? 0.00 =+ 0.00%
1:0.2 29.67 + 1.63" 0.37 + 0.08"
1:0.4 43.06 + 3.08° 1.24 + 0.11°
1:0.6 71.54 + 4.16% 2.97 + 0.39¢
1:0.8 84.19 + 2.07° 4.09 +1.12°
1:1 95.23 + 4.14 5.64 + 1.37f

Note: Values are mean (n = 3) & SE. The means followed by same letter in the same column are not significantly different
according to ANOVA and Tukey’s multiple comparison tests.

3.3. Physico-chemical characterization of AGEO-Ne

3.3.1. Dynamic light scattering

The mean diameter of CS-Ne was 28.32 nm while the diameter of AGEO-Ne was significantly increased and the size was detected as
89.86 nm (Fig. 1 A). The result of the present investigation is corroborated with the report of Hadidi et al. [51] suggesting increment in
size of chitosan nanoparticles (265.1-444.5 nm) after entrapment of varying amounts of clove essential oil. Zeta potential has been
identified as an important marker to detect the surface charge and stability of nanoparticles in suspension [52]. Gravitation, elec-
trostatic interaction, and repulsion between the particle’s surface charges resulted flocculation, aggregation, and dispersion. In the
present study, the zeta potential of CS-Ne and AGEO-Ne were positive which reflected the stability of nanoemulsion system. The zeta
potential of CS-Ne was found to be +35.21 mV while the encapsulation of AGEO declined the zeta potential to +28.97 mV (Fig. 1 B)
which suggested the nanoparticles scattering in water. The decline in zeta value may be due to adsorption of AGEO on the surface of the
particles which lead to masking of chitosan’s amino groups [53]. In a similar manner, Keawchaoon and Yoksan [54] observed that the
zeta value was reduced by addition of carvacrol which supported our present findings. PDI demonstrates the distribution of particles in
emulsion medium. The PDI of CS-Ne was found to be 0.310 while incorporation of AGEO into chitosan nanobiopolymer lowered the
PDI value to 0.245 (Fig. 1C). Lower value of PDI reflects particle homogeneity suggesting uniformity in diameter [55]. Hadidi et al.
[51] also reported the decrement in PDI value from 0.337 to 0.117 after incorporation of clove essential oil into chitosan nanoparticles.
Hence, AGEO-Ne particles with uniform size shows possible insights for better agricultural perspectives with fumonisins mitigation
property.

3.3.2. Scanning electron microscopy

The CS-Ne and AGEO-Ne particles are chiefly spherical to somewhat elongated in shape with smooth walled structure. The particle
size of CS-Ne ranged between 13.19 - 26.29 nm while the AGEO-Ne particles fall in the range of 67.21-98.56 nm (Fig. 1 D, E). The
enhanced size of AGEO-Ne has been linked with the entrapment of AGEO into chitosan nanomatrix [56]. The enhancement in particle
size of AGEO-Ne as recorded in SEM investigation is in line with the report of DLS based particle size analyzer. However, minor
variation in particle size has been associated with the instrumental sensitivity. The finding of the present investigation is in agreement
to the report of Mondéjar-Lopez et al. [57] for enhancement in particle size after encapsulation of garlic essential oil into chitosan
nanoparticles. However, aggregation of CS-Ne and AGEO-Ne particles were observed at some places which is possibly associated with
melting and combining effect of particles during ionic gelation process [23].

3.3.3. Fourier transform infrared spectroscopy

FTIR is an important characterization process for identification of functional groups associated with the interaction of chitosan,
AGEQ, and S-TPP. Chitosan displayed distinct peaks at 1070 (stretching of C-O bond), 1350 (amide III), 1600 (amide II), 1660 (amide
I), 2870 (-CH bond stretching), and 3340 (-NH> bond stretching) [58] (Fig. 1 F). CS-Ne was developed by trans-linking interaction of
chitosan and S-TPP which has been linked with transfer of amide peaks. The figure presented shifting of 1660 cm ™! peak to 1647 cm ™
affirming the cross-linking reaction in CS-Ne. Most notably, a new peak was recorded at 1560 cm™' implying the electrostatic
interaction of -NH3 group of chitosan with phosphate groups of S-TPP developing the complex structure [59]. The AGEO exhibited
peaks at 635 (N-H group stretching), 725 (C-H bending), 908, 1107 (C-O-C stretching), 1455 (C—=C bending), 1585 (C-C aromatic
ring), 1649 (C-H stretching), 1740 (C=O stretching), 2880 (-CH3 group bending), 2920 (C-H stretching), and 3414 (-OH stretching)
cm™L. This might be due to the presence of a variety of bioactive components in EO, as already verified through GC-MS analysis.
Further, majority of the peaks observed in CS-Ne and AGEO with slight shifts in wave number were recorded in AGEO-Ne (Fig. 1 F),
which might be attributed to the possible chemical interactions between the amine groups of chitosan and phosphate groups of
cross-linking agent S-TPP [60]. The above result demonstrated that AGEO was successfully entrapped into the chitosan polymer.

3.3.4. X-ray diffractometry study

Fig. 1 G demonstrates the diffraction pattern of chitosan, CS-Ne, and AGEO-Ne. The chitosan showed sharp peak at 26 value 20°
suggesting high degree of crystallinity. For CS-Ne, the XRD pattern showed broadening of peak caused by electrostatic interaction of
chitosan with S-TPP resulting in the formation of amorphous structures [61]. However, the encompassment of AGEO within chitosan
matrix caused maximum disarray in chitosan structural alignment with reduction in intensity of peak and widening of the peak area
[20]. The finding revealed the successful encapsulation of AGEO into chitosan nanoemulsion. The result of the present investigation is
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Fig. 1. (A) Particle size of CS-Ne and AGEO-Ne, (B) Zeta potential of CS-Ne and AGEO-Ne, (C) Polydispersity index of CS-Ne and AGEO-Ne, [Values
are mean (n = 3) + SE; different letters represent significant differences at p value < 0.05 according to ANOVA and Tukey’s multiple comparison
tests.] (D) SEM image of CS-Ne, (E) SEM image of AGEO-Ne, (F) FTIR of chitosan, CS-Ne, AGEO, and AGEO-Ne, (G) XRD of chitosan, CS-Ne, and

AGEO-Ne.

in agreement with the report of Hadidi et al. [51] suggesting the destruction in chitosan crystalline structure by S-TPP mediated
cross-linking interaction and change in complex structure of S-TPP-chitosan by incorporation of clove essential oil in chitosan

nanobiopolymer.

3.4. Release structure of AGEO

The result of AGEO release from chitosan nanobiopolymer is shown in Fig. 2 A. The release study was performed in phosphate
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Fig. 2. (A) Invitro release of AGEO, (B) Effect of AGEO and AGEO-Ne against F. verticill i oides growth, (C) Effect of AGEO and AGEO-Ne against FB;
and FB, production, (D) Effect of AGEO and AGEO-Ne against ergosterol production in F. verticill i oides, (E) Effect of AGEO on ions leakage from
F. verticill i oides cells, (F) Effect of AGEO-Ne on ions leakage from F. verticill i oides cells, (G) Effect of AGEO on leakage of 260, 280 nm absorbing
materials, (H) Effect of AGEO-Ne on leakage of 260, 280 nm absorbing materials. Values are mean (n = 3) + SE; different letters represent sig-
Eiﬁcant differences at p value < 0.05 according to ANOVA and Tukey’s multiple comparison tests.

buffer saline (PBS) at pH 7.0 because the system simulates similar condition with majority of the stored food commodities. Most
importantly, PBS is an isotonic solution which prevents the rupture and shriveling of cells and non-toxic in nature. Moreover, the pH of
the stored rice samples was found in the range of 6.38-6.97 during mycoflora analysis (author’s unpublished data). However, the
change of pH of food commodities towards acidic one may lead to leaching of important dietary minerals and nutrients. Therefore, the
release study was undertaken in PBS solution with neutral pH condition (pH 7). Nonetheless, lower pH may be opted for specific
conditions where rapid release is desirable. The AGEO release prolife was characterized by two different phases. There was an initial
burst phase release of 21.33 % in the beginning of the test after 4 h. The burst delivery has been explained by diffusion of AGEO from
the surface layer of chitosan nanoparticles [62]. At (4-8) h and (8-12) h, the AGEO release was found to be 18.63 and 15.20 %,
respectively. After 120 h, the AGEO discharge rate was comparatively slow which was due to the inefficacy of the buffer system to
decimate the nanoparticles resulting very small discharge of oil [63]. A similar result on biphasic in vitro release of Cinnamomum
zeylanicum essential oil from chitosan nanoparticles has been previously mentioned by Mohammadi et al. [64] which might be due to
the weakening of electrostatic interaction between cationic chitosan with anionic S-TPP leading to quick and slow discharge periods.
However, it is worth noting that the difference in release rate has been governed by the chemical structures of essential oils. The
obtained result emphasized the controlled delivery of AGEO over a long term period which is an essential prerequisite of successful
antimicrobial property in food system.

3.5. Antifungal and anti-fumonisin efficacy of AGEO and AGEO-Ne

The antifungal potency of AGEO against F. verticill i oides was measured in terms of minimum inhibitory concentration (MIC). At
0.2, 0.4, 0.6, 0.8, 1.0, and 1.2 pL/mL of AGEO the inhibition of F. verticill i oides growth was recorded to be 12.69, 30.14, 48.52, 69.30,
84.63, and 100 %, respectively (Fig. 2 B). Complete inhibition of FB; and FB, synthesis by AGEO was recognized at 1.2 and 1.0 pL/mL,
respectively (Fig. 2C). For in vitro determination of FB; and FB, production, we have preferred thin layer chromatography (TLC)
method because of increased amount of FB; and FB, produced by F. verticill i oides in vitro medium. Furthermore, it is also fast, less
expensive, and widely used analytical method for mycotoxin quantification. The TLC method also requires comparatively lesser
amount of organic solvents than high performance liquid chromatography (HPLC). Hence, in the present study TLC was used for in vitro
determination of anti-fumonisin potential of AGEO and AGEO-Ne. However, for detection of FB; and FB5 in stored rice seeds, HPLC
method was used because FB; and FB, was present in quite small quantity that can’t be quantified precisely by TLC. Our result dis-
played superior antifungal activity of AGEO over previously reported Zingiber officinale essential oil which inhibited F. verticill i oides
growth at 2500 pg/mL [65]. The AGEO-Ne showed better inhibition of F. verticill i oides growth in a dose dependent fashion and
complete inhibition of growth was recorded at 0.8 pL/mL (Fig. 2 B). However, 100 % inhibition of FB; and FB, biosynthesis by
AGEO-Ne was observed at 0.8 and 0.6 pL/mL, respectively (Fig. 2C). Here, at the lower dose, FB, synthesis was completely checked as
compared to the dose required for complete inhibition of FB; synthesis. This might be associated with the interaction of the essential oil
and nanoformulation with the structural moiety of FB; and FBy. Superior antifungal and anti-fumonisin efficacy of AGEO-Ne has been
linked with nanometric size of particles having greater surface area to volume ratio.

3.6. Antifungal mode of action of AGEO and AGEO-Ne

Ergosterol is an important sterol of fungal plasma membrane that maintains the cellular growth, viability, integrity and membrane
functionality [66,67]. Different antifungal agents have been reported to inhibit the cell growth by interrupting the synthesis of
ergosterol. Therefore, determination of ergosterol content in F. verticill i oides by fumigation of AGEO and AGEO-Ne is considered to be
an important parameter. The AGEO at 0.2, 0.4, and 0.6 pL/mL caused an oscillation for the synthesis of ergosterol which may be due to
stress of the fungi during in vitro application of AGEO. The cell components in F. verticill i oides may activate some compensatory
mechanisms for adaptive responses and reprogramming of gene expression for protection of cell membrane structure [68]. At 0.8, 1.0,
and 1.2 pL/mL of AGEO, percent inhibition of ergosterol production was found to be 42.31, 75.96, and 100 %, respectively (Fig. 2 D).
Disruption of lanosterol 14a-demethylase by essential oil may be a plausible basis for inhibition of ergosterol production in F. verticill i
oides [69]. However, the greater inhibition of ergosterol content in F. verticill i oides cells with the values 23.67, 49.21, 72.19, and 100
% were recorded at 0.2, 0.4, 0.6, and 0.8 pL/mL doses of AGEO-Ne (Fig. 2 D). Better inhibitory activity against ergosterol biosynthesis
has been associated with nanometric size of particles with greater surface area to volume ratio [70].

In the present study, the release of vital cellular contents like Ca%", Mg?*, and K* ions from F. verticill i oides cells was significantly
increased at different concentrations of AGEO over the control sets (Fig. 2 E). In the control set, the level of Ca2+, Mg2+, and K ions
was found to be 6.32, 8.02, and 11.03 mg/L, whereas, the F. verticill i oides cells treated with AGEO at 1.2 pL/mL showed maximum
leakage of Ca?*, Mg?", and K" ions with the values 16.20, 17.41, and 19.02 mg/L, respectively. The AGEO also caused significant
efflux of nucleic acids (260 nm) and proteins (280 nm absorbing materials) from F. verticill i oides cells (Fig. 2 G). The optical density of
260 nm and 280 nm absorbing materials for the control set was recorded to be 0.09 and 0.04, respectively. However, the AGEO treated
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(1.2 pL/mL) F. verticill i oides cells showed the optical density of 0.31 and 0.28 for 260 nm and 280 nm absorbing materials. The efflux
of cellular constituents may lead to perturbation of metabolic functionalities, membrane transport, and disruption of cellular turgor
pressure [71]. The hydrophobic activity of essential oil may damage the ergosterol synthesis along with increased efflux of cellular ions
and eventually cause changes in membrane fluidity and cellular homoeostasis [72]. Moreover, the adverse effect on plasma membrane
eventually led to perturbation of organelle activity, thereby causing cellular apoptosis. The AGEO-Ne at 0.8 pL/mL exhibited greater
efflux of Ca®*, Mg?*, and K™ ions with the values 18.99, 21.63, and 25.38 mg/L and 260 nm, 280 nm absorbing materials as compared
to unencapsulated AGEO (Fig. 2 F, H). This greater efflux of ions has been related to sub-cellular size of particles with controlled
delivery and targeted site of action.

3.7. Anti-fumonisin mechanism of action of AGEO: In silico investigation

In the present study, the molecular mechanism of anti-fumonisin activity was assessed through in silico interaction of linalyl acetate
and geranyl acetate with FUM 21 protein. The FUM 21 is a Zn(II)2Cys6 DNA binding protein that help in transcriptional regulation and
considered as a key protein of fumonisin biosynthesis pathway in F. verticill i oides [73]. The disruption of FUM 21 protein may block
the fumonisin production. The in silico molecular binding was analyzed through global energy, attractive vander waal force and atomic
contact energy. The energy indices have been widely used to characterize the molecular target site of ligand molecules to the receptor
proteins [74]. In this research, the binding prediction was based on the minimum global binding energy of the ligand (linalyl acetate
and geranyl acetate) and receptor (FUM 21 protein) bond. Different binding energies for interaction of linalyl acetate and geranyl
acetate with FUM 21 protein is displayed in Table 3. The energy simulation suggested the establishment of possible hydrogen bonding
interaction between the test compounds (linalyl acetate and geranyl acetate) and different amino acids viz., Ala 13, Val 15, Pro 88, Leu
654, Phe 655, Leu 658, and Glu 671 of FUM 21 proteins (Fig. 3A-C). This result was in line with the findings of Oufensou et al. [75],
who also reported a frequent molecular interactions of monoterpenoids, phenylpropanoids, and phenylethanones with common sets of
amino acids in trichodiene synthase (TRI5) that converts farnesyl pyrophosphate to trichodiene protein during in silico study. Hence,
the results of this study demonstrated that the effective binding of linalyl acetate and geranyl acetate with FUM 21 protein may cause
alteration in its stereo-spatial arrangements, leading to the inhibition of fumonisin biosynthesis.

3.8. Antioxidant activity of AGEO and AGEO-Ne

Oxidative stress in food commodities causes macromolecular damage manifesting the impairment of cellular function along with
toxicity and disease symptoms. It has also been reported that FB; induces the synthesis of reactive oxygen species (ROS) in food
commodities [76]. It has been noticed that several reaction in FB; pathways is mediated by oxygenase reactions [77]; therefore, high
antioxidant activity dependent blockage of oxygenase action may be pointed out as a prime factor for inhibition of FB; biosynthesis in
F. verticill i oides cells. Moreover, essential oil is a complex mixture of different terpenoids, sequiterpenoids, and phenolic components
involving the synergistic reactive facets, hence the determination of antioxidant activity of AGEO and AGEO-Ne is of utmost important
in the current study. Most notably, a single method is not able to justify the antioxidant capacity of essential oil, but at least two
methods are required to ascertain the authenticity. To achieve this, the antioxidant activity of AGEO and AGEO-Ne was determined by
two spectrophotometric methods like DPPH and ABTS assay. Different studies have also reported that antioxidant activity of essential
oil is depended on phenolic constituents. Hence, besides evaluating the antioxidant activity total phenolic content measurement of
AGEO and AGEO-Ne is an important parameter to be determined in the present piece of study. The total phenolic content of AGEO was
measured to be 6.37 pg gallic acid equivalent/mg of oil, whereas entrapment slightly enhanced the phenolic content to 7.21 pg gallic
acid equivalent/mg of oil which was evident from physical stabilization of AGEO phytochemical components in nanoemulsion system
[78]. The radical quenching capability of AGEO and AGEO-Ne was measured through DPPH and ABTS assay. The antioxidant capacity
was presented in terms of the ICsq values. The ICso (half maximal inhibitory concentration) is defined as the concentration of the
sample that can scavenge 50 % of free radicals. The ICsq value is inversely proportional to the DPPH and ABTS free radical scavenging
activity or in other words we can say that the antioxidant property of AGEO and AGEO-Ne. This also means that less amounts of AGEO
and AGEO-Ne are required to scavenge the free radicals if the ICs( value is less or vice versa. The AGEO ICs( value for DPPH and ABTS
evaluation was recorded to be 20.17 and 9.56 pL/mL, respectively (Table 4). The AGEO-Ne showed better antioxidant activity with
DPPH and ABTS ICsg values 12.08 and 6.40 pL/mL, respectively (Table 4). The CS-Ne showed very negligible antioxidant activity due
to involvement of -NH, and —OH group in intramolecular hydrogen bonding in polymer chain cross-linking with S-TPP which prevent
them from being unavailable for quenching of free radicals [61,79]. The higher antioxidant activity of AGEO-Ne over its unencap-
sulated form has been associated with better protection of phenolic components against oxygen [80]. Moreover, the sub-cellular

Table 3
Binding energy indices for interaction of linalyl acetate and geranyl acetate with FUM 21 protein.
Essential oil Receptor Hydrogen bonding amino acids Binding energy (Kcal/mol)
t tei
componen protein Global Attractive Vander Waal ~ Atomic contact
energy force energy
Linalyl acetate FUM 21 Ala 13, Pro 88, Leu 654, Phe 655 —22.35 —13.35 —8.54
Geranyl acetate FUM 21 Ala 13, Val 15, Pro 88, Leu 654, Phe 655, Leu 658, —26.37 —15.41 -10.32

Glu 671, Leu 675
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Fig. 3. (A) Three dimensional (3 D) structure of FUM 21 protein, (B) Interaction of linalyl acetate with FUM 21 protein, (C) Interaction of geranyl
acetate with FUM 21 protein.

particle size with greater surface area and controlled release of AGEO has been ascribed for better inhibition of the free radical
mediated chain reactions. The current result is coincided to Sindhu et al. [81] suggesting enhancement in free radical quenching
capability of Curcuma longa essential oil when entrapped into chitosan nanobiopolymer. On the basis of the result the AGEO-Ne could
be used as an excellent substitute to synthetic antioxidants for preservation of stored rice samples against fumonisin contamination and
oxidative stress.

3.9. In situ antifungal and anti-fumonisin efficacy of AGEO and AGEO-Ne for protection of rice

The in situ efficacy assessment against F. verticill i oides contamination and FB;, FB, biosynthesis in stored rice samples is an
important parameter for field based application of AGEO and AGEO-Ne in agri-sectors. Most importantly, India is the major producer
of rice and it is also exported to other countries on the basis of demands. Hence, cumulative attention has been paid for protection of
rice against FB; and FB; contamination to maintain their content below the maximum toxic limit. In the present course of investi-
gation, the F. verticill i oides count in uninoculated and inoculated rice samples was found to be 5.81 log cfu/g and 5.84 log cfu/g,
respectively. However, the F. verticill i oides count for the AGEO fumigated uninoculated and inoculated rice samples (at 1.2 pL/mL
dose) showed 4.95 log cfu/g and 5.07 log cfu/g, respectively. The AGEO fumigation at 1.2 pL/mL caused 82.09 % and 86.32 %
protection against F. verticill i oides contamination in inoculated and uninoculated rice samples (Fig. 4 A). Complete inhibition of fungal
proliferation was not achieved by AGEO treatment which might be linked with absorption of some volatile constituents by rice
commodity itself. However, the AGEO-Ne fumigated rice samples did not show any F. verticill i oides colony and exhibited 100 %

Table 4

Antioxidant activity of AGEO and AGEO-Ne.
Essential oil/Nanoemulsion DPPH ICs( (pL/mL) ABTS ICs (pL/mL)
AGEO 20.17 + 2.03* 9.56 + 2.00*
AGEO-Ne 12.08 + 1.90° 6.40 + 1.01°
CS-Ne 73.0 + 4.52¢ 68.97 + 5.41°¢

Note: Values are mean (n = 3) + SE. The means followed by same letter in the same column are not significantly
different according to ANOVA and Tukey’s multiple comparison tests.
Absorbance of negative control for both assays was determined as 0 % inhibition.
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protection against contamination in both inoculated and uninoculated treatment sets (Fig. 4 A). The inoculated and uninoculated
control rice samples showed significant contamination of FB; and FB; content with 9.51, 7.98 and 8.26, 6.74 pg/kg, respectively (p <
0.05). Most notably, both the AGEO and AGEO-Ne demonstrated 100 % inhibition of FB; and FB; biosynthesis in rice samples (Fig. 4
A). The complete inhibition of FB; and FB, biosynthesis in stored rice samples may also be attributed by promising antioxidant activity
of essential oil [82]. Better antifungal and anti-fumonisin efficacy has been contributed by nano size of AGEO-Ne particles with greater
surface to volume ratio and controlled delivery at the target site. Similar result has been reported by Singh et al. [24] exhibiting the
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Note: UIC = Uninoculated control
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I-AGEO-t = Inoculated treatment with AGEO
U-AGEO-Ne-t = Uninoculated treatment with AGEO-Ne
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Fig. 4. (A) In situ protection of rice samples by AGEO and AGEO-Ne against F. verticill i oides, FB; and FB, contamination, (B) Effect of AGEO and
AGEO-Ne on lipid peroxidation of rice samples, (C) Effect of AGEO and AGEO-Ne on organoleptic profiles of rice samples. Values are mean (n = 3)
+ SE; different letters represent significant differences at p value < 0.05 according to ANOVA and Tukey’s multiple comparison tests.
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inhibition of fumonisin isolated from maize kernels by clove essential oil nanoemulsion. The antimycotoxigenic activity of essential oil
and nanoformulations has also been associated with the inhibition of ROS production and detoxification/activation of biotransfor-
mation pathway, hence disrupting the signal transduction in mycotoxin synthesis [83]. Therefore, AGEO-Ne could be used as
controlled and innovative delivery vehicle for inhibition of fumonisin mediated deterioration of stored rice samples.

3.10. Estimation of lipid peroxidation in rice

Lipid peroxidation is an indicator of oxidative deterioration of stored food samples by measuring the second stage autooxidation
products, particularly malondialdehyde [84]. Moreover, the ROS also induce the catalysis of free radical mediated interaction of fatty
acids with different food components resulting in the production of off-flavor and off-odor [85]. The lipid content in rice accounts for
0.2-1.0 %, but during storage the unsaturated fatty acids of rice are easily oxidized and decomposed developing free radical peroxides
and other secondary oxidation products. The free radicals are potential initiating factors for chain polymerization in lipid and protein
reaction system by hydrogen extraction. These lipid peroxides also affect the rice by reducing the edible quality and nutritional value
[86]. The lipid free radicals also results in intramolecular and intermolecular cross-linking with protein which seriously cause loss in
the availability of different amino acids like phenylalanine, lysine, tryptophan, tyrosine and methionine [87]. Moreover, the lipid
peroxidation has also been associated with off-flavor and off-odor of rice during the storage periods. Hence, inhibition of lipid per-
oxidation by AGEO and its chitosan based nanoformulation is an important parameter to be considered to maintain the nutritional
profile and edible quality of rice samples. The extent of lipid peroxidation depends on pH, oxygen concentration, fatty acid compo-
sition, ions distribution, and amount of lipid molecules present in foods [88]. In the current investigation, oxidation of rice lipids was
measured through MDA and in the inoculated and uninoculated control set MDA content was recorded to be 135.21 and 123.06 pM/g
FW, respectively (Fig. 4 B). However, the AGEO fumigated rice samples (inoculated and uninoculated sets) showed inhibition of lipid
peroxidation and MDA content was found to be 61.08 and 55.23 pM/g FW. The lipid peroxidation inhibitory properties of AGEO might
be associated with the presence of different compounds having promising free radical scavenging potentiality [89]. The AGEO-Ne
fumigated rice samples at inoculated and uninoculated treatment showed reduction in MDA content with 41.35 and 37.52 pM/g
FW, respectively. The superior efficacy of AGEO-Ne for inhibition of MDA biosynthesis may be associated with nanometric size of
particles with greater surface to volume ratio and maximum free radical neutralizing capacity and better reaction kinetics for miti-
gation of terminal fatty acid oxidation. Our result showed similarity with the previous investigation of anethole loaded chitosan
nanoemulsion for retardation of MDA content in stored maize samples [90]. However, our findings showed better efficacy of AGEO-Ne
in mitigating MDA content which illustrated its superiority for promising application as nano-shelf life enhancer in agri-sectors.

3.11. Impact of AGEO and AGEO-Ne on organoleptic qualities of rice

Fig. 4C presents effects of AGEO and AGEO-Ne on color, flavor, odor, and texture of different rice samples. The changes of color and
texture in control and fumigated rice samples were not as obvious as odor and flavor. The flavor and odor score of control rice samples
was 3.4 and 3.5, respectively which was found significantly lower than the AGEO and AGEO-Ne fumigated rice samples. In case of
AGEO fumigated rice samples, somewhat aromatic smell was achieved whereas the AGEO-Ne fumigated rice samples showed sig-
nificant protection of all the organoleptic attributes. The possible reason for unfavorable odor and flavor in control rice samples has
been associated with fungal spoilage, FB; and FB; production, and lipid peroxidation [91]. The improvement of organoleptic qualities
in rice samples by AGEO-Ne treatment has been associated with the sustained delivery of essential oil from chitosan nanoemulsion
[42]. The above result confirmed the application of AGEO-Ne for preservation of organoleptic attributes of food commodities in
agri-sectors.

4. Conclusion

Nanoencapsulation of AGEO into chitosan matrix improved the antifungal and anti-fumonisin efficacy in stored rice samples. The
controlled delivery of AGEO facilitated the long term protection of rice samples against F. verticill i oides and FB,, FB, contamination.
The exploration of ergosterol impairment and release of cell contents confirmed plasma membrane as a plausible target of antifungal
action. The interaction of AGEO components with FUM 21 protein validated the anti-fumonisin mechanism of action. The AGEO-Ne
showed prominent in situ antifungal, anti-fumonisin efficacy and lipid peroxidation inhibitory potency in rice samples without altering
the organoleptic attributes. In view of the above results, the AGEO-Ne nanoemulsion may be used as a novel nano-green preservative in
food based agricultural sectors. Moreover, as a future perspective additional data is necessary for the full elucidation of the mechanism
of action and the molecular basis of the inhibition of fumonisin synthesis would be explored for large scale commercial application.
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