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Abstract
In this study, the effect of cinnamon essential oil (CEO) at 0.3 and 0.6 mg/mL concentrations loaded in the nanostructured 
lipid carriers (NLC) against Penicillium citrinum and Penicillium expansum involved in tangerine decay was investigated. 
The minimum inhibitory concentrations (MIC) of the CEO and CEO-loaded NLC against both P. citrinum and P. expansum 
were about 0.425 and 1 mg/mL, respectively. Moreover, the minimum fungicidal concentrations (MFC) of the CEO and 
CEO-loaded NLC were 0.675 and 1.5 mg/mL, respectively, and the values were approximately the same for P. citrinum and P. 
expansum. According to the chemical and sensory analysis during 25 days of storage at 25 °C, the CEO-loaded NLC reduced 
the weight loss (from 30.7 to 26.3% and 27.1% at 0.3 and 0.6 mg/mL CEO, respectively) and there was no detrimental effect 
on the organoleptic and chemical properties such as titratable acidity, pH, TSS, and ascorbic acid content due to the treatment 
with CEO-loaded NLC. The tangerines were inoculated with P. citrinum and P. expansum spores and the percentage of the 
infected wounds were evaluated during 25 days of storage at 25 °C. The fungal spoilage of tangerine fruits reduced during 
storage, significantly (from 100% on the 10th day to 31% and 33% on day 25 for P. citrinum and P. expansum, respectively). 
Therefore, CEO-loaded NLC has the potential to be introduced as a new treatment for increasing tangerine shelf life.
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Introduction

Half of the world’s fruit and vegetable crops are lost due 
to postharvest deterioration (Echegoyen & Nerín, 2015). 
The citrus fruits are an economically important group of 
crops cultivated extensively in the world. Due to the low pH 
(Pérez-Alfonso et al., 2012), these fruits are susceptible to 
numerous postharvest fungal diseases. Penicillium expan-
sum is one of the fungi responsible for postharvest losses of 
apples, pears, cherries, and citrus fruits. The fruits decayed 
by P. expansum have a penetrating, pungent, and earthy 
odor (Mattheis & Roberts, 1992). In addition, the mold fruit 
decay caused by Penicillium citrinum is difficult to control 

because of its ability to germinate at temperatures between 
0 and 35 °C and proliferate by the mycelial growth (Wang 
et al., 2011). Although synthetic chemical fungicides can 
control certain diseases effectively, the use of fungicides to 
control the postharvest deterioration has been restricted due 
to their high and acute residual toxicity, long degradation 
period, environmental pollution, and adverse effects on food 
and possible side effects on human health (Tao et al., 2014). 
Hence, current research aims at developing alternative strat-
egies for reducing the use of chemical additives in the food 
industry. In this context, the environmentally friendly plant 
extract agents, such as essential oils (EOs), have been shown 
great potential as alternatives to synthetic fungicides in the 
disease control or quality maintenance in tomatoes (Soylu 
et al., 2010), blueberries (Mehra et al., 2013), strawberries 
(Shao et al., 2013), avocadoes (Sellamuthu et al., 2013), 
ground beef (Almasi et al., 2020a, 2021), chocolate milk 
(Divya & Varadaraj, 2012), pork meat products (Bonilla 
et  al., 2014), beef burgers (Ghaderi-Ghahfarokhi et  al., 
2016), fresh-cut apple (Amiri et al., 2018), fresh-cut orange 
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(Radi et al., 2017a), palm date (Akhavan et al., 2021), sweet 
cherry fruit (Abdipour et al., 2020), cucumber and straw-
berry (Almasi et al., 2020b), and citrus (Fan et al., 2014).

Essential oils are volatile, natural, and aromatic oily liq-
uids that can be obtained from several parts of the plants, 
especially the aerial ones as leaves and flowers (Ribeiro-
Santos et al., 2018). Cinnamon (Cinnamomum zeylanicum) 
EO (CEO) is well known for its antimicrobial activity and 
has demonstrated high fungicidal activity against Fusarium 
moniliformae (Rodriguez et al., 2008). Cinnamon EO is rich 
in cinnamaldehyde (CA) as well as β-caryophyllene, lin-
alool, and other terpenes. Cinnamaldehyde is the major con-
stituent of the cinnamon bark oil and provides the distinctive 
odor and flavor associated with cinnamon. Cinnamalde-
hyde, linalool, eugenol, and 1,8 cineol have been reported 
as active components in inhibiting the growth of Monilia, 
Botrytis, and Mucor. Cinnamon EO is used worldwide as a 
food additive and flavoring agent. Cinnamon extract inhibits 
the growth of Aspergillus parasiticus, Endomyces fibuliger, 
Penicillium sp., and Pichia anomala (Tzortzakis, 2009).

Although EOs have been proved to be good antifungal 
agents, their use in maintaining the fruit quality and reduc-
ing the decay development is often limited, resulting from 
their high application costs and such disadvantages as high 
volatility, strong flavor, and potential toxicity (Amiri et al., 
2013). Using carriers such as nanostructured lipid carri-
ers (NLC) is an effective method for solving some of these 
problems as well as in controlling the fruit fungal disease 
by lowering the diffusion processes and maintaining high 
concentrations of the active molecules on the fruit surface 
(Aloui et al., 2014; Bagheri et al., 2019a).

Nanostructured lipid carriers refer to the nanoscale size 
particles that are prepared with lipids that remain solid at 
room temperature (Bilia et al., 2014). For manufacturing 
NLCs, lipids with very differently structured (sized) mol-
ecules can be used. Therefore, these systems are proper medi-
ums for the entrapment of lipophilic compounds (Bagheri 
et al., 2019b). Nanostructured lipid carriers have good load-
ing capacity because of their heterogeneous lipid structures 
which hamper crystallization and provide enough space for 
retaining the active compounds (Pardeike et al., 2009). It 
has been proved that these nano-capsules can protect labile 
compounds such as tocotrienol and retinoids from degrada-
tion (Ali et al., 2010a). Nanoscale particles provide a large 
surface area (comparing to micro-particles) which is impor-
tant for maintaining the balance between effective release 
and retention of compounds. Several studies also showed that 
the incorporation of volatile compounds into the nanoscale 
particles prevents their rapid evaporation (Karrimi Khorrami 
et al., 2021; Lai et al., 2006). The advantage of using coatings 
amended with EOs rather than vapor is that there is closer 
contact between the EO and the fruit surface, allowing expo-
sure of each fruit to similar concentrations of the inhibitor 

over a longer period (du Plooy et al., 2009). du Plooy et al. 
(2009) revealed that Lippia scaberrima EO (at 0.25%) in 
combination with carnauba tropical wax has provided either 
100% (preventive treatment) or 95% (curative treatment) 
of the disease control against the citrus fruit P. digitatum 
infection.

To the best of our knowledge, there has been no published 
report regarding the use of NLC as the carrier of CEO in 
the field of postharvest (except for one on date palm fruit 
performed by Akhavan et al. (2021)) and moreover the effect 
of CEO to inactivate P. citrinum and P. expansum. The NLC 
systems have been extensively studied in pharmaceutical 
field for several years but there are a limited number of stud-
ies in food field. This is mostly because of the very limited 
number of ingredients which can be used in the formulation 
of NLCs and are legally permitted in foods. By introducing 
NLCs in food science in recent years, an increasing number 
of researches would be performed in near future. Therefore, 
the aim of this study was to determine the effect of CEO 
loaded in NLC against P. citrinum and P. expansum (as two 
of the major postharvest pathogens of the citrus fruits) in 
order to increase the tangerine shelf life with an emphasis on 
the potential use of this system as an alternative antifungal 
compound in the future.

Materials and Methods

Materials

Cinnamon plant barks were obtained from a local market 
in Shiraz. Phenolphthalein, ascorbic acid, metaphosphoric 
acid, NaOH, and all other chemicals were purchased from 
Merck (Darmstadt, Germany).

Fungal Strain

The pathogen Penicillium citrinum (PTCC 5304) was pur-
chased from the Persian Type Culture Collection (PTCC) 
and the spores of P. expansum were isolated from an infected 
tangerine fruit and routinely cultured on the potato dextrose 
agar (PDA) for 7 days at 25 ± 2 °C. Spores suspensions 
were prepared using sporulating 3-week-old cultures in 
sterile distilled water and its concentration was determined 
with a hemocytometer and adjusted at the concentration of 
105 CFU/mL for inoculation experiments.

Preparation of CEO

The cinnamon bark powder was distilled in a Clevenger-
type steam distillation apparatus for 2 h. The obtained EO 
was separated from the aqueous phase solution, dried with 
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sodium sulfate, and stored at 4 °C until used (Lai et al., 
2006).

Preparation of NLC

For the preparation of NLC, the CEO was dissolved in the 
melted purified edible tallow (30% w/w) at 85 °C and the 
CEO-loaded lipid (2%) was dispersed in a hot Tween 60 
aqueous solution of 5% (w/w). The mixtures were stirred 
with an Ultra-Turrax (T18, IKA, Germany) for 5 min at 
8000 rpm. The obtained pre-emulsion was then homog-
enized (Lab-60 high-pressure homogenizer, APVGaulin, 
Germany) for three cycles at 90 °C (Lai et al., 2006) and 
the pressure of 800 bars. The final aqueous concentration 
of obtained NLC was 2% containing 0.6 mg/mL CEO. This 
dispersion was diluted with distilled water to the concentra-
tion of 1% NLC which corresponds to 0.3 mg/mL CEO.

Particle Size Analysis of NLC

The particle size analysis of NLC was measured based on 
the dynamic light scattering technique using a nano-particle 
size analyzer instrument (LB-550, Horiba, Japan) (Mozaffar 
et al., 2021).

Scanning Electron Microscopy (SEM)

The CEO-loaded NLC sample (1%) was diluted 1000 times 
with distilled water for better observation of individual 
particles. Afterward, the sample was placed on a glass 
lamella (1.5 × 1.5 cm) and allowed to dry at room tem-
perature (25 °C). It was then sputter-coated with gold and 
examined under a field emission scanning electron micro-
scope (WEGA3 SB, TSCAN, Czech Republic) operating at 
an accelerating voltage of 20 kV and the magnification of 
35,000 × (Akhavan et al., 2021).

The Minimum Inhibitory Concentration (MIC) 
and Minimum Fungicidal Concentration (MFC) 
of CEO and CEO‑Loaded NLC

The MIC and MFC of the CEO and CEO-loaded NLC 
against P. citrinum and P. expansum were determined by 
broth dilution method in the test tubes as follows: 50 μL 
from the various dilutions of CEO and CEO-loaded NLC 
was added to 5 mL of the sterile yeast extract sucrose broth 
tubes containing 105 CFU/mL. The tubes were then incu-
bated on an incubator shaker (Benchtop, Oj-Azma Plast, 
Tehran, Iran) at 25 °C for 24 h. The highest dilution (the low-
est concentration), showing no visible growth, was regarded 
as MIC. The tubes showing no growth were sub-cultured on 
potato dextrose agar plates to determine if the inhibition was 
reversible or permanent. Minimum fungicidal concentration 

was determined as the highest dilution (the lowest concentra-
tion) at which no growth occurred on the plates (Rammanee 
& Hongpattarakere, 2011). Trials were performed to find the 
ranges of effective dilutions; after which the ranges were 
focused twice for precise determination of MIC and MFC.

Plant Materials and Treatments Conditions

Tangerine fruits (Jahromi variety), uniform in size, ripeness, 
and color, free of physical injury, and signs of infection, 
were harvested from a local orchard, washed with sodium 
hypochlorite solution (20 mg/L), and allowed to dry at room 
temperature. The treatments were performed the day after 
harvest. Four treatments were considered, including the con-
trol (without any treatment), plain CEO at the concentration 
of 0.3 mg/mL, CEO-loaded NLC containing 0.3 mg/mL of 
CEO, and CEO-loaded NLC containing 0.6 mg/mL of CEO. 
The treatment of tangerines with plain CEO at the concen-
tration of 0.6 mg/mL was not performed due to its severe 
and improper odor created in the fruits. Therefore, the fruits 
were dipped into CEO and NLC solutions for 1 min and after 
dripping, allowed to dry at room temperature. For each treat-
ment, the fruits were divided into three parts. One part was 
inoculated with P. citrinum, the other was inoculated with P. 
expansum spores for evaluation of infection percentages, and 
the third part included the intact fruits with no inoculation 
for evaluation of physicochemical characteristics.

To perform inoculation, the fruits were wounded (2 mm 
deep and 2 mm wide) with a sterile nail, with three equatorial 
wounds per fruit. Then the wounded sites were inoculated 
with aliquots (20 µL) of spore suspensions (1 × 105 CFU/
mL) and allowed to dry at room temperature. The fruits were 
then examined for infections, chemical, and sensory charac-
terization during 25 days of storage at 25 ± 1 °C and 92 ± 2% 
relative humidity. Each treatment comprised four replicate 
boxes, each containing 40 fruits.

Weight Loss

The weight loss was calculated by using Eq. 1:

where A is the initial weight of the fruits and B is the fruit 
weight after the storage period (Amiri et al., 2021).

Degree of Fruit Spoilage

The number of infected or spoiled fruits was recorded peri-
odically to assess the effect of CEO-loaded NLC on retard-
ing fruit spoilage and the results were reported as the per-
centage of infected wounds (infected wounds of more than 

(1)Weight loss(%) = (A − B)∕A × 100
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3 mm in diameter were considered positive) (Eq. 2) (Radi 
et al., 2010):

Determination of the Titratable Acidity, pH, Total 
Soluble Solids (TSS), and Ascorbic Acid Content

The titratable acidity was assessed by titration with sodium 
hydroxide (0.1 N) and the results were expressed as the per-
centage of total acids. For pH measurements, 50 g of tange-
rine fruits was mixed with deionized water (1:20 w/v) and 
homogenized for 1 min. Then pH value was measured using 
a digital pH meter (MA235 model, Mettler-Toledo Interna-
tional Inc., Switzerland) at 20 °C. Total soluble solids were 
measured using a digital refractometer (Abe model Atago, 
NAR-3 T, Japan) at 20 °C. The ascorbic acid content was 
measured by titration using 2, 6-dichlorophenol-indophenol 
(Amiri et al., 2021).

Sensory Analysis

Sensory analysis was carried out by 33 selected panelists 
using a 5-point hedonic scale. Undamaged fruits (free 
of physical injury and signs of infection) were randomly 
selected and served on the white plates. The comparison 
was performed among the treatments (control, free CEO, 
NLC + 0.3 g/L CEO, and NLC + 0.6 g/L CEO) on days 0, 
10, and 25. The sensory quality of fruits was evaluated for 
peel color, tangerine odor with peel, tangerine taste without 
peel, and overall acceptability (Marpudi et al., 2011). The 
peel color was scored from deep orange (score 5) to pale 
yellow (score 1). The whole tangerine odor, flesh taste, and 
overall acceptability were scored from like extremely (score 
5) to dislike extremely (score 1).

Statistical Analysis

The SPSS 16.0 software (Team EQX, USA) was used for 
data analysis. The mean values were calculated and reported 
as the mean ± standard deviation (SD). The data were ana-
lyzed by the one-way analysis of variance (ANOVA) and 
further by Duncan’s multiple range test and differences at 
P < 0.05 were considered as significant.

Results and Discussion

Morphology and Particle Size Analysis of NLC

The particle size distribution of NLC is shown in Fig. 1. 
The particle sizes of NLC ranged from 16 to 220 nm with 

(2)Spoilage percentage = (The number of fruits with infected wounds∕Total number of fruits in each box) × 100

an average size of 94.9 nm and the span of 1.154. This result 
was very close to the reports of Karrimi Khorrami et al. 

(2021) and Bagheri et al., (2019a, 2019b) on NLC, Akhavan 
et al. (2021) on CEO-loaded NLC, and Almasi et al. (2021) 
on thyme oil-loaded microemulsion. The scanning electron 
micrograph of CEO-loaded NLC (Fig. 2) showed spherical 
nanoparticles with a smooth surface and a relatively narrow 
size distribution (according to DLS measurement). The lipid 
nanoparticles give the EO the opportunity to be homogene-
ously distributed throughout the interior of a film or a food 
medium as well as on the desired surfaces unlike the free EO 
(Karrimi Khorrami et al., 2021). Karrimi Khorrami et al. 
(2021) reported that the spherical structure of NLCs cre-
ated greater surface roughness and porous structure in the 
alginate films.

The results of this study were also confirmed by Akhavan 
et al. (2021), Wang et al. (2012), and Tiyaboonchai et al. 
(2007). The micrograph was consistent with the result of 
particle size analysis.

MIC and MFC of CEO and CEO‑Loaded NLC

The minimum inhibitory concentration and MFC values 
of CEO and NLC are shown in Table 1. The MFC values 
were significantly greater than the MIC values. The obtained 
MIC and MFC values of CEO and CEO-Loaded NLC were 
not significantly different for P. citrinum and P. expan-
sum, respectively. The MIC and MFC values were 0.425 
and 0.675 mg/mL, respectively, for CEO. These values for 
CEO-loaded NLC were more than two folds higher than free 
CEO for both molds (about 1.0 and 1.5 mg/mL for MIC 
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Fig. 1   The particle size distribution of the CEO-loaded nanostruc-
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and MFC, respectively). Cinnamon EO antifungal activity 
may be due to the bioactivity of CA (Xu et al., 2011), and 
also eugenol (Kouassi et al., 2012), as the main compounds 
of CEO are cinnamaldehyde (42–82%), eugenol (1–11%), 
cinnamic alcohol (8%), cinnamic acid (10%), cinnamyl ace-
tate, o-methoxycinnamaldehyde, benzyl benzoate, linalool, 
and safrole (up to 2%) (Kouassi et al., 2012). Aldehydes 
are known to possess powerful antimicrobial activity. It 
has been proposed that an aldehyde group conjugated to a 
carbon-to-carbon double bond is a highly electronegative 
arrangement. Such electronegative compounds may interfere 
in biological processes involving electron transfer and react 
with vital nitrogen components, e.g., proteins and nucleic 
acids, and therefore inhibit the growth of the microorganism 
(Ranasinghe et al., 2003). The inhibitory activity of CEO 
against fungi has also been proved by other researchers. For 
filamentous fungi (three Aspergillus spp. and one Fusarium 
sp.), the MICs of CEO and CA from the Chinese medicinal 

herb Cinnamomum cassia bloom were ranged from 75 to 
150 μg/mL (Ooi et al., 2006). Tzortzakis (2009) showed 
that CEO reduced the spore germination and the germ tube 
length in Colletotrichum coccodes, Botrytis cinerea, and 
Rhizopus stolonifer. This researcher declared that these 
antifungal effects were dependent on the oil concentration. 
Cinnamon leaf volatile oil, found by Singh et al. (2007), was 
100% effective against Aspergillus niger, A. flavus, Fusarium 
moniliforme, Fusarium graminearum, P. citrinum, and Peni-
cillium viridicatum.

As described above, the MIC and MFC values for CEO-
loaded NLC were more than two folds higher than the plain 
CEO. This shows that CEO was efficiently entrapped in the 
solid lipid matrix of nanoparticles and all of the EO was 
not available at the experiment time. The entrapped EO can 
act as a reservoir during the storage period of fruits and 
may compensate the vaporized or diffused CEO, maintain-
ing the required concentration for inhibiting the growth of 
molds. Shi et al. (2012) loaded frankincense and myrrh EOs 
into NLCs and stated that the evaporation loss of the active 
components was reduced in the NLCs. In another research, 
the rapid evaporation of Artemisia arborescens L. EO was 
reduced as the result of the incorporation of the EO into 
NLC (Lai et al., 2006).

The Effect of the CEO‑Loaded NLC on Weight Loss 
During Storage

The postharvest weight changes in fruits and vegetables are 
usually due to the loss of water and the consumption of car-
bohydrates through transpiration and respiration processes 
(Amiri et al., 2021). The loss of water can lead to wilting and 
shriveling, which both reduce a commodity’s marketability 
(Fawole et al., 2012). The results of weight loss are shown 
in Fig. 3. The CEO-loaded NLC showed a significant effect 
on the weight loss of the tangerine fruits in comparison with 
the control and CEO samples. The reduction percentages 
of weight loss at 0.3 mg/mL CEO concentration were 22.9, 
17.1, 4.5, and 14.2%, respectively, on the storage days of 
10, 15, 20, and 25 in comparison with the control sample. 
The weight loss of 0.6 mg/mL and 0.3 mg/mL samples did 
not exhibit a significant difference during the storage time. 
Maximum percentages of weight loss were related to the 

Fig. 2   Scanning electron micrograph of CEO-loaded nanostructured 
lipid carriers shows spherical nanoparticles with smooth surface. The 
scale represents 1 μm

Table 1   Minimum inhibitory concentration (MIC) and minimum fungicidal concentration (MFC) of free cinnamon essential oil (CEO) and 
CEO-loaded nanostructured lipid carriers (NLC) against P. citrinum and P. expansum 

* Mean ± standard deviation (n = 3). The same letters in each column indicate insignificant differences (p < 0.05)

Free CEO CEO-loaded NLC

MIC (mg/mL) MFC (mg/mL) MIC (mg/mL) MFC (mg/mL)

Penicillium citrinum 0.425a* ± 0.018 0.675a± 0.029 1.010a ± 0.817 1.500a ± 0.070
Penicillium expansum 0.424a ± 0.043 0.673a ± 0.071 0.990a ± 0.478 1.490a ± 0.043
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control and CEO samples throughout storage (Fig. 3) and 
no significant differences were observed between these two 
samples (p ≥ 0.05).

Coatings form a semi-permeable barrier to water vapor and 
gas exchange, leading to weight loss reduction, respiration 

rate modification, and senescence delay of the coated produce 
(Hosseinifarahi et al., 2020). It is well known that lipid-based 
coatings such as waxes are effective against weight loss due 
to their apolar nature and good water barrier property (Garcia 
et al., 2000). Subsequently, the incorporation of sunflower 
oil as an apolar compound into a starch-based film (Garcia 
et al., 2000) or walnut oil into a whey protein isolate film 
(Galus & Kadzińska, 2016) reduced the water vapor perme-
ability of coatings. Therefore, the incorporation of EOs as a 
source of non-polar and volatile compounds into the espe-
cially lipid-based coatings can keep high concentrations of 
EOs for extended periods of time from one side and gives 
better results in decreasing the water vapor permeability of 
coatings as well as reducing the levels of blue and green rots 
than that of the free EO at the same concentration from the 
other side (Kouassi et al., 2012). Acevedo-Fani et al. (2015) 
incorporated sage EO nanoemulsion into an alginate-based 
film and reported that the water vapor resistance of the film 
was improved. In a study conducted by Istúriz-Zapata et al. 
(2020), nanostructured coatings of chitosan containing CEO 
and CA could effectively reduce the weight loss of cucumber. 
Akhavan et al. (2021) declared that the application of CA-
loaded NLC on the date palm fruit effectively reduced the 
weight loss of the samples. The weight losses of banana and 
papaya fruits treated with 0.4% cinnamon oil were 25.89 and 
28.56%, respectively, after 28 days of cold storage, while con-
trol sample weight losses of banana and papaya were 32.14 
and 38.12%, respectively (Maqbool et al., 2011).

On the other hand, it is said that ultra-fine materials such 
as nanoparticles exhibit a distinct adhesiveness to surfaces. 
The particles adhering to the surface may lead to film for-
mation and therefore, to an occlusion effect. The occlusion 
can increase by decreasing the particle size (Muller et al., 
2007). It is confirmed that nanoparticles are 15-folds more 
occlusive than microparticles. This higher occlusion may 
result in lower water loss which encourages the research-
ers to use lipid nanoparticles-containing formulations for 
dermal application and skin hydration (Pardeike & Muller, 
2006). The SEM micrograph of CEO-loaded NLC (Fig. 2) 
showed that the particles made a good coverage (although 
the NLC solution was diluted 1000 times for microscopy). 
Subsequently, the small size of NLC particles ensures close 
and wide contact to the surface of the tangerines and may 
decrease the amount of water loss.

Effect of CEO‑Loaded NLC on Fruit Spoilage During 
Storage

The effect of CEO-loaded NLC on the postharvest decay of 
tangerine fruits inoculated by P. citrinum and P. expansum 
was investigated and the results are shown in Fig. 3. Con-
trol samples showed 87.3 and 92.6% decay on day 5 for P. 
citrinum and P. expansum respectively, while on day 10, the 
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decay percentage reached 100%. The CEO and CEO-loaded 
NLC at two used concentrations decreased the decay per-
centages significantly (p < 0.05). At 0.6 mg/mL CEO con-
centration, the spoilage percentages of inoculated fruits by 
P. citrinum were 0.0, 2.2, 15.6, 24.5, and 31.1% on storage 
days of 5, 10, 15, 20, and 25, respectively. On the same days, 
spoilage percentages were 8.9, 42.3, 71.2, 77.8, and 93.4, 
respectively, for 0.3 mg/mL CEO concentration. The higher 
CEO concentration was significantly effective in decreasing 
spoilage and increasing tangerine shelf life.

Also, the spoilage percentages of P. expansum inoculated 
fruits which were treated with 0.6 mg/mL CEO-loaded NLC 
were 0.0, 4.5, 17.8, 31.1, and 33.4%, respectively, on the 
storage days of 5, 10, 15, 20, and 25, while for the fruits 
treated with 0.3 mg/mL CEO-loaded NLC, the values were 
11.2, 42.2, 82.2, 97.8, and 100% on the same storage days. 
Like the effect of CEO-loaded NLC on inoculated fruits by 
P. citrinum, the higher CEO concentration was more effec-
tive in the reduction of P. expansum spoilage. Moreover, the 
CEO-loaded NLC was more potent in reducing the infec-
tion caused by P. citrinum than P. expansum. Regarding free 
CEO, the spoilage percentages of the sample were initially 
quite similar to that of the 0.3 mg/mL CEO-loaded NLC (up 
to the 10th day). But after that, the spoilage percentages of 
CEO sample were higher than 0.3 mg/mL CEO-loaded NLC 
for both examined molds and were less than the control sam-
ple until the 15th day. This may be due to the controlled grad-
ual release of EO in the NLC samples over time compared to 
the free CEO sample (Akhavan et al., 2021). A look back to 
the MIC and MFC results (Table 1) may support this hypoth-
esis, as the CEO loaded in NLC particles showed higher 
MIC and MFC than free CEO but better results obtained by 
using 0.3 mg/mL CEO-loaded NLC than the free form. This 
was while it could be anticipated that the free CEO be more 
effective. This can be related to the loss of CEO as the result 
of evaporation, diffusion into the fruit cells, and also non-
uniform distribution of CEO micro-droplets on fruit surface 
in comparison with NLC nanoparticles.

Wang et al. (2005) reported that CA has a conjugated 
double bond and a long CH chain outside the ring, resulting 
in higher antifungal activity. Besides, the hydroxyl groups 
in the antimicrobial compounds could form hydrogen bonds 
with active enzymes affecting the biosynthesis of mycotox-
ins, resulting in deactivation (Xu et al., 2011). According to 
Roller and Seedhar (2002), CA was very effective in reduc-
ing the viable counts of the natural microflora of kiwifruit 
when used at 0.15–0.75 mg/mL in a dipping solution. Ali 
et al. (2014) demonstrated that CEO and propolis extract 
decreased the severity score and disease incidence in chilli. 
Istúriz-Zapata et al. (2020) demonstrated that chitosan coat-
ing containing CEO or CA enhanced the postharvest quality 
of cucumber by indicating antifungal activity against Fusar-
ium solani. Xing et al. (2012) reported that the antifungal 

activity of clove oil on orange decay caused P. citrinum was 
improved with increasing the oil concentration. The antifun-
gal activities of cinnamon extract were evaluated on banana 
crown rot fungi (Colletotrichum musae, Fusarium spp., and 
Lasiodiplodia theobromae) in vitro. Cinnamon extract com-
pletely inhibited conidial germination and mycelial growth 
of all fungi at 5.0 mg/mL (Win et al., 2007). Perumal et al. 
(2017) confirmed the inhibitory effect of thyme, clove, and 
cinnamon EOs against Colletotrichum gloeosporioides 
and Lasiodiplodia theobromae (the major fungal diseases 
of mango). It has been reported that the mixtures of clove 
and cinnamon leaves successfully inhibited the growth of 
L. monocytogenes (Cava-Roda et al., 2012). Leaf and seed 
extracts of huamuchil (Pithecellobium dulce) had fungi-
cidal effects on sporulation and mycelial growth of Botrytis 
cinerea, Penicillium digitatum, and Rhizopus stolonifer of 
strawberry fruit (Bautista-Baños et al., 2003). Akhavan et al. 
(2021) reported that the mold count in the treated CA-loaded 
NLC dates reduced by about 3.5 log CFU/g compared with 
the control. Zhu et al. (2013) controlled green mold decay 
of citrus fruit by using the combination of Rhodosporid-
ium paludigenum and sodium bicarbonate. Chitosan–CEO 
coating delayed the appearance of sweet peppers’ surface 
decay in comparison to uncoated sweet peppers. The decay 
percentage of coated peppers was below 5% at the end of 
storage, whereas the uncoated samples showed the highest 
decay incidence (34%) (Xing et al., 2011). There are many 
other reports declaring the influence of EOs on reducing 
postharvest decay of fruits and vegetables, but there is a lack 
of research in using NLC as carriers of EOs in this regard.

Titratable Acidity, pH, and TSS Changes During 
Storage

Titratable acidity, pH, and TSS were measured during stor-
age and the results are shown in Fig. 4. The acidity of fruits 
is an important characteristic to determine their quality 
and acceptability. Very high or very low acidity values are 
not recommended for qualified fruits (Sophia et al., 2014). 
Titratable acidity (Fig. 4a) decreased in all samples dur-
ing storage and reached from 0.83 to 0.50 after 25 days of 
storage. Free CEO and the CEO-loaded NLCs showed no 
significant effect on titratable acidity. Reduction in fruits’ 
titratable acidity during storage is due to the conversion of 
acids into sugars and their further utilization in the meta-
bolic processes of the fruits (Sophia et al., 2014). Tange-
rine fruits’ pH values (Fig. 4b) were increased in all of the 
samples during storage as a result of decreasing acidity and 
reached from ~ 3.20 on day 0 to about 3.85 on day 25. In 
this regard, no significant difference was observed among 
the samples (p ≥ 0.05).

A gradual significant increase of TSS was observed for 
all of the treatments (from 11.2 to about 15.0%) but there 
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was not any significant difference among the samples 
(Fig. 4c) during the storage time (p ≥ 0.05). Total soluble 
solid changes may be related to respiration, ripeness, and 
water loss during storage (Jiang et al., 2005). Respiration in 

the fruit tissue causes a continuous decrease in the oxygen 
concentration and an increase in the carbon dioxide con-
tent over time; meanwhile, organic acids are consumed and 
converted to simple sugars during respiration, resulting in a 
decrease in TA and an increase in TSS and pH (Amiri et al., 
2021). This was in line with Ranasinghe et al. (2003), who 
reported no significant difference between pH, total acid-
ity, and TSS of treated bananas with cinnamon extract and 
control samples after 21 days of storage at 14 °C. Chitosan 
coatings incorporated with lemon EO did not show a signifi-
cant effect in terms of the acidity, pH, and TSS of strawber-
ries throughout storage (Perdones et al., 2012). Meanwhile, 
the date palm fruit treated with CA-loaded NLC showed 
lower pH, titratable acidity, and TSS compared to the control 
sample (Akhavan et al., 2021). Yin et al. (2019) showed that 
the mango fruits coated with the chitosan- or alginate-based 
coatings containing CEO could effectively inhibit TSS and 
titratable acidity decrease and decrease pH and the weight 
loss.

Ascorbic Acid Changes During Storage

Ascorbic acid is an important vitamin for human nutrition 
that is supplied by fruits (especially citrus and some tropi-
cal) and vegetables (Hernández et al., 2006). The effect of 
CEO and CEO-loaded NLC on the ascorbic acid content 
in tangerine fruit is shown in Fig. 5. Figure 6 reveals that a 
significant decrease in the ascorbic acid content of tangerine 
fruits during storage has occurred. No significant difference 
was observed between the control sample and the samples 
treated with CEO-loaded NLC in both concentrations which 
means that CEO-loaded NLC has no effect on decreasing 
the rate of AA reduction. According to Xing et al. (2011), 
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the treatment of chitosan coating containing CEO (7.5 mg/
mL) could reduce the loss of ascorbic acid in jujube fruits. 
However, the lower levels of ascorbic acid were achieved 
when CEO was used at higher concentrations (10 and 20 mg/
mL). According to Jayaprakasha et al. (2007), chitosan–CEO 
coating could inhibit ascorbic acid loss due to the protection 
caused by phenolic antioxidants in the CEO. Shafiee et al. 
(2010) declared that the application of a nutrient solution 
containing salicylic acid resulted in no change in the ascor-
bic acid content of the strawberry fruit. Radi et al. (2017a) 
and Radi et al. (2017b) declared that the coating of orange 
slices with pectin-based coatings enriched with orange peel 
EO micro/nanoemulsions and gelatin incorporated with aloe 
vera, respectively, resulted in higher retention of ascorbic 
acid. Xu et al. (2020) declared that CEO nanoemulsion in 
combination with ascorbic acid decreased the degradation 
rate of ascorbic acid.

Ascorbic acid is more sensitive to destruction when the 
commodity is subjected to adverse handling and storage 

conditions. Losses are enhanced by extended storage, higher 
temperatures, low relative humidity, physical damage, and 
chilling injury. Also, L-ascorbic acid is easily oxidized 
and converted to L-dehydroascorbic acid (Lee & Kader, 
2000). Moreover, the ascorbic acid reduction could be due 
to metabolizing and converting it to sugars, like the other 
acids mentioned before.

Effect of CEO‑Loaded NLC on Sensory Properties 
of Fruits During Storage

One of the limiting factors for the application of coatings 
containing EOs on fruits and vegetables is their influence 
on the sensory characteristics of the coated products, mainly 
due to the high amounts of volatile compounds which alter 
the natural odor and flavor of fruits and vegetables (Sánchez-
González et al., 2011). Therefore, sensory properties includ-
ing color, odor (before and after peeling), and overall accept-
ability of the control sample and the treated tangerine fruits 
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were evaluated at days 0, 10, and 25 of storage and the 
results are shown in Fig. 6. Color scores (Fig. 6a) of tange-
rine fruits were decreased gradually throughout the storage 
time (p < 0.05). There was no significant difference between 
the color scores of tangerine fruits at day 0 immediately 
after performing the treatments. At days 10 and 25, the high-
est color scores were related to tangerine fruits treated with 
NLC containing 0.6 mg/mL CEO (4.75 and 3.50, respec-
tively). This treatment showed a statistically significant 
difference with free CEO, 0.3 mg/mL CEO-loaded NLC, 
and the control samples, but the difference between these 
three samples was not significant (p ≥ 0.05). It seems that 
NLC containing CEO can protect the color of tangerine fruit 
and higher CEO concentrations have more protective effect. 
Coatings applied to fruits could influence the fruit respira-
tion rate and volatile levels by acting as a barrier that alters 
permeability to gases and could reduce the fungal spoilage 
and consequently slow down the external and internal color 
change of the fruits (Fagundes et al., 2014; Sophia et al., 
2014). In the study of Xing et al. (2011), color changes of 
coated sweet peppers with the mixture of chitosan-CEO 
were negligible and they were still green at the end of stor-
age in comparison with the uncoated sample. It has been 
described that the application of gum arabic, zein, alginate, 
and HPMC coatings was able to delay the color changes 
in tomatoes during storage at 20 °C by creating a modi-
fied atmosphere in the fruit (Ali et al., 2010b; Rong-yu &  
Yao-wen, 2003; Zapata et al., 2008). Changes in skin color 
of the grapes treated with grapefruit seed extract (GSE) or 
GSE plus chitosan increased slower than the uncoated fruits 
(Xu et al., 2007).

Odor evaluation of whole tangerine fruits before peeling 
(Fig. 6b) showed that the odor scores decreased during stor-
age in all samples and CEO and CEO-containing NLC had 
an adverse effect on this parameter. On days 0, 10, and 25, 
the highest odor scores (4.83, 4.17, and 3.50, respectively) 
were related to the control sample and the lowest scores 
belonged to the free CEO. Regarding CEO-containing NLC, 
the odor score was decreased significantly with CEO con-
centration. In this regard, the lowest scores after the plain 
CEO were related to tangerine fruits treated with NLC con-
taining 0.6 mg/mL CEO (p < 0.05).

The taste scores of tangerine fruits (Fig. 6c) were reduced 
throughout storage in all samples, but there was no signifi-
cant difference between treated samples and untreated ones. 
It showed that treating with CEO and CEO-containing NLC 
had no adverse effect on edible parts taste of tangerine fruits.

The scores of overall acceptability (Fig. 6d) decreased 
throughout the storage in all samples. No significant dif-
ferences were observed between the treated and untreated 
tangerine fruits. It showed that CEO and NLC containing 
CEO at both studied concentrations had no undesirable 
effect on sensory characteristics of tangerine fruit. It can 

be noted that although the application of CEO reduced the 
odor scores, its contribution to the overall acceptability 
was not significant, because the fruit odor before peeling 
was not important to the panelists. Akhavan et al. (2021) 
declared that the application of free CA and CA-loaded 
NLC improved the sensory attributes of date palm fruit 
stored at 4 °C for 180 days. According to Xu et al. (2011), 
chitosan coatings enriched with CEO at the concentrations 
of 0 to 0.75% did not produce undesirable sensory proper-
ties in jujube fruits. However, the higher concentrations at 
the range of 1.0 to 2.0% showed lower sensory acceptabil-
ity. In the study of Ranasinghe et al. (2003), they reported 
no significant difference in odor and overall acceptability 
of CEO-treated banana compared to the control and beno-
myl treatment after 21 days, stored at 14 °C. Meanwhile, 
Nath et al. (2013) declared that the application of Ocimum 
sanctum not only was effective in inhibiting the Penicillium 
brevicompactum spore germination in Khasi mandarin but 
also created acceptable sensory properties.

Conclusion

Cinnamon essential oil–loaded NLC reduced significantly 
the weight loss of tangerine fruits during storage and had 
a strong antifungal effect against P. citrinum and P. expan-
sum, while reducing tangerine infection from 100% at day 
10 (control) to 31–33% at day 25 (0.6 mg/mL CEO-Loaded 
NLC) (p < 0.05). Higher CEO concentration was signifi-
cantly effective in decreasing spoilage (p < 0.05). Titratable 
acidity, pH, ascorbic acid content, and total solids contents 
decreased during storage (p < 0.05), but free CEO and CEO-
loaded NLC showed no significant effect on these chemical 
parameters (p ≥ 0.05). Nanostructured lipid carriers contain-
ing CEO (0.6 mg/mL) protected the color of tangerine fruits. 
The odor scores of intact fruits before peeling showed the 
adverse effect of applying CEO-loaded NLC, but it had no 
undesirable effect on flesh taste and overall acceptability 
of tangerines. The retention of quality and the extension of 
tangerine shelf life by CEO-loaded NLC revealed that such 
a method could be considered as a safe tangerine treatment 
method on a commercial scale during the storage and mar-
keting process.
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