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Abstract: Due to high water content and perishability, the raspberry fruit is sensitive to postharvest
fungal contamination and postharvest losses. In this study, chitosan was used as an edible coating
to increase the storage of raspberries, and nanotechnology was used to increase chitosan efficiency.
The fruit was treated with an emulsion containing nanoparticles of chitosan (ECNPC) at 0, 2.5, and
5 g L−1, and stored for 9 d. Decay extension rate, fruit phytochemical contents, including total
phenolics, flavonoids, and anthocyanin content, phenylalanine ammonia-lyase (PAL), and guaiacol-
peroxidase enzymes and antioxidant activity, and other qualitative properties were evaluated during
and at the end of storage. After 9 d of storage, the highest amounts of phenolics compounds, PAL
enzyme activity, and antioxidant activity were observed in fruit treated with ECNPC at 5 g L−1.
The highest levels of total phenol, PAL enzyme activity, and antioxidant activity were 57.53 g L−1,
118.88 µmol/min trans-cinnamic acid, and 85.16%, respectively. ECNPC can be considered as an
effective, safe, and environmentally friendly method for enhancing fruit phytochemical contents,
postharvest life, and health-promoting capacity.

Keywords: edible coating; nanoemulsion; guaiacol peroxidase; shelf life; anthocyanins; phenylala-
nine ammonia-lyase

1. Introduction

Fruit and vegetables play an important role in improving human health. Among
different food crops, colorful fruit and berries, including raspberries, are rich in different
antioxidant and anti-stress compounds with powerful anti-cancer and anti-inflammatory
attributes [1–3]. Rubus sanctus Schreber is a member of the family Rosaceae and its sub-
family is Rosoideae. Berry fruits contain abundant phenolic compounds such as phenolic
acids, flavonoids, and anthocyanins, and they are an excellent source of antioxidants such
as vitamins (A, and ascorbic acid). In addition, they are useful for the treatment of various
diseases, particularly diabetic patients [4].

However, this fruit is very perishable and undergoes substantial changes in antioxi-
dant and phytochemical contents during postharvest storage and handling stages. Water
loss, softening, decay extension, and metabolic activities are the main causes for a decrease
in fruit quality, phytochemical contents, and marketability [5]. The content of bioactive
compounds in Rubus depends chiefly on the sowing method, variety, harvest season, and
postharvest handling. Several investigations indicate that organic farming systems fol-
lowed by postharvest conditions have a considerable influence on the quality of berry
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fruit production [6]. The decrease in nutritional properties and marketability of fruit and
vegetables during postharvest handling and storage causes significant economic damages
to the producers [7]. On the other hand, with the increase in public awareness regarding
the adverse effects of the use of chemical residues on human health and environmental
safety in recent years, there has been a lot of growth in the market for the demand for
organic and chemical-free horticultural products [8]. However, products produced for fresh
consumption are highly susceptible to major mechanisms of losses, including, enzymatic
bleaching, water loss, and microbial contamination [9].

To increase the postharvest shelf life of harvested fruit and vegetables, there are some
useful treatments, including modified atmosphere storage, changed atmosphere packaging,
edible coatings, and the use of different natural compounds [10]. Among the treatments
mentioned, the use of edible coatings is one of the promising methods for preventing water
loss, decreasing metabolic and enzymatic activities and maintaining the aroma and flavor
of the crops; because of a relative permeability to different respiratory gases, these coatings
prevent the adverse effects of common modified atmosphere storages and packages, such
as creating an unpleasant odor and smells [7].

Edible coatings are renewable compounds, including lipids, polysaccharides, and
proteins, which are responsible for decreasing the exchange of water vapor, gases, etc.,
and many compounds used in postharvest technologies such as antimicrobial agents,
antioxidants, dyes, and authorized food additives can also be added to them [11]. In
addition, a new approach for enhancing fruit phytochemicals, quality attributes, and
postharvest life is the use of natural compounds, such as plant growth regulators (PGR)
and phytohormones as alternatives to chemical treatments during the production and
postharvest stages of food crops [12,13].

Chitosan is a polymer of (4,1) β-N-acetyl-d-glucosamine derived from the chitin of
crustaceans, insects, and fungi, which can play an important role in the physiology of
plants and harvested crops [14]. It can be used as an edible coating for many harvested
horticultural products [15]. In addition to having semi-permeability behavior against
respiratory gases, resulting in decreased respiration and metabolic activities, chitosan has
direct antimicrobial, bactericidal, and antivirus properties that reduce the need for the
use of chemical compounds and increase the safety of the food products [15,16]. Due to
its semi-permeability, chitosan has a relative permeability to water vapor and is a good
inhibitor of oxygen exchange, thereby altering the internal atmosphere of the product
and increasing the shelf life of the product [16,17]. As a PGR, chitosan has been shown
to enhance the natural resistance mechanisms of the plants and harvested crops against
different pathogens and stress conditions [18].

Moreover, the use of nanotechnology in edible coatings and packaging can increase
their efficiency compared to conventional edible coatings and improve the quality of edible
coatings by reducing the particle size and the pores of the coatings [19]. The small size
of nanoemulsion particles has two important effects—(1) it increases the stability and
physicochemical properties of the coating and (2) it can increase the biological activity of
lipophilic materials by increasing the surface area to the mass unit rate [20]. Nanoemulsions
enhance the bioavailability of bioactive materials [21] and the bactericidal properties of
antimicrobials because they can pass as active elements across the bio-membranes [22].
Nanoemulsions are now widely used to cover, protect, and transfer lipophilic materials on
foods, fruit, and vegetables [23,24].

Raspberry are rich sources of different powerful antioxidants including anthocyanins,
ellagic acid, gallic acid, catechins, camphor, and salicylic acid, with high capacity in the
prevention of unwanted damages of free radicals and reactive oxygen species (ROS) to cell
membranes and other structures in the human body. Previously mentioned antioxidant
compounds may reduce a person’s risk of heart disease by preventing platelet buildup
and lowering blood pressure by anti-inflammatory agents. Rubus antioxidant compounds
and anti-inflammatory agents are correlated with cancer protection by reducing the re-
production of cancer tumors. Due to the high levels of antioxidant compounds such as
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vitamin C and polyphenols, raspberries have an oxygen-radical absorbance capacity of
about 30 mM to 100 mM per 100 gr [25]. Ascorbic acid or vitamin C provides extracellular
and intracellular antioxidant activity mainly by scavenging reactive oxygen species [26].

Raspberries are also a great source of riboflavin, folate, niacin, magnesium, potassium,
and copper. The presence of these nutrients and their synergistic role in improving human
health have led to the fact that this fruit is a good source to answer daily needs for various
micronutrients (anthocyanins, polyphenols, ascorbic acid, fiber, proteins, vitamins, and
minerals) [27]. This fruit is one of the most popular berry fruit, but due to very high
sensitivity to different postharvest losses, such as rapid water loss, mechanical damage,
and pathogen sensitivity, they have a very short shelf life, leading to rapid phytochemical
depletion and quality deterioration [28].

The purpose of this research was to increase the shelf life and maintain phytochemical
contents and quality of this valuable fruit with the use of chitosan nanoparticle coatings as
a natural safe compound. We studied the effects of this coating at different concentrations
on decay extension rate, weight loss, different quality parameters of the fruit, and differ-
ent resistance mechanisms, including total antioxidant activity and different antioxidant
fractions. Moreover, the effects of this coating on fruit taste and flavor as important factors
determining consumer acceptance were studied.

2. Materials and Methods
2.1. Preparation of the Fruit for the Treatment

Raspberry fruit (Rubus sanctus Schreber) were collected in August at commercial
maturity from Khan Valley, Urmia, with a longitude of 45◦07′09′ ′, the latitude of 37◦19′16′ ′

and an elevation above sea level of 1392 m. Raspberry shrubs were wild-growing and
organic. Sampling was carried out early in the morning. The fruit was selected for the
similarity of size, maturity, and color, and the damaged and unshaped fruit samples were
removed. The samples were then transferred in a fridge of 4 ± 1 ◦C to the Department
of Horticulture Science of Faculty of Agriculture of Urmia University (Urmia, Iran). The
Rubus sanctus Schreber species identification was conducted by botanist Dr. Shahram
Bahadori. The voucher herbarium samples of the collected Rubus sanctus Schreber species
have been deposited at the herbarium of Urmia University of Medical Sciences (HUPS-359).
For each experimental unit, 5 g of fruit was used. Preliminary measurements of the indices
of the fruit were carried out on harvest day (day 0) and the fruit was treated with different
emulsions containing nanoparticles of chitosan (ECNPC) on the same day of harvest.

2.2. Preparation of Chitosan Nanoemulsion

Chitosan (degree of acetylation (85%), molecular weight (50,000–80,000 Da), and
size of nano chitosan particles: <50 nm) nanoemulsion was purchased from Nano Novin
Polymer Co. (Sari, Iran). Before applying the treatment, to ensure the quality of the edible
coating, the coating was sent to Shahid Beheshti University (Tehran, Iran) to determine the
particle size. The dynamic light scattering (DLS) device (NanoPhox 90–246 V, Sympatec
GmbH, Clausthal-Zellerfeld, Germany) was used to determine the size of nanoemulsion
particles. The type of device lamp was He-Ne Laser 623 nm, and the range of measurement
of this device was 1–10,000 nm.

2.3. Application of the Nanoemulsion in Raspberry

For the treatment of the fruit with chitosan nanoemulsion, concentrations of 0, 2.5,
and 5 g L−1 were prepared. The fruit (60 g of fruit for each repetition) were immersed
in containers containing chitosan nanoemulsion for three minutes, and after drying for
8–10 min placed in the pre-sterilized disposable plastic containers (polyethylene terephtha-
late; 23 cm × 17 cm × 8.5 cm) with four vent holes in the sides (2 mm in diameter). The lid
of the containers (clamshell package) was sealed with parafilm to prevent the exchange of
air and the packages were stored at cold storage of 4±1 ◦C with relative humidity (RH) of
85–95% for 9 d (Figure 1).
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Figure 1. Effect of chitosan nanoemulsion on the shelf life of raspberry.

2.4. Quality Evaluation
2.4.1. Fruit Titratable Acidity (TA), Total Soluble Solids (TSS), and pH

Total acidity was calculated by the titration method using sodium hydroxide (0.1 N)
in terms of citric acid. In other words, it was titrated with soda solution (0.1 N) to reach pH
8.3. After applying, the value of the used soda was introduced in the following formula,
and the acidity was calculated based on g of citric acid in 2 L of fruit extract and then,
converted to percent [29]:

TA =
100 × M × N × V

S × n
(1)

where TA = acidity value based on g of citric acid in 2 L sample extract, M = molecular
weight of the dominant acid, n = dominant acid capacity, V = volume of the used soda, S =
amount of the extract used, and N = normality of the used soda.

TSS of the sample extract was measured by a manual refractometer (ATAGO, Tokyo,
Japan) at laboratory temperature. The distilled water was used to be calibrated the re-
fractometer. A pH meter (pH-Meter CG 824, SCHOTT, Hofheim, Germany) was used to
measure the pH of the fruit juice.

2.4.2. Weight Loss of the Fruit

The digital scale (CANDGL300) was used to measure the value of the weight loss of
the fruit. For this purpose, the difference in the weight of the fruit was calculated after
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3 d, 6 d, and 9 d of storage, and the value of the weight loss compared to the first day was
obtained [30].

Weight Loss (%) =
Primary weight − sec ondary weight

Primary weight
× 100 (2)

2.4.3. Fruit Firmness

A TA-XT plus texture analyzer (Stable Micro Systems Ltd., Godalming, UK) was used
to determine the firmness of raspberries. The probe was set at a speed of 2 mm/s for test.
The value of pressure (N) that was introduced into the tip of the firmness tester due to the
resistance of the fruit tissue was read on the device [31].

2.4.4. Decay Extension Rate and Fruit Sensory Evaluation

The effect of chitosan nanoemulsion at different concentrations on decay extension
rate and consumer acceptance was evaluated by 72 evaluators (24 male and 48 females)
with prior experience about the sensory attributes of this type of product. Measurement of
the decay extension rate was performed by observation, and their average opinions were
discussed and recorded. In this regard, score 1 was given to the samples with the lowest
decay extension rate and score 10 was given to the highest rate.

The fruit panel test was also conducted for sensory evaluation. A randomized (com-
plete) block design was conducted. The panelists tested the fruit taste and flavor and
their average opinions were analyzed. Before each session, panelists were informed about
the objectives of the study and the instructions to complete the test. The samples were
individually labeled with aleatory numbers and randomly served to panelists situated
in individual cabins during the sessions. For increasing the accuracy of sensory analysis
between each testing crackers (unsalted) and water were utilized. The scores were ranged
from 1 to 10, i.e., score 1 was given to samples with better taste and score 10 was given to
those with the lowest sensory indices. The measurements were performed for the third,
sixth, and ninth day separately [30].

2.5. Measurement of Total Phenolics Content (TPC)

TPC was determined using Folin–Ciocalteu reagent according to the method of
Alirezalu et al. [32]. A total of 30 µL concentrated extract was poured into the test tube and
90 µL distilled water was added. Then, 600 µL of 10% Folin was added, and after 10 min,
480 µL of 7.5% sodium carbonate was added, and after placing it for 30 min in the dark at
room temperature, a spectrophotometer (UV-1800, Shimatzu Corporation, Kyoto, Japan)
was used to read the absorbance at 760 nm. Gallic acid was used as a standard. The total
phenol content of extracts was expressed as g of gallic acid equivalent (GAE) per L of the
fruit extract.

2.6. Measurement of Total Flavonoid Content (TFC)

To measure the total flavonoid content, 50 µL of the concentrated extract was poured
into the test tube and 150 µL of 5% sodium nitrite was added. After 5 min, 300 µL of 10%
aluminum chloride was added, and again, after 5–10 min, 1000 µL of 1% NaOH were
mixed to the resulting solution and was brought to a volume of 5 mL with the deionized
water and the absorbance of the resulting mixture at 380 nm was read, compared to the
control. Quercetin was used to be drawn the standard curve. The total flavonoid content of
the total extracts was expressed as g of quercetin equivalent per L of the fruit extract [33].

2.7. Total Anthocyanin Content (TAC) Evaluation

The pH-difference method was used to measure the total anthocyanin content. Firstly,
two buffers were prepared with pH 1 and 4. Then, 2.5 mL of buffer 1 was poured into
the test tube. Afterward, 100 µL of the extract was added to the solution poured into
the test tube and the absorbance at two wavelengths of 700 nm and 530 nm was read.
Then, 2.5 mL of buffer 2 (pH 4.5) was poured into another test tube and 100 µL of the
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extract was added, and the absorbance at two wavelengths of 700 nm and 530 nm was read.
Finally, the following formula was used to be calculated the total absorbance of each of the
extracts [34]:

A = (A530 − A700) pH = 1 − (A530 − A700) pH = 4.5 (3)

Total anthocyanin content was calculated by g of cyanidin 3-O-glucoside equivalent
per kg fresh weight and according to the following formula:

TAC =
A×MW × V × DF × 100

ε × 100
(4)

where A = Absorbance, MW = Molecular weight, DF = Dilution factor, and ε = Molar
absorbance.

2.8. Measurement of Total Antioxidant Activity
2,2-Diphenyl-1-Picrylhydrazyl-Hydrate (DPPH) Method

The 2,2-diphenyl-1-picrylhydrazyl-hydrate (DPPH) method was used to be evaluated
the antioxidant activity. For this purpose, 2000 µL of the DPPH (pre-prepared) solution
was poured into the sterilized test tubes. Then, a specific amount of the fruit extract of each
of the samples was added, and the resulting solution was shaken at room temperature and
in the dark for 30 min. The value of the absorbance of the resulting solution was read by
a spectrophotometer at a wavelength of 517 nm. The above method was also used to be
prepared the control, but instead of the extract, 80% methanol was used and calculated
according to the following formula [35]:

RSA =
(Abs control)t = 30 min− (Abs sample)t = 30 min

(Abs control)t = 30 min
× 100 (5)

Ferric Reducing Antioxidant Power (FRAP) Method

In measuring the total antioxidant activity by the Ferric reducing antioxidant power
(FRAP) method, 50 µL of the concentrated extract of raspberry fruit and 3 mL of fresh FRAP
reagent (300 mM sodium acetate buffer with the acidity of 3.6, ferric-tris pyridyl-s-triazine
3, and ferric chloride) were mixed, and the resulting mixture was placed in a warm water
bath (37 ◦C) for 30 min, and the value of the absorbance was read by a spectrophotometer
at 593 nm, compared to the control. Iron sulfate was used to be drawn the standard curve
and the results of the data were expressed as mol Fe+2/L extract [36].

2.9. Evaluation of Enzymes Activity
Phenylalanine Ammonia-Lyase (PAL) Enzyme

The method of Karthikeyan et al. [37] was used under slight modifications to measure
the activity of the phenylalanine ammonia-lyase (PAL) enzyme. For this purpose, 0.5 g
of fresh fruit texture was squeezed by using 1.5 mL extraction buffer (0.1 M borate buffer,
0.1% polyvinylpyrrolidone, and 1.4 mM mercaptoethanol) at pH 7. It was then centrifuged
at 12 ◦C for 15 min at 12,000× g. After completion of the centrifuge, the supernatant was
used to measure by the enzyme. To measure the enzyme, sample contents contained 30 µL
of the enzymatic extract, 1 mL assay buffer (0.1 M borate buffer, 0.1% polyvinylpyrrolidone,
and 1.4 mM mercaptoethanol) at pH 8.8, and 1 mL L-phenylalanine (12 mM), were placed
in a warm water bath (Benmari method, 30 ◦C) for 30 min, and the absorbance was
read by a spectrophotometer at 290 nm. The measurement of the PAL enzyme activity
was performed by the Beer–Lambert law with an extinction coefficient of 9630 l.cm-µ in
µmol/min trans-cinnamic acid.

Guaiacol Peroxidase (G-POD) Enzyme Activity

To measure the activity of the guaiacol peroxidase (G-POD) enzyme; 0.1 g of the
fresh fruit texture was weighed and placed in a Chinese mortar on ice. Then, 1.5 mL of
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extraction buffer (125 mM potassium phosphate buffer) at pH 7.8 was added, and after
grinding, the supernatant was poured into a micro-tube and centrifuged at 4 ◦C for 10 min
at 15,000× g. To measure the activity of the enzyme, 200 µL of the enzymatic extract was
poured into the test tube, and 200 µL of 22 mM guaiacol was added. Afterward, 2 mL of
1250 mM potassium phosphate buffer was added. Then, for reading, the above solution
was poured into a cell, and to prevent the rapid reaction of hydrogen peroxide with the
present solution, hydrogen peroxide was added to a spectrophotometer and the absorbance
was read at 0 min and 1 min after the addition of hydrogen peroxide at 470 nm, and its
unit was expressed as µmol H2O2.min−1.mL−1 extract [38].

2.10. Statistical Analysis

The experiment was conducted as a completely randomized design with 3 (ECNPC
levels) × 3 (storage times) × 4 replications. The data analysis was performed using the
SAS software (SAS Institute Inc., Cary, NC, USA). Duncan’s multiple range test was used
for the comparison of the mean data. The Friedman test based on a completely randomized
block design was also used for the analysis of the decay and taste data.

3. Results
3.1. The Coating Structure of Chitosan Nanoemulsion

In Figure 2, the interval of the particle size of nanoemulsion chitosan is shown by the
DLS device. The results of this analysis indicated that most chitosan nanoemulsion particles
had a size ranging from 15 nm to 150 nm. This particle size range is approximately close to
the size range of chitosan nanoemulsion particles reported in previous studies [19,39].

Figure 2. Particle size obtained by dynamic light scattering (DLS) analysis based on size and intensity
of emulsion containing nanoparticles of chitosan (ECNPC).

3.2. TA, TSS, and pH

Fruit TA decreased during storage. TSS content showed an increasing trend during
storage, and ECNPC significantly decreased the rate of increase in fruit TSS during storage
(Table 1). The highest TA (1.25%) was recorded after 6 d in fruit treated with ECNPC at
5 g L−1, and the lowest (0.90%) value was recorded in control fruit after 9 d of cold storage.
In both storage periods, the highest TA was seen in fruit treated with 5 g L−1 ECNPC
(p < 0.01). Moreover, the rate of soluble solids varied between 17.33% to 12.18%, which
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the highest amount was observed in control on the 9 d after storage, and the lowest was
observed after 3 d in samples treated with a concentration of 2.5 g L−1 ECNPC (p < 0.01).

Table 1. Effect of different chitosan nano-emulsion treatment on the quality attributes of raspberry at
harvest and in storage time at 4 ± 1 ◦C.

Days ECNPC (g L−1) TA (%) TSS (%) pH

0 Harvest day 1.31 ± 0.01 12.06 ± 0.02 3.23 ± 0.03
3 0 1.16 ± 0.03 ab 13.03 ± 0.37 e 3.96 ± 0.18 ab

6 0 1.04 ± 0.11 abc 16.10± 0.40 de 3.91 ± 0.06 ab

9 0 0.90 ± 0.06 c 17.33 ± 0.30 a 4.05 ± 0.02 a

3 2.5 1.19 ± 0.09 ab 12.66 ± 0.25 de 3.84 ± 0.07 ab

6 2.5 1.08 ± 0.05 abc 14.96 ± 0.15 b 3.88 ± 0.03 ab

9 2.5 0.98 ± 0.03 bc 13.58 ± 0.40 d 3.96 ± 0.06 ab

3 5 1.24 ± 0.04 a 12.18 ± 0.29 e 3.02 ± 0.09 c

6 5 1.25 ± 0.06 a 13.01 ± 0.04 c 3.84 ± 0.05 ab

9 5 1.02 ± 0.04 bc 12.96 ± 0.02 de 3.77 ± 0.04 b

** ** **
a–e Mean values with different letters indicate significant differences among samples. Data obtained from four
replications, mean ± standard error, ** is significant at the 1% (Duncan’s multiple range test).

ECNPC at both concentrations reduced the fruit pH compared to the control fruit
so that the highest pH was observed in control fruit in all storage times, and the lowest
was observed in treated fruit. With an increase in ECNPC concentration, the effects on
decreasing the pH were increased (p < 0.01) (Table 1).

3.3. Weight Loss

ECNPC significantly affected fruit weight loss during cold storage (Table 2) (p < 0.01).
The percentage of weight loss was enhanced in all treatments in storage time, and it was
lower in samples treated with ECNPC. With an increase in ECNPC concentration, its effects
on retaining fruit weight were increased.

Table 2. Effect of different chitosan nano-emulsion treatments on the quality attributes of raspberry
at harvest and in storage time at 4 ± 1 ◦C.

Days ECNPC
(g L−1)

Loss Weight
(%) Firmness (N) Decay Panel Test

0 Harvest day 0.00 ± 0.00 0.17 ± 0.00 1.00 ± 0.00 1.00 ± 0.00
3 0 0.14 ± 0.00 d 0.13 ± 0.01 bc 4.90 ± 0.04 e 4.06 ± 0.08 e

6 0 0.21 ± 0.01 bc 0.13 ± 0.01 bc 6.36 ± 0.06 d 6.85 ± 0.06 c

9 0 0.26 ± 0.01 a 0.12 ± 0.00 bc 9.56 ± 0.02 a 9.00 ± 0.00 a

3 2.5 0.13 ± 0.00 de 0.23 ± 0.01 a 2.46 ± 0.02 g 3.88 ± 0.03 ef

6 2.5 0.19 ± 0.00 c 0.23 ± 0.01 a 4.83 ± 0.02 e 7.55 ± 0.53 bc

9 2.5 0.26 ± 0.01 a 0.16 ± 0.01 b 8.38 ± 0.01 b 8.58 ± 0.03 a

3 5 0.12 ± 0.00 de 0.14 ± 0.01 b 1.33 ± 0.02 h 3.20 ± 0.21 f

6 5 0.11 ± 0.00 e 0.14 ± 0.02 b 3.56 ± 0.02 f 4.96 ± 0.02 e

9 5 0.23 ± 0.01 b 0.09 ± 0.01 c 7.86 ± 0.02 c 8.16 ± 0.01 ab

** ** **
a–f Mean values with different letters indicate significant differences among samples. Data obtained from four
replications, mean ± standard error, ** is significant at the 1% (Duncan’s multiple range test). Chi2Decay = 31.93

and Chi2Panel test = 31.20.

3.4. Firmness

There was a significant difference between treatments and control fruit (p < 0.01). The
highest firmness value was observed after 3 d of storage in fruit treated with 2.5 g L−1

ECNPC (Table 2).
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3.5. Decay Extension and Fruit Taste

A statistically significant difference was recorded between the fruit treated with
different levels of ECNPC and the control fruit at all evaluation times (Table 2) (p < 0.01).
The results show that the rate of decay extension in all treatments was high during storage,
and the chitosan nanoemulsion treatments reduced the rate of this increasing trend. With
the increase in ECNPC concentration the effects on decreasing decay extension rate were
increased (p < 0.01) (Table 2).

The coating, in a concentration-dependent manner, significantly retained fruit taste
and flavor quality (p < 0.01) (Table 2). The taste value of the samples varied between 3.2 and
9, which the highest value was related to the control sample after 9 d of storage indicating
the lowest taste and flavor rate. On the contrary, the highest taste and flavor rate was
observed in 5 g L−1 chitosan nanoemulsion coating after 3 d of storage (Table 2).

3.6. Total Phenol Content

Fruit total phenol content was significantly affected by the treatment 5 g L−1 chitosan
nanoemulsion, and the treated fruit showed the highest phenolics at all evaluation times
(Figure 3a) (p < 0.01). After 9 d of storage, the highest content of total phenol (57.53 g L−1)
was related to the samples treated with 5 g L−1 chitosan nanoemulsion, and the lowest rate
(26.78 g L−1) was related to the samples treated with 2.5 g L−1 chitosan nanoemulsion after
3 d of storage (Figure 3a).

Figure 3. Effect of chitosan nano-emulsion coatings treatment (at 0 g L−1, 2.5 g L−1, and 5 g L−1) on (a) total phenolics
content, (b) total flavonoid content, and (c) total anthocyanin content of raspberries stored for 9 d (at 4 ± 1 ◦C with 90–95%
RH). Control refers to untreated raspberries. The data shown are the mean ± standard error of four replicates. Different
letters indicate statistical significance (p < 0.01).
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3.7. Total Flavonoid Content

The total flavonoid content of all fruit in all treated and control samples showed an
increasing trend during storage. At all evaluation times, the highest total flavonoid content
was recorded in fruit treated with ECNPC at 5 g L−1, but the increase in flavonoid content
of fruit treated with 2.5 g L−1 was not significant (Figure 3b).

3.8. Total Anthocyanin Content

At all evaluation times, the samples treated with chitosan nanoemulsion had more
anthocyanin content than the control samples, and among the treatments, 5 g L−1 chitosan
nanoemulsion was more effective than 2.5 g L−1 in enhancing the anthocyanin content of
the fruit. The amount of this parameter varied from 1.0355 g/kg in the samples treated
with 5 g L−1 chitosan nanoemulsion on the third day after storage to 0.3985 g/kg on the
ninth day in the control samples (p < 0.01) (Figure 3c).

3.9. Antioxidant Activity
3.9.1. DPPH Method

Changes in antioxidant capacity in the raspberry fruit treated with chitosan nanoemul-
sion are shown in Figure 4a. According to the results, this index showed an increasing trend
in all treatments during storage so that the highest content (85.16%) was related to the fruit
treated with 5 g L−1 chitosan nanoemulsion after 9 d of storage, while the lowest (56.41%)
was observed in fruit treated with the same concentration of chitosan nanoemulsion after
3 d of storage. Meanwhile, there was a statistically significant difference between the
treated and control samples (p < 0.01).

Figure 4. Effect of chitosan nano-emulsion coatings (at 0 g L−1, 2.5 g L−1, and 5 g L−1) on antioxidant activity (a) 2,2-
diphenyl-1-picrylhydrazyl-hydrate (DPPH) and (b) Ferric reducing antioxidant power (FRAP) of raspberries stored for 9 d
(at 4 ± 1 ◦C with 90–95% RH). Control refers to untreated raspberries. The data shown are the mean ± standard error of
four replicates. Different letters indicate statistical significance (p < 0.01).

3.9.2. FRAP Method

The results of the analysis of variance of the antioxidant activity data using the FRAP
method showed that there was a statistically significant difference between the samples
treated with chitosan nanoemulsion and the control samples at a 1% level. In other words,
there was a significant difference between chitosan nanoemulsion levels and the control
samples (p < 0.01). However, there was no statistically significant difference between the
sixth and the ninth day in any of the treatments (chitosan nanoemulsion of 2.5 and 5 g L−1

and the control). Furthermore, the antioxidant activity level varied from 0.11275 mol/L to
0.03238 mol/L (Figure 4b).
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3.10. Anti-Stress and Antioxidant Enzymes Activity
3.10.1. PAL Enzyme Activity

PAL enzyme activity in all treatments, except for the 2.5 g L−1 treatment with chitosan
nanoemulsion on the third day, showed an increasing trend in different during storage
(p < 0.01). Moreover, the highest enzyme activity (118.88 µmol/min trans-cinnamic acid)
among the samples was related to the treatment of 5 g L−1 chitosan nanoemulsion in
the ninth day after storage, and the lowest (49.52 µmol/min trans-cinnamic acid) was
observed for the treatment of 2.5 g L−1 chitosan nanoemulsion on the third day after
storage (Figure 5a).

Figure 5. Effect of chitosan nano-emulsion coatings (at 0 g L−1, 2.5 g L−1, and 5 g L−1) on antioxidant activity: (a) pheny-
lalanine ammonia-lyase (PAL) enzyme activity and (b) guaiacol peroxidase (G-POD) enzyme activity of raspberries stored
for 9 d (at 4 ± 1 ◦C with 90–95% RH). Control refers to untreated raspberries. The data shown are the mean ± standard
error of four replicates. Different letters indicate statistical significance (p < 0.01).

3.10.2. G-POD Enzyme Activity

G-POD enzyme activity varied from 0.001 µmol H2O2.min−1.mL−1 extract to 0.003 µmol
H2O2.min−1.mL−1 extract (p < 0.01) in different treatments and during storage. According
to Figure 4b, treatment of fruit with 5 g L−1 chitosan nanoemulsion was more effective in
enhancing the G-POD enzyme activity during storage (p < 0.01) (Figure 5b).

4. Discussion

Acidity is an important parameter in maintaining fruit quality, which is directly related
to the concentration of dominant organic acids in samples [40]. Organic acids are used by
the respiration reactions to provide the necessary energy for the normal activities of the cells
in storage time [41]. Therefore, the acid content and the pH of the fruit reflect the status of
the fruit from the senescence point of view. According to the results of this study, the total
acidity content showed a decreasing trend and the pH showed an increasing trend over
time, which can be due to the consumption of the organic acid in the respiration process
and their conversion to sugars [31]. ECNPC, as any other coating, reduces the respiration
and ethylene production rates by restricting the gas exchange resulting in elevated CO2
and decreased O2, thereby reducing the consumption of organic acids and preventing an
increase in fruit pH [42].

Change in soluble solids depends on metabolic activities and the activity of different
cell wall degrading enzymes. An increase in metabolic activities leads to enhanced ethylene
production and a subsequent increase in the activity of degrading enzymes resulting in a
dramatic increase in the TSS content of the fruit [43]. Therefore, any decrease in metabolic
activities will decrease the ethylene biosynthesis and action resulting in the prevention
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of a dramatic increase in TSS content. By restricting the gas exchange and making a
modified atmosphere in the fruit, chitosan coating decreases ethylene production and
senescence rate and prevents cell wall degradation processes [44]. The positive effect of
the ECNPC in retaining fruit firmness in this study demonstrates the effectiveness of this
treatment in decreasing the activity of cell wall degrading enzymes probably by decreasing
ethylene production and action. However, the effect of chitosan on soluble solids content is
different for different types of fruit; for example, in papaya fruit, the coating did not have a
significant effect on soluble solids but increased the soluble solids in mangos [45].

Weight loss of harvested crops is the consequence of water loss and the respiration
process. With progress in senescence, the water of the fruit is lost due to transpiration;
the weight loss is also related to the consumption of fruit carbohydrates and organic acid
reserves. Water loss, in turn, accelerates senescence by enhancing the production of free
radicals and ROS [46]. The amount of respiration and the consumption of sugar by the cell
lead to more water loss, which is an important factor in the deterioration of the products [13].
Findings demonstrate that these films/coatings act as a barrier on the surface of fruit
and vegetables, which causes higher moisture and water retention, creating favorable
micro-environments by optimizing the concentration of gases and delaying the ripening
process [47]. The role of chitosan-based edible coating is to restrict water vapor exchange
between the fruit and the environment, decrease the respiration and metabolic activities,
and activate the mechanisms of cuticle formation in the tissues. In fact, as an elicitor,
chitosan can activate the PAL and polyphenol oxidase (PPO) enzymes and other enzymes
playing roles in the biosynthesis of polyphenols and cuticle [48]. It is well demonstrated
by researchers that these additives play an important role in extending the shelf life
and maintaining the nutrient profile of numerous fruit and vegetables. These functional
molecules play a synergistic role along with the chitosan and alginate-based edible coatings
and retain the moisture and antioxidant potential, enhance the activity of antioxidant
enzymes, reduce the activity of browning enzymes, and impart antimicrobial properties
in fresh fruit and vegetables. All these properties help in sustaining the appearance,
lowering the senescence, and extending the life of the coated fruit and vegetables [47].
In this study, the effects of chitosan nanoparticle-containing coating on enhancing PAL,
glutathione peroxidase (GPOX), and different antioxidant fractions were demonstrated.
Our results show that chitosan-based coating acts as a physical barrier for the gases and
water vapor [49] and enhances the anti-stress and antioxidant properties of the fruit.

The role of chitosan nanoparticles in decreasing decay extension is related both to
the direct antifungal activity of the chitosan and the activation of different resistance
mechanisms and anti-stress systems [50]. The quality of fruit is defined by its characteristics,
such as shape, size, color, and lack of defects, including cuts and decay [42]. The appearance
of the product is the most important index affecting the marketability and the presence of
any signs of contamination and decay and softening of fruit reduces the market demand
of the product. The decay organisms can extend and grow on the surface of shrunken,
wilted, injured, and softened fruit. Therefore, reducing the senescence and deterioration
rate prevents the growth of decay symptoms and maintains the appearance and market
demand of the product [51]. Our results indicate that ECNPC can decrease decay extension
in raspberries during storage resulting in the safety and postharvest life enhancement.
The results of this study showed that with an increase in the concentration of chitosan
nanoemulsion, the decay extension rate was better controlled and fruit treated with 5 g L−1

chitosan nanoemulsion showed the lowest decays.
Chitosan acts as an active substance at the surface of fungal and bacterial cells, which

makes them more permeable [52]. This interaction is mainly assumed to be electrostatic
and occurs among the positive loads of chitosan amino acids and negative loads on the cell
surface of microorganisms [53]. In general, the permeation of the cell surface causes the
leakage of intracellular material and thereby causing cell death [54].

Phenolic compounds, including different polyphenols, flavonoids, and anthocyanins,
are powerful antioxidants and antipathogen compounds, and a coating containing chi-
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tosan nanoparticles is able to restrict decay extension directly as a natural fungicide and
indirectly as a resistance mediating elicitor [55]. Phenolic compounds are one of the most
important secondary metabolites and are chemically very diverse; their biosynthesis is
initiated with the phenylalanine, tyrosine, and tryptophan amino acids [56]. Anthocyanins
also play the most important role in raspberry fruit color and overall quality. Phenolic
compounds of raspberries inhibit liposome oxidation in the body. These compounds also
have significantly shown a high capacity to eliminate singlet oxygen (free radical) or act as a
hydrogen supplier [57]. The powerful antioxidative and anticancer activities of raspberries
phenolic antioxidants in the human body have been well demonstrated [58]. After harvest,
the concentrations of phenolic and flavonoids compounds are either substantially fixed or
decreased [59]. As a novel and interesting finding, in this study, we found that chitosan
nanoemulsion coating substantially enhances the biosynthesis and accumulation of dif-
ferent phenolic contents including total phenolics, flavonoids, and anthocyanin contents
of the raspberry fruit during storage, resulting in an enhanced health-promoting capacity
of the fruit. Moreover, these compounds, by detoxifying the free radicals and ROS, act as
anti-stress and anti-senescence agents in the fruit resulting in enhanced postharvest life
and quality maintenance.

PAL plays a key role in different phenolic biosynthesis pathways called the phenyl-
propanoid pathway [60]. It has been demonstrated that PAL activity decreases during the
maturity and postharvest stages [61]. In addition, with the increase in the activity of the
PPO activity during the senescence process, the consumption of polyphenols increases, and
as a result, the content of total phenolic compounds decreases with the aging of the fruit
tissue [62]. The results of this study show that the treatment enhanced the activity of PAL,
resulting in the production of different phenolic compounds. On the other hand, edible
coatings such as chitosan, by protecting the surface of the products, have been shown to
reduce oxygen and thereby reducing the oxidation of phenolics [63].

Guaiacol peroxidase is one of the important antioxidant enzymes that were increased
by an edible coating containing nanoparticles of chitosan in this study. This enzyme has
been reported to show high activity in biological systems against hydrogen peroxide.
Hydrogen peroxide is an important ROS-attacking cell membrane, and the increase in
GPOX activity is pivotal for protecting the fruit cell membranes against peroxidation of
lipids and DNA hydroperoxides [64].

Different enzymatic antioxidants are the cells’ weapons against the oxidation of
biological molecules such as lipids, proteins, carbohydrates, and deoxyribonucleic acid by
free radicals and ROS [65,66]. The free radicals and ROS are produced during normal cell
metabolism and attach the biomolecules of the cells called oxidative damage. To prevent
oxidative stress, plant cells activate their antioxidant systems and respond to oxidative
damage through the activation of different antioxidant systems [67]. Our results indicate
that the antioxidant capacity, measured with both DPPH and FRAP methods, increases in
the fruit treated with 5 g L−1 chitosan nanoemulsion. The use of edible coatings increases
the capacity of the fruit antioxidant system and protects the cells against oxidative stress
and pathogen attack [68,69].

5. Conclusions

In summary, our findings indicate that the use of chitosan nanoparticles can enhance
different antioxidant fractions and the total antioxidant activity of raspberry fruit. Chitosan
nanoemulsion treatments effectively prevented from the substantial loss in fruit taste and
flavor during the storage period, while the control fruit exhibited off-flavors and bad taste.
The taste and aroma during storage in the warehouse are significantly reduced due to
increased respiration and enzymatic activity of the fruit. In the present study, the fruit
treated with chitosan nanoemulsion was generally considered to be better for the sensory
quality due to reduced respiration, metabolic activities, decay extension, weight loss and
softening, and enhanced phytochemical contents. Competency of edible film/coatings and
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nanoforms in extending the shelf life without affecting the nutritional properties and safety
aspects of fruit and vegetables still requires further attention.
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