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Abstract: Edible coatings are an appropriate way to preserve the quality of horticultural crops and
reduce post-harvest losses. In this study, treatments with proline (Pro), chitosan (CTS) and proline-
coated chitosan nanoparticles (CTS-Pro NPs) to maintain quality and reduce the decay of strawberry
fruit were examined during storage at 4 °C for 12 days. The strawberries were treated with Pro 1 and
5mM, CTS at 0.1% (w/v), CTS-Pro NPs at 0.1% (w/v) and distilled water (control) at 20 °C for 5 min.
Following 3, 6, 9 and 12 days of cold storage, the fruits were removed from refrigeration, and some
traits were evaluated one day after storage under shelf-life conditions. The results indicated that the
fruit coated with CTS and CTS-Pro NPs showed reduced malondialdehyde and hydrogen peroxide
content and less decay and weight loss compared to control and proline. CTS-Pro NPs also preserved
fruit quality by conserving higher levels of ascorbic acid, total soluble solids, total phenolic content,
and antioxidant capacity and enzymes. These results confirmed the benefit of using chitosan and
CTS-Pro NP coatings to maintain fruit quality and increase the shelf life of strawberries by enhancing
their antioxidant system and their ability to eliminate free radicals under cold storage.

Keywords: antioxidant capacity; edible coating; nanotechnology; proline; storage life

1. Introduction

The strawberry (Fragaria x ananassa) is a non-climacteric fruit rich in polyphenols and
many bioactive compounds, including flavonoids, minerals and vitamins [1,2]. Strawberries
are very perishable and have unusually demanding post-harvest handling requirements.
The susceptibility of the fruit to deterioration and post-harvest diseases increases during
storage, and as a result, biochemical and physiological characteristics change [3]. Dif-
ferent post-harvest treatments (spraying, coating, or dipping) contribute to maintaining
quality [4].

Today, several methods to increase the shelf life of fresh strawberries have been in-
vestigated, such as modified atmosphere packaging [5], moisture absorbance [6], ethylene
absorbance [7], chemical treatments [8,9], edible coatings [10] and radiation [11]. Edible
films, or coatings, are an innovative, environmentally friendly, non-toxic method of preserv-
ing food. They create a physical barrier on the surface of vegetables and fruit to maintain
post-harvest quality and increase shelf life [12]. Various studies have shown that the benefi-
cial effects of edible coatings make them the preferred preservation choice [10,13,14]. Their
main advantages are their lower respiration and tissue-softening ratio, longer post-harvest
life, biodegradability and less microbial contamination [12]. Chitosan is one of the best
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materials for edible coatings. It is obtained from the chitin shells of shrimp and other
crustaceans after deacetylation [15]. Chitosan coatings have been shown to reduce weight
loss, firmness and decay and increase antioxidant activity and total soluble solids (TSS) in
fresh fruit [16]. Its use as a composite together with nanomaterials has been found to be
very useful for maintaining the quality and shelf life of post-harvest crops [17]. Chitosan as
an edible coating in combination with aloe vera has been used successfully to delay the
ripening of tomatoes for up to 42 days after harvest [18].

It has been shown that an edible chitosan coating maintained the post-harvest qual-
ity of strawberries [19,20], ber fruit [21], apples, tomatoes, cucumbers [22] and figs [16].
Dam et al. [23] found that the combined application of calcium gluconate and chitosan
maintained the quality of strawberries for up to 10 days, while more than 60% of untreated
fruit turned rotten. Quaternary chitosan films combined with carboxymethylcellulose
(CMC) were used to increase the shelf life of bananas, which showed that films contained
a high percentage of chitosan and postponed decay [24]. The chitosan treatment, in com-
bination with nanosilicon, maintained the quality of jujubes by reducing the red index,
respiration rate, decay percentage and weight loss compared to control during storage
at room temperature [25]. Shi et al. [26] indicated that chitosan/nanosilica hybrid films
significantly increased the shelf life of fresh longan fruit by reducing pericarp browning,
weight loss and malondialdehyde (MDA) accumulation and preventing polyphenoloxidase
activity while maintaining TSS, titratable acidity (TA) and ascorbic acid content.

Proline, an amino acid, is synthesized in plants via the glutamate pathway by the
enzymes pyrroline-5-carboxylate (P5CS) and pyrroline-5-carboxylate reductase (P5CR) [27].
Recent studies showed that proline plays a crucial role not only in increasing cellular
osmolarity and stabilizing membrane structures but also in alleviating oxidative damage
caused by ROS and protecting proteins during abiotic stress [28,29]. Several studies have
been performed on its enhanced ROS-scavenging enzyme activity, which reduces the effects
of oxidative stress [30,31]. Mohammadrezakhani et al. [32] also showed that exogenous
proline improves ROS-scavenging enzyme activity, including by ascorbate peroxidase
(APX) and catalase (CAT).

Recently, the application of chitosan and nanochitosan coatings has gained much
attention for extending the storage life of crops [17]. There are few studies on the use of
nanostructured chitosan coatings with other compounds for the quality preservation of
fruit during storage [23,33,34]. However, to the best of our knowledge, there is no literature
on the impact of proline-coated chitosan nanoparticles (CTS-Pro NPs) on the post-harvest
quality characteristics of strawberries. Thus, the objective of the present study was to
evaluate the potential for proline (Pro), chitosan (CTS) and CTS-Pro NPs to control the
decay of strawberry fruit by increasing shelf life and antioxidant enzyme activity as well as
improving nutritional quality during low-temperature storage.

2. Materials and Methods
2.1. Chemical Materials

All chemicals, including CTS (molecular weight = 110 kDa, deacetylation degree = 84%,
purity = 99%) sodium tripolyphosphate (TPP) (molecular weight = 367.847 g mol~!), and
Pro (molecular weight = 115.13 g mol 1), were purchased from Sigma-Aldrich, USA.

2.2. Fruit Materials

The experiments were performed on strawberries (Fragaria x ananassa Duch. Cv.
Camarosa), planted in 2020, in the strawberry greenhouse in the Zanjan county of Zanjan
province, Iran. Healthy fruit with uniform shape and size and without visual defects or
physical damage were harvested at commercial ripeness (3/4 of the surface showing red)
and then transported to the laboratory. The strawberries were washed with tap water to
remove external impurities and then drained for 10 min after washing and before coating.
They were randomly allocated into five groups of 240 for each treatment in 3 replications
(80 per replication). The strawberries were placed in a fabric mesh and dipped completely



Horticulturae 2022, 8, 648

30f17

into Pro 1 and 5 mM, CTS at 0.1% (w/v), and CTS-Pro NPs at 0.1% (w/v) solutions and
deionized water (control) at 20 °C for 5 min. They were then removed, drained and left
on a filter paper for 30 min at room temperature (20 °C) to remove excess surface coating
solution. Finally, the coated and control samples were placed in transparent folding PET
boxes with 4 to 5 holes (7-8 mm) to maintain the composition of air within the container.
Plastic containers were stored in the refrigerator at 4 °C with 90% relative humidity for
12 days. From each replication, 20 strawberries were randomly taken from cold storage.
Tests were done on both the control and coated samples every three days (days 3, 6, 9
and 12) and then held at 20 °C for 24 h (shelf-life) and subjected to physiological and
biochemical analysis.

2.3. Preparation of Coating Treatment Solutions

In this work, CTS biopolymer nanoparticles were used to load Pro. To prepare a
clear solution of CTS, 0.1 g of low-molecular-weight CTS powder was added to 25 mL of
a 1% acetic acid solution (w/v) and stirred at 70 °C for 2 h at 300 rpm. Pro (0.1 g) was
dissolved in 15 mL of distilled water and added slowly to the CTS solution, then stirred
vigorously for 1 h. The amount of tripolyphosphate (TPP) to cross-link the CTS nanocarrier
was calculated based on the amount of CTS used. For this purpose, the ratio of TPP to CTS
was 1:2.5, s0 0.04 g of TPP was dissolved in 5 mL of distilled water and slowly added to the
CTS solution. The addition of TPP resulted in cross-linking the CTS nanoparticles in the
form of coagulation, which was continued by stirring the nanocarriers overnight and then
rinsing with distilled water to remove unreacted material in the supernatant. Then, the
nanocarriers that were prepared by freeze-drying were dried using a vacuum pump [35].

2.4. Measurement of Weight Loss

Fruit weight loss was measured using a digital scale to an accuracy of 0.01 g. The
fruits were weighed before entering storage and on the sampling day according to the
following formula:

Fruit weight loss (%) = weight before storage — weight on sampling stage/weight
before storage x 100

2.5. Decay Incidence

The incidence of fruit rot was measured by dividing the number of rotten fruit by the
total number of fruit per replication expressed as a percentage [36].

2.6. Firmness

Fruit firmness was determined by a hardness tester (FT011, Facchini srl, Alfonsine (Ra),
Italy) with a 5 mm diameter plunger. Firmness was taken on each side of the strawberry,
and the mean values were expressed in newtons (N).

2.7. Total Soluble Solids (TSS) and Titratable Acidity (TA)

TSS was measured using a digital refractometer (PAL-1; Atago Co, Tokyo, Japan). The
fruits were homogenized using a blender, and a few drops of the strawberry filtrate were
placed on the prism glass of the refractometer. The TSS content as a percentage on the Brix
scale was assayed after 3, 6, 9 and 12 days.

TA content was analyzed by titration of 10 mL of fresh juice by 0.1 N NaOH. The
endpoint of the titration occurred when the pH of the extract reached 8.1 and was expressed
as citric acid percentage [37].

2.8. Hydrogen Peroxide (HyO;) and Malondialdehyde (MDA) Contents

MDA contents were measured according to Liu et al. [3]. Briefly, fresh fruit tissue (1 g)
was extracted with 5 mL of 10% trichloroacetic acid (TCA) and centrifuged at 10,000 rpm for
15 min. Then, 2 mL of the supernatant was mixed with 2 mL of 10% TCA-containing 0.6 g
thiobarbituric acid (TBA). The mixture was placed in a water bath at 100 °C for 20 min, then
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quickly cooled in an ice bath and centrifuged at 6000 rpm for 10 min. MDA concentration
was evaluated according to the following formula:

MDA= (A532 — A600) x W x V/155 x 1000

where A532 is the absorbance at 532 nm, A600 is the absorbance at 600 nm, W is the sample
weight, and V is the TCA volume.

To measure the concentration of hydrogen peroxide (H,O,), 1 g of fresh fruit tissue
was homogenized with 5 mL of 1% trichloroacetic acid (TCA) solution and centrifuged for
15 min at 12,000 rpm. Then, 0.5 mL of the supernatant was mixed with 0.5 mL of 10 mmol
potassium phosphate buffer (pH 7.0) and 1 mL of 1 mol potassium iodide (KI). The H,O,
concentration of the supernatant was evaluated by comparing its absorbance at 390 nm
with a standard calibration curve [38].

2.9. Determination of Ascorbic Acid Content

The ascorbic acid content of the strawberry fruit was determined by KI titration [39].
The end of the titration occurred when the color of the fruit extract darkened to blue and
the color remained stable for a few seconds. The volume of iodine solution in the KI was
read, and then the amount of ascorbic acid was calculated from the standard curve and
expressed as mg 100 g~ [39].

2.10. Measurement of Total Phenolic, Flavonoids and Anthocyanin Content

Total phenolics, anthocyanin, antioxidant capacity and flavonoid content were mea-
sured according to the method of Pineli et al. [40]. To prepare the fruit extracts, 1 g of
strawberry fruit tissue was homogenized with 10 mL of 80% methanol. The homogenates
were then centrifuged at 10,000 rpm for 10 min at 4 °C.

To measure total phenolics, 100 pL of supernatant was added to 100 pL of 50% Folin—-
Ciocalteau reagent, and after 2 min, the reaction was stopped with 2 mL of 2% sodium
carbonate. After adding sodium carbonate, the mixture was kept at room temperature for
30 min, and the absorbance was measured at 720 nm. Total phenolic content was expressed
as mg of gallic acid per 100 g of fresh fruit weight.

The total anthocyanin (TAC) content was measured using the pH differential method.
First, 200 pL of fruit extract was added to 1800 pL of potassium chloride (KCl) buffer
(pH 1.0), and then the same amount was added to 1800 pL of sodium acetate (NaCH3COO)
buffer, pH 4.5. The diluted solutions were allowed to stand for 15 min to equilibrate. Finally,
the absorbance of each solution was measured at 510 and 700 nm. TAC was calculated in
mg per 100 g of fresh weight.

To measure total flavonoids, 250 uL of fruit extract was mixed with 75 pL of 5% sodium
nitrite (NaNO,) and 150 pL of 10% aluminum chloride (AICI3). Then, 0.5 mL of 1 mM
sodium hydroxide (NaOH) was added and finally adjusted to 2.5 mL with distilled water.
Then absorption was measured at 507 nm with a spectrophotometer, and the result was
expressed as mg of rutin per 100 g of fresh fruit weight.

2.11. Enzyme Assay
2.11.1. Extraction of Samples

All enzymes were extracted at 4 °C. The extraction of samples for analysis by ho-
mogenizing 1 g of fruit tissue in 3 mL of 50 mM potassium phosphate (KH,POy) buffer
(pH 7.8) containing 0.2 mM EDTA disodium salt (Na,EDTA) and 2% (w/v) polyvinyl-
polypyrrolidone (PVP) was performed. The homogenate was centrifuged at 4 °C for 20 min
at 12,000 rpm, and the supernatant was collected for enzyme activity measurements of
catalase (CAT) and superoxide dismutase (SOD).

2.11.2. Superoxide Dismutase (SOD) Activity

For SOD enzyme activity evaluation, 2 mL of 67 mM phosphate buffer (pH 7.8),
200 uL EDTA, 100 pL of aqueous nitroblue tetrazolium (NBT), 50 pL of riboflavin and
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50 uL of enzymatic extract were mixed in a test tube, which was exposed to light for 10 min.
Absorbance was measured at 560 nm. One unit of SOD activity was defined as the amount
of enzyme that provided 50% inhibition of NBT photoreduction under assay conditions
and expressed as U g ~! of fresh weight [41].

2.11.3. CAT Activity

Catalase activity was determined according to the method by Ali et al. [42]: 100 uL
of enzyme extract was added to 2 mL KH,PO, buffer (pH 7.0) and 50 uL HyO, to initiate
the reaction. The blank was prepared according to the above steps and without samples.
A decrease in H,O, absorbance was recorded at a wavelength of 240 nm for 2 min and
expressed as U g ! of fresh weight.

2.12. Measurement of Antioxidant Capacity

Total antioxidant capacity was measured according to the method of Pineli et al. [40].
To prepare fruit extracts, 1 g of strawberry fruit tissue was homogenized with 10 mL
of 80% methanol. Then, the homogenates were centrifuged at 10,000 rpm for 10 min at
4 °C. The antioxidant capacity was assessed using DPPH free radical scavenging activity.
To perform the reaction, 50 pL of fruit sample extract was added to 950 pL of 0.1 mM
DPPH reagent. The samples were incubated in the dark at 25 °C for 30 min, and then
their absorption was measured at 517 nm in a spectrophotometer. The DPPH inhibition
percentage was calculated according to the following formula:

DPPH scavenging capacity (%): Ac — As/Ac x 10.
Where Ac is the absorbance of the control, and As is the absorbance of the sample.

2.13. Statistical Analysis

The experiment was performed as a factorial experiment in a completely randomized
design with 3 replications. Significant differences between mean values were compared
using Duncan’s multiple range test at a level of 5%. Two-way analysis of variance (ANOVA)
was performed using the SPSS statistical software package program version 18.0 (SPSS Inc.,
Chicago, IL, USA), and data were expressed as the mean =+ standard error (SE).

3. Results and Discussion
3.1. Characterization of CTS-Pro NPs

Using scanning electron microscopy (SEM) and transmission electron microscopy
(TEM) images, the morphology of the CTS-Pro NPs is shown in Figure 1. The SEM image
showed that the CTS-Pro surface had spherical nanoparticles with no porosity, which was
observed with a suitable dispersion on the carrier surface. The TEM image also confirmed
the spherical shape of the CTS-Pro NPs and estimated the size of the nanoparticles at
250 nm. According to energy-dispersive X-ray spectroscopy (EDS) analysis, the elements
in the CTS-Pro NPs were identified. The EDS analysis showed peaks of C, O, N, and P in
Figure 1c. Due to the elements in the CTS structure, the C, O, and N peaks confirmed the
presence of CTS within the CTS-Pro NPs. In addition, the presence of peak P indicated an
interaction between CTS and TPP.

3.2. Weight Loss and Decay Percentage

The weight loss and percentage of rot are two important parameters in determining
not only the post-harvest quality of strawberries but also the success of post-harvest
storage. Weight loss during storage is the result of respiration and water loss caused by
transpiration. Therefore, rapid water loss through the skin is among the main factors
negatively affecting the shelf life of strawberries [43]. The results of the present study
showed that the percentage of weight loss for the treated fruit was lower than for the
control samples (Table 1). In all treatments, the percentage of weight loss significantly
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(p < 0.05) increased with storage time. After 12 days, the control treatment had the highest
percentage of weight loss (16%), and strawberries treated with CTS had the lowest (8%).
The 0.1% CTS and CTS-Pro NP coatings formed a smooth, semi-permeable layer on the
fruit surface and served as a protective barrier to reduce transpiration [22].

(b)

157

104

057

00+

£

Figure 1. SEM (a) TEM (b), and EDS (c) analysis of CTS-Pro NPs.

The percentage of decayed fruit throughout the storage period is shown in Table 1. The
first symptoms of fungal decay in control and 1 mM proline-treated fruit were detected after
6 days, then improved significantly with increasing storage time and attained the highest
value after 12 days. At the end of storage, the highest percentage of fruit rot was related
to control (57.5%), whereas the decay of the fruit treated with CTS and CTS-Pro NPs was
only 15.83%. Our results showed that the CTS and CTS-Pro NP treatments reduced decay
by preventing fungal growth on the fruit surface during the 12 days of storage. Previous
reports confirmed the antimicrobial properties of chitosan, which had the potential to
control the decay of some fruit, including strawberries, sweet cherries, table grapes [44],
apples [45], mangos [46], and ber [21]. The low growth of bacteria and fungi in samples
treated with nanocomposites and chitosan indicates that the growth rate of pathogens was
lower in these treatments [47].
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Table 1. Effect of post-harvest treatments of strawberries with Pro, CTS and CTS-P NPs on decay,
weight loss, firmness, TSS, TA and ascorbic acid content during 12 days of storage at 4 °C. Data
shown are mean values of nn = 3.

Treatments Storage (Days) B/:)Cay Weight Loss (%) F&r)mness ;l;si?x) ;;AIOO g1 f:;ofg(;;élc)l d
Control 3 0 0 3.4+0.14 bc 33+£017g 0.97 £0.02 fg 72+256a
6 9+083f 8 £ 0.32 fghi 3.5+ 0.15bc 73+027a 1.24 +0.02 ab 54.8 +2.19 cde
9 31+191c 12 +0.72 be 29+ 0.13 de 73+021a 0.91 4 0.04 gh 443 +24h
12 58 +=2.25a 16 £143a 1+014g 45+021f 0.7+0.011 182 £1.51j
Pro 1 mM 3 0 0 3.6+02b 47 +027f 0.86 +0.02h 63.7+2b
6 18 £ 1.15de 11 £ 0.66 bed 28+0.11de 7+0.3ab 1.14 £ 0.03 cd 56 +1.99 cd
9 20 £1.73de 10 £ 1.15 cdef 2.8 £0.15de 6.8 + 0.34 abc 1.27 +0.02 ab 49 £+ 2.3 efgh
12 44 £248Db 13+1.15b 214+014f¢ 6+0.28 cd 0.92 +0.01 gh 282 +£0981i
Pro 5 mM 3 0 0 34+0.14 de 47+02f 0.91+ 0.02 gh 58.7 £ 1.44 bc
6 0 7 £0.99 ghi 3.1+£0.07cd 7+025ab 1.09 £0.01 de 51.2 +1.58 defg
9 22+2d 9 =+ 0.66 efgh 3.5+0.17 be 59+0.28de 0.99 £ 0.04 fg 51 + 0.57 defg
12 43 £18b 11 +0.92 bede 1.8+0.12f 48+03f 0.92 +0.01 gh 19.3 £1.82j
CTS-Pro NPs 3 0 0 3.7 £0.16 ab 49+02f 1.02 + 0.03 ef 50.7 +2.72 efgh
6 0 7 4 0.99 ghi 3.8+ 0.14ab 72+£0.18a 1.09 + 0.04 de 47.7 + 2.18 fgh
9 10 £ 129 f 6 £1.151 3+0.1de 6.3 £ 0.21 bed 1.21 £ 0.02 bc 45 £2gh
12 16 £2.19e¢ 9 £ 0.73 defg 2.6+0.08e 52+0.11ef 0.94 £ 0.02 fgh 319+ 0951
CTS-0.1% 3 0 0 4+011a 59+ 0.35de 0.94 £ 0.02 fgh 47.7 & 1.44 fgh
6 0 6+0.99i 3.4+0.15bc 76+ 031la 1.33 £ 0.03 a 52.3 £ 2 def
9 18 £1.32de 7 4+ 0.57 hi 3.5+ 0.08 be 58 £0.25de 0.93 £ 0.01 fgh 48 + 2.3 fgh
12 16 £23e 8 £ 0.37 efghi 2.8 £0.06 de 51+02ef 0.89 +0.03 gh 31 +£23i
Significant df
Time 3 *% *% *% *% *% *%
Treatment 4 % *% % *% % %
T X T 12 % *% 4 % 4 %

Data presented are mean =+ SE of three replications. Different letters (a-j) in the same column indicate they are
significantly different (p < 0.05) by Duncan’s test. ** and ns indicate significance at the 0.05 and 0.01 levels and
non-significance, respectively.

3.3. Firmness, TSS and TA

The change in the firmness of both control and treated fruit during storage is presented
in Table 1. According to the results, with increasing storage time, the amount of fruit tissue
firmness in all treatments was significantly reduced, but this decrease was significantly
delayed by the CTS and CTS-Pro NP treatments. CTS and CTS-Pro NP treatments were
more effective in preserving firmness than other treatments, although there was no signifi-
cant difference between these treatments until day 12. Compared to control, all treatments
significantly preserved fruit firmness until 12 d of storage (p < 0.05). Tissue firmness is
one of the most important physical parameters used to evaluate the quality of fruit in
the ripening and storage stages. Tissue softness is the result of changes in the cell wall
structure, including reduction of hemicellulose, galactose and dissolution of pectin, and is
the result of the activity of enzymes hydrolyzing the cell wall [48]. Studies have revealed
that strawberry tissue softens because of metabolic changes and loss of moisture, which
in turn diminishes firmness during storage [49]. In the present study, the retention of
firmness in the strawberries coated with CTS and CTS-Pro NPs could be because of the
selective permeability of the coating material to gas and water transfer, thus decreasing the
respiration ratio and enzyme activities and most metabolic changes and postponing the
ripening and over-softening of strawberries. Previous studies have reported the retardation
of fruit softening in response to chitosan treatment in the Indian jujube [50], papayas [51],
ber fruit [21] and strawberries [37,52].

As shown in Table 2, total soluble solids (TSS) at harvest time was 4.8%. The results
displayed that both coating and storage time had a significant effect on the TSS of straw-
berries (Table 1). The TSS level increased significantly from the third to the sixth day of
storage irrespective of treatments and then decreased slowly in both control and cover
treatments until the end of the storage period. The concentrations of TSS were affected by
Pro 1 mM compared with control. The initial rise in total soluble solids could be due to the
conversion of starch to soluble sugar forms, and its subsequent reduction at the end storage
could be attributed to the rapid use of reducing sugars and other organic metabolites [10].
In confirmation of the findings of this study, similar results have been reported for straw-
berries [10,53], berry fruit [21] and mangos [54]. A decrease in TSS content at the end of
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the experiment can be an important indicator of fruit ripening and senescence. The edible
coating has been shown to reduce the rates of carbohydrate breakdown, thereby delaying
maturation [55].

Table 2. Qualitative attributes of the camarosa strawberry cultivar at harvest time.

Traits ?:grl%loc ;—\:i)d Firmness (N) TSS (Brix) (nnl\:f)ll)gA,l) @ nl;lélogz,l) (m, gF llz‘aognf’liiw) (ni\gnltgg ;}ialnlir‘:v)
Value 72 39 4.8 375 2.64 6.8 46.5
Traits Phengl Antio_xidant gAT SE)D
(mg 100 g~ ! FW) capacity (%) (Ug1FW) (UgtFW)
Value 116 91.5 43 9.5

As shown in Table 1, the interaction effect of coating and storage time on TA was
significant (p < 0.05), and the amount decreased with increasing storage time. Strawberries
coated with CTS and CTS-Pro NPs showed a delay in TA decrease. Organic acids can
usually be considered a source of fruit energy, but during ripening, the increased ratio
of respiration or the conversion of organic acids to sugar reduces their amount in fruit
extract [56]. However, the edible coating reduced the loss of citric acid over the 12 days
of storage by reducing oxygen diffusion and respiration rates, which caused citric acid
retention [20]. In a previous study, treatment with chitosan and calcium chloride separately
or in combination had no significant effect on the TA of the strawberries during 7 days of
storage [37].

3.4. Ascorbic Acid Content

Ascorbic acid is very sensitive to decomposition compared to other nutrients during
storage due to oxidation [57]. In the present study, the concentration of ascorbic acid
decreased during storage in both control and treated fruit (Table 1). The results showed that
after day 12, the highest content of ascorbic acid was related to the treatment of CTS-Pro NPs
and CTS and the lowest was related to the control and Pro 5 mM treatments. The differences
between CTS-Pro NPs and CTS-0.1% and control and Pro 5 mM were not significant.
Ascorbic acid is a water-soluble vitamin that, as a non-enzymatic antioxidant, can reduce
ROS and is involved in the detoxification of ROS, especially hydrogen peroxide [58]. Other
researchers attributed the cause to the oxidation of ascorbic acid as an electron donor to
oxidants to neutralize free radicals and ascorbic acid as an important natural antioxidant in
fruit [59].

Coating the fruit with substances such as chitosan increases cytochrome oxidase
activity by reducing the internal oxygen of the fruit, and this enzyme can greatly reduce
the rate of decomposition of ascorbic acid [60]. Similar results of reduction in ascorbic acid
concentration during storage of strawberry fruit were observed by Khodaei et al. [61] and
Belal Abu Salha and Gedanken [62].

3.5. Hydrogen Peroxide (H,O;) and Malondialdehyde (MDA) Content

Hydrogen peroxide (H,O,) is a toxic compound produced in plants under oxidative
stress and is a strong oxidizer. It increases during cold storage, along with free radicals and
reactive oxygen species, when the low temperature causes a change in the fatty acids in the
skin membrane [63]. The effect of different coatings on the HyO, content of strawberries in
different storage periods is presented in Figure 2a. The results showed it increased in all
samples. However, the HyO, in CTS- and CTS-Pro NP-coated fruit remained lower than
that of control fruit during the 12 days (p < 0.05). The difference between the CTS and
CTS-Pro NP coatings was not significant (p > 0.05).
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Figure 2. Effect of post-harvest treatments of strawberries with Pro, CTS and CTS-P NPs on (a) H,O,
and (b) MDA accumulation during 12 days of storage at 4 °C. Data presented are mean + standard
error (SE) of three replications. Different letters (a—h) over bars indicate they are significantly different
(p < 0.05) by Duncan’s test.

As shown in Figure 2b, the amount of MDA increased in all fruit with storage time. The
control had significantly more, whereas the levels in CTS-Pro NP fruit were significantly
lower (p < 0.05). MDA is a breakdown product of unsaturated fatty acids and hydroxides
and is used as a suitable marker for lipid peroxide [64]. The CTS-Pro NP coating might
have acted as a semi-permeable barrier against the O, responsible for lipid peroxidation,
thereby reducing oxidative damage during storage [20]. Chitosan and its nanocomposites
reduce malondialdehyde accumulation in strawberries [53], guavas [65] and plums [66] by
preserving membrane structure and reducing free radicals.

3.6. Total Phenolic Content

The effect of different treatments on the total phenolic content (TPC) of strawberries in
different storage periods is presented in Figure 3a. The results showed that the amount
gradually declined in all treatments. The coated strawberries had the highest total phenolic
content compared to uncoated fruit. The highest total phenolic content was in fruit with
CTS-Pro NPs, which was significantly different from the control treatment by the end
of storage but not from any other treatment. However, the decrease in total phenolic
accumulation may be the result of the destruction of the cellular structure during fruit
senescence. The coatings protected the fruit by providing a barrier to O, and a moisture
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supply for the enzymatic oxidation of phenolic compounds [67]. This finding was similar
to that of Khodaei et al. [61], Khalifa et al. [68] and Gol et al. [67]. The phenolic compounds
interacted with chitosan nanocomposite coatings through hydrogen, which caused the
slow, regulated release of phenols into the environment [69]. Jongsri et al. [70] reported
that chitosan-coated mangoes showed higher phenol content during storage.

@
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Figure 3. Effect of post-harvest treatments of strawberries with Pro, CTS and CTS-P NPs on (a) total
phenolics, (b) total flavonoids, and (c) total anthocyanins during 12 days of storage at 4 °C. Data
presented are mean & SE of three replications. Different letters (a—j) over bars indicate they are
significantly different (p < 0.05) by Duncan’s test.
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3.7. Total Flavonoids

The amount of total flavonoids in strawberries at harvest was 6.8 mg 100 g~! FW in this
experiment (Table 1). The results showed that the amount of total flavonoids in uncoated
and coated fruit gradually declined until the end of storage time (Figure 3b). Strawberries
treated with CTS and CTS-Pro NPs indicated significantly higher flavonoid levels compared
to the control fruit (p < 0.05), whereas no significant difference was detected between the
control and 1 mM Pro treatment or between the 1 and 5 mM Pro treatment. These findings
are in agreement with results from other studies, in which different coatings were applied,
and adequate levels of flavonoids in papayas [71], tomatoes [72] and strawberries [73]
were obtained.

3.8. Total Anthocyanin Content

Changes in the total anthocyanin (TAC) content of control and coated fruit during
12 days of storage are shown in Figure 3c. The results showed that until the ninth day of
storage, anthocyanin content in the treated fruit gradually increased and was higher than
in the control fruit. The increase in anthocyanin may have been due to the activation of
related enzymes because anthocyanins are the major phenolic compounds synthesized in
mature fruit [74]. Afterwards, the anthocyanin content gradually declined until the end
of the storage period. The strawberries treated with CTS-Pro NPs recorded the highest
anthocyanin content. The initial increase was probably due to ripening, increased sugar, and
phenylalanine ammonia-lyase activity during storage; however, a gradual decrease in this
index after this period could have been due to increased polyphenol oxidase activity [75].

In this study, the slower rate of anthocyanin depletion in coated fruit compared to
control could have been due to lower enzymatic activity and ascorbic acid retention. Indeed,
the edible coating acted as a gas barrier during cold storage to decrease the O, and CO,
exchange. It also inhibited anthocyanin oxidation upon decomposition of the cell wall. The
results in this study are consistent with the findings of other researchers [67,76].

3.9. Antioxidant Enzyme Activities

There are several antioxidant enzymes, including SOD, POD, CAT and APX that
catalyze reactions to neutralize ROS. The reactive oxygen species could be scavenged by
these enzymes and prevent the destructive effects of HyO, in plant structures [77]. As
shown in Figure 4a, catalase activity in all strawberries increased gradually during the
initial 6 days of storage and then reduced steadily at the end of the storage period, but this
reduction was higher in control than in the coated fruit. The samples treated with Pro 1 mM
and control had the highest catalase activity on the sixth day. CAT is an ROS-scavenging
enzyme present in all plants, where it functions to catalyze the hydrogen peroxide into
H,0 and O in an energy-efficient manner [78] by preventing excessive HyO, build-up and
allows important cellular processes to occur.

The activity of SOD increased in all fruit until the ninth day of storage and then
diminished slightly at the end of storage time (Figure 4b). The highest SOD activity was
related to fruit treated with 5 mM proline and chitosan and had a significant difference
from the control (Figure 3b). Under plant stress conditions, antioxidant compounds such
as catalase and superoxide dismutase naturally increase [79]. These compounds prevent
damage to plant tissues by removing free radicals [64].

The results showed that CAT and SOD activities were significantly reduced during
the 12-day storage period, regardless of the treatments. However, the highest reduction in
SOD and CAT activity was observed in the control as compared to the different coatings.
In the current study, the use of CTS and Pro were significantly effective in maintaining
the activity of higher antioxidant enzymes. Post-harvest chitosan coating has shown to
be effective in enhancing activities of CAT, SOD and POD in guava [65] and fresh in-hull
pistachio fruit [80]. These results are in agreement with previous studies that have reported
the beneficial effect of proline in increasing ROS scavenging enzyme activities as found
in rose [81], citrus [32] and flat peach [82]. In the present study, when compared with
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uncoated fruit, the CTS- and Pro-treated strawberries showed lower H,O, accumulation
and O, 2 production as a result of higher SOD and CAT activity during cold storage.
These results suggested that the use of Pro, CTS and CTS-Pro NPs improved the activity of
ROS-scavenging enzymes, including CAT and SOD, which prevented oxidation damage;
therefore, they increased shelf life and retained fruit quality during storage.
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Figure 4. Effect of post-harvest treatments of strawberries with Pro, CTS and CTS-P NPs on activities
of CAT (a) and SOD (b) during 12 days of storage at 4 °C. Data presented are mean + SE of
three replications. Different letters (a—i) over bars indicate they are significantly different (p < 0.05) by
Duncan’s test.

3.10. Antioxidant Capacity

In Figure 5, the antioxidant capacity of control and coated strawberries was constant
until the sixth day of storage. Afterward, the antioxidant capacity decreased, especially in
the control samples, which decreased rapidly until the end of storage, whereas after the
twelfth day, there was significantly higher antioxidant capacity in the coated fruit. There-
fore, coating strawberries with CTS and CTS-Pro NPs could be said to have maintained
antioxidant capacity. Decreased antioxidant activity may have been due to cell protection
against free radical damage. In addition, reduced ascorbic acid and anthocyanin were
another reason for decreased antioxidant activity. It has been known that strawberries
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coated with CTS and CTS-Pro NPs had more antioxidant activity compared to control,
which could have been due to higher maintenance of ascorbic acid and anthocyanins [67].
The levels of phenylpropanoid compounds, oxygen-radical scavengers and antioxidant
activity increased in strawberries after chitosan treatment [73].
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Figure 5. Effect of post-harvest treatments of strawberries with Pro, CTS and CTS-P NPs on antiox-
idant capacity (%) during 12 days of cold storage at 4 °C. Data presented are mean + SE of three
replications. Different letters (a—e) over bars indicate they are significantly different (p < 0.05) by
Duncan’s test.

4. Conclusions

Strawberries are rich in antioxidant compounds, including phenolic compounds and
ascorbic acid, but, similar to other fruit, their nutritional value and quality decline post-
harvest. The use of CTS as a nature-friendly and non-chemical substance can greatly
preserve the nutritional value of strawberries. In general, as shown in this experiment, fruit
treated with CTS, Pro and CTS-Pro NPs had higher antioxidant and enzymatic activity
than untreated fruit. The present study showed that the CTS coatings, Pro and CTS-
Pro NPs protected strawberries against fungal decay and improved their physiochemical
characteristics during storage at 4 °C for 12 days. Overall, fruit coated with CTS and
CTS-Pro NPs showed lower weight loss, decay, and MDA and H,O, accumulation as well
as preserved ascorbic acid, anthocyanins and total phenols. Thus, chitosan and proline
coated with chitosan nanocomposite coatings are good candidates for maintaining the
nutritional quality and increasing the post-harvest life of strawberries.
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