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1 category) [3]. Further, fungi may easily infest agri-food 
products during harvesting, storage, and transportation, and 
according to the Food and Agriculture Organisation (FAO) 
reports around 25% of the world’s crops are infested with 
molds and associated mycotoxin contamination causing 
severe losses up to $1 billion [4].

Arachis hypogaea L. (Peanut) seed samples are rich 
source of fat, protein, vitamins, and minerals, often prone to 
A. flavus contamination which reduces its nutritional quality 
and makes it unsafe for consumption either as raw mate-
rial or in processed form [5]. In general, to prevent mold 
deterioration synthetic preservatives such as propionic acid, 
benzoic acid, sorbic acid, nitrate, and their salts were used 
in the food products by the industries [6, 7]. Recent reports 
suggested that the prolonged use of these synthetic preser-
vatives could have serious concerns for health (residual 
toxicity) and the environment (resistance development) 
[8]. These negative concerns foster the demand for a natu-
ral alternative to control molds and AFB1 in food products, 

Introduction

Aflatoxin B1 (AFB1), a potent carcinogenic metabolite 
produced by Aspergillus flavus, and A. parasiticus is often 
reported as one of the common causes of fungal toxicity 
in tropical and sub-tropical countries. It is also responsible 
for hepatocellular carcinoma and has teratogenic, immuno-
suppressive, and mutagenic effects [1, 2]. Among the four 
most common types of aflatoxins (AFB1, AFB2, AFG1, and 
AFG2), AFB1 is highly thermostable and considered one of 
the most common cause of hepatocellular carcinogen (Class 
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Abstract
Nanoencapsulation of essential oils exhibited promising applications in food industries, especially in controlling spoilage 
due to food-borne microbes. In this study, the enhanced antimicrobial efficacy of nanoencapsulated Cuminum cyminum 
essential oil (Ne-CEO) against food-borne molds, and aflatoxin B1 contamination was observed in a dose-dependent 
manner. The GC-MS results represent 14 different volatile organic compounds of (CEO) (94.49%), where cuminaldehyde 
was found to be the major one. The interaction of the Cuminum cyminum essential oil (CEO) and chitosan nanoparticles 
(CSNPs) was confirmed with the Scanning Electron Microscopy (SEM) and Fourier Transform Infrared Spectroscopy 
(FTIR) analysis. The Ne-CEO exhibited superior antimicrobial effects compared to non-encapsulated CEO and inhibited 
the growth of selected mold species (0.3–0.5 µL/mL) and aflatoxin B1 (AFB1) secretion at 0.4 µL/mL. The probable tox-
icity mechanism results show membrane impairment and cellular homeostasis linked with decreased ergosterol content, 
increased cation leakage, impairment in antioxidant defenses, carbon metabolism, and transcriptional genes (Ver-1 and 
Nor-1) functioning of AFB1 biosynthesis. Furthermore, during the six months in-situ trial, Ne-CEO (0.4 µL/mL) remark-
ably protected the biodeterioration of A. hypogaea seed samples against A. flavus growth and AFB1 contamination, thus 
enhancing its practical application as a plant-based food preservative to enhance the shelf-life of food commodities.
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thus. in the past few years, significant research progress has 
been made to investigate the potential of traditionally used 
essential oils as a green chemical agent [9, 10]. Many ben-
efits are often associated with traditionally used plant essen-
tial oils such as their eco-friendly nature, relative health 
benefits, often non-toxic, and proven antimicrobial activity. 
As a result, the United States Food and Drug Administration 
(US-FDA) has kept many of them in generally recognised 
as safe category (GRAS) [11].

In general, essential oils (EOs) harbor antimicrobial, 
antioxidant, anti-inflammatory, insect-killing, and antiviral 
properties, hence, could be used as novel sources of green 
chemical agents with diverse antimicrobial mechanisms. 
However, the applications of EOs have not yet been widely 
explored due to certain hurdles related to low water solubil-
ity, intense volatility, negative effects on sensory attributes, 
and instability in the food matrix [12, 13]. However, the 
recent green nanotechnology approach, which integrates 
nanotechnology with sustainable chemistry ideas and tech-
niques, could be used to address the limitations above of 
EOs. Literature survey revealed that nanoencapsulated 
essential oils often exhibited enhanced antimicrobial activ-
ity due to their wider surface area related to their nano-size 
and effective release in media and food products [14].

Cuminum cyminum L., is a culinary spice (family Apia-
ceae) often used in Indian households and traditional medi-
cine. The literature review suggests the traditional use of its 
seed extracts for the cure of illnesses including toothaches, 
dyspepsia, diarrhea, epilepsy, and jaundice, as well as for 
its antioxidant, diuretic, and hypoglycemic properties [15, 
16]. The essential oil extracted from Cuminum cyminum 
has shown potent antioxidant and antifungal activity against 
post-harvest fungal pathogens such as Botrytis cinerea, 
Aspergillus niger, Penicillim expansum, Aspergillus flavus, 
and Aspergillus parasiticus [17, 18]. The present study aims 
to explore the chemical constituents of Cuminum cyminum 
essential oil (CEO) and explores the potential of chitosan 
nano matrix as an encapsulating agent of CEO (Ne-CEO) 
to boost its antifungal efficacy. The functional interaction 
of the CEO with the chitosan encapsulating agent was char-
acterized using SEM and FTIR. The study also explores 
its probable mechanism of toxicity examining its effect on 
selected cellular responses including membrane function, 
antioxidant defenses, carbon metabolism, and transcrip-
tional genes (Ver-1 and Nor-1) functioning of AFB1 biosyn-
thesis. Furthermore, the in-situ trial of Ne-CEO was also 
explored against the mold-mediated biodeterioration of A. 
hypogaea seed samples.

Materials and Methods

Chemicals and Instruments

The chemicals were purchased from Sigma Chemical Co. 
(St. Louis, MO), Hi-Media Laboratories Pvt Ltd., and SRL, 
Mumbai, India. Low molecular chitosan (50-190 kDa, CAS 
Number 9012-76-4, 75–85% deacetylated), cinnamic acid 
(CAS No.-140-10-3), EDC (CAS No.- 1892-57-5), afla-
toxin B1 (CAS No.- 1162-65-8) were procured from Sigma, 
Potato dextrose Agar (Hi-Media). The major instrument 
used in the study were Gas chromatography-mass spectros-
copy (Perkin Elmer, Turbomass Gold, USA), Hydro-dis-
tillation unit (Merk Specialties Pvt. Ltd., Mumbai, India), 
Atomic Absorption spectrophotometer ( Perkin Elmer, 
AAnalyst 800 USA), Spectrophotometer from Shimadzu 
(UV-1800), Colling centrifuge (CPR-24 PLUS), Probe-type 
Sonicator (Labman pro 500), Lyophilizer (Christ, alpha D 
plus), Scanning electron microscope (Evo-18 resercher, 
Zeiss), and Fourier transformed infrared spectrometer ( Per-
kin Elmer, USA).

Isolated Mold Culture

The test mold species Aspergillus flavus, A. niger, A. oryzae, 
A. ochraceus, Fusarium moniliformis, Alternaria alternata, 
and Curvularia lunata used in this study were previously 
isolated by using direct plating and serial dilution methods 
from different food commodities [19]. The pure cultures of 
molds were identified and maintained in our laboratory.

Extraction and Characterization of Chemical Profile 
of CEO

Cuminum cyminum seed essential oil (CEO) was extracted 
using the hydro-distillation method following the procedure 
of Singh et al., 2019 [20] and the percent yield was calcu-
lated. Clevenger’s device was used to extract the essential 
oil of CEO seed samples. The cumin seed samples (500 g) 
were thoroughly cleaned and added to the Clevenger flask 
followed by 2 L of distilled water. The samples were heated 
continuously for 4 h at 80 °C. Thereafter CEO was collected 
in clean glass tube and water residues were eliminated by 
adding anhydrous sodium sulfate. After removing the water 
traces, the oil was collected and stored in a separate glass 
tube for further experiments.

The chemical profile of CEO was explored using 
GC-MS analysis (PerkinElmer Elite-5 column (30  m 
length, 0.25 mm inner diameter, 0.25 mm thickness) Oven: 
80 °C for 2 min, ramp 10 °C/min to 250 °C, hold 10 min, 
Inj = 250 °C, Split = 20:1, Carrier Gas = He, 2.00 min Sol-
vent Delay, 180  °C Transfer, 160  °C Source, 40-400Da) 
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based on comparison of mass spectral patterns, and reten-
tion time (Wiley, NIST, and NBS) [21].

Preparation and Characterization of Nanogel 
(CSNPS), and Loading of CEO (Ne-CEO)

The nanogel of CSNPs was synthesized based on the com-
bination of cinnamic acid, EDC, and low molecular weight 
chitosan following the method of Beyki et al., 2014 [22]. 
Two different stock solutions A (by dissolving 0.5  g low 
mol wt. chitosan in acetic acid solution (1%)) and B (using 
EDC (669 µL) and 317.5 mg cinnamic acid) were prepared. 
The stock solution (A) was then diluted with 85 mL metha-
nol (pH = 4) and 75 ml of this was mixed with solution B 
under a magnetic stirrer overnight at 250 rpm. Thereafter, 
its pH was adjusted to(8.5-9.0) using sodium hydroxide to 
precipitate the gel followed by sonication (50 Hz for 3 min), 
and centrifugation (9000 rpm; 10 min). The precipitates of 
nanoparticles (CSNPS) were cleaned using distilled water 
and ethanol and then vacuum-dried using lyophilizer [22]. 
For loading of CEO, the lyophilized nanogel was re-dis-
solved in 1% acetic acid solution, and further different doses 
of CEO were added to get the concentrations (CSNPS/CEO 
w/w at 1:0.25, 1:0.5, 1:0.75, and 1:1). The prepared CEO 
loaded nanoparticles were further sonicated at 50  Hz for 
30 min and used for experiments.

Further, Ne-CEO was filtered through a 0.2 μm filter and 
then characterized by SEM and FTIR [22, 23]. In brief, a 
transparent and clean glass plate was coated with 10 µL 
of CSNPS and Ne-CEO. The dried gold-coated samples 
were examined for morphology characteristics using SEM 
analysis. The functional interaction between the CSNPs 
and NE-CEO was analyzed using IR spectra range (400 to 
4000 cm–1) [22, 23].

Encapsulation Efficiency (EE), Loading Capacity (LC) 
and Control Release

The method of Hasheminejad et al.,2019 [24] was used for 
the estimation of EE and LC. Briefly, 10 mg of Ne-CEO was 
added in 5 mL aqueous hydrochloric acid (2 M) at 95oC for 
30 min. Thereafter, 1 mL methanol was added to the cooled 
sample and centrifuged at 3000 rpm for 5 min. Similarly, the 
blank sample (CSNPs) was prepared. The quantity of CEO 
loaded inside the CSNPs was estimated using absorbance 
maxima (281 nm and standard curve R2 = 0.998) of CEO by 
UV–vis spectrophotometer. The percent (%EE) and % LC 
were calculated following the equations:

% EE = (Mass of loaded CEO) / (Mass of initial CEO 
)×100.

% LC = (total amount of loaded CEO) /(Weight of 
freeze-dried sample ) ×100.

In-vitro release of CEO from CSNPs was estimated using 
the sample solution (20 mg of Ne-CEO) placed in a 5 mL 
solution containing 60% phosphate buffer saline + 40% 
absolute ethanol following the methods of Hosseini et al., 
2013 [25]. The mixture was vortexed and maintained at 
room temperature for 120 h At a regular interval (0–24 h), 
the solution mixture was centrifuged (11,000 rpm, 15 min) 
and the supernatant (200 µL) was collected to estimate the 
CEO release at 281 nm using a calibration curve and vol-
ume was maintain using an equal amount of PBS and 100% 
ethanol.

Determination of Minimum Inhibitory 
Concentration (MIC) Against Selected Molds and 
AFB1

The PDA medium diffused with the different concentrations 
(0.1-1.0 µL/mL) of free CEO and Ne-CEO was inoculated 
(% mm disc) with selected molds species such as Asper-
gillus flavus, A. niger, A. oryzae, A. ochraceus, Fusarium 
moniliformis, Alternaria alternata, and Curvularia lunata 
and kept in BOD incubators at 27 ± 2  °C for 7 days. The 
MIC is recorded with no discernible growth of test molds 
after 7 days [26].

For AFB1, 100 µL (106 spore/mL) of A. flavus was added 
to a liquid medium (SMKY) containing the desired concen-
tration of CEO and Ne-CEO (0.1-1.0 µL/mL) and kept in a 
BOD incubator for 10 days. Thereafter, the mycelia were 
harvested and the secreted AFB1 by the A. flavus (Sb-05) in 
liquid media was harvested by mixing of chloroform. Sub-
sequently, the chloroform layer containing the AFB1 was 
separated and evaporated in a water bath. Thereafter 5 mL 
methanol was added to the residue of AFB1 and 50 µL of 
this was spotted on the TLC plate along with the standard 
of AFB1 and developed in the solvent system (TIM: toluene 
(90): isoamyl alcohol (32): methanol (2) [27]. The blue color 
spot parallel to the standard of AFB1 on air-dried plates was 
examined under a UV trans-illuminator. The fluorescent 
spots parallel to standard on TLC plates were scraped and 
dissolved in methanol subjected to 5-minute centrifugation 
(5000 rpm). The supernatant (OD at 360 nm) was examined 
using a standard equation to quantify AFB1 following Tian 
et al., 2012 [28].

AFB1 content (µg/ml) =
D×M

E× L
× 1000

D = absorbance; M = 312 molecular weight of AFB1 E, 
extinction coefficient (21800) L = 1 cm.
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Investigating the Effect of Ne-CEO on the Utilization of 
Carbon Sources Using Biolog

The Biolog FF Microplate technique (94545, Hayward, CA) 
was applied to ascertain the effect of Ne-CEO on the utili-
zation of carbon sources. Three days old A flavus colonies 
grown on PDA medium culture plates was fumigated using 
the appropriate doses of Ne-CEO (0.4 µL/mL) in a BOD 
incubator (27 ± 2 °C) along with a control plate for 4 days. 
Following incubation, sterile cotton swabs were used to col-
lect A. flavus spores from both the treatment and control set 
and transferred to FF-inoculating fluid that had an adjusted 
75% transmittance value. Afterward, 100 µL of this was 
poured into Biolog FF Microplate and cultured for 7 days 
in a BOD incubator. After incubation absorbance (490 nm) 
was recorded by Biolog plate reader (Biolog, ELx808BLG, 
Biotek Instrument USA) and used for the estimation of car-
bon source utilization [31].

Assessing the Interactive Behavior of Major Components of 
CEO with Selected AFB1 Biosynthesis Gene

Using molecular docking techniques (AutoDock Vina), the 
predictive interactive behavior (receptor-ligand interaction) 
of 3D construct model of two transcriptional genes (recep-
tor protein Ver-1 and Nor-1) of AFB1 biosynthesis gene and 
major components of CEO as ligands (Cuminaldehyde, 
1,3-P-Menthadien-7-Al, and 1,4-p-Menthadien-7-al) was 
evaluated based on binding energy [19]. Visual screening 
and result interpretation were also conducted in the Discov-
ery Studio [19, 32].

Assessing the Preservative Effects of Ne-CEO in the 
Model food System (Arachis hypogaea)

The preservative effects of Ne-CEO against A. flavus growth, 
AFB1 secretion, and lipid peroxidation using Arachis hypo-
gaea were investigated using the methodology outlined by 
Kumar et al. [19]. To eliminate surface impurities, 500 g of 
A. hypogaea seed samples were sterilized (NaOCl 3%). The 
dried surface sterilized samples were mixed with the 5 mL 
(106 spore/mL) toxic spore of A. flavus before being sealed 
inside an airtight glass jar. Subsequently, the glass jars 
were fumigated with different concentrations (0.20, 0.40, 
and 0.80 µl/mL) of Ne-CEO for a period of six months at 
room temperature along with a control group that did not 
receive Ne-CEO fumigation. After six months of exposure, 
the quantity of AFB1 was investigated with the help of stan-
dard curve eq. (R2 = 0.988; Y = 1000x + 5011) using HPLC 
system equipped with a photo-diode-array detector C-18 
reverse phase column (250 mm × 4.6 mm × 5 μm), mobile 

Antifungal and AFB1 Inhibitory Mechanism of Action

Determination of Ergosterol Contents and Leakage of 
Membrane Cations

The 50 µL (106 spore/mL) of A. flavus spore suspension 
was inoculated in SMKY media treated with different doses 
of Ne-CEO (0.1–0.4 µL/mL) was kept in a BOD incubator 
at 27 ± 2 °C. After 5 days incubation biomass of A. flavus 
was collected and rinsed with PBS buffer and then the wet 
biomass was recorded. Briefly, following 5 days incubation, 
the mycelia were extracted, rinsed in sterile distilled water, 
and then transferred to a 5  ml solution of 25% alcoholic 
KOH solution and vortexed for two minutes. The sample 
was left in the 85 °C water bath for four hours. Then, 5 ml 
of n-heptane and 2 ml of sterile distilled water were added 
to each sample. The samples were vortexed for five minutes 
and kept at room temperature for two hours. The n-heptane 
layer was collected and examined using a UV-visible spec-
trophotometer between 230 and 300 nm [28]. The ergosterol 
content was calculated using the equation:

%Ergosterol = (A282/290− A230/518) /W

A = absorbance, W = Wet biomass of A. flavus.
Further, atomic absorption spectrometry (AAS) was used 

to detect the leakages of membrane cations (Ca2+, K+, and 
Mg2+). The A. flavus biomass (5 days old) was rinsed with 
PBS and then transferred to 0.85% saline solution (20 mL) 
for 12 h treated with (0.1–0.4 µL/mL). Thereafter, samples 
were filtered with Whatman filter paper 01, and then filtrates 
were used for examination of cation contents using AAS 
[29].

Effects of Ne-CEO on Cellular Antioxidant Defense System

The mycelia of A. flavus exposed to Ne-CEO (0.2 µL/mL) 
for 12 h were collected and crushed in liquid N2 and PBS. 
The crushed mycelia were subjected to ultra-centrifugation 
at 15000 rpm for 10 min and the supernatant was used for 
the estimation of SOD (based on auto-oxidation of querce-
tin (406 nm) and expressed in U/mg protein), CAT (break-
down of H2O2, molar extinction (43.6 mM− 1cm− 1), and GR 
(at 340 nm, extinction coefficient of 6.22 mM− 1 cm− 1 and 
expressed in U/mg protein) using the methods described by 
Sun et al.,2016 [30] and Kumar et al. [19]. The estimation 
of protein was done by Bradford’s method.
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reported as the major compound of CEO by other authors 
with variation in percent composition and some minor com-
pounds that could be due to geographical condition, varia-
tion in seasons, plant verities, and extraction protocol [35, 
36].

Synthesis and Characterization of Chistoan 
Nanoparticles (CSNPs) and Encapsulation of CEO

In brief, the method described by our group Kumar et al., 
2022 [19] was used to synthesize the chitosan nanoparti-
cles (CSNPs) and subsequent encapsulation of CEO. The 
CSNPs were prepared using chitosan dissolved in 1% gla-
cial acetic acid, mixed with cinnamic acid, and EDC. A 
cage-like structure associated with the self-aggregation of 
polar heads outside (Chitosan) and non-polar heads inside 
(cinnamic acid) in a polar environment (water) formed due 
to hydrophilic and hydrophobic interaction. Thereafter, the 
desired concentrations of CEO (1:0.25, 1:0.5, 1:0.75, 1:1 
w/w) were encapsulated inside the CSNPs using probe-type 
ultrasonication at 50 Hz for 30 min.

Morphology of Ne-CEO: SEM Analysis

The SEM analysis revealed that the CSNPs had a mean par-
ticle size (90.590 nm), whereas the Ne-CEO (92.357 nm) 
(Fig. 1a) and both were nearly spherical in shape, uniform 
and some extents of agglomerated lumps resembling dia-
monds shaped were observed that could be due to the clump-
ing of nanoparticles and varied sonication procedure. The 
size of the Ne-CEO was found larger than CSNPs which 
might be due to the loading of the CEO inside the central 
region of CSNPs. Because of its small size and spherical 
shape, Ne-CEO offers a larger surface area, which allows 
more efficient release of loaded CEO in the food matrix [37].

FTIR Analysis

Figure  1b depicted the spectral peaks of chitosan (CS), 
CSNPs, CEO, and Ne-CEO. The specific spectra of the chi-
tosan 1643 cm− 1 (amide 1) and 3367 –3243 cm− 1 (amide A 
and B) were also observed in CSNPs with a slight shift in 
wave numbers 1636 and 3397 − 3289 cm− 1 that might be 
occurs during the process of synthesis and sonication of pre-
pared CSNPs based on a combination of chitosan, cinnamic 
acid, and EDC. Further, the large number of spectral peaks 
in CEO suggested the complex volatile mixture components 
in crude CEO. In Ne-CEO, retention of chitosan-specific 
spectra 1636, 3531 − 3168, and closely related peaks of 
CEO 1462, 1408, 1310, 1210, 1170, and 1042 suggesting 
the loading of CEO inside the prepared CSNPs [22, 23].

phase (methanol 17: acetonitrile 19: water 64 v/v) and 1.2 
mL/min flow rate [15].

Further, both control and treated sets were used for direct 
plating and serial dilution for the estimation of A. flavus 
colonies to estimate the percent protection from A. flavus 
growth. The MDA content (a marker for lipid peroxida-
tion) was estimated using extinction coefficient (155 mM− 1 
cm− 1) and optical density at 532 nm and 600 nm [33].

Statistical Analysis

The data were generated in triplicate (Mean ± S.E.) and 
were analyzed by SPSS software 16.0 using one-way analy-
sis of variance (ANOVA), P value < 0.05 was considered as 
significant differences using Tukey’s multiple-range tests 
(SPSS Inc., IBM Corp.).

Results and Discussion

Isolation and Elucidation of Chemical Profile of CEO

The CEO was isolated from surface-sterilized seed samples 
by hydrodistillation method previously reported by our 
group [34]. The hydro-distillation is one of the most com-
mon and widely used methods for the isolation of essen-
tial oils from aromatic plants. After extraction, the yield 
(0.8%) of CEO was recorded and the chemical profile was 
investigated using GC-MS, revealed a total of 14 different 
volatile compounds comprising 94.49% of the oil (Table 1). 
The major components identified are cuminaldehyde 
(31.52%), followed by 1,4-p-Menthadien-7-al (30.59%), 
and 1,3-P-Menthadien-7-al (20.63%). The literature review 
suggested a positive correlation with the observation made 
in the present investigation as the cuminaldehyde was fairly 

Table 1  Chemical composition of Cuminum cyminum essential oil
S.N. Compounds Retention 

time (min)
Area 
(%)

1. o-Cymene 4.48 4.84
2. Eucalyptol 4.7 0.15
3. ç-Terpinene 4.92 5.11
4. Timnodonic acid 6.29 0.03
5. Terpinen-4-ol 6.77 0.13
6. 3-p-Menthen-7-al 6.96 0.85
7. Citronellol hydrate 7.11 0.24
8. Cuminaldehyde 7.65 31.52
9. Phellandral 8.16 0.11
10. 1,3-P-Menthadien-7-Al 8.28 20.63
11. 1,4-p-Menthadien-7-al 8.34 30.59
12. p-Cymen-7-ol 8.45 0.08
13. 1,4-Cyclohexadiene-1-methanol, 8.93 0.15
14. Dolichodial 9.37 0.06

Total 94.49
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the percentage of total available CEO encapsulated within 
CSNPs, whereas loading capacity refers to the amount of 
CEO loaded per mass of CSNPs. The results exhibited that 
the ratio 1:0.5 exhibited maximum EE%, whereas 1:0.75 
exhibited maximum loading capacity. After this ratio, both 
EC and LC show a decreasing trend that could be due to the 

Encapsulation Efficiency (EE%), Loading Capacity (LC%) and 
Control Release

The percentage encapsulation efficiency (EE%), and loading 
capacity (LC%) at various ratios of CSNPs and CEO (w/v) 
were presented in Table 2. Encapsulation efficiency refers to 

Fig. 1  Characterization of chitosan nanoparticles (CSNPs) and nanoencapsulated CEO (Ne-CEO) (a) SEM micrograph of CSNPs and Ne-CEO 
(b) FTIR spectra (c) Cumulative release
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Artemisia annua and Origanum vulgare EOs encapsulated 
with chitosan nanoparticles respectively [25, 38].

Determination of minimum inhibitory concentration 
(MIC) against molds growth and AFB1 production of free 
CEO and Ne-CEO.

Figure 2a illustrates the antifungal effect of free CEO and 
Ne-CEO against the growth A. flavus in terms of inhibition 
of mycelia dry weight, and AFB1 production. The minimum 
inhibitory concentration (MIC) value of Ne-CEO (0.4 µL/
mL) for fungal growth and aflatoxin B1 production was 
found to be lower than the unencapsulated CEO (0.7 µL/
mL). However, the chitosan nanoparticles (CSNPs) alone 
did not exhibited any significant inhibition of A. flavus 
growth up to 3.0 µL/mL. In the present investigation, thin-
layer chromatography (TLC) has been used for the detection 
of AFB1, as it is one of the widely used analytical techniques 
for the estimation of AFB1 at laboratory scale and accurate 
to detect at levels of 1 ng/g [39].The Rf value of AFB1 
standard and treated sets was observed at 0.71. Figure 2b 
summarizes the MIC values of CEO (0.6–0.8 µL/mL) and 

release of CEO adhere to the surface. Further, the release 
rate of CEO from CSNPs was investigated using a λmax 
with UV-spectrophotometer Fig.  1C. Initially, the CEO 
was released at a faster rate followed by slow release that 
could be associated with the aggregation and flocculation 
of the CEO on the surface of CSNPs. The observation was 
according to the previous reports that suggested the range of 
encapsulation efficiency percentage (40.16% and 21–47%) 
and loading capacity percentage (6.01% and 3–8%) for the 

Table 2  Encapsulation efficiency (%EE) and loading capacity (%LC) 
of CEO inside the chitosan nanoparticles (Ne-CEO)
CS-CEO ratio (w/w) EE (%) LC (%)
1: 0.25 23.86 ± 1.87a 2.07 ± 0.13a

1: 0.50 61.39 ± 1.17c 2.66 ± 0.16a

1: 0.75 55.58 ± 3.08c 6.46 ± 0.30c

1: 1.00 45.02 ± 2.30b 4.95 ± 0.17b

Value 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

Fig. 2  (a)Percentage inhibition of 
A. flavus growth and aflatoxin B1 
production (b), Minimum inhibi-
tory concentration of CEO and 
Ne-CEO against selected mold 
species
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investigation, the leakage of K+ is higher compared to other 
cations. Thus, the cumulative effects of a decrease in ergos-
terol and elevation of cation leakage lead to severe abnor-
malities in membrane structure and function [29] Thus, it 
could be concluded that Ne-CEO can disrupt the integrity 
of fungal cell membrane, and interfere with ergosterol bio-
synthesis leading to the elevation in leakage of intracellular 
materials (nucleic acids, lipids, and proteins), eventually 
leads to loss of cell’s osmotic balance resulting in growth 
inhibition.

Furthermore, the exposure of Ne-CEO 0.2 µL/mL to A. 
flavus causes a slight increase in the SOD activity (6.64%) 
followed by elevation of CAT and GR (134.33% and 
39.47%) enzymatic functioning has been observed (Fig. 3e, 
f, g). SOD is involved in the scavenging of superoxide anion 
(O2−), CAT in the reduction of H2O2, and GR catalyze the 
reaction GSSG to GSH. The elevation in the level of cel-
lular SOD can alter reactive hydroxyl radicals by triggering 
dehydrogenase activity resulting in the dysfunction of the 
respiratory system in the mitochondria and subsequent inhi-
bition of aflatoxin production [40]. The elevated antioxidant 
defence system (CAT and GR) could be the response of cell 
to reduce ROS-mediated cellular damage [41].

Ne-CEO (0.3–0.5 µL/mL) against the seven most prevalent 
storage molds of food commodities. The improved anti-
fungal and AFB1 inhibition potential of Ne-CEO over its 
free form could be because of the increased surface area of 
the nanoparticles which makes its effective attachment and 
entry at the cellular level. Furthermore, Ne-CEO exhibited 
a broad fungi toxic spectrum; hence, it could be used for 
the sustainable management of food-borne fungi and their 
associated biodeterioration.

Investigating the Antifungal and AFB1 Inhibitory 
Mechanism of Ne-CEO

Ergosterol is an essential and distinctive cellular component 
of the fungal cell membrane and regulates cellular integrity 
and homeostasis, and is often used as a biomarker for deter-
mining fungal biomass [15]. The results show a remarkable 
decrease in ergosterol content (29.71, 43.47, and 74.94%), 
at different doses of Ne-CEO (0.1 to 0.3 µL/mL) Fig. 3a. 
Furthermore, the elevation on leakage of selected mem-
brane cation (Ca++, K+, and Mg++) was also observed 
(Fig. 3.b). The literature reports suggested that K+ is a prev-
alent cation responsible for maintaining the charge balance, 
cellular homeostasis, and protein synthesis. In the present 

Fig. 3  Mode of action (a) percentage reduction of ergosterol content (b) Leakage of ion content (c, d, e) anti-oxidative defense system SOD, CAT, 
and, GR
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used to forecast the possible interaction of selected ligands 
(compounds) and receptors (genes). The interaction of 
selected compounds of CEO and the genes responsible for 
aflatoxin B1 production (Ver-1 and Nor-1) has been summa-
rized in Fig. 5. In the biosynthetic pathway of aflatoxin B1, 
the selected genes (Nor-1 and Ver-1) are accountable for the 
enzymatic conversion (norsolorinic acid to averantin), and 
(versicolorin A to dimethylsterigmatocystin which are two 
foremost important conversion steps in AFB1 biosynthesis. 
The results show that the cuminaldehyde exhibits strong 
binding affinity with the targeted receptor compared to 
1,3-P-Menthadien-7-Al and 1,4-p-Menthadien-7-al (Fig. 5). 
Hence, CEO could cause the impairment in the functioning 
of genes involved in AFB1 biosynthesis. However, further 
study warrants conducting molecular experiments using RT-
PCR to confirm the expression pattern of targeting genes 
using the compounds to validate the in-silico observation.

Assessing the efficacy of Ne-CEO against the A. flavus 
and AFB1 contamination using the model food (Arachis 
hypogaea) system.

The results of FF microplate Biolog test revealed that the 
Ne-CEO (0.4 µL/mL) alters catabolism of different carbon 
source in A. flavus. The utilization patterns of monosaccha-
rides and disaccharides carbon sources were summarized in 
Fig. 4. The decrease in carbon source utilization compared 
to control may hamper the various biochemical pathways 
(Krebs cycle, pentose phosphate, and glycogen metabo-
lism) often required for cellular growth, and metabolism 
[42]. Thus, it has been concluded that Ne-CEO imposes the 
antifungal effects associated with the damages in cell-mem-
brane impairment in antioxidant defence and carbon source 
utilization patterns.

Interactive Effects of Major Compounds of CEO with the 
Selected Genes of AFB1 Biosynthesis

The possible interaction of the major compounds (cuminal-
dehyde, 1,4-p-Menthadien-7-al, and 1,3-P-Menthadien-7-al) 
of CEO with the transcriptional genes (Ver-1 and Nor-1) of 
AFB1 biosynthesis was explored using the molecular dock-
ing experiment. The molecular docking experiment is often 

Fig. 4  Effect of Ne-CEO on 
carbon sources metabolism (a) 
monosaccharide C- sources (b) 
Disaccharide C- sources
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peroxidation often generate as a by-product of lipid peroxi-
dation during the process when free radicals react with lip-
ids (fats) in cell membranes. Hence, the presence of MDA 
is often used as a marker for lipid peroxidation in food sys-
tem. Compared to control a sharp decline in MDA content 
was observed (Fig. 6b) thus, revealed the potential of CEO 
against the lipid peroxidation.

The potential of CEO as in-situ preservative agents for 
Arachis hypogaea seed samples against the growth and 
AFB1 production by A. flavus has been studied and the find-
ings are displayed in Fig. 6a, b. Ne-CEO (0.4 µL/mL) com-
pletely protected the Arachis hypogaea seed samples from 
AFB1 contamination (100%) and A. flavus growth (92.27%) 
Fig. 6a. The malondialdehyde (MDA), a biomarker of lipid 

Fig. 6  In-situ practical efficacy of 
Ne-CEO (a) percentage inhibi-
tion of fungal growth and AFB1 
contamination using Arachis 
hhypogea model food system (b) 
MDA content

 

Fig. 5  In-silico interaction of major compounds of CEO with Ver-1 and Nor-1 genes involved in AFB1 biosynthesis genes: Binding energy and 
ligands (a) interaction of ligands with different amino-acid residues (b)
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Conclusion

The study reports the potential of CSNPs as an encapsulat-
ing wall material for Cuminum cyminum essential oil (CEO) 
to improve its antifungal, anti-aflatoxigenic and preservative 
effects. In addition, a significant increase in the inhibitory 
effects of Ne-CEO against the growth of molds and AFB1 
has been reported compared to free CEO. The probable tox-
icity mechanism of Ne-CEO was linked with impairment in 
membrane function (decreased ergosterol and increased cat-
ion leakage), antioxidant defenses, carbon metabolism, and 
transcriptional genes (Ver-1 and Nor-1) involved in AFB1 
biosynthesis. Furthermore, the Ne-CEO protects the biode-
terioration of A. hypogaea seed samples mediated through 
the growth of toxigenic A. flavus, strengthens the potential 
of Ne-CEO as a plant-based antifungal agent to enhance the 
shelf-life of food commodities. However, further studies are 
required regarding the effective dose standardization and 
their effect on organoleptic properties and nutrient profile of 
treated food commodities before its industrial application as 
a green preservative agent.
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