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Abstract: The effect of bacterial cellulose nanocrystal-fish gelatin/cinnamon essential oil (BCNCs-FGelA /
CEO) nanocoatings containing different concentrations of essential oil (1.2, 1.8, and 2.4 mL/L) on re-
ducing the ripening and aging processes of ‘Red Gold’ nectarine fruit during cold storage (60 days, 4 °C)
was studied. As a general trend, the application of the coating delayed the ripening process, and in-
creasing the concentration of essential oil was effective in improving the coating efficacy. After 60 days,
the lowest values of weight loss (6.93%), peroxidase and polyphenol oxidase activity (11.49 and
0.48 abs min 1 g_l, respectively), soluble solid content (14.56%), and pH (4.17) were detected for
samples covered with the BCNCs-FGelA coatings containing the highest tested CEO concentration,
whereas the maximum values of the same parameters (20.68%, 18.74 and 0.76 abs min~! g_l, 17.93%,
and 4.39, respectively) were found in the uncoated samples. In addition, increasing the concentration
of the essential oil resulted in a better preservation of the firmness, ascorbic acid, and total acidity of
the samples. Finally, the respiration rate and ethylene production of coated samples were lower than
those detected in uncoated samples, though some differences arose depending on the amount of CEO
loaded in the coatings. This study showed the capability of BCNCs-FGelA /CEO coatings to increase
the cold storage period and preserve the quality of ‘Red Gold’ nectarine fruit, thereby reducing losses
and increasing economic efficiency in the fruit industry.
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1. Introduction

Nectarines (Prunus persica (L.) Batsch, var. nucipersica or nectarina) are a type of peach
that differs from most of the commonly known varieties due to their smooth skin and
sweeter taste, which represent the two distinctive attributes of their commercial success.
As in most climacteric fruits, as well as in nectarines, ripening is associated with tissue
softening, an increase in sugar—acid ratio, respiratory and enzymatic activities, and ethylene
production. Nectarines, with their high metabolic activity and juicy flesh, are highly sus-
ceptible to spoilage. They typically last just 3—4 days at room temperature and 15-18 days
under cold storage [1]. Quality loss in nectarines after harvest is primarily due to cell
membrane breakdown [2] and fungal diseases like Rhizopus rot, Penicillium rot, or brown
rot [3,4]. To address the issue related to such a limited shelf life, various methods exist,
namely sub-zero temperature preservation, modified atmosphere packaging, and edible
coatings, or a combination thereof. For instance, Zhao et al. [5] investigated the use of a
near-freezing temperature (NFT) for storing nectarines and its impact on fruit quality. They
identified a crucial aspect of NFT storage, that is, precise temperature control. Since NFT is
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very close to the biological freezing point of the fruit, even minor temperature fluctuations
can cause freezing injury. This necessitates a highly stable and controlled temperature envi-
ronment for successful NFT storage of fresh produce. Additionally, optimal NFT storage
temperatures may vary among different fruits and vegetables, thus potentially limiting
the feasibility of storing a variety of items within the same refrigerator. Consequently,
NEFT storage often requires specialized equipment that might not be readily available or
cost-effective everywhere.

Among all the above-mentioned techniques, edible coatings have recently gained
popularity both at the academic and industrial levels. These coatings offer a wide range
of benefits, such as improved appearance, extended shelf life, and maintained quality of
fruit during storage [6,7]. As an eco-friendly technology, coatings achieve these desirable
effects by regulating moisture loss, gas exchange, and oxidation processes [8]. Additionally,
edible coatings create a modified atmosphere around the fruit by influencing its internal
gas composition [8,9]. This has led researchers to explore various types of edible coatings
for extending the shelf life of fruits. Over the years, covering the surface of fruits with
bio-polymeric coatings (e.g., made of proteins, polysaccharides, lipids, or a combination
thereof) has been proven as a viable strategy to reduce the rate of respiration and moisture
loss, thereby slowing down the ripening and senescence processes of the product while
maintaining its sensory properties. In addition, loading the coating formulations with
bioactive compounds such as extracts and essential oils (EOs) from plants provides the final
coatings with antimicrobial properties [10,11]. EOs have natural antimicrobial properties
but are volatile and light-sensitive, which limits their use in food preservation [12,13].
Encapsulation offers a solution by improving EO stability [14,15]. Pickering emulsions use
solid nanoparticles to stabilize oil-water interfaces, offering long-lasting protection against
droplet merging [16,17]. Various particle shapes, including spheres, rods, and plates, have
been successfully employed [18,19]. Gelatin, particularly from fish sources, is gaining
attention in the food industry due to its excellent stabilizing and emulsifying properties,
along with religious dietary considerations and safety concerns regarding mammalian
sources [20,21]. Cellulose nanomaterials (CNFs and CNCs) are promising for emulsions
due to their intrinsic properties such as excellent mechanical, thermal, and gas-barrier
properties, high aspect ratio, and good wet stability [18]. Their amphiphilicity suggests the
potential for both polar and hydrophobic interactions [22,23]. This property may facilitate
the encapsulation of the hydrophobic oil phase with the hydrophilic gelatin phase while
reinforcing the matrix of brittle gelatin. Conventional wood-based cellulose extraction
harms the environment. Extracting cellulose nanofibers using Acetobacter xylinum bacteria
offers a sustainable alternative. Excellent properties like high purity and biocompatibility
make bacterial cellulose nanofibers promising for various applications [24]. Prior research
showed that bacterial cellulose nanocrystals (BCNCs) can effectively emulsify various oils
(olive, sunflower, peppermint, palm, canola, etc.) and other substances (essential oils)
within Pickering emulsions [25-30]. Several studies have been conducted to investigate
the effect of different coating formulations to preserve the quality of the nectarines during
storage. For example, coatings made of zein and containing nisin [31], coatings made of
carboxy-methyl cellulose and Arabic gum [32,33], eugenol-based nanocapsule coatings
based on chitosan and carboxymethyl cellulose [34], multilayer coatings of chitosan and
carboxymethyl cellulose, alone and in combination with marigold, moringa, and eucalyptus
extracts [35,36], and coatings prepared using sodium chloride and salicylic acid [37] were
successfully developed.

Interestingly, in all the above studies, the quality preservation of nectarines was pur-
sued through the incorporation of bioactive compounds in the main biopolymer network,
which was finally used in the form of emulsions, nanoemulsions, or nanocapsules to obtain
the following outcomes: (i) to achieve the controlled release of the active ingredient over
time, (ii) maintain the stability of the active substance against external factors (e.g., light
and oxygen), and (iii) reduce its sensory impact on the taste and aroma of the fruits [11].
However, it has been demonstrated that the stability of these emulsions is a key aspect
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for these systems to work efficiently [38]. In our previous studies, we developed bacterial
cellulose nanocrystals (BCNCs)—cinnamon essential oil Pickering emulsions stabilized with
fish gelatin [38—40]. We demonstrated the key role of BCNCs in stabilizing the emulsion by
preventing the coalescence phenomena, which was then reflected in the coating stability
in terms of physical, mechanical, and chemical properties. Although the positive effect
of CNCs as a coating to increase the shelf life of various food products has been widely
demonstrated [41-47], their use on fruits is very new and only a few studies have been
conducted in this field, especially for nectarines. It might be because of BCNCs’ drawbacks
in scaled-up production which is time-consuming and not preferred economically. But in
a very recent article by Rahmadiawan et al. [24], this problem was partially resolved by
producing BCNCs as a powder to be used in different areas and fields, specifically food
packaging applications.

Therefore, in this research, the effect of the BCNCs-fish gelatin/cinnamon essential
oil coating on the qualitative properties of nectarines from the “Red Gold” cultivar during
storage was investigated. For this purpose, various quality parameters such as weight
loss, tissue firmness, respiration rate, ethylene production, total acidity, ascorbic acid, pH,
soluble solid content, peroxidase, and polyphenol oxidase enzyme activities, as well as
sensory evaluation during 60 days of cold storage were considered.

2. Materials and Methods
2.1. Raw Materials and Chemicals

‘Red Gold’ nectarine fruits in the commercial ripening stage (70% skin color change)
were harvested manually from a local garden in Pars Abad city (Ardabil province, north-
west of Iran). Undamaged fruits of similar size were transferred to the laboratory and
kept at a temperature of 4 & 1 °C until being tested. All the chemicals used in this re-
search for the preparation of the coating and for conducting quality chemical tests were
similar to those reported in our previous research works [11,38-40,48]. The study uti-
lized several commercially available materials. Type A fish gelatin (extracted by acid
pretreatment, Kosher and Halal certified), with a gel strength of 200 Bloom, was obtained
from Weishardt (Graulhet, France). The cinnamon bark essential oil (CEO, including E-
cinnamaldehyde: 70.6%; E-cinnamyl acetate: 5.3%; 3-caryophyllene: 5.1%; linalool: 4.2%;
eugenol: 3.7%; 1,8-cineole + B-phellandrene: 1.2% by GC-MS) came from Plant Therapy
Essential Oils Corporate (Twin Falls, ID, USA). Bacterial cellulose (BC) was produced
through static fermentation using the bacteria Komagataeibacter sucrofermentans DSM 15973
(sourced from Leibniz Institute DSMZ—German Collection of Microorganisms and Cell
Cultures, Braunschweig Germany), following a previously established procedure [49].
Finally, ethanol (96 v/v %), sulfuric acid (99 v/v %), and dialysis tubing (cellulose mem-
brane, 12 kDa, average flat width 43 mm) were purchased from Sigma-Aldrich-Merck
(Milan, Italy). Monosodium phosphate (NaH;POy), disodium phosphate (NayHPOy),
polyvinylpolypyrrolidone (PVPP), Triton X-100, catechol, p-phenylenediamine, hydrogen
peroxide (HyO,), and potassium iodate (KIO3) were all obtained from Merck (Darmstadt,
Germany). Separately, potassium iodide (KI), starch, hydrochloric acid (HCI), sodium
hydroxide (NaOH), and phenolphthalein were purchased from Mojallali (Dr. Mojallali
Industrial Chemical Complex Co., Tehran, Iran).

2.2. BCNCs Preparation

To obtain bacterial cellulose nanocrystals (BCNCs), an acid hydrolysis process was
employed [49]. First, 0.914 g of dry BC was mixed with 6.226 g of distilled water and
100 g of a 50% (w/w) sulfuric acid solution. To ensure even distribution, the mixture was
homogenized using a DI 25 basic homogenizer (Ika-Werke GmbH & Co., Stanfen, Germany)
for 3 min at 9500 rpm. The actual hydrolysis involved stirring the mixture at 55 °C for
2 h at 800 rpm. Subsequently, the suspension was centrifuged at 8000 rpm for 50 min to
remove excess sulfuric acid. The supernatant was discarded, and the remaining solid was
re-dispersed in fresh distilled water. This washing step was repeated five times. Finally, the
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suspension was transferred to dialysis tubes submerged in distilled water within a beaker.
The dialysis water was changed every 4 h until the pH of the BCNC dispersions reached 5.
To achieve complete dispersion of the nanocrystals, the final BCNC aqueous suspensions
were ultrasonicated for 5 min using a UP 200 St ultrasonicator (200 W, 26 kHz-Hielscher,
Teltow, Germany) equipped with a titanium sonotrode (526d7D, surface area 42 mm?) set
at approximately 20 W power (25% pulse and 30% amplitude). The final BCNC suspension
has been already characterized in terms of average size (length, nm), PDI, and &-potential
(mV) in our previously published research [38], and the results are summarized as follows:
length = 322.08 £ 30.0 nm, PDI = 0.340 4 0.117, and &-potential = —27.72 4= 0.16 mV.

2.3. Coating Preparation

A schematic diagram of materials used, and the coating preparation procedure, is
reported in Figure S1 of the Supplementary Material. First, three separate BCNC (0.4%
w/w) suspensions were prepared in falcon tubes. Second, 0.6, 0.9, and 1.2 mL of cinnamon
essential oil were added to each of them, followed by a dropwise addition of gelatin solution
(a mixture of 8.5 g distilled water with 4.5 g of a 10% w/w fish gelatin stock solution), such
that the three different emulsion coating formulations contained 3% w/w gelatin, 0.06%
w/w BCNCs, and 1.2, 1.8, and 2.4 mL/L essential oil, respectively were obtained [38]. A
TEM (transmission electron microscopy) image of the final coating emulsion is provided to
demonstrate the morphology of the BCNC-stabilized CEO Pickering emulsion (e.g., size
and droplet coverage) (Figure S2 of the Supplementary Material).

2.4. Coating Application on the Fruit Samples

Fruits with uniform size and without any sign of mechanical damage or fungal rot
were washed and then disinfected with sodium hypochlorite solution (0.05% w/w) for
1 min and dried under ambient conditions. Coating application was carried out by dipping,
that is, the nectarines were immersed in the coating solutions containing CEO at 1.2, 1.8,
and 2.4 mL/L. The immersion of the fruits into the coating emulsions lasted 15 s at ambient
temperature. Finally, the four samples coded as C0, C1.2, C1.8, and C2.4 were divided into
four parcels of 24 specimens each. Coated nectarines were placed under a chemical hood
and at ambient temperature for 12 h to allow the structuration of the coating by partial
water evaporation. Also, uncoated nectarines were used as control samples. Nectarines
were then put into a plastic basket with nectarine trays, packed in traditional packing
papers, and kept under controlled conditions (4 & 0.5 °C, 80%-85% RH) for up to 60 days.
Physical and chemical measurements were carried out at the beginning of the investigation
(time 0) and after 20, 40, and 60 days of storage.

2.5. Physical and Chemical Tests
2.5.1. Weight Loss (WL%)

To determine the weight loss, the samples were weighed at the beginning of the
experiment and during the storage period using a digital scale (GF-600, A&D Weighing,
Tokyo, Japan) with an accuracy of 0.0001 g. Weight loss (Equation (1)) was calculated based
on the percentage of initial weight using five replicates [50]:

WL (%) = (W; — W)/W; x 100 1)

where W; and W; are the initial weight of the fruit and the weight at each specific sampling
time over the 60 days storage time, respectively.

2.5.2. Firmness

This test was performed using a fruit firmness device (STEP SYSTEM, Niirnberg,
Germany) mounting a steel rod with a standard diameter of 8 mm. The force corresponding
to the maximum penetration value (penetration force) of up to a depth of 5 mm was
considered as a firmness index. Experiments were performed on 6 replicates for each
treatment [51].



Coatings 2024, 14, 736

50f13

2.5.3. Soluble Solids Content (SSC), pH, Total Acidity (TA), and Ascorbic Acid (AA)

For each treatment and for each storage time, the chemical parameters of the nectarines
were measured using the juice obtained from several fruits. SSC (%) was measured by
a scaled optical refractometer (RHB-32/ATC, Brix 0%-32%, 0.2% accuracy; Hong Kong,
China), whereas the pH of fruit juice was assessed using a digital pH meter (Metrohm-827,
Zofingen, Switzerland) at ambient temperature. TA was determined by a titrimetric method
as a malic acid equivalent, starting from the amount of NaOH consumed in the titration.
For this purpose, 5 mL of fruit juice and 1 mL of phenolphthalein (10 g L~!) were first
mixed. Distilled water was then added up to a total volume of 200 mL. At this point, NaOH
0.1 N was added dropwise to the solution until a pH = 8.2 was reached and the color of
the solution turned pink. The amount of titratable acidity was calculated according to the
malic acid (fruit main acid) and according to Equation (2):

TA = (mLnaon X Nnaon X acidmeq.factor)/mLjyice X 100 (2)

where TA is the titratable acidity (%), mLnaon is the consumed volume of sodium hydrox-
ide (mL), NNaom is the molarity of the consumed sodium hydroxide (N) and equivalent to
0.1 N, acidmeq.factor is the fruit main acid factor (malic acid) of 0.067 g/moleq, and mLjyjce
is the volume of the used fruit juice [52].

Ascorbic acid content was quantified through a titration method using potassium
iodate (KIO3). For this purpose, 20 mL of fruit juice, starch 0.5% (w/w), 5 mL of HC1 1 M,
and 5 mL potassium iodide (KI) 0.006 M were added to distilled water to a total volume of
200 mL. The titration was performed using KIO3 (0.002 M) and continued until the blue
color was revealed, and then the amount of ascorbic acid (AA) was calculated based on
Equation (3):

AA =5/(2836 x V x 1000) 3)

where AA is the amount of ascorbic acid obtained per 100 g of fruit juice (mg) and V is the
volume of consumed potassium iodates (uL) [53].

2.5.4. Respiration Rate and Ethylene Production

Respiration rate (as CO, is produced) and ethylene evolution were monitored using
a gas analysis device (Oxybaby 6, Witt, Witten, Germany) and a GC-MS (Agilent 78904,
Santa Clara, CA, USA), respectively [11]. At least 3 replicates were considered for each test.

2.5.5. Peroxidase (POD) and Polyphenol Oxidase (PPO) Enzyme Activity

For the POD enzyme, the enzyme extract was obtained from the fruit tissue using
a sodium phosphate buffer (0.4 M). The enzyme extraction solution was then prepared
by the addition of polyvinylpyrrolidone (PVP) 4% (w/v) and Triton-X 1% (v/v) to the
sodium phosphate buffer 0.2 M. Finally, 10 g of fruit tissue, after homogenization, was
mixed with 20 g of enzyme extraction solution, which was then centrifuged at 7500 rcf and
4 °C for 10 min (Lisa, Chateau-Gontier, France). The supernatant was separated and used
to measure enzymatic activity. Experiments were performed in triplicate.

For the PPO enzyme, 75 uL of supernatant was mixed with 3 mL sodium phosphate
buffer 0.05 M, containing catechol 0.07 M. A similar method was used for the control, except
for the enzyme extraction solution that was replaced by distilled water. The absorbance
kinetic was measured at 420 nm wavelength for 10 min by spectrophotometry (Nanodrop
One C, Thermo Scientific, Waltham, MA, USA) at ambient temperature. Finally, the
enzymatic activity was determined based on adsorption changes per minute per gram of
the sample [54,55].

2.5.6. Sensory Test

At the end of the storage period, the taste, odor, firmness, color, and overall quality of
the samples were evaluated by twelve experienced fruit tasters with a nine-point hedonic
scale (1 = dislike extremely, 5 = neither like nor dislike, 9 = like extremely) [56,57]. Each
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sample was washed with purified water before being presented to the panelists. The
experiment was replicated four times, with the order of samples randomized to avoid bias.

2.6. Statistical Analysis

All analyses were conducted at least three times unless otherwise specified. The mean
values and standard deviations of the experimental data were calculated. Statistically
significant differences among the averages were evaluated using a one-way analysis of
variance and Tukey’s test (p < 0.01). Statistical analysis was conducted using Minitab 18
(Coventry, UK) software.

3. Results and Discussion
3.1. Weight Loss (WL%)

Weight loss changes over time are shown in Figure 1a. Both time and CEO concentra-
tion significantly influenced WL (p < 0.01). In particular, WL increased with storage time
because of two effects that include the more intense metabolism of the fruit (e.g., respiration
and perspiration) and the higher activity of microorganisms. Conversely, the presence of
the coating mitigated WL in a proportional way to the CEO concentration.
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Figure 1. Values of (a) weight loss, (b) tissue firmness, (c) respiration rate, and (d) ethylene production
rate of untreated (control) and coated (CEO concentration = 1.2-2.4 mL /L) ‘Red Gold” nectarine fruits
during 60 days of cold storage (4 °C). Different letters above the bars denote significant (p < 0.01)
differences among mean values.

The positive effect of the coating can be explained by considering its capability of
preventing water evaporation from the product’s tissue to the surrounding environment.
This effect was clearly emphasized by increasing CEO concentration, which could be due
to the hydrophobicity of CEO and its repellency against water molecules. These results are
in line with those earlier reported for nectarine using salicylic acid and calcium chloride
coatings [37], carboxymethylcellulose and Arabic gum [32,33], carboxymethylcellulose
and chitosan, alone and in combination with the marigold, moringa, and eucalyptus
extracts [35]. Studies by Sowmyashree et al. [35] and Abdi et al. [58] demonstrated the
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effectiveness of layer-by-layer coatings and beeswax coatings, respectively, in preserving
nectarines during cold storage. These coatings significantly minimized moisture loss
and water diffusion between the fruit and the surrounding environment. Additionally,
the studies revealed a slower ripening process in coated fruits compared to uncoated
controls. Interestingly, Abdi et al. [58] observed that waxing nectarines for storage at
ambient temperature might not be as effective in preventing moisture loss as cold storage
with waxing. This suggests that ambient temperature may influence the moisture content of
the wax, thus hindering its ability to create a robust moisture barrier on the fruit’s surface.

3.2. Tissue Firmness

When purchasing fruits, physical attributes such as firmness and appeal are important
deciding factors. Firmness is one of those parameters that consumers look forward to when
buying any kind of fruit, as in the case of nectarines. Tissue firmness decreased during the
storage time for all the samples (Figure 1b). The radicals formed by aerobic respiration (such as
superoxide and nitric oxide) weaken the cell wall and make the pectin accessible to pectinase,
which eventually causes firmness reduction [59]. The presence of the coating on the fruit
surface prevented the fruit from microbial spoilage due to a reduction in the respiration rate,
which was more evident when the highest amount of CEO loaded in the formulation was
employed. In turn, this translated into a higher firmness of the fruit tissue, in agreement
with those obtained by other researchers using marigold, moringa, and eucalyptus extracts in
coatings made of carboxymethylcellulose and chitosan [35,36], carboxymethylcellulose and
Arabic gum at a specific concentration [32,33] on nectarine fruits.

3.3. Respiration Rate and Ethylene Production

The respiration rate for all samples increased after 20 days of storage (Figure 1c),
thereby indicating the product ripening caused by the intense physiological activities
during this time window. Afterward, and up to the 60th day of monitoring, the rate of res-
piration decreased. The same trend was also observed for ethylene production (Figure 1d).
For climacteric fruits, such as nectarine, before the peak of climacteric (pre-climacteric),
there is a sharp increase in ethylene production due to physiological and biochemical
changes that are responsible for the transition from the ripening to the senescence of the
fruit. According to these results, the ripening process of the fruit occurred until the 20th
day of storage, after which the senescence phase and subsequent fruit deterioration took
place. As far as the coated samples are concerned, it was observed that the application of
the coating led to a reduction in both respiration rate and ethylene production as compared
to the non-coated samples. This is plausibly explained in terms of the effectiveness of
the applied coating in relenting some physiological phenomena such as respiration, as
the coating is able to control O, permeation [39]. The fact that both respiration rate and
ethylene production increased with CEO concentration can be explained considering that
the CEO acts as a plasticizer and the gas permeability generally increases proportionally to
the concentration of plasticizers. This phenomenon can be attributed to the increase in the
intermolecular volume within the main phase of the coating caused by the increase in CEO
concentration [11].

3.4. Soluble Solids Content (SSC), pH, Total Acidity (TA), and Ascorbic acid (AA)

Changes in soluble solids, pH, titratable acidity, and ascorbic acid of nectarines are
displayed in Figure 2, whereas the ratio of SSC/TA is provided in Table 1. The overall
comparison revealed that with increasing storage time, SSC (Figure 2a) and pH (Figure 2b)
increased, whereas TA (Figure 2c) and ascorbic acid (Figure 2d) decreased. Concerning
SSC, this value naturally increases during storage and physiological maturity of the fruit
due to the activity of the sucrose phosphate synthase (SPS) enzymes, which convert starch
to simple sugars such as glucose phosphate [60]. Decreasing TA and increasing pH are
due to the consumption of organic acids during the respiration process [61]. Some reports
suggest that TA decreases as SSC levels increase in fruits. Also, substrate consumption
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through respiration or microorganism activity leads to changes in TA [62]. Finally, the
decrease in the ascorbic acid concentration during storage was also expected, considering
that it is strongly affected by phenolase enzymes, temperature, light, oxygen, and pH [63].
Interestingly, the presence of the coating seemed to slow down the changes in SSC, pH,
TA, and AA as described before. Again, the positive effect of the BCNCs-FGelA/CEO
coating can be ascribed to the coating’s capability to act as a barrier against gases and
vapors. In particular, the BCNCs-FGelA /CEO coating reduced the oxygen gas transmission,
which first explains the less intense ascorbic acid oxidation during storage. At the same
time, a lower permeation of oxygen led to a less intense degradation of organic acids
as a consequence of a slowed down respiration rate and, in turn, delayed ripening of
nectarines [35,64,65].

19 1 mComCl2muCl8 C24 45 9 uC0 mCl.2 mC18 C24
. (b)
4.4 A
18 4
43 A b
7 b b
1 gy £
= ! 42 be b
™)
. - 4.1
;E' 16 4 . T ed o
2 2 ¢ Ted ~ 4 A T
N - Foad
o 18 e T a8 defefdef ¢ of
&z ef : l I
2oy fg 38
gh T 37
134 h * 1 ?
) j 3.6 1
12 = 3.5
0 20 40 0 20 40 60
St()r-.]ge time (day) Storage time ((lﬂ)')
1.3 4 nC0 mCl2 mC18 C24 12 4 uC0O mCl2 uCl8 C24
: () . (d)
5 7 T
. abab 10
b1 I b
I
1.1 4 " ¢ o84
ed ¢ cd I &
2 d S
e 1 1 - 6 4 e de
= o0
= . z
& 0.9 A T ; 4
ef -
0.8 1 ( 2 1
0.7 - v 0 -
20

40 60 0 20 40

Storage time (day) Storage time (day)

Figure 2. Values of (a) soluble solids content (55C), (b) pH, (c) total acidity (TA), and (d) ascorbic
acid of untreated (control) and coated (CEO concentration = 1.2-2.4 mL/L) ‘Red Gold’ nectarine fruits
during 60 days of cold storage (4 °C). Different letters above the bars denote significant (p < 0.01)
differences among mean values.

Table 1. The SSC/TA ratio of untreated (control) and coated (CEO concentration = 1.2-2.4 mL /L)
‘Red Gold’ nectarine fruits during 60 days of cold storage (4 °C). Different lowercase letters above
mean values denote significant (p < 0.01) differences among samples.

SSC/TA Ratio
Sample
Day 0 Day 20 Day 40 Day 60
Co 17.45 +0.74 ¢ 18.62 +0.38 b 2321 £0.272
C1.2 , 12.77 +0.03 8 14.62 + 0.60 e 16.49 + 0.46 €
10.76 & 0.131
C1.8 12.32 £ 0.12 80 1423 +0.21°¢ 15.42 +0.14
C2.4 11.64 + 0.02 N 11.97 + 0.43 8h 13.68 + 0.34 ¢f
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3.5. POD and PPO Enzyme Activity

The activity of the POD enzyme increased over the 60 days in cold storage for all
treatments (Figure 3a). However, this increasing trend was mitigated and less intense for
coated samples, in a proportional way to the CEO concentration. In the case of the PPO
enzyme, a first increase was followed by a decrease within the coated nectarines (Figure 3b).

25 m(C0 mCl2 mCl8 C24 0.9 1 mCO mCl2 mCl8  C24
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Figure 3. Values of (a) POD activity, and (b) PPO activity of untreated (control) and coated (CEO
concentration = 1.2-2.4 mL/L) ‘Red Gold’ nectarine fruits during 60 days of cold storage (4 °C).
Different letters above the bars denote significant (p < 0.01) differences among mean values.

Figure 1c shows that the respiration rate initially increases and then decreases. This
trend can influence the POD-driven process, which relies on oxygen. Since respiration also
consumes oxygen, it can indirectly affect the POD enzyme’s ability to counteract browning
caused by phenolic compounds in the fruit. This competition for oxygen ultimately leads to
the formation of brown pigments within the fruit tissue. Also, considering the findings of
the previous section and knowing that the amount of ascorbic acid is effective in controlling
the tissue browning caused by PPO enzyme activity, it was expected that PPO amount
increases in proportion to ascorbic acid reduction over time. However, an increasing and
then decreasing trend was observed for PPO, which can be the result of the combination
of an increase in the respiration rate and the concentration of ascorbic acid, which may be
less effective at certain concentrations. It should also be considered that besides ascorbic
acid, CEO is an antioxidant compound. This means that an increase in CEO concentration
is expected to lead to a decrease in enzyme activity, which is affected by the amount of
antioxidant compounds [66-68].

3.6. Sensory Evaluation

The result of the panel test is shown in Figure 4. According to the results, the ap-
plication of the BCNCs-FGelA /CEO coating significantly affected the sensory properties
of nectarines including color, firmness, odor, taste, and overall acceptance. Interestingly,
the score increased by increasing the CEO concentration, thus indicating the best fruit
quality perception for the C2.4 treatment. It is interesting to note that, according to the
consumer panel, the concentration of 2.4 mL/L had no negative impact on the odor and
taste of nectarines. Our previous research [38] showed a positive correlation between CEO
concentration and encapsulation efficiency (EE) within the emulsion matrix. This suggests
that higher CEO concentrations might impact its volatility and odor dispersion, potentially
explaining the lower consumer panel scores at lower CEO levels. Furthermore, findings
from earlier sections indicate that higher CEO concentrations are associated with desirable
sensory attributes, including lower weight loss (WL) and soluble solids content (SSC),
higher firmness, and increased titratable acidity (TA). These factors directly contribute to
taste and odor perception by influencing sweetness/sourness and tissue texture [69-71].
Abdi et al. [58] reported that coated nectarines obtained higher scores (nearly three times
more than control samples) for all the sensory attributes of flavor, sourness, appearance,
taste, texture, and overall acceptance as compared to the untreated counterpart.
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Figure 4. Radar plots showing the effect of BCNCs-FGelA /CEO coatings loaded with different CEO
concentrations (1.2-2.4 mL/L) on the sensory characteristics of ‘Red Gold” Nectarine after 60 days of
cold storage at 4 °C. Numbers indicate the average score attributed by panelists to each parameter
upon the hedonic test.

4. Conclusions

In this study, we have shown that coatings produced with bacterial cellulose nanocrys-
tals and fish gelatin containing different concentrations of cinnamon essential oil had a
positive effect on the overall quality of ‘Red Gold” nectarine fruits over a cold storage period
of 60 days. In particular, it was observed that the presence of the coating curbed phenomena
like weight/firmness loss, respiration rate, and ethylene production, thus delaying the
natural senescence of the fruit over time. In most cases, the protective effect of the coating
linearly increased as a function of the employed concentration of essential oil, thus reaching
maximum effect when the highest amount of essential oil was used (2.4 mL/L). Somehow,
surprisingly, this amount did not impair the sensory attributes of the nectarines, which can
be considered an important target for any envisaged commercialization of the product. For
this reason, BCNCs-FGelA /CEO coatings at the highest tested concentration of CEO can
be profitably used as an edible coating to reduce the post-harvest life of nectarine fruits.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ coatings14060736/s1, Figure S1: Schematic diagrams of materials
and coating preparation. (a) Preparation of BCNCs solution, (b) Preparation of coating system, and
(c) application of coating solution to nectarine fruits; Figure S2: Transmission electron microscopy
image of BCNCs—FGelA /CEO Pickering emulsions at the highest CEO concentration (2.4 mL/L or
0.24% w/v).
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