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Abstract: Starch–gellan (80:20) coating formulations were applied to apples and persimmons to
analyse their effectiveness controlling the weight loss, respiration rate, fruit firmness, and fungal
decay during postharvest. Thyme essential oil (EO) was incorporated (0.25 and 0.5 g per g of polymer)
directly or encapsulated in lecithin to enhance antifungal action. Coatings did not reduce weight loss
or firmness changes in apples, but they prevented water loss in persimmons. In contrast, no significant
effect of the coatings was observed on the respiration rates and the respiration quotient of persimmons,
whereas the respiration rates and quotient was increased in apples. On the other hand, the coatings
without lecithin reduced the incidence and severity of black spot caused by Alternaria alternata in
persimmons, regardless of the content of essential oil. Likewise, these reduced the severity of gray
mold caused by Botrytis cinerea in apples. No positive effect of lecithin in coatings was observed on
the postharvest quality and decay in either apples or persimmons, nor did EO exert antifungal action
despite its proven effectiveness in in vitro tests.

Keywords: cassava starch; gellan; thyme essential oil; antifungal edible coatings; postharvest; fruit

1. Introduction

Postharvest diseases are one of the major factors that affect the quality of horticultural fresh
products during storage. Since fruit and vegetables are living organisms, their shelf life is greatly
affected by temperature, relative humidity (RH), composition of the atmosphere during and after
harvest, and the type and degree of infection by microorganisms or attack by insects [1]. Fruit contains
high levels of sugars and nutrient elements, and the low pH values make them particularly susceptible
to fungal decay. Fruit fungal infection may occur during flowering, fruit growth, harvesting, transport,
packing operations, postharvest storage, or after purchase by the consumer [2]. Moreover, the natural
resistance of fruit and vegetables to disease declines with storage duration and ripeness [3].

Gray mold caused by Botrytis cinerea Pers. is considered one of the most serious and common
postharvest diseases of various fruit, including apples and persimmons [4,5]. The infection may occur
in the field, from bloom to harvest, or after harvest, typically causing nests of decay. In fruit that are
often stored for extended periods such as apples, field infections that remained latent can resume
growth during storage, when the pathogen takes advantage of fruit maturity and environmental
conditions and the disease develops (low temperatures and high humidity). In this sense, B. cinerea is
very well adapted to low temperatures, and it is even able to grow at 0 ◦C [6]. Infection starts with
a darker circular area where the fruit tissues are softer than the other fruit parts, and subsequent
abundant sporification, whose colour ranges from white to gray, can develop from the site of infection
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in conditions of ambient temperature and high humidity [7]. Alternaria alternata (Fr.) Keissl. is the
causal agent of postharvest black spot in persimmons (Diospyros kaki Thunb.) [8], and is generally
considered a weak and opportunistic pathogen that gains entry into the fruit via wounds or natural
openings, and remains quiescent until the fruit ripens [9]. A. alternata and Penicillium spp. were found
to be the main causal agents of latent and wound infections in persimmons in Spain [5].

After harvest, fresh produce also suffer physiological and biochemical changes that cause
detrimental changes in quality and shelf life. Respiration, transpiration, and ethylene production are
the main factors contributing to the deterioration of fruits and vegetables [10]. Ethylene is a hormone
produced by climacteric fruits, or when fruit undergoes stress, and is partially responsible for changes
in the flavour, colour, and texture of fruits and vegetables. In addition, fresh fruits and vegetables
lose water during storage due to respiratory and transpiration processes [11]. Water stress also causes
metabolic alterations and changes in enzyme activation, causing accelerated senescence, a decline in
nutritional value, and increased susceptibility to chilling injury and pathogen invasion. Respiration
consists of the oxidative breakdown of organic reserves to simpler molecules, including carbon dioxide
(CO2) and water, with the release of energy [12]. All these biological factors, such as respiration,
ethylene production, and resistance to water diffusion depend on the fruit commodity and cultivar,
physiological stage at harvest, and storage conditions, which are also related to the composition of the
surface waxes. Thus, for example, Morice and Shorland [13] reported that hydrocarbons, alcohols,
fatty acids, ursolic acid, and α-farnesene are the main components in natural apple surface waxes,
and the amount and composition of these components changed during storage depending on the
apple cultivar.

In the last decade, considerable research has been carried out into the development of edible
coatings aiming to control the physiological activity of fruit. These coatings can modify the internal
gas composition and reduce the water loss through the regulation of oxygen (O2), CO2, and water
vapour exchange between the fruit and the surrounding atmosphere. However, a certain degree of O2

and CO2 permeability is necessary to avoid anaerobic respiration, which induces ethanol production,
off-flavour formation, and the loss of produce quality [10]. An additional advantage of edible coatings
is the possibility of incorporating food-grade ingredients, such as antimicrobial agents, antioxidants,
flavours, colour pigments, and vitamins into the basic formulation with the aim of improving their
functional properties.

Traditionally, the postharvest disease control of fresh fruits and vegetables involves the use of
synthetic chemical fungicides in those products for which their use is legislated. However, new
restrictive regulations regarding fungicide residues, the reduction of the legal acceptability limits of
specific fungicides, the emergence of fungicide-resistant strains of the pathogens, and an increasing
public concern towards these compounds have led to a global increase in the need to seek safer
postharvest alternatives to control the decay of fruits and vegetables [14]. Some of these include
antimicrobial antagonists (bacteria, yeast, and fungi) that perform as biocontrol agents, synthetic
and natural antimicrobials classified as food-grade additives, or generally recognized as safe (GRAS)
compounds, such as organic and inorganic acids and their salts, chitosan, essential oils (EOs),
or other plant extracts and different physical methods. Among the natural compounds, EOs and
their components have been reported to suppress fungal growth, both in in vitro and in vivo studies.
Thus, for example, tea tree, palmarosa and star anise EO vapours completely inhibited the in vitro
germination of the apple pathogen Penicillium expansum L. [15]; Melissa officinalis EO was effective
against B. cinerea, P. expansum, and Rhizopus stolonifer (Ehrenb.) Vuill. in in vitro studies [16]. Pulicaria
mauritanica EO was effective against Alternaria sp., P. expansum, and R. stolonifer [17]. In in vivo
studies, the addition of lemon EO enhanced the antifungal activity of chitosan against B. cinerea in
strawberries [18]; garlic extracts and clove EO treatments reduced the postharvest decay caused by
B. cinerea and P. expansum when applied directly to apples [19]; and a chitosan–oregano EO emulsion
exhibited an inhibitory effect on pomegranate fruit inoculated with Botrytis sp., but caused some
phytotoxicity [20]. Usually, the antibacterial effect of EOs relies on their high content of terpenes
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and terpenoids and also on the content of other aromatic and aliphatic constituents, all of which are
characterized by low molecular weight [21].

However, in spite of the great potential of EOs, the main limitation to their application for
decay control is the possible induction of a strong odour or flavour in fruit, phytotoxicity risks,
and technological issues associated with commercial-scale fumigations or liquid applications [22].
The addition of EOs to edible coatings based on polymeric matrices could render them more effective
at prolonging the postharvest life of horticultural produce, slowing down the diffusion rate of the
antimicrobial agent and maintaining a higher concentration of the active compound on the fruit surface
for a longer period, while preventing phytotoxicity by avoiding the direct contact of the EO with
the fruit skin through the encapsulating action of the polymer. Additionally, fruit coatings can delay
or retard the ripening process in climacteric fruit by modifying their internal gas composition and
changing their permeability to O2, CO2, and ethylene production [23]. Among the different EOs, thyme
EO exhibited antifungal action against B. cinerea and A. alternata when included in starch–gellan films in
in vitro studies [24], as well as a complete growth inhibition of B. cinerea as vapour in in vitro tests [25].
Gellan, a microbial gum consisting of repeating tetrasaccharide units of glucose, glucuronic acid,
and rhamnose residues joined in a linear chain, forms starch–gellan composite films with improved
mechanical and barrier properties [24], which could be effective at preserving fruit quality during
postharvest storage when applied as coatings. Furthermore, given the antifungal effect of these films
when these contained thyme essential oil [24], their application as fruit coatings could represent a good
strategy to extend the fruit postharvest life in terms of both quality maintenance and fungal growth
inhibition. Nevertheless, in vivo assays in different fruits must be carried out in order to validate the
beneficial effect of these coatings.

In this study, starch–gellan coatings incorporating thyme (Thymus zygis Loefl. ex L.) EO were
applied to apples and persimmons to evaluate: (1) the postharvest behaviour of coated fruit in terms
of weight loss, respiration rates, and mechanical properties, and (2) the antifungal efficacy of these
coatings applied as a curative treatment against B. cinerea in apple and A. alternata in persimmon.

2. Materials and Methods

2.1. Reagents

To prepare the coating-forming systems (CFS), cassava starch (S) (with 10% amylose content)
(Quimidroga S.A., Barcelona, Spain), low acyl gellan gum (G) (KELCOGEL F, Premium Ingredients,
Murcia, Spain), non-GMO soy lecithin with 45% phosphatidylcholine (L) (Lipoid P45, Lipoid GmbH,
Ludwigshafen, Germany) and thyme (T. zygis) essential oil (Plantis, Artesanía Agrícola SA, Barcelona,
Spain) (EO) were used. The glycerol used as plasticizer was supplied by Panreac Química S.A. (Castellar
de Vallès, Barcelona, Spain) and the polyoxyethylenesorbitan trioleate (Tween 85®) (T) was purchased
from Sigma-Aldrich (Madrid, Spain).

2.2. Preparation of CFS

The formulations were prepared using S and G in a ratio of 8:2, with glycerol as the plasticiser
(0.25 g per g of polymer), on the basis of previous studies [26,27]. Firstly, S was dispersed in distilled
water and kept at 95 ◦C for 30 min to induce complete starch gelatinization. Meanwhile, G solution was
obtained under stirring at 90 ◦C for 60 min. Both solutions were cooled down and afterwards, glycerol
was added. The S and G systems were mixed to obtain the solutions without EO. The thyme EO (0.25 g
per g and 0.5 g per g of polymer), which was used as an antifungal agent, was incorporated, either by
direct emulsification or encapsulated in lecithin liposomes (polymer: lecithin ratio of 1:0.5). In the
first case, the EO was added directly and the dispersions were homogenized for 3 min at 13.500 rpm
using a rotor-stator homogenizer (Ultraturrax Yellow Line DL 25 Basic, IKA, Staufen, Germany). In the
second case, the liposome dispersions were previously prepared and added directly to the initial
polymer blend solution and kept under soft magnetic stirring for 2 h. A formulation was also obtained
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with lecithin liposomes without EO, as a control. To obtain the lecithin dispersions, lecithin (5%, w·w−1)
was dispersed in distilled water and stirred for at least 4 h at 700 rpm. The EO (2.5% and 5% w·w−1) was
added to the lecithin dispersion by using a sonicator (Vibra Cell, Sonics and Materials, Inc., Newtown,
CT, USA) at 20 kHz for 10 min with pulses of 1 s, as described by Valencia-Sullca et al. [28]. Tween 85
was also added to S:G CFS (105 mg·L−1) in order to ensure the complete wettability of the fruit surface,
according to a previous study [29], and tested on apples in a preliminary test. All the solutions were
degassed using a vacuum pump (MZ 2C NT, Vacuubrand GmbH + CO KG, Germany). A total of six
formulations were obtained: starch:gellan (S:G), control with lecithin (S:G-L), formulations with EO,
non-encapsulated (S:G-0.25 and S:G-0.5), and lecithin-encapsulated (S:G-0.25-L and S:G-0.5-L).

2.3. Rheological Behaviour and Contact Angle of the CFS

The rheological behaviour was analysed in triplicate at 25 ◦C by means of a rotational rheometer
(HAAKE Rheostress 1, Thermo Electric Corporation, Karlsruhe, Germany) by using a sensor system
of coaxial cylinders, type Z34DIN Ti. Measurements were taken between 0–100 s−1. The obtained
data was fitted to the Ostwald de Waale power law model (Equation (1)) in order to determine the
consistency (K) and the flow behaviour indices (n):

σ = K·
(
∂u
∂y

)n

(1)

where σ = shear stress (Pa), K = flow consistency index (Pa·sn), ∂u
∂y

= shear rate (s−1), and n = the flow
behaviour index.

The contact angle (θ) was determined by means of a Dynamic Contact Angle measuring device and
Tensiometer (OCA 20, DataPhysics Instruments GmbH, Filderstadt, Germany). For this purpose, thin
sections of the skin of the fruit were cut and placed on a glass plate to proceed with the measurements.
Then, a droplet of each formulation was placed on the horizontal surface with a needle of 1.19 mm
in internal diameter, and the contact angle at the fruit surfaces was measured by the sessile drop
method [30]. Measurements were taken in less than 10 s. Image analyses were carried out using SCA20
software. At least 12 replicates were obtained.

2.4. Quality of Coated Fruit

Apples (Malus domestica Borkh cv. Golden Delicious) and persimmons (Diospyros kaki Thunb. cv.
Rojo Brillante) were purchased from local packinghouses (Valencia, Spain) before any postharvest
treatments were applied. Fruit were chosen according to their uniform shape, size, colour, and the
absence of surface defects; then, they were subsequently cleaned and disinfected by a 4-min immersion
in a 1% sodium hypochlorite solution, thoroughly rinsed with tap water, and air-dried at room
temperature before coating application.

CFS were applied manually, using approximately 1.5 mL/fruit, and spread evenly over the fruit
surface by using latex glove hands, following the method described by Bai et al. [31]. Water was
applied to control fruit to simulate the coating application and its possible effect on the inoculum.
Then, each fruit was inspected to assure complete coverage, and all fruit were stored at 25 ◦C and 65%
RH, for 14 days. Ten fruit were considered in each series (coated and non-coated fruits).

2.4.1. Surface Density of Solids (SDS)

The SDS was determined by weighing the samples with a precision balance (Kern PFB 120-3,
Germany) before and after coating application to obtain the CFS adhered mass. To calculate the total
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adhered solids, the mass fraction of each CFS was considered and the SDS (g·m−2) was estimated
applying Equation (2), according to Marín et al. [32]:

SDS =
(mC −m0)·XsCFS

m0
·ρ· 1

Se
(2)

where mC = mass of the coated apple, m0 = mass of the uncoated apple, XsCFS = mass fraction of the
solids of the CFS (g solids per g of solution), ρ = apple density (g·cm−3). To obtain the specific surface
(Se = 6/d, m2 particles per m3 fruit), the average diameter (d) was calculated considering a spherical
geometry for the fruit.

2.4.2. Weight Loss

The weight loss of the fruit during storage was measured using an analytical balance (ME235P,
Sartorius, Germany) before and after three, seven, and 14 days of storage. The mass loss was referred
to the initial mass of the fruit, and the results were expressed as a relative mass loss rate (day−1), which
was obtained from the slope of the fitted straight line to the relative weight loss versus time data.
Ten fruits were considered for each formulation and for control fruit.

2.4.3. Respiration Rates

Measurements were taken using a closed system, following the method proposed by Castelló
et al. [33], with some modifications. Two apples were placed in hermetic glass jars with a septum in the
lid for sampling headspace gas at different times. Gas sampling was carried out every 30 min for 4 h by
means of a needle connected to a gas analyser (CheckMate 9900 PBI Dansensor, Ringsted, Denmark).
Three replicates per treatment were performed after 7 and 14 days of storage. The respiration rate (Ri)
of the samples in terms of CO2 generation and O2 consumption was determined from the slope of the
fitted linear equation, according to Equation (3). The respiration quotient (RQ) has been determined as
the ratio between CO2 production and the O2 consumption.

yit = yi0 ± 100·Ri·MV ·t (3)

where yit = gas concentration (%O2, %CO2) at time t, yi0 = initial gas concentration, Ri = respiration
rate (mL·kg−1·h−1), M = mass of the samples, V = volume (mL) of headspace, and t = time.

2.4.4. Fruit Firmness

The firmness was measured using a Texture Analyser (Stable Micro Systems, TA.XT plus,
Haslemere, England) fitted with an 11-mm diameter probe, applying a modification of the method
described by Saei et al. [34]. A small skin area was removed from four opposite sides of each fruit
around the equator. The probe penetrated the flesh at 10 mm min−1 and the maximum force (Fmax, N)
required to break the flesh was used as fruit firmness. The distance at maximum force (dmax, mm) was
also taken as another representative parameter of the puncture curve. Ten replicates were used for
each formulation after 14 days of storage. The same procedure was applied to uncoated fruit (control),
both at the beginning and after 14 days of storage.

2.5. In Vivo Antifungal Assays

For the in vivo assays, B. cinerea strain BC03 from the IRTA Culture Collection (Lleida, Catalonia,
Spain) was originally isolated from infected grapes from a vineyard located in Lleida and it was
deposited at the Spanish Type Culture Collection (CECT-20973) at the University of Valencia (Burjassot,
Valencia, Spain). A. alternata strain QAV-6 had been isolated from decayed persimmon fruit and
maintained in the IVIA CTP Culture Collection of postharvest pathogens (Moncada, Valencia, Spain).
These fungal strains were cultured on potato dextrose agar (PDA; Scharlab, Barcelona, Catalonia,
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Spain) petri dishes at 25 ◦C in the dark and used after 7 to 14 days of active growth. Conidia were
scraped from the cultures using a sterile loop and subsequently filtered and transferred to test tubes
with sterile distilled water and 0.01% Tween 85. The suspensions were adjusted at 1 × 104 conidia mL−1

for B. cinerea and 5 × 105 conidia mL−1 for A. alternata, which were selected according to previous
experience with these postharvest pathosystems [5,19]. The concentration of conidial suspensions was
determined using a haemocytometer.

Fruit were wounded (approximately 1.6 mm in diameter and 2 mm deep) using the tip of
a stainless-steel rod once in the fruit equator in the case of apples, and twice in the equator on the
same side of the fruit in the case of persimmons (wounds located midway between the calyx and
the stem end and 5–6 cm apart). Each wound was inoculated using a micropipette with 20 µL of
the correspondent spore suspension 24 h before the application of the coatings (assessment of the
coatings’ curative activity). As previously described, coatings were applied manually at approximately
1.5 mL per fruit. Air surface drying was allowed at room temperature, and fruit were subsequently
placed in perforated plastic trays avoiding direct contact between fruit and incubated at 20 ◦C and 85 ±
5% RH. Twenty fruit—four replications of five fruit each—were used per treatment. Control fruit were
inoculated and treated with water using the same procedure as that for coating application. Lesion
diameters (disease severity, mm) were measured after 7 and 12 days of incubation. Disease incidence
(%) was expressed as the percentage of infected wounds out of the total number of inoculated wounds
per replicate and treatment [6].

2.6. Statistical Analysis

The statistical analyses of the results were performed through an analysis of variance (ANOVA)
using Statgraphics Centurion XVI.II (StatPoint Technologies Inc., Warrenton, VA, USA). Fisher’s least
significant difference (LSD) test was used at the 95% confidence level to determine specific differences
between means. Multifactor ANOVA was also used to analyse the effect of the different factors (storage
time and type of coating).

3. Results and Discussion

3.1. CFS Properties

The viscosity and contact angle of the different CFS on apple and persimmon skin were analysed
since these parameters can affect the coating retention/adhesion on the fruit surface after the coating
treatment through their influence on the CFS gravitational drainage before drying and liquid
spreadability, all of which affect the coating thickness and homogeneity. The flow curves of the
CFS were fitted to the power law model and the rheological parameters (consistency index: K and
flow index: n), including the apparent viscosity (η) at 100 s−1, are shown in Table 1. Pseudoplastic
behaviour, with similar values of n—lower than 1—was observed in all the cases. Apparent viscosities
ranged between 25–42 mPa·s, depending on the CFS composition. Directly-emulsified EO caused an
increase in the apparent viscosity of the CFS according to the EO ratio, while lecithin-encapsulated
EO reduced the viscosity of the formulations, which is probably due to the smaller droplet size in the
encapsulated system [28]. Thus, the S:G-0.5 sample was the most viscous formulation and showed the
highest consistency index.

The contact angles of the different CFS on apple and persimmon skin are also shown in Table 1.
Values lower than 90◦ indicate surface wettability, and therefore greater extensibility of the coating
on the fruit surface. For a given CFS, the contact angles on the persimmon skin were lower than on
the apple skin, which indicates a better wettability of persimmon with these types of formulations.
The values depended on the coating composition, with the highest contact angle corresponding to the
S:G formulation in apples. This could imply problems for the extension of this coating on the apple
surface. A previous study [29] reported that 105 mg·L−1 of Tween 85 must be added to ensure the S:G
coating spreadability on the apple surface, whereas no surfactant was necessary to enhance the CFS
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spreadability when these contained emulsified or lecithin-encapsulated EO. Therefore, Tween 85 was
added to the S:G formulation and tested in a preliminary trial with apples, in comparison with the CFS
without Tween 85, in order to analyse the effect of the surfactant on the fruit quality during storage,
as discussed in the next section.

Table 1. Rheological parameters (flow behavior index, n; consistency index, K; apparent viscosity at
100 s−1, η) and contact angle (θ) of the coating forming solution (CFS) on the skin of ‘Golden Delicious’
apple and ‘Rojo Brillante’ persimmon. Mean values and standard deviations.

CFS
Rheological Behavior Contact Angle (θ)

n K (mPa·s) n η at 100 s−1 (mPa·s) Apple Persimmon

S:G 0.854 ± 0.001 d 65.0 ± 0.2 a 33.1 ± 0.1 c 96 ± 2 e 67 ± 3 cd

S:G-L 0.74 ± 0.01 a 114 ± 3 b 35.0 ± 0.1 d 85 ± 3 d 72 ± 2 e

S:G-0.25 0.86 ± 0.01 d 59 ± 9 a 31 ± 3 b 69 ± 3 a 65 ± 3 c

S:G-0.25-L 0.815 ± 0.001 c 59.7 ± 0.5 a 25.5 ± 0.3 a 73 ± 2 b 50 ± 6 a

S:G-0.5 0.766 ± 0.004 b 124 ± 3 c 42.2 ± 0.2 e 77 ± 2 c 68 ± 2 d

S:G-0.5-L 0.809 ± 0.002 c 60 ± 1 a 25.05 ± 0.03 a 74 ± 2 b 55 ± 4 b

Different superscript letters within the same column indicate significant differences among CFS according to Fisher’s
least significant difference (LSD) test (p < 0.05).

3.2. Effect of the Incorporation of Tween 85 into CFS on Apple Quality

The incorporation of Tween 85 into the S:G CFS significantly decreased the contact angle on the
apple surface (from 96 ± 2 to 47 ± 3) and increased the apparent viscosity (from 37.9 ± 0.3 to 187.8 ±
0.1 mPa·s). As expected, both changes affected the retention/adhesion of the CFS on the apple surface,
as shown in the values of SDS on the fruit, which ranged from 2.6 ± 0.8 to 3.4 ± 0.5 g·m−2. Interactions
of Tween 85 with the CFS components and with the fruit surface affected both the viscosity and the
contact angle of the CFS. As described by Marín et al. [32], surfactant molecules form complexes,
with the helical conformation of amylose favouring the chain aggregation and increasing the system
viscosity. Likewise, this complex formation implies that a high amount of surfactant is required to
enhance the spreading of the CFS on the fruit surface, as discussed by Sapper et al. [29]. The increase
in the SDS values for the S:G formulation with Tween 85 can be attributed to the higher solid content
of the formulation, the greater viscosity that limits liquid gravitational drainage, and the lower contact
angle. However, given the amphiphilic nature of the surfactant, its interactions with the natural wax
of the fruit cuticle could also modify the overall barrier properties of the wax-coating assembly on
the fruit surface. As is known, cuticular waxes are the primary components of the cuticle that are
responsible for its permeability and wettability. These waxes are embedded in the cutin and form
a continuous layer on the top of the cutin [35]. It has been reported that the cuticular wax content in
apple fruit increases during fruit development and storage [36].

Table 2 shows the relative weight loss rate, respiration rate, and puncture parameters of apples
after 7 days of storage at 25 ◦C for samples coated with the S:G formulation containing Tween 85 or
not, in comparison with the uncoated control sample. Little differences in the relative weight loss
rate were observed between the uncoated control sample and the one coated with the surfactant-free
formulation. However, a significantly higher weight loss rate was observed for those coated with the
formulation containing Tween 85. The coatings reduced the O2 consumption rate of the fruit, which
can be attributed to the low O2 permeability of these films [24], but this reduction was particularly
significant for the coating containing Tween 85. The CO2 production rate was not significantly affected
by the S:G coating compared to the control sample, but the coating containing Tween 85 significantly
reduced this rate. As a consequence, the respiratory quotient was higher than 1 for both coated samples,
indicating the creation of a modified atmosphere in the fruit and a shift towards anaerobic respiration
pathways. The incorporation of Tween 85 resulted in a general decrease in the gas transfer rate and an
increase in water transfer rate. As discussed above, the interactions of Tween 85 with the cuticular
waxes, as well as its effect on the decrease in the cohesion forces of the S:G matrix (limiting of chain
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packing), could explain the changes observed in the gas and water vapour barrier properties of the
coating and their effect on the fruit. These changes also had an effect on the fruit texture, as shown
in Table 2. Although all the samples exhibited similar fruit firmness as deduced from the lack of
significant differences among treatments regarding the maximum puncture force, there were significant
differences in the maximum penetration distance (dmax) at the tissue rupture. Fruits coated with the
S:G formulation containing Tween 85 had significantly higher dmax values, which reflect changes in
the tissue texture. This fact can be related to the greater loss of water, and therefore, cellular turgidity,
which is associated with a more marked superficial dehydration of the fruit with this coating. This
factor is considered one of the main causes of texture changes in fruit [37]. After 7 days of storage,
all the samples had higher dmax than the fruit at the initial time, with those coated with the CFS
containing Tween 85 being significantly more deformable. Therefore, the use of Tween in the S:G
formulation to improve its wettability on the apple surface was discarded on the basis of the negative
effects on the fruit weight loss and texture.

Table 2. Effect of the incorporation of Tween 85 into the cassava starch:low acyl gellan gum (S:G) coating
formulation on the postharvest behavior and quality of coated ‘Golden Delicious’ apples: relative
weight loss rate (day−1), respiration rates (consumption of O2 and production of CO2, mL·kg−1·h−1),
respiration quotient (RQ), and values of the maximum puncture force (Fmax, N) and penetration
distance (dmax, mm) after 7 days of storage at 25 ◦C. Uncoated samples were used for values at harvest
and the control after 7 days of storage.

Control Control S:G S:G-Tween 85

Initial Time 7 days

Weight loss rate – 0.36 ± 0.02 a 0.36 ± 0.01 a 0.66 ± 0.06 b

Fmax 43 ± 7 46 ± 6 a 49 ± 8 a 46 ± 4 a

dmax 3.0 ± 0.3 3.6 ± 0.4 a 3.9 ± 0.5 a 4.6 ± 0.7 b

R O2 12.94 ± 0.05 12.9 ± 1.3 b 11.4 ± 0.8 b 7.77 ± 0.02 a

R CO2 13.9 ± 0.6 15.2 ± 0.7 b 18 ± 1 c 11.0 ± 0.2 a

RQ 1.07 ± 0.05 1.18 ± 0.07 a 1.58 ± 0.03 c 1.41 ± 0.03 b

Different superscript letters within the same row indicate significant differences among CFS according to Fisher’s
LSD test (p < 0.05).

3.3. Effect of CFS on Postharvest Behaviour and Quality of Apples and Persimmons

Table 3 shows the initial values of respiration rates and puncture parameters of apples and
persimmons, and Table 4 shows the same parameters, together with the values of SDS, for coated
and uncoated ‘Golden Delicious’ apples and ‘Rojo Brillante’ persimmons after storage at 25 ◦C. SDS
values are indicators of the coating thickness on the fruit; the higher the SDS, the thicker the coating.
The SDS value depends on the amount of CFS that adhered to the surface of the fruit and the total
solid content of the formulation. The former, in turn, is affected by the wetting/spreading capacity and
the viscosity of the coating formulations. In general, the SDS values were higher in apples than in
persimmons, which could be related to differences in both the surface tension of the skin [29] and in
the skin morphology of the fruit. Thus, persimmons are characterized by a smooth skin, where the
lack of small superficial pores could limit the capillary retention of the liquid fraction. Similarly, the
CFS composition slightly affected the SDS differently depending on the fruit. In apples, the presence of
lecithin in the formulation significantly reduced the SDS, whereas smaller differences associated with
the CFS composition were observed in persimmons, and these were seemingly more closely related to
the solid content of the CFS (incorporation of EO and/or lecithin to the formulations).
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Table 3. Respiration rates (consumption of O2 and production of CO2, mL·kg−1·h−1), respiration
quotient (RQ), and maximum puncture force (Fmax, N) and penetration distance (dmax, mm) of
uncoated ‘Golden Delicious’ apples and ‘Rojo Brillante’ persimmons at initial time. Mean values and
standard deviations.

R O2 R CO2 RQ Fmax dmax

Apple 13.7 ± 1.5 12.2 ± 0.2 0.9 ± 0.1 29 ± 2 2.2 ± 0.1
Persimmon 5.7 ± 1.1 5.4 ± 0.9 0.94 ± 0.02 21.1 ± 0.5 2.5 ± 0.3

Table 4. Surface density of solids (SDS, g·m−2), weight loss rate (day−1), respiration rates (consumption
of O2 and production of CO2, mL·kg−1·h−1), respiration quotient (RQ), maximum puncture force (Fmax,
N), and penetration distance (dmax, mm) of coated and uncoated ‘Golden Delicious’ apples and ‘Rojo
Brillante’ persimmons for 7 or 14 days of storage at 25 ◦C.

Control S:G S:G-L S:G-0.25 S:G-0.25-L S:G-0.5 S:G-0.5-L

Apple

SSD – 1.3 ± 0.3 c 0.8 ± 0.1 a 1.4 ± 0.3 c 1.1 ± 0.1 b 1.5 ± 0.2 c 1.0 ± 0.1 b

Weight loss rate
(14 d) 0.23 ± 0.03 a 0.21 ± 0.03 a 0.20 ± 0.05 a 0.21 ± 0.03 a 0.20 ± 0.03 a 0.20 ± 0.03 a 0.22 ± 0.03 a

R O2 (7 d) 6.0 ± 1.4 ab 6.0 ± 1.5 ab 6.5 ± 1.6 ab 6.6 ± 0.8 ab 6.5 ± 1.0 ab 7.6 ± 0.6 b 5.1 ± 0.9 a

R CO2 (7 d) 6.5 ± 1.2 a 7.8 ± 0.8 ab 8.4 ± 2.0 ab 8.8 ± 0.1 ab 8.3 ± 0.7 ab 9.7 ± 1.0 b 6.8 ± 0.9 a

RQ (7 d) 1.1 ± 0.1 a 1.3 ± 0.1 b 1.29 ± 0.04 b 1.4 ± 0.1 b 1.3 ± 0.1 b 1.3 ± 0.1 b 1.3 ± 0.1 b

R O2 (14 d) 5.3 ± 0.8 a 8.4 ± 1.1 d 7.3 ± 0.5 cd 7.0 ± 0.1 bcd 5.9 ± 0.8 ab 6.5 ± 0.9 abc 5.6 ± 0.9 ab

R CO2 (14 d) 6.2 ± 1.3 a 10.4 ± 1.1 d 9.0 ± 0.9 cd 8.1 ± 0.2 bc 7.2 ± 0.6 ab 7.9 ± 0.6 bc 7.2 ± 0.6 ab

RQ (14 d) 1.2 ± 0.1 a 1.2 ± 0.1 a 1.23 ± 0.05 a 1.2 ± 0.1 a 1.2 ± 0.1 a 1.2 ± 0.1 a 1.3 ± 0.1 a

Fmax (14 d) 27 ± 2 ab 31 ± 3 c 30 ± 4 bc 29 ± 3 abc 30.4 ± 1.5 bc 32 ± 2 c 26.1 ± 1.2 a

dmax (14 d) 3 ± 1 a 3 ± 1 a 3 ± 1 a 3 ± 0 a 3 ± 1 a 3 ± 1 a 3.4 ± 0.5 a

Persimmon

SSD – 0.5 ± 0.1 a 0.7 ± 0.1 ab 0.7 ± 0.2 b 0.8 ± 0.1 bc 0.9 ± 0.1 c 0.7 ± 0.2 b

Weight loss rate
(14 d) 0.7 ± 0.1 b 0.6 ± 0.1 ab 0.6 ± 0.1 ab 0.52 ± 0.03 a 0.56 ± 0.06 ab 0.6 ± 0.1 ab 0.7 ± 0.1 b

R O2 (7 d) 5.2 ± 0.3 a 3.3 ± 1.6 a 3.8 ± 0.6 a 2.9 ± 0.2 a 3.9 ± 2.1 a 3.6 ± 0.3 a 4.1 ± 1.7 a

R CO2 (7 d) 5.6 ± 0.5 a 3.8 ± 1.0 a 4.2 ± 0.9 a 3.4 ± 0.4 a 4.5 ± 2.0 a 4.6 ± 0.7 a 4.8 ± 2.1 a

RQ (7 d) 1.08 ± 0.04 a 1.2 ± 0.3 a 1.11 ± 0.05 a 1.19 ± 0.03 a 1.3 ± 0.3 a 1.3 ± 0.1 a 1.2 ± 0.1 a

R O2 (14 d) 3.7 ± 0.6 a 4.2 ± 1.8 a 3.0 ± 1.1 a 3.3 ± 0.4 a 2.2 ± 0.2 a 2.6 ± 0.6 a 3.5 ± 1.9 a

R CO2 (14 d) 3.9 ± 1.1 a 5.3 ± 2.6 a 4.1 ± 1.0 a 3.9 ± 1.8 a 2.2 ± 0.2 a 2.9 ± 0.4 a 4.2 ± 1.3 a

RQ (14 d) 1.0 ± 0.1 a 1.3 ± 0.1 a 1.4 ± 0.2 a 1.2 ± 0.4 a 1.0 ± 0.0 a 1.1 ± 0.1 a 1.3 ± 0.3 a

Fmax (14 d) 21 ± 4 a 27 ± 3 bc 23 ± 4 ab 27 ± 5 bc 28 ± 6 c 29 ± 6 c 28 ± 6 c

dmax (14 d) 5 ± 1 ab 6 ± 1 bc 5 ± 1a 5 ± 1 a 5.2 ± 0.4 abc 6 ± 1 c 6 ± 1 bc

Different superscript letters within the same row indicate significant differences among CFS according to Fisher’s
LSD test (p < 0.05).

The rate of relative weight loss after 14 days of storage was not significantly affected by coating
application or composition, and ranged between 0.20–0.23 day−1. In persimmons, water loss rates were
higher than in apples and varied depending on the coating formulation. The highest values (0.7 day−1)
were obtained for uncoated samples, and those coated with CFS containing the highest content of
lecithin-encapsulated EO (maximum lipid content in the film) and the lowest value (0.52 day−1) was
obtained for samples coated with the formulation with emulsified EO (without lecithin) at the lowest
ratio (minimum lipid content in the film). No significant differences were found between the other
coating formulations and the control samples. These results indicate that persimmon fruits were more
sensitive to dehydration than apples under these storage conditions, and the coatings with the lowest
ratio of emulsified EO exerted a protective effect. As mentioned above, apples and persimmons are
naturally covered by a continuous wax layer that provides the resistance to water movement across the
cuticle. The differences in the water resistance of the untreated fruits can be attributed to the particular
fruit physiology, skin morphology, and the composition of the natural waxes. The application of
coatings containing hydrophobic compounds should improve the moisture resistance of the fruit,
as an additional layer is deposited over the natural waxes. In the present study, none of the coatings
reduced weight loss in apples, and only the coating that had the lowest amount of EO and no lecithin

9



Coatings 2019, 9, 333

prevented water loss in persimmons. This might indicate a partial removal and/or modification of the
natural waxes that are present on the peel of the fruits, resulting in no reduction in weight loss; so,
further studies should be conducted in order to understand the effect of the EO and lecithin on the
water barrier properties of coated apples and persimmons. Some other studies also reflected no effect
of coatings based on biopolymers and lipids on the weight loss reduction of different fruits, such as
apples [31], plums [38], table grapes [39], or cherry tomatoes [40], compared to uncoated fruits.

Table 4 also shows respiration rates of both fruit at 7 and 14 days of storage. In apples, a multifactor
ANOVA (results not shown) did not reveal a significant effect of the storage time on respiration rates,
although the coatings had a significant influence. In general, coatings tend to increase the O2

consumption and CO2 production rates with respect to the control sample, and only those containing
lecithin-encapsulated EO showed no significant differences with respect to the control sample. The
alterations in the respiration pathway affected the RQ, which indicates the nature of the substrate used
during the respiration process. Thus, a RQ equal to 1.0 indicates that the metabolic substrates are
carbohydrates, whereas an RQ higher than 1 indicates that the substrates are organic acids [41]. The
multifactor ANOVA in RQ reveals a significant effect of storage time and coating formulation. RQ
slightly increased at 14 days, and was higher in all the coated samples. This indicates that the metabolic
substrates are shifting from carbohydrates to organic acids [41] more quickly in coated samples.

In contrast, coatings were observed to have no significant effect on the respiration rates of
persimmons, which exhibited lower respiration rates than apples, with a respiration quotient of
nearly 1. Climacteric fruit, such as apples, exhibit a peak of respiration and ethylene (C2H4) production
associated with senescence or ripening [12], which could explain the observed differences.

The texture changes in fruits depend on both cell wall degradation and the loss of tissue
turgidity [42]. Table 4 shows the values of the Fmax and dmax for the different coated and uncoated
fruits after 14 days of storage. No significant changes in the maximum puncture force (failure point)
were observed for either uncoated or coated apples after storage with respect to the initial values
before storage (Tables 3 and 4). However, although no significant differences were observed in terms
of the maximum penetration distance between coated and control apples at the end of the storage,
the values were slightly higher than before storage, which can be associated with a loss of cellular
turgidity due to the superficial dehydration of the apples. The limited water vapor barrier capacity of
these films [24] and their relative lack of thickness on the fruit mean that these are scarcely effective at
controlling moisture transfer in apples.

In the case of persimmons, the coatings had a significant effect (p < 0.05), maintaining the firmness
of the fruit. On the other hand, although there were no notable differences in terms of the maximum
penetration distance at the failure point (5–6 mm) between coated and uncoated samples at the end of
the storage, the values were significantly higher than the initial value (2.5 mm) before storage. This
indicates changes in the texture of the tissue over time, which can be related to the progress in maturity
and water loss. The Fmax values increased from 21.1 up to 31 N, which could be attributed to the
greater deformability of the tissue allowing for deeper penetration without failure, thus accumulating
more compressive and shear resistance [43]. The smallest changes occurred in the sample coated with
CFS containing lecithin without EO.

The above results show that coatings have a different effect depending on whether the fruit is
an apple or persimmon, which can be attributed to the different physiological patterns of the fruits
and the specific interactions with the coatings. Although respiration patterns were slightly modified
by coatings on apples with no effect on water loss, coatings exerted a better control of water loss in
persimmon; however, these did not maintain the firmness mainly due to the progress of fruit ripening.

3.4. Fungal Decay

Table 5 shows the development of fungal decay on artificially inoculated ‘Golden Delicious’ apples
and ‘Rojo Brillante’ persimmons. The applications of starch–gellan coatings did not significantly reduce
the disease incidence on apples inoculated with B. cinerea, as compared to non-coated ones (control)
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after 7 or 12 days of storage at 20 ◦C. No effect of the addition of EO was observed, despite what had
been observed in a prior in vitro study, where starch–gellan films with thyme EO exhibited a marked
antifungal effect [24]. Nevertheless, all the coatings, regardless of their composition, significantly
reduced the severity of gray mold with respect to the control samples (20–30% reduction), with no
particular observed effect of the antifungal EO.

Table 5. Mean values and standard deviations of disease incidence and severity of gray mold on
‘Golden Delicious’ apples artificially inoculated with Botrytis cinerea and black spot on ‘Rojo Brillante’
persimmons artificially inoculated with Alternaria alternata. Fruit were coated 24 h after fungal
inoculation and incubated at 20 ◦C and 85% RH for 7 and 12 days. Mean values of the reduction in
disease incidence and severity are also shown.

Disease Incidence (%) Reduction of
Incidence (%) Disease Severity (mm) Reduction of

Severity (%)

7 Days 12 Days 7 Days 12 Days 7 Days 12 Days 7 Days 12 Days

Apple gray mold

Control 100 ± 0 a 100 ± 0 a – – 70 ± 5 b 100 ± 5 b – –
S:G 75 ± 25 a 83 ± 14 a 25 17 44 ± 5 a 74 ± 13 a 32 26

S:G-L 92 ± 14 a 92 ± 14 a 8 8 47 ± 11 a 73 ± 21 a 27 27
S:G-0.25 75 ± 25 a 83 ± 14 a 25 17 53 ± 8 ab 76 ± 15 a 19 24

S:G-0.25-L 75 ± 25 a 75 ± 25 a 25 25 44 ± 11 a 64 ± 17 a 33 36
S:G-0.5 92 ± 14 a 92 ± 14 a 8 8 45 ± 10 a 81 ± 7 ab 32 19

S:G-0.5-L 100 ± 0 a 100 ± 0 a 0 0 47 ± 1 a 69 ± 10 a 29 31

Persimmon black spot

Control 68 ± 3 b 73 ± 5 bc – – 10.6 ± 0.8 a 21.9 ± 1.9 b – –
S:G 38 ± 9 a 45 ± 12 a 44 39 9.3 ± 1.5 a 15.0 ± 3.0 a 12 32.9

S:G-L 70 ± 10 b 78 ± 7 bc 0 0 9.7 ± 1.2 a 17.0 ± 3.0 a 9 20.8
S:G-0.25 42 ± 7 a 57 ± 10 ab 39 23 10.8 ± 1.1 a 15.5 ± 1.4 a 0 29.4

S:G-0.25-L 58 ± 8 ab 72 ± 6 bc 14 2 12.7 ± 0.6 a 18.8 ± 1.9 ab 0 14.2
S:G-0.5 42 ± 7 a 53 ± 7 ab 39 27 11.4 ± 0.3 a 20.2 ± 0.5 ab 0 8

S:G-0.5-L 72 ± 7 b 82 ± 8 c 0 0 10.4 ± 0.8 a 17.6 ± 0.6 a 2 20

For each disease, different superscript letters within the same column indicate significant differences among CFS
according to Fisher’s LSD test (p < 0.05).

Starch–gellan coatings were more effective at reducing the incidence of black spot caused by
A. alternata on persimmons (up to 40% reduction), although coatings containing lecithin were not
effective, and the presence of EO was not observed to have any significant effect. Disease severity was
not significantly reduced in coated persimmons. A multifactorial analysis (factors: the presence of
lecithin and EO concentration) revealed two things: there was no significant influence of the EO, and
the lecithin had a negative effect on the reduction of disease incidence and severity in infected fruit.

In general, applying a coating had a positive antifungal effect both on apples (a significant
reduction in the severity of gray mold) and persimmons (a significant reduction in the incidence
of black spot), but this antifungal effect was milder than that observed in in vitro work with EO
incorporated into the same type of films. Similar behavior has recently been reported by da Rocha Neto
et al. [15] for apples. They observed a complete inhibition of the in vitro germination of P. expansum by
using melaleuca, palmarosa, and star anise EOs in vapor phase, but these treatments had only a minor
effect on inoculated apples, regardless of the EO used. As previously reported [22,44], this indicates
that the in vivo effectiveness of EOs cannot be anticipated by their antifungal activity in in vitro tests,
and that interactions between EOs and fungal pathogens are modulated by the fruit host and the
conditions in the infection court, often resulting in reduced disease control ability. An important
difference in the potential effect of EO with respect to in vitro tests could be related with the degree of
coating plasticization, which may affect the release of EO. In in vitro tests, films are directly applied
on the wet culture medium, whereas coatings are applied on the dried fruit surface. This fact could
limit the release of the active compounds from the polymer matrix, hindering their antifungal action.
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Likewise, EO compounds may also affect some physiological changes in the fruit, which could decrease
the fruit’s natural defenses against the fungal attack. The generally negative effect of lecithin could
also be attributed to the lipid interactions with the fruit’s waxy coatings, which could also weaken
the natural resistance to disease, counteracting the induced coating protection. Other surfactant
lipids, such as Tween 85, also seemed to exert a negative effect on the barrier capacity of the natural
wax-coating assembly, as observed in apples. The gas exchange on the fruit surface could also play an
important role in postharvest disease development, which could explain the generally positive effect
of coatings at reducing fungal growth on infected fruit. Therefore, interactions of coatings and their
components with the fruit surface always constitute a distinguishing factor to define the particular
behavior of coated fruit [45], and in the case of coatings formulated with antifungal ingredients, these
interactions can affect the in vivo disease control ability of the coating [46]. The results obtained in the
present study with the addition of thyme EO to starch-based coatings were not anticipated. Numerous
previous studies have shown that the formulation of antifungal films and coatings with EOs either
provided disease control ability or increased that of the coating alone due to an important synergistic
effect against various important postharvest pathogens, including B. cinerea and A. alternata [12,47,48].
However, this is not always the case, and other reports showed no significant benefit gained from
the addition of EOs [49]. It seems that a wide variability in disease control efficacy can be observed,
which is basically due to the numerous factors that can influence the antifungal properties of films and
coatings. The following can be cited among the most important: nature of the composite matrix of
the coating; type and concentration of the antifungal compound(s); species and strain of the target
postharvest pathogen; species, cultivar, and physical and physiological condition of the fruit host; and
postharvest environmental conditions [46]. Therefore, further studies would be required to analyze
the influence of these factors.

4. Conclusions

Starch–gellan coatings containing or not emulsified or lecithin-encapsulated EO had a different
effect on the postharvest parameters (weight loss, respiration rates and firmness changes) when
applied on apples and persimmons, depending on the coating composition and type of fruit. None
of the coating formulations reduced the weight loss in apples, although these prevented water loss
in persimmons. In contrast, although the coating was not observed to have any significant effect on
the respiration rates and respiration quotient of persimmons, the respiration rates and quotient in
apples were promoted. Coatings did not affect the changes in fruit firmness in apples or persimmons;
nevertheless, in the latter, these may be mainly associated with the ripening progress. Regarding
fungal decay, coatings without lecithin reduced the incidence of black spot caused by A. alternata
in persimmons, regardless of the thyme EO content. Likewise, these reduced the severity of gray
mold caused by B. cinerea infection in apple. The addition of EO did not exert an antifungal effect
in the fruit despite its proven antifungal action in previous in vitro tests. Therefore, the particular
characteristics of the fruit and the interactions in the infection site (peel wounds) seriously affected the
in vivo effectiveness of coatings of certain composition. No positive effect of lecithin was observed
on the controlled postharvest parameters affecting fruit quality and physiological behavior in either
apples or persimmons; EO did not exert additional antifungal action and seemed to exert a negative
effect on some other fruit quality attributes. Then, starch–gellan coatings without lecithin or thyme EO
demonstrated the potential to be used in persimmons in order to control weight loss and reduce the
incidence of infections caused by A. alternata.
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Abstract: Using natural antimicrobial substances in edible films becomes crucial to extend the
shelf-life of fresh-cut fruits due to the consumers’ preferences. In this study chitosan and ascorbic acid
based film was used to improve the shelf-life of fresh-cut apples. Fresh-cut apple cubes were dipped
in water (control), ascorbic acid (1%) or mixtures of chitosan–ascorbic acid in different ratios (1%:1%,
2%:2% or 1%:5%) for 5 min. After draining, fresh-cut apples were packed in sterile polypropylene
jars and stored at 5 ◦C for 14 days. The treatment with chitosan and ascorbic acid suppressed
browning, retained flesh firmness and maintained phenolic compounds throughout the storage
period. Moreover, the treatment with chitosan–ascorbic acid significantly retarded the microbial
growth during storage. Those findings suggested that the best performance was acquired in 1%
chitosan and 5% ascorbic acid coating. That coating could be practical and useful to prolonging the
chemical and microbial shelf lives of fresh-cut apples during refrigerated storage.

Keywords: fresh-cut apples; refrigerated storage; shelf-life; chitosan; ascorbic acid; coating;
Gompertz model

1. Introduction

Apple (Malus domestica) is an important—and one of the most widely consumed—fruits in
the world, due to its health benefits. Apples contain significant amount of minerals, dietary
fibers and polyphenols which are related to prevention of diseases, such as coronary diseases [1].
Polyphenols especially are related to the nutritional value, flavor and color of apple products. They can
vary depending on the apple type [2]. The major polyphenols of apple can be listed as flavan-3-ols
(catechin, epicatechin), flavanols (quercetin) dihydrochalcones, hydroxycinnamic acids (chlorogenic
acid), and anthocyanins [3]. In recent years, the increasing demand of consumers for healthy fast and
easily accessible foods, caused a strong increase in prepacked ‘ready-to-eat’ produce consumption [4].
Among those foods, fresh-cut apples have an important economic value in that market due to their
low cost, convenience and popularity. However, microbial growth and browning reactions limit their
shelf-life. Fresh cut apples are subject to enzymatic browning, due to the action of polyphenol oxidase
on phenolic compounds. Browning causes undesired changes in appearance, flavor and nutrient
composition [5]. The common approach to control/prevention of the browning in fresh-cut products is
to use anti-browning agents [6]. Carboxylic acids, ascorbic acid derivatives, sulfur containing amino
acids and phenolic acids can be used effectively as anti-browning agents to delay enzymatic browning
in apples [7,8].

Many strategies have been developed for the preservation of, and increasing the quality of,
fresh-cut and minimally processed fruits and vegetables. These include the use of modified atmosphere
packaging [8], chemical treatments [9], thermal treatments [10], edible coatings [11–13] and hurdle
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technologies [12,14]. Among these methods, edible coatings have been recently gained more interest
than others in food preservation. Edible films and coatings are natural polymers which control
moisture transfer, gas exchange, respiration and oxidative reaction rates during handling, storage and
transportation of the fresh produce [15,16]. Carbohydrates, proteins, gums, lipids or starch-based
edible films can be used as a coating material for fresh-cut products.

Chitosan is a carbohydrate-based biopolymer. It is an amino polysaccharide composed of randomly
distributed β-(1-4)-linked D-glucosamine and N-acetyl-d-glucosamine units [17–19]. Chitosan based
edible films and coatings have great potential in the preservation of fruit and vegetables [20–22].
Chitosan and its derivatives have an ability to inhibit the growth of yeasts, molds and bacteria [23–25].
However, the application of chitosan is limited due to its insolubility at neutral pH [26]. To overcome
this disadvantage and to improve solubility of chitosan, different acids were used to decrease pH
values below pH 6 to improve chitosan solubility [16,21,27–29].

Qi et al. 2011 [30] studied the effect of chitosan, ascorbic acid and calcium chloride on fresh-cut
fuji apples. They used citric acid to dissolve chitosan and prepared film solutions by adding calcium
chloride and ascorbic acid. They have found out that coatings effectively retarded enzymatic browning
during storage at 5 ◦C for 8 days, and apple slices with chitosan-coating maintained firmness with
a little loss during storage. In another study, calcium chloride-chitosan coatings and chitosan-ascorbic
acid coatings during storage at room temperature for 10 h were investigated [31]. Calcium treatments
(calcium chloride or lactate) are broadly studied in preserving the quality of fresh-cut fruit and
vegatables. There are many reports about the positive effects of calcium on fresh-cut texture and
browning [32]. This study aims to use a binary aqueous mixture of chitosan and ascorbic acid as
a coating to improve the refrigerated storage stability of fresh-cut apple cubes. Contrary to other
studies mentioned above, we used solely ascorbic acid instead of other organic acids (i.e., acetic acid) to
dissolve chitosan in water. Lowering pH by means of adding ascorbic acid helped chitosan molecules
to dissolve readily in water. In addition, ascorbic acid acted as anti-browning agent in the coating
mixture. In this context, different combinations of chitosan and ascorbic acid were prepared and used
to coat fresh-cut apples. The effects of different coatings were evaulated by monitoring the microbial
growth, browning, polyphenol composition and firmness of fresh-cut apples during 14 days of storage
at 5 ◦C. In addition, the kinetics of the growths of yeasts and molds, psychrophilic and mesophilic
bacteria in fresh-cut apple samples with different coatings during storage were analyzed by using the
Gompertz model.

2. Materials and Methods

2.1. Chemicals and Consumables

Ascorbic acid, chitosan (from crab shells, degree of deacetylation of 75–85% and medium
molecular weight), ethanol (HPLC grade), acetonitrile (HPLC grade), chlorogenic acid (5-Caffeoylquinic
acid), (+)-catechin, and (−) epicatechin were purchased from Sigma-Aldrich (Steinheim, Germany).
Plate count agar (PCA), potato dextrose agar (PDA) and formic acid (98%) were obtained from Merck
Co. (Darmstadt, Germany).

Ultra-pure water was used throughout the phenolic composition analysis (Milli Q-System,
Millipore, Milford, MA, USA). Syringe filters (nylon, 0.45 µm) were supplied from Waters (Millford,
MA). A HICHROM 5C 18 (250 × 4.6 mm, Hichrom, Reading, UK) column was used for analysis of
phenolic compounds.

2.2. Preparation of Fresh-Cut Apples and Dipping Solutions

Apples (Granny Smith) were obtained from a local market at commercial maturity. Uniformly
sized apples were selected and any bruised or diseased fruits were discarded. The selected apples
were rinsed gently with tap water and drained at room temperature. Then apples were cut into about
1 cm3 cubes with a stainless-steel knife.

17



Coatings 2019, 9, 503

Fresh-cut apples were dipped into water (control), aqueous ascorbic acid solution (1%ASC) or
the mixtures of chitosan–ascorbic acid. The concentrations of chitosan and ascorbic acid were varied
from 1 to 2% and from 1 to 5%, respectively, in three mixtures. In the first mixture, 1 g of ascorbic acid
was dissolved in water and 1 g of chitosan was added to the solution (1%CH–1%ASC). In the second
mixture, 5 g of ascorbic acid was dissolved in water and 1 g of chitosan was added to the solution
(1%CH–5%ASC). In the third mixture, 2 g of ascorbic acid was dissolved in water and 2 g of chitosan
was added to the solution (2%CH–2%ASC). Ultrasonification was applied after magnetic stirring to
achieve complete dissolution of CH. pH values of solutions were measured by using a pH-meter at
room temperature.

2.3. Treatments of Fresh-Cut Apples

Fresh-cut apple cubes were grouped into five and the treatments were applied. Each group
(50 g) were dipped in 100 mL of solution or mixture for each time. After the application, the coated
apples were left to surface dry (at about 25 ◦C and with a relative humidity of 30% during 1 h) until
excess coating solution was gone. A total of 27 packages (six for microbiological, three for weight loss,
and 18 for physical and chemical analyses) were prepared for each treatment. Apple samples of 10 g
were placed into sterile polypropylene jars (30 mL). Biaxially oriented polypropylene (BOPP) film
(thickness of 30 µm and O2 permeability of 1600 cm3.m−2 per day) were used for covering the packages.
All samples were stored at 5 ± 1 ◦C at 90–95% relative humidity for 14 days and samples were taken
after 0, 3, 7 and 14 days of storage. Concentrations of phenolic compounds were determined at 0, 6,
12 and 18 days of storage.

2.4. Microbiological Analyses and Kinetic Modelling of Microbial Growth

The growth of microbial population in coated fresh-cut apples throughout storage was evaluated
by counting total yeasts and molds, total aerobic mesophilic bacteria and psychrophilic bacteria.
Apple samples of 10 g were taken aseptically from each jar and transferred into sterile plastic bags.
Samples were diluted with 90 mL of saline water and homogenized for 2 min in a stomacher blender.

Serial dilutions were made and then poured onto the PCA for total aerobic mesophilic counts
(TAC) and psychrophilic counts. TAC plates were incubated at 35 ◦C for 48 h, and to determine
psychrophilic counts, plates were incubated at 5 ◦C for 10–15 days. Yeast and mold counts were
performed on PDA by using the spread plate method by incubating at 25 ◦C for 5–7 days. Colonies were
counted and the results were given as log10 CFU.g−1 of apples. Two replicate counts were performed
for each sample. Moreover, the Gompertz equation modified by Zwietering et al.(1990) [33], was used
to describe the microbial data from each application and given in Equation (1):

log10

(
N
N0

)
= A exp

(
− exp

(µme
A

(λ− t) + 1
))

(1)

where N is the number of microorganisms at time t (day), N0 is initial number of microorganisms,
µm is the maximum growth rate, λ is the lag time (day), A is the maximum population density and t is
the time (day). The experimental data were fitted by using Matlab version 9.2.

2.5. Measurement of Weight Loss

Fresh-cut apples were weighed at the end of days 0, 3, 7 and 14. Measurements were replicated
three times. Considering of the initial and final weights of fresh-cut apples, weight loss was determined
as expressed in Equation (2):

Weight loss (%) =
(mt −m0)

m0
× 100 (2)

where m0 is the initial weight of fresh-cut apples and mt is the weight of sample at time t.
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2.6. Measurement of Firmness

Firmness of fresh-cut apples was determined by using TA Plus texture analyzer (LLYOD
Instruments, AMETEK Co. Ltd., Shanghai, China) with a 5 mm diameter cylindrical probe. The required
force (N) to puncture the samples was recorded as firmness. Measurements were replicated six times.

2.7. Measurement of Color

For the effect of coatings on color, browning index (BI) values were calculated by using
computer-vision based image analyses. Apple cubes were photographed from 25 cm height above
the sample by a digital camera (Canon, Japan) in a box. Two light sources (Ultrabright, 6500 K, 25 W)
were placed at a 45◦ angle to the sample. The percentage of dark areas was calculated by segmentation
method given by Gökmen and Mogol (2010) and data were given as browning index [34].

2.8. Analysis of Phenolic Compounds

One gram of apple sample was homogenized in 5 mL of the mixture of ethanol and water (50:50,
v/v) containing 500 mg/L ascorbic acid. After centrifugation (6080 g for 5 min) supernatants were
separated in a test tube. Polyphenol analyses were performed on an Agilent 1200 LC system equipped
with an Agilent 6130 MS detector. Chromatographic separation was performed on a HICHROM 5 C18
column at 30 ◦C according to the method given by Ozdemir et al. [35]. Solution A was 1.0% formic acid
in water and solution was B 1.0% formic acid in acetonitrile. The gradient profile was as following:
0–8 min linear gradient elution from 10 to 30% of B; 10−12 min linear gradient elution from 30 to 10%
B; and 12−20 min; isocratic elution of 10% B. For analysis, 10 µL of sample was injected and the flow
rate was 0.7 mL/min. An electrospray ionization source was used and the phenolic compounds were
analyzed in negative and positive modes. The following MS conditions were adjusted: Positive scan
mode of capillary voltage 4.0 kV; negative scan mode of capillary voltage 3.5 kV; drying gas (N2) flow
of 13 L/min at 325 ◦C; nebulizer pressure of 40 psi; negative and positive ion scanning modes from
50 to 1000 m/z. Phenolic compounds were identified by comparing the retention times of unknown
peaks with the retention times of standard compounds.

2.9. Statistical Analysis

The results were given as mean ± standard deviations. Differences were determined by analysis
of variance (ANOVA) followed by Duncan’s multiple range test (p < 0.05). Independent sample t
testing was carried out to compared the means of two independent samples. For the statistical analyses,
SPSS 18.0 version (SPSS Inc., Chicago, IL, USA) was used.

3. Results and Discussion

3.1. Weight Loss

The weight of coated fresh-cut apples was monitored to determine the efficiency of these coatings
during storage time in terms of keeping the moisture. It was known that weight loss in fresh-cut
fruits is related to the loss of water caused by transpiration and loss of carbon reserves due to the
respiration processes [36]. The weight losses of coated samples with 1%CH–1%ASC and 1%CH–5%ASC
were significantly lower than those of the control and 1% ASC treated apples at the end of storage
(p < 0.05) (Table 1). The highest weight loss was determined in 1% ASC coated apples. Furthermore,
1%CH–1%ASC coating showed the best performance on inhibition of water loss by showing the lowest
weight loss at the end of storage.
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Table 1. Changes in the weight loss (%) values of fresh cut apples during storage at 5 ◦C *.

Treatment
Storage Time (day)

3 7 14

Control 0.47 ± 0.08 aA 0.55 ± 0.23 aAB 3.45 ± 0.40 bC

1%ASC 0.45 ± 0.01 aA 0.31 ± 0.02 aA 5.38 ± 0.39 bD

1%CH–1%ASC 1.04 ± 0.12 aB 1.00 ± 0.24 aB 1.31 ± 0.26 aA

1%CH–5%ASC 0.94 ± 0.26 aB 0.92 ± 0.31 aB 2.11 ± 0.72 aAB

2%CH–2%ASC 0.87 ± 0.04 aB 1.65 ± 0.18 bC 2.63 ± 0.33 cBC

* Values were presented in mean ± standard deviation (n = 3). Different lowercase and uppercase letters indicate
significance at α = 0.05 in the same row and column, respectively.

This result was related to the formation of a layer of chitosan around the surface of fruit. This layer
slowed down the respiration rate of the fruit and retarded the loss of water. Our results supported
by other studies revealed that chitosan coating reduced weight loss in fruits and vegetables, such as
mango fruit [28], bell pepper, cucumber [37] and litchi [38].

3.2. Firmness

In the present study, the firmness of the control, %1ASC and 1%CH–1%ASC treated apples did
not significantly decrease in the 7 days of storage but after 14 days, data could not be obtained due
to the substantial softening of apples (Table 2). That softening was related with the action of pectin
enzymes in apple samples.

Table 2. Changes in the firmness (N) values of fresh cut apples during storage at 5 ◦C *.

Treatment
Storage Time (Day)

1 3 7 14

Control 20.2 ± 2.2 bA 17.6 ± 0.3 aA 18.6 ± 1.8 abA −
1%ASC 20.9 ± 1.7 aA 19.6 ± 2.6 aA 20.8 ± 1.8 aA −
1%CH–1%ASC 20.6 ± 1.2 aA 19.0 ± 2.8 aA 19.6 ± 2.2 aA −
1%CH–5%ASC 19.6 ± 2.1 aA 20.1 ± 2.3 aA 19.3 ± 2.3 aA 18.1 ± 3.5 aA

2%CH–2%ASC 19.1 ± 1.7 aA 19.4 ± 1.9 aA 19.3 ± 2.4 aA 18.4 ± 4.6 aA

* Values were presented in mean ± standard deviation (n = 6). Different lowercase and uppercase letters indicate
significance at α = 0.05 in the same row and column, respectively.

Polygalacturonase enzymes especially, cause changes in texture and loss of firmness of the
fruit [39,40]. However, firmness of 1%CH–5%ASC and 2%CH–2%ASC treated apples remained
stable during 14 days of storage. This can be explained with increment in chitosan and ascorbic
acid concentrations. 1% ASC and 1%CH–1%ASC treated apples lost their textural integrity faster
than apples coated with 1%CH–5%ASC and 2%CH–2%ASC. Those results are in line with the results
obtained by other researchers, which underline the beneficial effects of chitosan toward fruit firmness
maintenance [30,40].

3.3. Color

Data of browning index (BI) values calculated by using computer-vision based image analyses are
given in Figure 1. BI was increased with time during storage at 5 ◦C for all applications (p < 0.05).

Figure 2 shows the digital color images of fresh-cut apple samples with different treatments.
BI increased in control samples immediately after cutting apples, but chitosan–ascorbic coating retarded
the browning of the fruit. The browning index increased up to 64% in control samples and 54%
in 1%ASC treated samples while it was lower in 1%CH–5%ASC and 2%CH–2%ASC coated apples.
%1 ascorbic acid had also a positive effect on the browning ratio but in combination with chitosan, it was
more effective over storage time. Although browning occurred in chitosan–ascorbic acid combinations
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Chitosan–ascorbic acid coatings inhibited the browning of apple pieces, and browning inhibition
was enhanced by increasing the ascorbic acid and chitosan ratio in the solution. These results were
also supported by the studies on the beneficial side of chitosan on browning [41–43]. In addition,
anti-browning agents such as ascorbic acid and citric acid suppress the polyphenol oxidase activity
working as reducing agents [44].

3.4. Phenolic Compounds

The most important flavanol compounds in apples, catechin, epicatechin and chlorogenic acid
(5-Caffeoylquinic acid), were determined, and concentrations (C/C0) of those polyphenols were
presented in Table 3. Those compounds are strongly related with browning, because they are
well-known substrates to the polyphenol oxidase enzyme [45]. The concentrations of epicatechin and
catechin in control samples decreased at a ratio of 70% and 90%, respectively, at the end of storage.
However, initial concentrations of catechin and epicatechin could be retained 89% and 71%, respectively,
in the samples coated with the mixture of %1CH–5% ASC (Table 3).

Table 3. Changes in the dimensionless concentrations (C/Co) of certain phenolic compounds in fresh
cut apples during storage at 5 ◦C *.

Analysis Day Control 1%CH–1%ASC 1%CH–5%ASC

Catechin

0 1.00 ± 0.00 aA 1.00 ± 0.00 aA 1.00 ± 0.00 abA

6 0.17 ± 0.02 bA 0.80 ± 0.12 bB 1.17 ± 0.09 aC

12 0.13 ± 0.01 bcA 0.21 ± 0.02 cA 0.95 ± 0.09 bB

18 0.10 ± 0.02 cA 0.20 ± 0.00 cA 0.89 ± 0.07 bB

Epicatechin

0 1.00 ± 0.00 aA 1.00 ± 0.0 aA 1.00 ± 0.00 aA

6 0.35 ± 0.07 bcA 0.89 ± 0.09 aB 0.75 ± 0.11 abB

12 0.46 ± 0.00 bA 0.42 ± 0.01 bA 0.55 ± 0.09 bA

18 0.30 ± 0.00 cA 0.28 ± 0.03 cA 0.71 ± 0.19 abB

Chlorogenic acid

0 1.00 ± 0.00 aA 1.00 ± 0.00 aA 1.00 ± 0.00 aA

6 0.93 ± 0.00 aA 1.05 ± 0.11 aA 1.06 ± 0.02 aA

12 0.99 ± 0.08 aA 1.30 ± 0.04 aAB 0.82 ± 0.01 bBC

18 1.06 ± 0.07 aA 1.12 ± 0.04 aA 0.91 ± 0.13 abA

* Values were presented in mean ± standard deviation (n = 2). Different lowercase and uppercase letters indicate
significance at α = 0.05 in the same column and row, respectively.

Chlorogenic acid was not significantly affected (p > 0.05) by the storage period for all applications
(Table 3). According to the results the best application to retain polyphenol content in apples was 1%
chitosan and 5% ascorbic acid formulation. Ascorbic acid treatment combined with chitosan preserved
polyphenol content to maintain the same levels as the first day. Moreover, increasing the ascorbic

22



Coatings 2019, 9, 503

acid proportion from 1% to 5% in the coating solution was more effective for maintaining phenolic
compounds. Similarly, ascorbic acid with carboxymethyl cellulose coating maintained phenolic
compounds in fresh-cut apple slices [7]. It has been reported that ascorbic acid ensures protection by
its oxygen scavenger property and avoiding polyphenol oxidase-catalyzed reactions [46].

3.5. Microbialanalyses and Shelf Life Modelling

In the first day of storage, in all samples, total aerobic mesophilic bacteria, total yeasts and molds
were found to be below the detectable amount. In the control sample and 1% ASC treated sample,
the number of total yeasts and molds was determined as 6.5 ± 0.4 log cfu/g and 6.9 ± 0.2 log cfu/g at the
end of storage, respectively (Table 4). To evaluate the results on Table 4, pH values of coating solutions
were also measured and determined as: Control solution: 6.80; 1%CH–1%ASC: 4.42; 2%CH–2%ASC:
4.45; 1%CH–5%ASC: 3.31; 1% ascorbic acid: 2.92; all at room temperature. Cadogan et al. 2014
investigated the effect of solvents on antibacterial activity of chitosan membranes. They showed that
the chitosan dissolved in ascorbic acid had higher antimicrobial activity than the chitosan dissolved in
citric and maleic acid. This was related with the crosslinking effect of ascorbic acid. Polymer molecules,
i.e., chitosan, could have easily penetrated into bacterial cell walls and hence changed the internal pH
of bacteria [47]. In our study, the ratio of chitosan was the same in 1% CH– 5%ASC and 1%CH–1%
ASC coatings. Their pH levels were 3.31 and 4.45, respectively. Treatments of 1%CH–5%ASC showed
no yeast and mold growth in day 14 while 3.2 log CFU/g was observed in 1%CH–1%ASC. This could
be related with pH and crosslinking properties of ascorbic acid. However, the 1% CH–1% ASC and
2%CH–2%ASC coatings’ pH levels were 4.42 and 4.45, yet the antimicrobial activity was higher in
2%CH–2%ASC. This could be derived from the higher amount of chitosan.

Table 4. Changes in the counts of yeasts and molds, aerobic mesophilic bacteria and psychrophilic
bacteria (log10 CFU/g) in fresh-cut apples during storage at 5 ◦C *.

Treatment Day 0 Day 7 Day 14

Yeasts and molds
Control UDL * 4.0 ± 0.2 **aA 6.5 ± 0.4 aB

1% ASC UDL 5.0 ± 0.0 aA 6.9 ± 0.2 aB

1% CH–1% ASC UDL 2.5 ± 0.3 bA 3.2 ± 0.2 bA

2% CH–2% ASC UDL UDL UDL
1% CH–5% ASC UDL UDL UDL

Aerobic mesophilic bacteria
Control UDL 1.0 ± 0.0 A 3.1 ± 0.1B

1% ASC UDL UDL UDL
1% CH–1% ASC UDL UDL UDL
2% CH–2% ASC UDL UDL UDL
1% CH–5% ASC UDL UDL UDL

Psychrophilic bacteria
Control 1.0 ± 0.0 aA 4.0 ± 0.4 aB 5.2 ± 0.1 aC

1% ASC 1.1 ± 0.3 aA 4.0 ± 0.4 aB 5.1 ± 0.3 aC

1% CH-1% ASC 1.0 ± 0.0 aA 1.9 ± 0.3 bB UDL
2% CH-2% ASC 1.2 ± 0.2 a UDL UDL
1% CH-5% ASC UDL UDL UDL

* UDL:Under Detection Limit < l log10 CFU/g ** Values were presented in mean ± standard deviation (n = 4).
Different lowercase and uppercase letters indicate significance at α = 0.05 in the same column and row, respectively.

The quantity of aerobic mesophilic bacteria at the end of the storage was 3.1 log cfu/g in control
samples, while it was found to be below the detectable amount in coated samples. In that situation,
it can be said that chitosan film coatings with ascorbic acid reduced or inhibited the total aerobic
mesophilic bacteria and total yeasts and molds. The number of total psychrophilic aerobic bacteria
were increased in the control and 1% ASC treated apple samples up to 5.2 log CFU/g at the end of
storage, while it was determined below the detectable count in chitosan and ascorbic acid coated
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samples. Also, many researchers determined that chitosan coatings reduce microbial counts in fresh-cut
produce [18,48–50].

The microbiological data were described by using the Gompertz equation. The three interpretable
parameters defined by the model (maximum growth rate, lag time and maximum population density)
are given in Table 5. The model described the growth of yeast and mold counts, as well as those of
mesophilic aerobic counts with high determination coefficients (R2). The maximum growth rate and
maximum population density were highly influenced by the different treatments. The maximum
growth rate for yeast and molds were determined as 1.16 and 1.38 ∆ log10(CFU.g−1)/day for control and
1% ASC treated samples, respectively, while it was 0.49 for 1%CH-1%ASC coated apples. Those results
confirmed the microbiological counts and it was seen that microbial growth was faster in control and
1%ASC coated samples than other applications. Eventually, maximum growth (A) was higher for yeast
and molds in control and 1%ASC treated apples than that found in 1%CH–1%ASC treated apples.
That was also related with antimicrobial activity of chitosan.

Table 5. Gompertz model parameters for the growth of yeasts and molds, psychrophilic and mesophilic
bacteria in fresh-cut apples during storage at 5 ◦C *.

Population Treatments
Gompertz Model Parameters

A (log cfu/g) µmax
(∆ log [cfu/g]/day) λ (day) R2

Yeasts and molds

Control 6.63 ± 0.46 1.16 ± 0.09 3.52 ± 0.05 1.00
1% ASC 6.91 ± 0.20 1.38 ± 0.01 3.08 ± 0.09 1.00

1%CH-1%ASC 2.99 ± 0.42 0.49 ± 0.07 2.86 ± 0.70 1.00
2%CH-2%ASC − − − −
1%CH-5%ASC − − − −

Mesophilic aerobic
bacteria

Control 3.32 ± 0.10 0.46 ± 0.00 4.79 ± 0.02 1.00
1% ASC − − − −

1%CH-1%ASC − − − −
2%CH-2%ASC − − − −
1%CH-5%ASC − − − −

Psychrophilic
bacteria

Control 4.21 ± 0.11 0.94 ± 0.10 3.50 ± 0.21 1.00
1% ASC 3.96 ± 0.04 0.94 ± 0.20 3.46 ± 0.63 1.00

1%CH-1%ASC − − − −
2%CH-2%ASC − − − −
1%CH-5%ASC − − − −

* Gompertz model parameters; A: maximum population density; µmax: maximum growth rate; λ: lag time; R2:
coefficient of determination. Significance level at p < 0.05. Values are given in mean ± standard deviation of four
means. (−) Data not obtained due to the microbial growth under detection limit.

4. Conclusions

The results revealed that coating with chitosan and ascorbic acid was an effective solution for
inhibiting the growth of microorganisms, retarding enzymatic browning reactions and reducing the
weight loss of fresh-cut apples during refrigerated storage. Increasing the ratio of ascorbic acid in the
coatings decreased the browning ratio on fresh-cut apples. From a practical point of view, 1% chitosan
and 5% ascorbic acid coating successfully extended the cold storage period for 7 days in fresh-cut
apples by maintaining the browning level, preserving microbial and chemical quality. The results
suggest that coating with chitosan and ascorbic acid can be a viable approach to improve the shelf
life of fresh-cut fruits sensitive to microbial and chemical deterioration under refrigerated conditions.
Additionally, such an approach could be used in combination with modified atmosphere packaging to
further prolong the shelf life.

Patents
WO2015142303A1: A solution for extending shelf life of ready-to-eat fresh fruits and/or vegetables

and an application method thereof
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Abstract: In this work, some multilayer coatings (two-layer, four-layer or six-layer) based on
pullulan and chitosan for protecting papayas were prepared by the layer-by-layer technique.
The papayas were coated by immersion and stored at 25 ◦C, 50% relative humidity or up to
14 days. Uncoated and monolayer-coated papayas were used as controls. The pullulan/chitosan
coatings decreased the papaya weight loss, softening, color change (b*, ∆E), and pH, retarded the
fall of titratable acidity and vitamin C, and maintained respiratory rate and soluble solid contents.
Sensory quality evaluation demonstrated that pullulan/chitosan coatings effectively preserved papaya
flavor and overall acceptance. In general, the four-layer coatings provided the best fruit preservation.
In conclusion, multilayer pullulan/chitosan coatings are efficient in maintaining the post-harvest
quality and prolonging the shelf life of fresh papaya.

Keywords: papaya; preservation; pullulan; chitosan; multilayer coating

1. Introduction

Papaya is a rich resource of many active components with nutritional value such as vitamin C,
carotene, and protease [1]. The papain found in papaya can be used to treat gastritis and indigestion,
improve the nutritional value and functional properties of protein, and to produce shampoo, toothpaste,
and beverages. Moreover, papayas have high medicinal and industrial value [2]. However, papayas
are susceptible to fungal infections, such as anthracnose and stem-end rot, which are the major causes
of papaya decay [3]. Papayas easily ripen at room temperature after harvest and quickly enter the
senescence stage, with browning of the skin accompanied by dark spots and soft flesh [3]. Therefore,
the development of an environmental and low-cost method for papaya preservation is necessary.

Several preservation technologies such as low temperatures treatment [4], hot water treatment [5],
chemical treatments [6], and edible coatings [7] have been developed for papaya preservation. Among
these approaches, edible coatings have become one of the major papaya preservation methods due
to their relative low cost and simple application [8]. Polysaccharide-based coatings can control the
internal atmosphere of fruits and delay ripening [9], as they provide a barrier against moisture, CO2

and O2 [10]. Zillo et al. [3] coated papayas with a carboxymethyl cellulose solution containing Lippia
sidoides essential oils and measured the postharvest quality attributes of coated papayas. The results
showed that the coating provided a good barrier to O2 and water vapor, and extended the shelf life of
papaya. However, essential oils used as antimicrobial agents are expensive and volatile.

Chitosan has broad-spectrum antimicrobial properties [11] as well as permselectivity to ethylene,
CO2 and O2. This translates into a reduction in the respiration of fruit and might reduce the loss
of organic substances [12]. However, chitosan film serves as a poor barrier for water vapor, which
limits the application of chitosan in fruit preservation [13]. Priyadarshi et al. [14] prepared chitosan
films containing different concentrations of apricot kernel essential oil (AKEO). The results showed
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that the incorporation of AKEO improved the resistance to moisture loss and water vapor barrier
properties of the chitosan film. Pullulan is a nonionic polysaccharide with good adhesiveness and film
formability [15]. Pullulan membranes are nearly impenetrable to gases such as O2, N2, CO2 and aromas
at low relative humidity (RH) [16]. Unfortunately, pullulan has barely any antifungal properties and is
rarely used alone for fresh fruit preservation [17]. Silva et al. [16] incorporated lysozyme nanofibers
into pullulan solutions to prepare a nanocomposite film. The nanofibers not only maintained the
film-forming ability of pullulan but also imparted good antibacterial and mechanical properties to the
nanocomposite film.

Multilayer coatings consist of different polymers that are alternately deposited on the target
surface, and this preservation process is simple and inexpensive [18]. Multilayer coatings can combine
the advantages of several single-layer coatings, with complete structure and stable performance [19].
Furthermore, multilayer coatings can effectively maintain the color, freshness, and firmness of fruit,
thereby prolonging the postharvest life [20]. Yin et al. [21] deposited three-, five-, and seven-layer
coatings based on chitosan solution containing cinnamon essential oil microcapsules and alginate
solution on mango surface. The mangos were stored at 25 ◦C, 50% relative humidity (RH). The results
indicated that multilayer coatings had dominant barrier effect to moisture and gases, maintained
all the physiochemically indexes and extended the shelf life of mango effectively. Brasil et al. [22]
applied a chitosan/pectin two-layer coating on the surface of fresh-cut papaya, and they added
cinnamaldehyde microcapsules to the chitosan solution to enhance the antibacterial effect of the coating.
The results showed that chitosan/pectin coating reduced the losses of vitamin C and total carotenoid
content, and extended the shelf life of fresh-cut papaya stored at 4 ◦C for up to 15 d. However,
available information on applications of pullulan/chitosan layer-by-layer coatings on entire fresh
papaya is limited.

Hence, the aim of this study was to prepare multilayer coatings based on pullulan and chitosan
and to evaluate their effectiveness for fresh papaya preservation.

2. Materials and Methods

2.1. Materials

Fresh papayas (Carica papaya L. cv ‘Lingnanzhong’) were purchased from a local fruit plantation
in Nanning, Guangxi, China. The following reagents were used for this study: Chitosan (90.0%
deacetylated, Sinopharm Chemical Reagent Co., Ltd., Shanghai, China); Glacial acetic acid (chemically
pure, Tianjin Zhiyuan Chemical Reagent Co., Ltd., Tianjing, China); Pullulan (analytical pure, Aladdin
Reagent Co., Ltd., Shanghai, China); Sodium hypochlorite solution (40% purity, Aladdin Reagent Co.,
Ltd., Shanghai, China); Sodium hydroxide (analytically pure, Aladdin Reagent (Shanghai) Co., Ltd.,
Shanghai, China); 2,6-dichlorophenolindophenol (analytical pure; Tianjin Guangfu Fine Chemical
Research Institute); Oxalic acid (analytically pure, Tianjin Hengxing Chemical Preparation Co., Ltd.,
Tianjin, China); Kaolin (analytically pure, Tianjin Kemiou Chemical Reagent Co., Ltd., Tianjing,
China). The pullulan and chitosan coatings are food grade, and can be used based on national and
international regulations.

2.2. Preparation of Coating Solutions

The 0.5% (w/v) chitosan solution was prepared by dissolving 20 g of chitosan in 4 L 0.5% glacial
acetic acid solution. The 0.5% (w/v) pullulan solution was prepared by dissolving 20 g of pullulan in
4 L of distilled water. The solutions were stirred for 3 h at room temperature and filtrated.

2.3. Coating of Fruits

Fresh papayas of the same size and color that had no bruises or black spots on the surface were
selected, soaked in 0.3% (v/v) sodium hypochlorite solution for 3 min, rinsed with tap water for 2 min,
and air-dried at room temperature.
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The surface-disinfected papayas were randomly divided into six groups, with a control group
and five test groups. Each group contained 30 papayas. Papayas were treated as described by
Trevino-Garza et al. [20]. The treated papayas were dipped in 0.5% pullulan solution (w/v) for 5 min
and the residual solution allowed to drip off for 2 min at 25 ◦C, which established the first layer on the
surface of the fruit. The papayas were then immersed in 0.5% chitosan solution (w/v) for 5 min and
allowed to stand at 25 ◦C for 2 min, which formed the second layer by hydrogen bonding between
pullulan and chitosan. These steps were repeated to obtain the 4-layer and 6-layer multilayer coatings.
The coated papayas were stored in a climate chamber (CLIMACELL404; Germany MMM Company,
Planegg, Germany) at 25 ◦C and 50% RH. The physiological and nutritional attributes of papaya
on days 0, 2, 4, 6, 8, 10, 12, and 14 were determined. For the experiment, 30 papayas were used
per treatment during the entire storage period, and 3 fruits were used for quality mesurements per
sampling day.

2.4. Determination of Fruit Quality

2.4.1. Weight loss, firmness, color and respiratory rate

A direct fruit weighing method described by Oregel-Zamudio et al. was used [23]. The papayas
were weighed at each sampling time using an electronic scale (457A; Shengzhen Botoo Electronic
Technology Co., Ltd., Shengzhen, China). The result was calculated as a percentage of total weight loss
between the initial and final weights.

Firmness of papayas was measured as previously described by Jongsri et al. [24]. A fruit firmness
meter (GY-2 type; Shanghai Hu Yueming Scientific Instrument Co., Ltd., Shanghai, China) was used to
measure the firmness of each papaya by penetrating the skin with a Φ3.5 mm probe to a depth of 1 cm
at three different locations on the fruit (proximal, distal, and middle).

As described by Peretto et al. [25], the color of papayas was determined using a spectrophoto-meter
(CM-3600d; Japan Konica Minolta Company, Tokyo, Japan). The change in b* value and ∆E was defined
as color alteration. The formula used to determine ∆E is as follows:

∆E =

√(
L∗i − L∗0

)2
+

(
a∗i − a∗0

)2
+

(
b∗i − b∗0

)2
, (1)

where Li* represents the brightness value of papaya on day i, L0* represents the initial brightness value
of papaya, ai* represents the red-green value of papaya on day i, a0* represents the initial red-green
value of papaya, bi* represents the yellow-blue value of papaya on day i, and b0* represents the initial
yellow-blue value of papaya.

Respiratory rate was measured using a flow-through system according to a method previously
described by Gong et al. [26]. Papayas were individually weighed and placed in a fruit respiration
apparatus (JFQ-315OH; Jun-Fang-Li-Hua Technology Institute, Beijing, China) and the valve was
opened to allow air flow inside. Respiration was expressed as the CO2 concentration (mg·kg–1·h–1).

2.4.2. Soluble Solids Content (SSC), Titratable Acidity (TA), pH and Vitamin C (VC) Content

The SSC of papayas was determined according to the method of Khaliq et al. [27]. First, 10 g
of papaya pulp and 50 mL of distilled water were mixed to extract juice using a juicer (JYL-C020E;
Nine Yang Co., Ltd., Shandong, China) for 3 min. After filtration, SSC in a drop of the supernatant
was measured using an Abbe refractometer (WYA-2S; Shanghai Shen Guang Instrument Co., Ltd.,
Shanghai, China).

The TA of papayas was measured using a method previously described by Zhao et al. [28]. First,
10 g of papaya pulp were homogenized in 50 mL of distilled water using a juicer (JYL-C020E; Nine
Yang Co., Ltd., Shandong, China) for 3 min and then filtered. The supernatant was incubated in water
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at 78 ◦C for 30 min. Next, 10 mL of mixture were titrated with 0.1 M NaOH. TA was calculated (%)
with the formula below:

TA(%) =
NaOH volume× 0.1× 0.064× 50 mL

10 g× 10 mL
. (2)

The pH of papayas was measured according to Temizkan et al. [29]. First, 10 g of papaya pulp
was homogenized in 50 mL of distilled water using a juicer for 3 min and then filtered. The solution
was collected and its pH was measured using a pH-meter (FE28; Jinan Guangyao Medical Equipment
Co., Ltd., Shandong, China).

VC in papaya pulp was determined by 2,6-dichlorophenolindophenol (analytical pure; Tianjin
Guangfu Fine Chemical Research Institute, Tianjin, China) titration [30]. First, 20 g of papaya pulp
was mixed with 50 mL of 2% oxalic acid solution, and each sample was quickly homogenized using a
juicer and filtered. Next, 20 mL of the filtrate were transferred to a 100 mL volumetric flask with 2%
oxalic acid solution. Then, the solution was decolorized with 5 g of kaolin. The solution was filtered,
and 10 mL of the filtrate was titrated with calibrated 2, 6-dichlorophenolindophenol until the solution
turned pink and did not fade within 15 s. The VC content of papaya was calculated as follows:

VC =
(Vi −V0) × T×A

m
× 100, (3)

where VC is the vitamin C content (mg·kg–1) of papaya, Vi is the volume (mL) of
2,6-dichlorophenolindophenol consumed in the titration of the sample, V0 is the volume (mL)
of 2,6-dichlorophenolindophenol consumed by blank titration, T is the titer (mg·mL–1) of
2,6-dichlorophenolate sodium, A is the dilution factor, and m is the papaya pulp weight (g).

2.4.3. Sensory Quality Evaluation

The appearance, flavor, and taste of the papayas were evaluated by 10 people who were
professionally trained in sensory evaluation, as described by Ma et al. [31]. The score was based
on a 10-point scale where a score of 5 was considered as the limit of acceptability. Scores below 5
corresponded to off-flavor production and a poor taste of papayas.

2.5. Statistical Analysis

The data were analyzed using an analysis of variance (ANOVA) with the SPSS 16.0 program (SPSS
Inc., Chicago, IL, USA). Statistical significance was expressed at P < 0.05. The figures were drawn with
Origin 8.1 (OriginLab Corp., Northampton, MA, USA).

3. Results and Discussion

3.1. Weight Loss

Papaya continuously loses moisture because of transpiration; therefore, the weight loss continues
to increase. As shown in Figure 1a, irrespective of the treatment, weight loss of papayas increased as
the storage time was prolonged. However, weight loss of uncoated papayas was significantly higher
than that of coated papayas during storage (P < 0.05), as previously reported by others [3]. On the
14th day, weight loss of non-treated papayas reached 28.86%. The protective effects of coatings could
be attributed to the semipermeable barrier to gas exchange and water loss created on the papaya’s
surface [32]. Compared with papayas coated with a single-layer, papayas coated with two, four
or six layers showed lower weight loss (15.53%, 10.41% and 13.85%, respectively) on the 14th day.
Pullulan and chitosan can form stable coatings on the papaya surface through hydrogen bonding
and the coatings become denser as the layers increase; therefore, the barrier performance is better.
Unfortunately, prolonged exposure of papaya to acidic chitosan solution may damage cell walls of the
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epidermis and lead to water loss of papaya, as shown in previous work with mango fruits [21]. In this
work, the weight loss of the four-layer coated papayas was the smallest.Coatings 2019, 9, x FOR PEER REVIEW 5 of 10 
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3.2. Firmness

During storage, pectin in papaya gradually decomposes by pectin degrading enzymes, which
leads to a decrease in the firmness of papaya; the hydrolysis of starch in papaya can also promote
fruit softening, as shown in other work with apples [33]. As shown in Figure 1b, the control samples
exhibited a high rate of firmness loss compared with the coated samples (P < 0.05), as previously
reported by others [34]. On day 14, uncoated control papayas were completely softened and could no
longer be stored and transported. Papayas coated with two, four and six layers presented firmness
values of 15.6, 20.2 and 16.9 N, respectively, on the 14th day, which were higher than the firmness of
papayas coated with a single-layer, and this was consistent with prior research [32]. This result can be
attributed to the low O2 atmosphere created on the papaya’s surface by the coating application, which
can inhibit the activity of the enzymes involved in cell wall degradation processes and solubilization
of pectins, as shown in previous work [35]. Moreover, the chitosan coating may also inhibited the
activity of these enzymes [36]. As shown in Figure 1b, we also observed that the papayas coated
with a six-layer coating were less firm than those coated with a four-layer coating, which may be
due to the increased deposition time resulting in an adverse effect of the acidic chitosan solution to
papaya epidermal cells [21]. In conclusion, the four-layer coating showed a positive effect in delaying
fruit softening.

3.3. Color

Color is the most representative indicator of papaya maturity [37]. With prolonged storage time,
chlorophyll is hydrolyzed by enzymatic action and decomposed by photooxidation, resulting in a
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gradual yellowing of papaya, as shown in other work with mangoes [38]. As shown in Figure 1c, the b*
value of the control samples increased rapidly, indicating that the papayas turned yellow quickly. On
the 14th day, b* value of uncoated papayas reached 58.1. However, the b* value of coated papayas
was lower and increased slower, as previously reported by others working with other fruits such
as mango [39]. Papayas coated with two, four or six layers showed b* values of 44.1, 37.6 and 42.6,
respectively, all of which were lower than that of the single-layer coating (P < 0.05). The multilayer
coating created a low O2 atmosphere on the surface of papaya, inhibiting the activity of respiratory
enzymes and ethylene synthetases [40]. These metabolic alterations delayed the fruit maturation
process and maintained the stability of the cell wall for longer, which translated into greater protection
to chloroplasts and consequently to chlorophylls [35]. In addition, the antimicrobial effects of the
chitosan coating may also inhibit the activity of the chlorophyllase enzyme [41]. On the 14th day, the b*
value of four-layer coated papayas was 35.38% lower than that of uncoated papayas.

The ∆E value reflects the change in L* and hue angle of the fruit [35]. The smaller the ∆E value,
the more stable the color change of papaya [42]. As shown in Figure 1d, if compared with that of the
control samples, the ∆E value of the coated fruits increased more slowly (P < 0.05), as shown in other
work with mangoes [40]. Compared to papayas coated with other layers, the ∆E of papayas treated
with a four-layer coating was minimal, and the color difference was more stable.

3.4. Respiratory Rate

Papaya is a climacteric fruit whose respiratory intensity changes with time and exhibits a sudden
rise followed by a drop [43]. As shown in Figure 1e, uncoated papayas quickly reached the respiratory
peak on the 4th day, and then the papaya respiratory rate rapidly decreased, as previously reported
by Li et al. [44]. However, the respiratory peaks of multilayer coated papayas were both delayed
until the 6th day, and the increase in respiration rate was suppressed compared with control fruits
(P < 0.05). This indicates that the multilayer coating created a modified atmosphere with high CO2 and
low O2 in the papaya, which reduced the respiratory rate, as shown in other work with mangoes [21].
Moreover, the antibacterial properties of the chitosan coating could have a role in the inhibition of the
activity of respiratory enzymes and delayed respiration, as shown in previous work with nectarine
fruits [45]. The respiratory rate of papaya with a four-layer coating was the most stable, better than
that of papayas with a six-layer coating, which may be due to excessive barrier properties against O2

of the six layer coating, resulting in anaerobic respiration of the papayas.

3.5. Soluble Solids Content

As shown in Figure 1f, the SSC of uncoated papayas increased quickly during the first 8 days
of storage and then decreased rapidly, similar to that reported in previous studies with other fruits
such as mango [46]. This may be because carbohydrates in fruits are hydrolysed into sugars during
ripening, and this translates into an increase in SSC [47]. As the storage period was prolonged, the SSC
reached the maximum value. Papaya respiration continued in the later period with strong microbial
growth, resulting in a large amount of nutrient decomposition and a significant decrease in the
SSC [48]. However, the change in SSC of coated papaya was observably lower than that in the control
samples (P < 0.05). Compared with papayas coated with a single-layer, the SSC of papayas coated
with two-layer, four-layer, and six-layer increased slower (P < 0.05). The multilayer coatings formed
an effective barrier to O2 in papaya, slowing down respiration and metabolic activity, and therefore
retarded fruit ripening, as shown in other work with mangoes [21]. In fact, the change in SSC in the
four-layer coated fruit group was minimal.

3.6. Titratable Acidity

TA content is regarded as an important indicator of respiration rate of fruits as organic acids are
substrates for the respiratory metabolim [49]. As shown in Figure 1g, the TA content of coated and
uncoated papayas decreased as the storage period was extended, as previously reported by others [49].
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However, the TA of coated papayas showed a slower decrease than that of uncoated papayas (P < 0.05).
Compared with single-layer coated papayas, at day 14, papayas coated with two-layer, four-layer,
or six-layer coatings had higher TA (0.29%, 0.39% and 0.34%, respectively) (P < 0.05). Multilayer
coatings reduced the respiratory rate of papayas, resulting in a decrease in the transformation of
organic acids. Generally, four-layer coated papayas had higher TA at day 14.

3.7. pH

As shown in Figure 1h, pH values for all treatments increased continuously, which could be
ascribed to a decline in the citric acid content of papayas [48]. However, by day 14 of storage, the pH
values of coated papayas were lower than that of uncoated papayas (P < 0.05), which was consistent
with previous results with other fruits such as mango [50]. This might be due to the gas barrier created
by the coatings slowing down the metabolism of papaya and reducing the decomposition of organic
acids [5]. On the 14th day, papayas coated with the four-layer coating had the lowest pH value.

3.8. Vitamin C

As shown in Figure 1i, the VC content of papayas declined during storage, although the coatings
reduced the decrease (P < 0.05), as previously found by others [51]. After 14 days of storage, the VC
content of control papayas decreased obviously, i.e., 15.06 mg·kg–1, while papayas with a four-layer
coating exhibited the highest VC content, i.e., 26.17 mg·kg–1 (P < 0.05). The multilayer coatings created
a barrier to O2 and CO2, delaying the oxidation of VC [16]. The antimicrobial effects of the chitosan
coating may have also inhibited the activity of ascorbate oxidase [45]. In conclusion, the application of
the four-layer multilayer coating effectively delayed the oxidation of VC.

3.9. Sensory Quality Evaluation

As shown in Figure 2, the sensory quality of the control fruits decreased quickly. The control fruits
lost their commercial value on the 8th day. This is mainly attributed to their high water loss and quick
softening, causing bad appearance and poor taste of the papaya [30]. The sensory quality of coated
papayas declined slowly, especially in case of the four-layer coated papayas, which still were rated
with 8 points on the 14th day. This might be due to the effective barrier to O2 and moisture of this
coating. It is worth mentioning that the sensory quality of the six-layer group decreased rapidly after
eight days until the fruits lost their commercial value, which might be due to the excessive ethanol
produced by anaerobic respiration of the fruit, affecting the flavor and taste of papaya.
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values of coated papayas were lower than that of uncoated papayas (P < 0.05), which was consistent 
with previous results with other fruits such as mango [50]. This might be due to the gas barrier created 
by the coatings slowing down the metabolism of papaya and reducing the decomposition of organic 
acids [5]. On the 14th day, papayas coated with the four-layer coating had the lowest pH value. 

3.8. Vitamin C 

As shown in Figure 1i, the VC content of papayas declined during storage, although the coatings 
reduced the decrease (P < 0.05), as previously found by others [51]. After 14 days of storage, the VC 
content of control papayas decreased obviously, i.e., 15.06 mg·kg–1, while papayas with a four-layer 
coating exhibited the highest VC content, i.e., 26.17 mg·kg–1 (P < 0.05). The multilayer coatings created 
a barrier to O2 and CO2, delaying the oxidation of VC [16]. The antimicrobial effects of the chitosan 
coating may have also inhibited the activity of ascorbate oxidase [45]. In conclusion, the application 
of the four-layer multilayer coating effectively delayed the oxidation of VC. 

3.9. Sensory Quality Evaluation 

As shown in Figure 2, the sensory quality of the control fruits decreased quickly. The control 
fruits lost their commercial value on the 8th day. This is mainly attributed to their high water loss 
and quick softening, causing bad appearance and poor taste of the papaya [30]. The sensory quality 
of coated papayas declined slowly, especially in case of the four-layer coated papayas, which still 
were rated with 8 points on the 14th day. This might be due to the effective barrier to O2 and moisture 
of this coating. It is worth mentioning that the sensory quality of the six-layer group decreased 
rapidly after eight days until the fruits lost their commercial value, which might be due to the 
excessive ethanol produced by anaerobic respiration of the fruit, affecting the flavor and taste of 
papaya. 

 

Figure 2. Sensory quality evaluation of papayas stored for 14 days at 25 °C, 50% RH. Scores below 5 
mean that the papaya is not marketable. Vertical bars represent the standard errors of the means. 

Figure 2. Sensory quality evaluation of papayas stored for 14 days at 25 ◦C, 50% RH. Scores below 5
mean that the papaya is not marketable. Vertical bars represent the standard errors of the means.
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4. Conclusions

In summary, pullulan/chitosan multilayer coatings maintained the physiological and nutritional
attributes of papayas stored at 25 ◦C and 50% RH, and extended the fruit shelf life if compared with
uncoated and single-coated fruits. Sensory evaluation showed that the multilayer coatings maintained
the flavor and commercial value of papayas for longer. This could be attributed to the ideal barrier to O2

and moisture, and also to the inhibition of the activity of the respiratory enzymes. So pullulan/chitosan
multilayer coatings could be applied as a new technique for fruit preservation. Among multilayer
coatings, the best performance was obtained with the four-layer coating.
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Abstract: Strawberries have a thin epidermis and a high respiration rate. The use of edible coatings
containing chitosan nanoparticles (CSNPs) and propolis (P) has been effective in preserving the shelf
life and antioxidant capacity of various fruit and vegetable products. The present research evaluated
the effect of coatings with CSNPs and P on the quality, antioxidant compounds, and antioxidant
capacity of strawberries. The specific coatings that were evaluated were chitosan (CS), CS+CSNPs33%,
CS + CSNPs + P10%, CS + CSNPs + P20%, CS + CSNPs + P30%, and a control with no coating.
The variables were weight loss, firmness, total soluble solids (TSS), color, phenols, total flavonoids,
antioxidant capacity, and sensory characteristics. An ANOVA and a Tukey test (p ≤ 0.05) were
used to analyze the data. Strawberries covered with CS + CSNPs + P10% showed the lowest
weight loss (9.77%), while those covered with CS + CSNPs + P20% had the greatest firmness
(4.96 N). CS + CSNPs + P coatings at 10%, 20%, and 30% concentrations maintained the antioxidant
compounds and antioxidant capacity in the evaluated fruit (28.49 mg GAE g−1, 554.61 µg quercetin g−1,
and 92.48% DPPH, respectively). The application of nanostructured coatings did not modify the
sensory characteristics of the fruit. Coatings with CSNPs and/or P could therefore be a viable
alternative for preserving the quality and antioxidant capacity of strawberries.

Keywords: nanoparticles; shelf life; Fragaria × ananassa; sensory characteristics; ripening

1. Introduction

The strawberry (Fragaria × ananassa) is one of the world’s most popular fruit due to its excellent
organoleptic and nutritional properties. The fruit has a very thin and fragile epidermis that makes it
highly susceptible to mechanical damage during harvest and storage. This often results in a deterioration
in quality, rapid loss of weight and firmness, and a loss of antioxidant capacity. In addition, the rate of
respiration increases and there are changes in color [1]. The activity of enzymes such as polyphenol
oxidase and peroxidase cause the degradation of anthocyanins and other polyphenols that lead to
discoloration and increased darkening of the surface of the fruit [2]. The rate of deterioration of the
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fruit is proportional to the speed at which respiration occurs, approximately 15 mg kg−1 h−1 at 0 ◦C,
increasing by 4–5 times when the temperature rises to 10 ◦C. This means that the fruit are highly
perishable [3–5].

Edible coatings can retard the process of ripening, extend the shelf life, and prevent the loss of
important components such as antioxidants in both fruit and vegetables [4]. For instance, chitosan (CS)
has been used to improve the quality and extend the shelf life among others, of bananas, mango, guava,
carambola, and figs [5–9]. However, it has been reported that a greater interaction on the surface area
of the fruit can occur with the incorporation of chitosan nanoparticles into the coatings. In addition,
the desired characteristics of the fruit, including, the quality attributes and the antioxidant capacity,
also improved [10–12]. On this subject, Divya et al. (2018) [13] evaluated a coating containing chitosan
nanoparticles at 5% in tomato and chilli pepper, and reported less weight (0.21% and 3.3% respectively).
Also, Mohammadi et al. (2015) [14] evaluated chitosan nanoparticles at 0.15% in cucumber and found
that the treated fruit had lower weight loss (9%) and CO2 production (215 µg kg−1 s−1), and higher
firmness (55 N) compared to the control group (12%, 230 µg kg−1 s−1, and 49 N, respectively). On this
same line, Eshghi et al. (2014) [15] evaluated coatings with chitosan nanoparticles (0.25%) on various
physicochemical characteristics and the functional profile on strawberries at 4 ºC. The authors reported
that, after eight days of storage, the coated strawberries showed lower weight (1.5%), firmness (27%),
and respiration (33 mg kg−1 h−1) than the remaining treatments. Chitosan can be combined with
other hydrophobic compounds such as oils, waxes, and resins in order to improve the characteristics
of the fresh, treated product [16]. For example, propolis extract is another natural product used to
preserve the quality of fruit and vegetables. Barrera et al. (2012) [17] reported that papaya fruit
covered with a commercial wax and propolis extract (5% w/v) had higher firmness (6.28 N) than fruit
without propolis (5.4 N). In the same line, Ali et al. (2013) [18] found that a coating with propolis
(5% v/v), gum arabic (5% p/v), and cinnamon oil (0.1% v/v) reduced the percentage of weight loss in chilli
compared with the untreated vegetables (27% and 92%, respectively), and had the highest firmness
(13 and 2 N, respectively). Also, Siripatrawan and Vitchayakitti (2016) [19] tested chitosan coatings
combined with propolis extract (0, 2.5, 5, 10, and 20% w/w) and found that the total phenolic content
and 1,1-diphenyl-2-picrilhydrazil (DPPH) in chitosan films increased due to the addition of propolis.

Although compounds such as chitosan and propolis have been shown to be effective in preserving
the quality of various agricultural products, the combination of these compounds could show a synergic
effect and improve the quality of the strawberries. Therefore, the objectives of this research were to
evaluate the effect of coatings with CS, CSNP, and P on the ripening behavior and the antioxidant
capacity of strawberries stored for a given time.

2. Materials and Methods

2.1. Materials

Strawberries cv. Camarosa were obtained from an orchard located in Tepoztlán, México
(18◦59′07”N 99◦05′59”W). The fruit were harvested when 75% of the surface was red in accordance
with NMX-FF-062-SCFI-2002 (Secretaría de Economía, 2002). Fruit with physical damage, irregular
shapes, and the presence of microorganisms were discarded. A medium molecular weight chitosan
Sigma Aldrich® (deacetylation degree 75%–85%) was used. The propolis extracts (10%, 20%, and 30%)
were donated by the Laboratorio de Microbiología de la Unidad de Investigación Multidisciplinaria de
la Facultad de Estudios Superiores (FES)-Cuautitlán, Universidad Autónoma de México. The ethanol
was acquired from Hycel, Mexico, and the glacial acetic acid from Fermont Chemicals Inc, Mexico.
The glycerol was purchased from J.T. Baker® (Randor, PA, USA)and Tween 20 from Meyer® (Tlahuac,
Distrito Federal, Mexico).
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2.2. Synthesis of Chitosan Nanoparticles

To obtain the CSNPs, the nanoprecipitation method reported by Correa-Pacheco [20] was followed.
A CS solution (0.05% w/v) was dissolved in glacial acetic acid (1% v/v) and distilled water to form the
aqueous phase. Then, 2.5 mL of this phase was added to 40 mL of the organic phase (ethanol) with
10 µL of Tween 20, using a peristaltic pump under constant magnetic stirring. The solution was placed
in a rotary evaporator at 40 ◦C for solvent evaporation. The mean size of the CSNPs in ethanol was
approximately 28.42 ± 7.43 nm, while the size of the CSNPs in propolis was 31.50 ± 7.77 nm, according
to the results published previously by our research group [20]. Later, the obtained nanoparticles were
stored under refrigeration at 4 ◦C and the concentration used in the coating was 33%.

2.3. Formulations and Application of Coatings

Five coatings were prepared: (1) CS, (2) CS + CSNPs, (3) CS + CSNPs + P10%), (4) CS + CSNPs +

P20%, and (5) CS + CSNPs + P30%. The control consisted of dipping the fruit in water. The solution
was homogenized with 1% chitosan (w/v), 1% acetic acid (v/v), and 0.3% glycerol (v/v), and the propolis
extract was added by dripping using a peristaltic pump. The formulation was kept at 40 ◦C under
constant stirring for 10 min and allowed to cool at room temperature. CSNPs were added to the
formulation and stirring continued for another 5 min. The solution was then homogenized at 10,000 rpm
for 1 min. The formulations were stored in amber colored bottles prior to use.

Strawberries were quickly washed with running water to remove excess dirt or garbage and
allowed to dry, following which they were immersed for 30 s in each formulation, dried at room
temperature, and stored in PET containers under refrigeration at 4 ± 1 ◦C for 8 days.

2.4. Determination of Weight Loss, Firmness, TSS, and Color

The fruit were weighed daily. Weight loss was determined by gravimetry with the help of a
scale (OHAUS, Tokyo, Japan). This involved calculating the difference between the initial and final
weight of each experimental unit, dividing this by the initial weight, and then multiplying the outcome
by 100. The result was expressed as a percentage. Firmness was determined using an analogous
penetrometer (KANDPI, Tokyo, Japan). A cylindrical tip 8 mm in diameter was used and both sides
of the fruit were penetrated to a depth of 10 mm. Firmness was assessed at the beginning and end
of the experiment. The values were reported as the force required to cross the membrane of the fruit
in Newtons (N). To determine the TSS, a drop of strawberry juice was extracted and analyzed in a
refractometer (ATAGO, Tokyo, Japan). The results were expressed in ◦Brix. The color of the fruit
was determined daily using a colorimeter (Konica, Tokyo, Japan) for a period of 8 days. The CIEL
* a * b * system values were evaluated. Measurements were made on both sides of the equatorial
part of the fruit. Color values were reported in terms of the coordinate’s luminosity (L *), hue angle
(H * = tan − 1 b * / a *), and chromaticity (C * =

√
(a *) 2 + (b *) 2). The CIELAB data were transformed

to RGB values, using the nix color sensor converter.

2.5. Total Phenolic Compounds

The quantification of total phenolic compounds was evaluated every third day and analyzed using
the Folin–Ciocalteau colorimetric method described by Singleton and Rossi (1965) [21]. Subsequently,
150 µL of the sample was mixed with 3.85 mL of distilled water, 250 µL of Folin–Ciocalteau phenol,
and 750 µL of NaCO3. These were allowed to react for 2 h in the dark at room temperature. Absorbance
was measured at 760 nm with a spectrophotometer (Thermo scientific Genesys, Shanghai, China)
and the concentration of total phenolic compounds in the samples was expressed as mg of gallic
acid equivalents.
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2.6. Total Flavonoids

To quantify the flavonoid content, the methodology by Chougui et al. (2013) [22] was followed.
Briefly, Two g of strawberry were macerated with 5 mL of an 80% methanol solution and centrifuged
at 8000 rpm for 12 min. Then, 1.5 mL of supernatant was then added, which reacted with 1.5 mL
of AlCl3. After 30 min, the absorbance of the sample was read at 430 nm with a spectrophotometer
(Thermo scientific Genesys, China). Flavonoid content was quantified using a standard quercetin
curve (20–110 µg quercetin) and evaluated every third day.

2.7. Antioxidant Capacity

The isolation and determination of extracts rich in bioactive compounds, enables the identification
of the antioxidant properties, and this information can be considered as an indicator of the antioxidant
properties of a food matrix. (Durazo and Lucarini, 2019) [23]. To quantify the antioxidant capacity,
the methodology employed by Brand-Williams (1995) [24] was followed. Here, 0.01g of DPPH was
weighed and added to 25 mL with methanol. Then, 10 mL with methanol was then added to 1.3 mL of
the solution to prepare the daily solution. Subsequently, 0.5 g of the strawberry sample were weighed,
following which 5 mL of methanol was added, macerated with a ceramic mortar, and centrifuged
(Labnet International, New York, NJ, USA) at 800 rpm for 10 min. 250 µL of the sample was then
taken and added to 750 µL of DPPH (133µM). For the blank, 750 µL of DPPH was added to 250 µL of
methanol. The sample was incubated in the dark at room temperature for 30 min. Absorbance at 517
nm was then measured (Thermo scientific Genesys, Shanghai, China). Radical uptake activity was
expressed as a percentage of DPPH inhibition and was calculated according to the following formula:

% reduccion o f DPPH = Abs0−Absm × 100 ÷Abs0

where Abs0* denotes blank absorbance and Absm**, sample absorbance.

2.8. Sensory Evaluation

The sensory evaluation was carried out on strawberries covered with the five different treatments.
Five strawberries were used per treatment, including the control. Covered strawberries were cut in half
and those coded with random digits were then placed in white plastic cups. The glasses were closed
for 20 min. 30 untrained judges evaluated two random samples in which aroma, color, and flavor
were rated on a scale from 1 to 9, whereby 1 means “I extremely dislike it” and 9 “I extremely like it”.
The judges ate a salty cookie between each sample so that the first sample did not influence the second.

2.9. Statistical Analysis

An analysis of variance (ANOVA) and a Tukey means test (p ≤ 0.05) were then performed, using
the statistical package InfoStat student version 2018. Fifteen treated strawberries with 3 repetitions
were used in the variables of weight, firmness, TSS, color, total phenols, total flavonoids and antioxidant
capacity, while 10 samples per treatment were used in the sensory evaluation.

3. Results and Discussion

For all treated and non-treated fruit, there was a continuous loss of weight during the eight days
of storage (Table 1). The strawberries with the lowest weight at the end of the storage period were
those coated with CS + CSNPs + P10% (9.7 and 10.2%, respectively) followed by the coatings CS
+ CSNPs + P30% and CS + CSNPs + P20% (10.9 and 11.0%, respectively). There was a significant
difference (p ≤ 0.05) between these and the controls (14.9%). These results aligned with those reported
by Gol et al. (2013) [25]. A lower percentage of weight loss (4.0%) in strawberries coated with
Hydroxypropylmethylcellulose 1% (HPMC) and CS 1% was obtained with respect to the control
(14.3%) after eight days of storage. This may have occurred because the edible coatings served as
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a semipermeable barrier between the oxygen, carbon dioxide, and moisture loss, which reduced
respiration, water loss, and oxidation reactions [26].

Table 1. Weight loss of strawberries treated with nanostructured chitosan coatings and propolis extract
during eight days of storage.

Weight Loss (%)

Storage Days

Coatings 1 2 3 4 5 8

CS 0.0 1.5 ± 1.5 ab*z** 4.3 ± 2.0 bcy 7.6 ± 2.0 bcx 9.2 ± 2.3 ax 13.2 ± 2.9 bcw

CS + CSNPs 0.0 0.5 ± 1.5 az 2.9 ± 2.1 aby 5.6 ± 2.3 abx 7.4 ± 2.5 abx 10.2 ± 2.7 aw

CS + CSNPs + P10% 0.0 1.2 ± 1.7 abzy 2.5 ± 1.5 ay 4.5 ± 1.9 ax 6.6 ± 1.8 aw 9.7 ± 1.8 av

CS + CSNPs + P20% 0.0 0.9 ± 0.4 abz 3.3 ± 1.1 aby 5.9 ± 1.3 abx 7.8 ± 1.4 abw 11.0 ± 1.8 abv

CS + CSNPs + P30% 0.0 1.1 ± 0.6 abz 3.6 ± 1.3 abcy 6.6 ± 1.9 abx 8.0 ± 1.7 abx 10.8 ± 2.1 abw

Control 0.0 1.94 ± 0.7 bz 5.1 ± 1.5 cy 9.1 ± 3.0 cx 12.1 ± 3.1 cw 14.9 ± 2.8 cv

* Means with similar letters (a, b and c) are not significantly different among the evaluated treatments. ** Means
with similar letters (w, x, y and z) are not significantly different among the storage days. CS (chitosan), CSNPs
(chitosan nanoparticles), P10%, 20%, and 30% (propolis extract at different concentrations), control (strawberry fruit
without the edible coating). Fifteen treated strawberries with 3 repetitions were used and an ANOVA and Turkey
test (p ≤ 0.05) were performed.

After eight days storage, the strawberries coated with CS + CSNPs + P20% and CS + CSNPs +

P10% showed the greatest firmness (4.96 N and 4.87 N, respectively). These two values were statistically
similar to the rest of the treatments but significantly different (p ≤ 0.05) from the control (3.83 N)
(Table 2). These results align with those of Restrepo et al. (2010) [27] who reported greater firmness in
strawberries covered with mucilaginous gel of aloe penca and carnauba wax. They also reported the
lowest firmness and highest weight loss in non-coated strawberries. Ventura-Aguilar et al. (2018) [28]
evaluated the effect of a chitosan and cinnamon essential oil coating applied to strawberries at 5 ◦C and
20 ◦C. The results indicated that weight loss was reduced by 15 times and firmness was 33% higher
in the fruit treated with the coating compared with the control. By contrast, studies carried out by
Pilon et al. (2014) [29] reported no significant differences in firmness values between freshly cut apples
covered with chitosan nanoparticles and uncovered apples. The coatings with CSNPs and the control
group showed statistical differences among the storage days.

Table 2. Firmness values of strawberry fruit treated with nanostructured chitosan coatings and propolis
extract during eight days of storage.

Coatings

Firmness (N)

Storage Days

1 8

CS 5.45 ± 0.97 a*z** 4.82 ± 1.04 abz

CS + CSNPs 5.43 ± 1.00 ay 4.50 ± 0.94 abz

CS + CSNPs + P10% 5.15 ± 1.05 az 4.87 ± 0.67 bz

CS + CSNPs + P20% 5.19 ± 0.93 az 4.96 ± 1.26 bz

CS + CSNPs + P30% 5.24 ± 1.28 az 4.75 ± 1.02 abz

Control 5.31 ± 0.91 ay 3.83 ± 0.75 az

* Means with similar letters (a and b) are not significantly different among the evaluated treatments. ** Means
with similar letters (y and z) are not significantly different among the storage days. CS (chitosan), CSNPs (chitosan
nanoparticles), P10%, 20%,and 30% (propolis extract at different concentrations). Fifteen treated strawberries with 3
repetitions were used and an Anova and tukey test (p ≤ 0.05) were performed.

In this research, the values obtained for the weight and firmness of the strawberries could be due
to the combination of propolis and chitosan extract. For instance, Bodini et al. (2013) [30] found that
incorporating propolis extract (5%) significantly reduced the permeability of water vapor in relation
to a control film (2.4 and 3.2 g mm/h cm2 Pa, respectively). Similarly, Siripatrawan and Vitchayakitti
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(2016) [19] studied the effect of propolis (2%) on the functional properties of chitosan films and found
that this reduced the permeability of water vapor in the films (0.5 g mm Pa−1 d−1 m2). This was because
the polyphenolic compounds of the propolis stuck to the chitosan matrix and engaged in hydrogen
or covalent bonding with chitosan reactive groups. This limited the availability of hydrogen atoms
needed to form a hydrophilic bond with water. This eventually led to a decrease in the affinity of
chitosan films towards water, and thus reduced the water vapor permeability of the coatings.

With respect to the TSS, there were no significant statistical differences between the treatments
(Table 3). This aligns with the findings of Pastor et al. (2010) [31], who tested an edible coating made of
HPMC (5%) and propolis extract (0.5%, 1%, and 1.5%) on grapes cv. Muscatel and found no significant
differences. Similarly, Barrera et al. (2012) [17] applied propolis extract (5% w/v) to papaya fruit and
found no significant differences with respect to the TTS. In general, statistical differences were not
observed between the storage days of the evaluated fruit.

Table 3. TSS content of strawberry fruit treated with nanostructured chitosan and propolis extract
coatings during eight days of storage.

Coatings

TSS (◦BRIX)

Storage Days

1 5 8

CS 6.72 ± 0.81 a*z** 6.85 ± 0.84 az 6.79 ± 0.65 az

CS + CSNPs 6.68 ± 0.64 az 6.83 ± 0.72 az 6.87 ± 0.74 az

CS + CSNPs + P10% 6.67 ± 0.77 az 6.77 ± 0.68 az 6.83 ± 1.02 az

CS + CSNPs + P20% 6.61 ± 0.70 az 6.67 ± 0.82 az 6.71 ± 1.13 az

CS + CSNPs + P30% 6.93 ± 0.88 az 6.80 ± 0.68 az 6.78 ± 1.01 az

Control 6.82 ± 0.82 az 7.05 ± 1.21 az 6.71 ± 0.76 az

* Means with similar letters (a) are not significantly different among the evaluated treatments. ** Means with similar
letters (z) are not significantly different among the storage days. CS (chitosan), CSNPs (chitosan nanoparticles), P10,
20, and 30% (propolis extract at different concentrations). Fifteen treated strawberries with 3 repetitions were used
and an ANOVA and Turkey test (p ≤ 0.05) were performed.

Regarding luminosity, chromaticity, and hue angle, no significant statistical differences (p ≤ 0.05)
were observed between the treatments (Figure 1).

Trejo et al. (2007) [32] reported that the application of an edible coating using 1% and 2%
gelatin did not affect the luminosity of strawberries stored in refrigeration for 10 days. Similarly,
Del Valle et al. (2005) [33] reported no changes in color parameters for strawberries coated with cactus
mucilage and glycerol stored for 10 days at 5 ◦C. The color of the strawberry is a very important
attribute in the acceptance of the product by the consumer, and the edible coatings applied in this
study did not modify the original color.

The total phenol content decreased during the storage period for all treatments. However,
strawberries coated with formulations containing chitosan and propolis exhibited the highest phenolic
content on each day of storage (Table 4). On the first day, the corresponding values were 69.98, 67.15,
and 66.46 mg GAE g−1 strawberry, respectively. On the third day of storage, the fruit coated with CS +

CSNPs + P20% showed the highest content of total phenolic compounds (45.49 mg GAE g−1 strawberry)
compared with the control and the remaining treatments. During the following two sampling
periods, the highest content was in the fruit coated with CS + CSNPs + P10% (34.75 mg GAE g−1

and 28.49 mg GAE g−1 strawberry, respectively), which was significantly different (p ≤ 0.05) from the
control (18.13 mg GAE g−1 strawberry). However, it was statistically similar to the other coatings
tested. In all treatments, significant differences were observed and a decrease of phenol content was
observed at the end of the storage time.
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Figure 1. Change in color of strawberry fruit treated with nanostructured chitosan and propolis 
extract coatings during eight days of storage; (a) Luminosity values of strawberry fruit treated with 
nanostructured chitosan and propolis extract coatings. (b) Chromaticity values of strawberry fruit 
treated with nanostructured chitosan and propolis extract coatings. (c) Hue angle values of 

Figure 1. Change in color of strawberry fruit treated with nanostructured chitosan and propolis
extract coatings during eight days of storage; (a) Luminosity values of strawberry fruit treated with
nanostructured chitosan and propolis extract coatings. (b) Chromaticity values of strawberry fruit
treated with nanostructured chitosan and propolis extract coatings. (c) Hue angle values of strawberry
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fruit treated with nanostructured chitosan and propolis extract coatings. (d) Squares of color determined
through the coordinates L *, a *, b *, and transformed to RGB values by Nix color sensor. Fifteen treated
strawberries with 3 repetitions were used and an Anova and tukey test (p ≤ 0.05) were performed.
CS (chitosan), CSNPs (chitosan nanoparticles), P10%, 20%, and 30% (propolis extract at different
concentrations). Control (strawberry fruit without the edible coating). Means with equal letters are not
significantly different. ANOVA and Turkey test (p ≤ 0.05).

Table 4. Total phenol content of strawberry fruit treated with nanostructured chitosan and propolis
coatings during eight days of storage.

Coatings

Total Phenols (µg GAE g−1 of Strawberry)

Storage Days

1 3 5 8

CS 55.07 ± 4.58 ab*x** 41.69 ± 1.54 bcy 31.18 ± 4.59 abz 26.23 ± 3.52 abz

CS + CSNPs 57.80 ± 4.73 bcx 38.49 ± 2.10 by 33.27 ± 5.74 aby 24.19 ± 5.80 abz

CS + CSNPs + P10% 66.46 ± 2.46 cdx 39.10 ± 1.95 by 34.75 ± 2.32 by 28.49 ± 1.20 bz

CS + CSNPs + P20% 67.15 ± 2.65 dx 45.49 ± 0.56 cy 31.83 ± 3.22 abz 25.53 ± 2.63 abz

CS + CSNPs + P30% 69.98 ± 2.02 dx 40.12 ± 0.77 by 30.67 ± 4.54 abz 24.47 ± 1.35 abz

Control 48.08 ± 0.66 ay 24.4 ± 2.05 az 22.85 ± 4.01 az 18.13 ± 2.92 az

* Means with similar letters (a, b, c and d) are not significantly different among the evaluated treatments. ** Means
with similar letters (x, y and z) are not significantly different among the storage days. CS (chitosan), CSNPs (chitosan
nanoparticles), P10, 20, and 30% (propolis extract at different concentrations). Fifteen treated strawberries with 3
repetitions were used and an Anova and tukey test (p ≤ 0.05) were performed.

The total flavonoid content was generally reduced during storage (Table 5). For each storage
evaluation, fruit from the treatments CS + CSNPs and CS + CSNPs + P20% showed the highest
flavonoid content. The corresponding values were in the range of 954 to 554.6 µg quercetin g−1 and
were significantly different (p ≤ 0.05) from those of the other treatments. In all treatments, significant
differences were observed and a decrease of flavonoids content was observed at the end of the storage.

Table 5. Total flavonoid content of strawberry fruit treated with nanostructured chitosan and propolis
coatings during eight days of storage.

Coatings

Total Flavonoids (µg Quercetin g−1)

Storage Days

1 3 5 8

CS 667.1 ± 5.8 b*x** 750.5 ± 11.6 dw 515.8 ± 9.7 by 409.1 ± 20.2 az

CS + CSNPs 698.1 ± 8.4 cw 620.5 ± 6.7 bx 522.9 ± 11.6 by 402.6 ± 4.0 az

CS + CSNPs + P10% 853.7 ± 4.4 ew 667.1 ± 10.0 cx 546.8 ± 17.4 by 505.4 ± 11.6 bz

CS + CSNPs + P20% 954.2 ± 8.8 fw 974.9 ± 15.8 ex 645.1 ± 9.9 cy 554.6 ± 3.3 cz

CS + CSNPs + P30% 758.9 ± 5.6 w 647.0 ± 15.0 bcx 400.7 ± 16.2 az 498.3 ± 3.8 by

Control 588.2 ± 4.4 ax 459.5 ± 1.9 az 524.2 ± 11.2 by 508.0 ± 13.9 by

* Means with similar letters (a, b, c, d, e and f) are not significantly different among treatments. ** Means with
similar letters (w, x, y and z) are not significantly different among the storage days. CS (chitosan), CSNPs (chitosan
nanoparticles), P10, 20, and 30% (propolis extract at different concentrations). Fifteen treated strawberries with 3
repetitions were used and an Anova and tukey test (p ≤ 0.05) were performed.

The percentage of DPPH inhibition was higher in the coated strawberries compared with the
control regardless of the applied treatment (Table 6). In general, strawberries coated with CS, CSNPs,
and P at different concentrations had the highest percentage of DPPH inhibition with values of 87.5,
90.2%, 79.8%, and 92.4%, respectively. These results are consistent with those reported by Wang
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and Gao (2013) [34] who demonstrated that the ability to sequester free radicals in chitosan-coated
strawberries cv Earliglow was higher than that of uncoated fruit at the end of nine days of storage
at 5 ◦C. Similarly, López et al. (2012) [35] evaluated the effect of a coating of CS (1%) and cinnamon
essential oil (0.03%) on preserving the quality, antioxidant capacity, and phenolic content of strawberries
stored at 5 ◦C. They found that the coating was effective for maintaining the total phenolic content
(170 mg GAE g−1) and antioxidant capacity (inhibition 85% DPPH) for up to 15 days. Zahid et al.
(2013) [36] also reported an increase in the biosynthesis of antioxidants and total flavonoids following
the application of 0.5% propolis extract. According to Thomas et al. (2016) [37] and Anjum et al.
(2013) [38], the propolis has high biological activity, including antioxidant activity, due to its high
phenolic and flavonoid content. In all treatments, significant statistical differences were observed and
a decrease in DPPH inhibition was observed at the end of the storage.

Table 6. Antioxidant capacity of strawberry fruit treated with nanostructured chitosan and propolis
coatings during eight days of storage.

Coatings
DPPH (%)

Storage Days

1 3 5 8

CS 86.0 ± 3.6 ab*y** 73.9 ± 6.5 az 79.8 ± 1.6 czy 83. 6 ± 2.3 bcxy

CS + CSNPs 87.5 ± 1.9 by 78.1 ± 7.0 abzy 72.6 ± 0.8 bz 78.2 ± 3.0 bzy

CS + CSNPs + P10% 79.0 ± 2.1 aby 82.5 ± 1.1 abyz 73.9 ± 2.4 bcz 87.0 ± 1.5 bcx

CS + CSNPs + P20% 87.3 ± 5.8 by 80.8 ± 8.3 abzy 72.6 ± 4. 3 bz 83.5 ± 0.5 byz

CS + CSNPs + P30% 82.3 ± 5.8 abzy 90.2 ± 0.3 by 73.7 ± 0.9 bz 92.4 ± 6.6 cy

Control 75.6 ± 0.2 ax 69.5 ± 1.9 ay 57.3 ± 0.4 ay 69.0 ± 0.6 az

* Means with similar letters (a, b and c) are not significantly different among the evaluated treatments. ** Means
with similar letters (x, y and z) are not significantly different among the storage days. CS (chitosan), CSNPs (chitosan
nanoparticles), P10, 20 and 30% (propolis extract at different concentrations). Fifteen treated strawberries with 3
repetitions were used and an Anova and tukey test (p ≤ 0.05) were performed.

Chitosan and propolis have separately proven to be effective in increasing antioxidant capacity.
However, in this research, a synergistic effect was also observed between CSNPs and P as the highest
concentrations of phenols, flavonoids and % DPPH were obtained using these coatings. Currently,
there is little information on the effect of combining these compounds on the antioxidant activity on
fruit, although some studies have demonstrated the synergism of nanoparticles with other compounds
in edible coatings. For example, Yang et al. (2016) [39] found that using lignin nanoparticles in
polylactic acid-based films was highly efficient in terms of antioxidant capacity and, in combination
with cellulose nanocrystals, a positive synergistic effect was generated in the antioxidant response of
the films in vitro. In other work, Yang et al. (2016) [40] observed an increased antioxidant capacity
through the addition of lignin nanoparticles to films based on polyvinyl alcohol-chitosan.

The synergism between the chitosan and the nanoparticles can be explained by the ability of
the first compound to eliminate chelated ions and free radicals, thus avoiding hydrogen donation
and resulting in greater antioxidant capacity. Their small size and low molecular weight means that
the nanoparticles contribute to significant changes in the functional properties due to an increase in
the surface area in relation to the volume. Therefore, they are more biologically active, improving
the bioavailability of active ingredients and controlled release, and contributing to preserving the
antioxidant capacity of the fruit [41,42].

With respect to the sensory evaluation, the coatings were evaluated satisfactorily and no statistical
differences were observed between the treatments (Table 7). The coatings did not modify the taste or
cause any bad odors. These data align with those of Marquez et al. (2009) [43] who evaluated a coating
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based on chitosan 0.6% and sucroester fatty acids (1%), and observed that its application to loquat fruit
did not modify its flavor, aroma, or appearance.

Table 7. Sensory characteristics of strawberry fruit treated with different nanostructured coatings.

Coatings Aroma Color Flavor

CS 7.2 ± 1.6 a* 8.3 ± 0.9 a 7.8 ± 1.4 a

CS+CSNP 7.1 ± 1.4 a 7.8 ± 1.1 a 7.4 ± 0.9 a

CS+CSNP+P10% 6.6 ± 1.5 a 7.2 ± 1.5 a 6.6 ± 1.8 a

CS+CSNP+P20% 7.0 ± 2.2 a 7.1 ± 1.9 a 7.2 ± 1.8 a

CS+CSNP+P30% 6.6 ± 1.7 a 7.2 ± 1.1 a 6.7 ± 1.8 a

Control 6.4 ± 1.5 a 7.8 ± 0.7 a 8.0 ± 1.3 a

* Means with equal letters (a) are not significantly different. ANOVA and Tukey test (p ≤ 0.05). CS (chitosan), CSNPs
(chitosan nanoparticles), P10, 20, and 30% (propolis extract at different concentrations). Ten strawberries were used
per treatment and an Anova and tukey test (p ≤ 0.05) were performed.

4. Conclusions

Normal ripening behavior was obtained in the coated fruit. In addition, strawberries coated with
nanostructured chitosan and propolis extract, regardless of the concentration, yielded higher levels of
the total phenols, flavonoids, and antioxidant capacity at the end of the 8th storage period compared
with the untreated fruit. Furthermore, the application of the nanostructured coatings did not modify
the sensory characteristics. The use of nanostructured chitosan coatings and propolis could be a viable
alternative for preserving the quality and antioxidant capacity of strawberries.
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Abstract: The objective of the present study is to evaluate the effect of individual and combined
coatings of chitosan (0.008 g·mL−1) and carnauba wax (0.1 g·mL−1) with oregano essential oil
(OEO, 0.08 g·mL−1) to reduce dehydration and microbial decay of fresh cucumbers stored at
10 ◦C. Chitosan-OEO-wax films showed the lowest water vapor transmission rate (0.141 g·m−2·h−1),
compared to single chitosan films (0.257 g·m−2·h−1). While chitosan-OEO films completely inhibited
the in vitro growth of Alternaria alternata and reduced the growth of Salmonella Typhimurium,
Escherichia coli O157:H7, mesophilic bacteria, and fungi isolated from decayed cucumbers. Besides,
the infrared analysis of chitosan-OEO-wax films showed shifts in O–H and N–H absorption bands,
indicating possible hydrogen bonding between the components. Wax and wax-OEO were the most
effective coatings to prevent weight loss in cucumbers during 15 days of storage at 10 ◦C, while the
most effective antimicrobial treatments were chitosan and chitosan-OEO. Therefore, these results
showed that carnauba wax and carnauba wax-OEO coatings were the most effective in weight loss,
whereas chitosan and chitosan-OEO were the most effective to reduce the microbial load of the treated
fresh cucumber.

Keywords: Cucumis sativus L.; dehydration; antimicrobial activity; bilayer coating; essential oils

1. Introduction

Cucumber (Cucumis sativus L.) is a low-calorie fruit belonging to the Cucurbitaceae family,
non-climacteric, harvested, and consumed at an immature stage. It is a rich source of potassium,
magnesium, iron, with a high water content—approximately 90% [1]. The quality of cucumber is
based on its shape uniformity, dark green color, firmness, size, absence of defects, and rot [2]. However,
during post-harvest, the cucumber is highly susceptible to physiological changes, microbial decay, and
dehydration with the consequent loss of appearance, and nutritional quality [3]. Also, it is susceptible
to the attack of bacteria (e.g., Erwinia spp. and Xanthomonas spp.) and fungi (e.g., Alternaria spp.
and Rhizopus spp.) [4]. Commonly, some of these problems are solved with the use of low storage
temperatures; however, cucumbers are sensitive to chilling injury below 10 ◦C; for this reason, they
are stored at 10–12.5 ◦C, becoming more susceptible to quality loss after 14 days. These problems
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justify the need for developing adequate water loss barrier and antimicrobial techniques to preserve
the cucumbers’ quality.

Edible coatings can act as barriers to reduce water loss and gas exchange, depending on their
composition [5]. Different materials are used to formulate edible coatings, including proteins, lipids,
and polysaccharides. Polysaccharides have excellent gas barrier properties; however, they are highly
hydrophilic and show high water vapor permeability. On the other hand, lipids are hydrophobic
compounds with water barrier properties, although, their nonpolymeric nature limits their ability to
form films with good mechanical integrity [5]. Among polysaccharides, chitosan obtained from alkaline
deacetylation of chitin has been widely used because of its antimicrobial properties [6]. Chiabrando et
al. [7], reported that chitosan coatings significantly reduced microbial decay of minimally processed
nectarines compared to control fruits. Similarly, chitosan coatings (2%) in broccoli florets stored at 5 ◦C
resulted in a significant reduction of total mesophilic and psychrotrophic bacteria; also, a bactericidal
effect was observed in the inoculated E. coli O157:H7 [8]. In addition, Pavinatto et al. [9] reported a
reduction of gray fungus attack and an insignificant alteration in flavor, appearance, aroma, and texture
of strawberries coated with 1% chitosan and stored for 7 days at 25 ◦C. Other polysaccharide-based
coatings also have been applied to improve the quality parameters of fruits. Aloe vera coatings (3%)
improved firmness and total soluble solids of tomato; however, no effect was observed in weight loss
compared to control [10]. Similarly, alginate coatings showed a good gas permeability and maintained
the firmness of fresh-cut melon; however, no antimicrobial activity and weight loss protection were
observed. Besides their different benefits, polysaccharides-based coatings are considered a low water
barrier [11].

On the contrary, natural waxes (carnauba, shellac, and beeswax) limit the water loss better than
polysaccharides-based coatings. Carnauba wax is a lipid-based material obtained from Copernicia
cerifera leaves, predominantly comprised of aliphatic esters and diesters of cinnamic acid with a high
melting point and low solubility [12]. These characteristics grant the relatively inert and stable character
to carnauba wax; in addition, it is generally recognized as safe by the Food and Drug Administration of
the United States and normally used in edible coatings formulations [5,12]. Won and Min [13] reported
a significant reduction in the weight loss of Satsuma mandarins treated with carnauba wax (18.1%)
during storage at 4 and 25 ◦C for 28 days compared with control fruits. In addition, the weight loss was
significantly reduced in Valencia oranges and avocados after the application of carnauba wax [14,15].
However, it is important to note that these authors did not evaluate the antimicrobial effect of these
coatings, microbial decay being one of the main factors that compromise the postharvest life of these
fruits, highlighting the need for an additional coating material as our study proposes. Therefore, it can
be expected that a combination of constituents could obtain better results.

Edible coatings may carry antimicrobial additives protecting fresh produce of postharvest
decay [16]. Oregano essential oil (OEO) possess antimicrobial activity, and it may be added to edible
coatings as a food additive; its efficacy has been proved when added into several edible coatings [17,18].
The antibacterial activity of OEO is attributed to the constituents carvacrol and thymol; as a result of
their lipophilic nature, these monoterpenes can become embedded in the bacteria or fungi membrane
causing the alteration of enzymatic systems, cellular disruption, and loss of cellular constituents [19,20].
Some studies reported the efficacy of the combination of chitosan and carnauba wax with essential oils
to maintain the postharvest quality of cucumber and other fruits. Mohammadi et al. [21] reported
that nanochitosan-based coating loaded with Zataria multiflora essential oil improved physicochemical
quality and significantly reduced total bacterial, yeasts, and molds counts of cucumber stored at 10 ◦C
for 21 days. Won and Min [13] also reported that the addition of OEO provides an antimicrobial activity
to carnauba wax coatings. However, these studies did not characterize the physicochemical properties
of the coatings, which is important to compare the responses with those observed in vivo. Therefore,
the present study evaluated the effect of individual and combined coatings of chitosan and carnauba
wax with OEO to reduce dehydration and microbial decay of fresh cucumbers.
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2. Materials and Methods

2.1. Chemicals

Medium molecular weight chitosan (75%–85% deacetylation), carnauba wax yellow No.1, glycerol,
and anhydrous calcium chloride were obtained from Sigma-Aldrich (St. Louis, MO, USA). Glacial
acetic acid was obtained from JT Baker (Madrid, Spain), while the coconut oil was obtained from Oils
by Nature Inc. (Solon, OH, USA).

2.2. Plant Materials

Cucumber (Cucumis sativus L.) fruits were harvested in a field in Hermosillo, Sonora, Mexico
(29◦17’20.4" N 110◦54’35.0" W) after 57 days from flowering, at a slightly immature state, with a dark
green color visually determined by using the color comparator for medium green CC-1 proposed
by the USDA, uniform in shape, size, weight and free from growth defects and decay; in addition,
firmness, CO2 production and color of cucumbers were determined (Table 1). OEO (Lippia graveolens
L.) was obtained from ORE Procesadora de Oregano Silvestre [22], Chihuahua, Mexico.

Table 1. Firmness, CO2 production, and color of cucumbers.

Parameter Mean ± Standard Deviation

Firmness (N) 48.80 ± 1.89
CO2 production rate (mL CO2/kg·h) 1.10 ± 0.65

Color –
Lightness 29.21 ± 1.01
Chroma 59.50 ± 13.19

Hue 132.76 ± 0.54

2.3. Film Formulation

For chitosan films, 0.8 g of chitosan and 0.2 g of glycerol were dispersed in 100 mL of 1% glacial
acetic acid solution and stirred at 25 ◦C for 24 h. The filmogenic mixture was filtered using cheesecloth to
remove small impurities, sterilized at 121 ◦C for 15 min, and cooled at 25 ◦C. Subsequently, 20 mL of the
chitosan dispersion was cast on Petri dishes with diameters of 8 cm and dried at 25 ◦C for 24 h. Then the
films were peeled off from the plates and stored in a desiccator for further analysis. For carnauba wax
films, a 10% carnauba wax solution was made by melting 10 g of wax in 90 mL of coconut oil heated
at 70 ◦C with constant stirring. Bilayer films (chitosan-carnauba wax and chitosan-OEO-carnauba wax)
were elaborated by brushing 0.5 mL of the carnauba wax on the preformed chitosan films. For the films
added with OEO, 0.2 g of Tween 20 and 8 mg·mL−1 of OEO (this concentration was selected based on the
minimal inhibitory concentration of OEO against microbiota of decayed cucumbers) were added directly
into the chitosan and carnauba wax for their individual coatings, and in the chitosan-wax coating the oil
was added into the carnauba wax. Each formulation was mixed at 13,500 rpm for 5 min in a Kinematica
Polytron homogenizer PT 1200C (Cambridge Scientific Products, Watertown, MA, USA).

2.4. Characterization of the Formulated Films

2.4.1. Thickness and Water Vapor Transmission (WVT)

Film thickness was measured with a digital micrometer (E.J. Cady and Co., Wheeling, IL,
USA); three measurements were carried out at different points of 5 films per treatment (chitosan,
chitosan-wax, chitosan-OEO, and chitosan-OEO-wax) and results were expressed in millimeters (mm).
WVT was determined gravimetrically based on the American Society for Testing and Materials method
(ASTM) [23]; for this, each film was placed in the top of a moisture permeation cell (118.64 cm3 volume)
with 30 g of dried calcium chloride beads to ensure a relative humidity (RH) of 0% inside the cell.
Subsequently, the cells were placed in a desiccator (volume 1500 cm3) containing 70 mL of a saturated
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solution of magnesium nitrate to ensure 90% RH and left at 25 ◦C for 8 h. The water mass transferred
through the film and adsorbed by the calcium chloride was determined by the weight gained for
each permeation cell. Cells were weighed each hour for eight hours, and the slope of weight gain
vs. time was obtained by linear regression. The following formula determined the WVT of the films:
WVT = m/a, where m is the slope of weight gain vs. time, and a is the film area where the mass transfer
occurred. The analysis was performed by triplicate, and results were expressed as grams of water per
square meter per hour (g m−2·h−1). Because of the experimental complexity, the thickness and WVTR
of the individual wax films were not evaluated.

2.4.2. In Vitro Antimicrobial Capacity of the Formulated Films

Cucumber microbiota (mesophilic bacteria and fungi) isolated from decayed fruits, Salmonella
enterica subspecies enterica serovar Typhimurium (ATCC® 14028), Escherichia coli O157:H7 (ATCC®

43890), and Alternaria alternata (ATCC® 6663) were exposed to the formulated films. The antimicrobial
assay was carried out based on the dilution method described by the National Committee for Clinical
Laboratory Standards [24], with some modifications. For the antimicrobial assay, 20 mg of each film
(2 mg·mL−1) was introduced into tubes containing 10 mL of Mueller Hinton or potato dextrose broth
for bacteria and fungi, respectively. After 15 min, tubes were inoculated with 1 × 106 colony-forming
units per milliliter (CFU mL−1) of each challenged bacteria or fungi. Subsequently, 1.0 mL from each
tube was plated in Mueller Hinton or acidified potato dextrose agar and incubated at 37 ± 2 ◦C for
24 h and 25 ± 2 ◦C for five days for bacteria and fungi, respectively. The analysis was performed by
triplicate, the microbial colonies were counted, and the results were expressed as Log CFU mL−1 and
compared with a control without films.

2.4.3. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra (Instrument Corp. Madison, WI, USA) were obtained to evaluate physicochemical
interactions among the film components (chitosan, wax, chitosan-wax, chitosan-OEO, and
chitosan-OEO-wax). Data were recorded in the transmission mode using a spectrophotometer FTIR
Nicolet Protegé 460 (Instrument Corp. Madison, WI, USA) under a wavenumber range of 4000–400 cm−1

with a resolution of 4 (cm−1), taking 64 scans at a rate of 0.63 (s−1). Solid samples were pressed within KBr
pellets, and liquid samples (OEO and carnauba wax) were placed over preformed pellets, respectively.

2.5. Effect of the Formulated Coatings on Water Loss and Microbial Decay of Fresh Cucumbers

2.5.1. Coating Application

A total of 252 cucumbers (whole and unpeeled) were used in this experiment; 216 fruits were
divided into six groups and coated with each treatment, and 36 fruits were left uncoated as controls.
Cucumbers were washed with chlorinated water (200 ppm) for 3 min and air-dried at 25 ◦C, and
coated manually with brushes (1.5-inch-wide, Maxtool®, Mexico City, Mexico), adding uniformly
0.5 mL of each treatment per cucumber. For applying bilayer coatings, cucumbers were first coated
with chitosan and dried with forced air at 25 ◦C for 10 min; afterward, wax (with and without OEO)
was applied, then cucumbers were stored on polypropylene trays at 10 ◦C and 90% RH. The effects of
edible coatings on the weight loss and microbial spoilage of the fruit were assessed in three trays with
two cucumbers per treatment at 0, 3, 6, 9, 12 and 15 days.

2.5.2. Fruit Weight Loss

The fruit was weighed at 0, 3, 6, 9, 12 and 15 days of storage at 10 ◦C, and the slope of weight
loss vs. time was obtained by linear regression. Weight loss was measured using the equation: (A −
B)/A, where A was the initial weight (g) at t0, while B was the weight (g) at a given storage time (tn).
The analysis was performed by triplicate, and results were expressed as weight loss (%).
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2.5.3. Changes of Microbial Load of the Coated Fruit

Total mesophilic bacteria, molds and yeasts were counted on 0, 3, 6, 9, 12 and 15 days of storage
at 10 ◦C. Cucumbers were sampled (10 g) and homogenized for 1 min in 90 mL of peptone water.
Subsequently, decimal dilutions were made, and 1 mL of each sample was poured on plate count agar
or potato dextrose acidified agar, and incubated at 37 ± 2 ◦C for 24 h or 25 ± 2 ◦C for five days, for
mesophilic bacteria and for molds and yeasts, respectively [25]. The analysis was performed with four
replicates, and results were expressed as Log CFU·g−1.

2.6. Statistical Analysis

The effect of the films composition (chitosan, chitosan-wax, chitosan-OEO, wax-OEO, and
chitosan-OEO-wax) on the WVT, thickness, and in vitro antimicrobial capacity was evaluated with
a completely randomized design. The effect of the edible coatings over dehydration and microbial
spoilage was a completely randomized experimental design with a factorial arrangement (5 × 6), where
the factors were the coating treatments (chitosan, wax, chitosan-wax, chitosan-OEO, wax-OEO, and
chitosan-OEO-wax) and the storage time (0, 3, 6, 9, 12, 15 days), and the analyzed responses were
weight loss and microbial growth. All experiments were done by triplicate, expressing the results
as means ± standard deviation. An analysis of variance (ANOVA) was performed, and means were
compared by the Tukey Kramer test (p ≤ 0.05) using the statistical software NCSS 2007 (NCSS, LLC,
Kaysville, UT, USA).

3. Results

3.1. Characterization of the Formulated Films

3.1.1. FTIR Spectra

Figure 1 shows the infrared spectra of OEO (a), chitosan (b), wax (c), chitosan-OEO (d), and
wax-OEO (e) in the wavelength range of 4000–400 cm−1. OEO spectrum showed at 3361 and 2958 cm−1

the characteristic peaks of O–H and C–H stretching, respectively; these signals could be attributed to
the presence of carvacrol and thymol. On the other hand, the peaks of the C=O stretch (amide I) and
flexion for the N–H group (amide II) of the chitosan were identified at a wavenumber around 1645 and
1554 cm−1, respectively (Figure 1b). These peaks represent the N-acetylglucosamine structure, which
could be found in chitosan with a low acetylation degree [26]. Also, at 3334 cm−1, the corresponding
absorption band of the O–H stretching was observed. On the other hand, a shift in the O–H stretching
peak of the chitosan was observed (∆OH = 11) when combined with OEO (Figure 1c), which could be
attributed to the interactions between the terpenoids and chitosan. Figure 1d showed the spectrum of
carnauba wax with the C–H and C=O stretching signals observed at 2930 and 1743 cm−1, respectively.
In contrast, no changes were observed in the wax spectrum after the addition of OEO, which indicated
the lack of interaction between these components (Figure 1e).
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Figure 1. Fourier transform infrared spectroscopy (FTIR) spectra of oregano essential oil (OEO) (a), 
chitosan (b), chitosan-OEO (c), wax (d), and wax-OEO (e) films. 

Figure 1. Fourier transform infrared spectroscopy (FTIR) spectra of oregano essential oil (OEO) (a),
chitosan (b), chitosan-OEO (c), wax (d), and wax-OEO (e) films.

Moreover, the addition of wax on the chitosan film (chitosan-wax film) caused a shift toward higher
frequencies in the absorption bands of the O–H (∆OH = 50) and C=O stretch of amide I (∆CO = 48.2),
and the presence of the characteristic C=O peak of the fatty acid esters (Figure 2a). The same behavior
was observed in the chitosan-OEO-wax film (Figure 2b), where the maxima absorption of the O–H
(stretching), C=O (stretching), and N–H (flexion) peaks were shifted toward higher frequencies
(∆OH = 7.7, ∆CO = 44.85, and ∆NH = 14). This behavior reflected that the incorporation of wax or
OEO on the chitosan films could affect the maxima absorption peaks of the groups responsible for the
antibacterial activity. Similar results were reported by Kaya et al. [27], who observed a shift of the N–H
and O–H absorption peaks of chitosan after the addition of Berberis crataegina fruit extract, indicating
hydrogen bond formation between the NH2 group of the chitosan molecule and the O–H group of the
fruit phenolic compounds. It is well-known that changes in the absorption spectra (in frequency and
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shape) can be correlated with physicochemical interactions among the components [27]. In this sense,
special attention must be given to O–H and N–H groups, considering that their electronic changes
could cause variations in the properties of the film [28]. Based on this, an additional NMR analysis
could be made to confirm the interactions between these components. Also, it is well-known that the
antimicrobial activity of the OEO is related to the active hydroxyl groups of carvacrol and thymol [29];
therefore, any interaction in these sites could lead to a reduction of this property.
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Figure 2. FTIR spectra of chitosan-wax (a) and chitosan-OEO-wax (b) films.

Several studies have tested the effect of the formulation on the film properties [30,31]; however,
few studies have analyzed the physicochemical interactions among the constituents as the present
study did. Considering that the presence and availability of certain functional groups grant the specific
properties to the formulated materials, it becomes crucial to study their interactions and impact on the
films functionality.

3.1.2. Thickness and WVT

Table 2 shows the results of thickness and WVT of the formulated films; the thickness was similar
(p ≥ 0.05) for chitosan, chitosan-wax, and chitosan-OEO, being the thickness of the chitosan-OEO-wax
film the highest (p ≤ 0.05) of all treatments. Chitosan films showed the highest WVT, followed by
chitosan-OEO, with no significant differences between them (p < 0.05). Moreover, chitosan-wax and
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chitosan-OEO-wax films reduced the WVT by 35% and 45%, respectively, compared to chitosan films.
The WVT and FTIR spectra results could support the discussed interaction of chitosan O–H groups with
the wax functional groups (Figure 2a,b). In this sense, the decrease in WVT after the wax incorporation
could be attributed to the limited availability of free O–H groups, which could cause a decrease in the
absorption of water molecules and thus lower its permeability.

Table 2. Thickness and WVT of edible films constituted by chitosan, OEO, and carnauba wax at 25 ◦C.

Film Thickness (mm) * WVT (g/m2 h) **

Chitosan 0.025 ± 0.007 a*** 0.257 ± 0.013 a

Chitosan-OEO 0.022 ± 0.002 a 0.241 ± 0.019 a

Chitosan-Wax 0.027 ± 0.005 a 0.167 ± 0.012 b

Chitosan-OEO-Wax 0.037 ± 0.004 b 0.141 ± 0.008 b

* n = 15; ** n = 3; *** Different letters in the same column indicate significant differences (p ≤ 0.05).

Several studies have shown a decrease in the water vapor permeability of polysaccharide films
with the incorporation of lipidic compounds [30]. Ochoa, Almendárez, Reyes, Pastrana, López, Belloso
and Regalado-González [30] developed composite films with low WVT and antimicrobial activity
based on corn starch, beeswax, lauric alginate, and natamycin. However, they did not study the
contribution of each component to the efficacy of the whole film, as the present study did. In the same
study, an increment of thickness from 0.050 to 0.064 mm after beeswax incorporation was recorded.
Similarly, Santos et al. [32] observed an improvement in the water barrier properties of chitosan films
after the addition of beeswax. Haq et al. [33] reported a 50% lower water vapor permeability of gum
Cordia films added with beeswax. Agar/maltodextrin films showed better barrier properties when
beeswax was added as a bilayer [34]. Therefore, hydrophilic-based films with a coat of hydrophobic
material could diminish the WVT. This lower WVT could be a good alternative to decreased weight
loss in fresh produce caused by dehydration; this approach is shown in Section 3.2.1.

3.1.3. In Vitro Antimicrobial Activity of Films

Figure 3 shows the antimicrobial activity of edible films against bacteria (a) and fungi (b) isolated
from the decayed cucumber. Figure 3a showed that after incubation at 37 ◦C for 24 h, chitosan-OEO
films showed the greatest in vitro reduction (p ≤ 0.05) of bacteria isolated from cucumber (3.23 Log
CFU·mL−1), while the wax-OEO films reduced by about 1 Log CFU·mL−1. Also, chitosan and
chitosan-wax films showed a reduction (p ≤ 0.05) of 0.4–0.6 Log CFU·mL−1; however, chitosan, wax,
chitosan-wax, and chitosan-OEO-wax showed bacterial counts similar to the control with no differences
among them (p≥ 0.05). A similar pattern can be observed in Figure 3b, where chitosan-OEO showed the
highest reduction (1.12 Log CFU·mL−1) of fungal counts compared to the control (p ≤ 0.05). In addition,
chitosan, wax, chitosan-wax, and chitosan-OEO-wax showed no differences among them (p ≥ 0.05)
against fungal counts; it has to be mentioned that these treatments showed fungal counts significantly
lower than the control (0.47–0.63 Log CFU·mL−1 reduction).
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Figure 4 shows the in vitro antibacterial effect of edible films against S. Typhimurium (a) and
E. coli O157:H7 (b). It was observed that the addition of OEO into chitosan films improved (p ≤ 0.05)
the antibacterial activity against S. Typhimurium (3.12 Log CFU·mL−1 reduction) compared to the
control after 24 h of incubation at 37 ◦C (Figure 4a). On the other hand, chitosan and wax-OEO films
significantly reduced Salmonella counts by 1.25 and 0.79 Log CFU·mL−1, respectively. However, wax,
chitosan-wax, and chitosan-OEO-wax films did not inhibit the growth of S. Typhimurium, showing
counts similar (p ≥ 0.05) to the control. On the other hand, for E. coli O157:H7, chitosan-OEO films
reduced 3.45 Log CFU·mL−1 (Figure 4b), while chitosan and chitosan-wax reduced 1.58 and 0.43 Log
CFU·mL−1, respectively. Wax, wax-OEO, and chitosan-OEO-wax films showed no effect against E. coli
O157:H7.

Figure 5 shows the fungicidal effect of the chitosan-OEO film against A. alternata. On the other
hand, it was observed that chitosan-OEO-wax reduced 3 Log CFU·mL−1, compared to the untreated
fungus after five days at 25 ◦C. On the other hand, no differences were observed among chitosan,
wax-OEO, and control, showing similar fungal counts. Furthermore, wax films did not inhibit the
growth, showing counts 2.3–5 Log CFU·mL−1 higher (p ≤ 0.05) than other treatments and control.
The antimicrobial potential of chitosan-OEO films could be attributed to the action of each component.
The antimicrobial activity of chitosan could be exerted by the interaction of its amino groups with the
phospholipids in the bacterial membrane, leading to loss of functionality [28]. On the other hand,
different studies suggest that carvacrol and thymol, major OEO components, may disintegrate the
outer membranes of microorganisms because of their physicochemical interactions with lipids and
proteins, causing a release of the cellular content and affecting viability [20]. It is important to mention
that the reduced activity of wax-OEO and chitosan-OEO-wax films (versus the effect observed in
chitosan-OEO films) could be attributed to a low diffusion of OEO compounds due to the different
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components of coating’s structure or their affinity to the hydrophobic phase of wax, reducing the oils
migration from the film. In this sense, more studies are needed to characterize the diffusion of OEO
compounds throughout these coating systems.Coatings 2020, 10, x FOR PEER REVIEW 10 of 17 
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Several studies have shown the ability of chitosan in carrying plant compounds to inhibit the
growth of pathogenic bacteria [35]. Fernández-Pan et al. [36] reported that chitosan films with 20%
carvacrol (the main terpene of OEO) reduced the growth of Pseudomonas fragi, Shewanella putrefasciens,
and Aeromonas hydrophila. Similarly, Yuan et al. [37] observed an increase in the antibacterial activity of
chitosan films against Staphylococcus aureus and E. coli after the addition of 10 mg·mL−1 of carvacrol.
On the other hand, chitosan films incorporated with Thymus piperella essential oil reduced the growth
of Serratia marcescens and Listeria innocua [38]. Chitosan alone or combined with OEO has also
shown fungicidal activity against Botrytis cinerea, Penicillium sp., Rhizopus stolonifer, and A. alternata.
As mentioned above, the polycationic structure of this compound is responsible for its antifungal
properties. Chitosan could induce morphological and structural changes in fungal cells by causing
molecular disorganization [28]. Finally, the incorporation of OEO within chitosan films improved their
antimicrobial activity, which was reflected by the significant reduction of bacterial and fungal growth.

3.2. Postharvest Changes of Coated Cucumbers

3.2.1. Coating Influence on Postharvest Weight Loss

Table 3. shows the weight loss of coated cucumbers stored at 10 ◦C for 15 days. Wax and wax-OEO
treatments significantly reduced cucumber weight loss by 0.18%–1.63% compared to control fruits,
with wax coatings the most effective (p ≤ 0.05) compared to the other treatments, which showed similar
losses to those of control fruits. On the other hand, chitosan coatings caused no decrement of cucumber
weight loss, which was expected given their hydrophilic characteristics. Based on the WVT results
described in Section 3.1.2, it was expected that there would be a better barrier property when carnauba
wax was added to chitosan film; however, no differences (p ≥ 0.05) were observed between chitosan,
chitosan-OEO, chitosan-wax, wax-OEO, and chitosan-OEO-wax. WVT was measured at 25 ◦C, while
cucumbers were stored at 10 ◦C. This condition was corroborated by microphotographs from fruit
coated with wax and stored at 25 and 10 ◦C. The carnauba wax coated cucumber stored at 25 ◦C
showed a smooth and homogenous surface (Figure 6a), but the fruit with the same treatment and
stored at 10 ◦C showed a rough surface (Figure 6b), with the appearance of crystals (Figure 6c).
Meanwhile, the chitosan and chitosan-OEO coated cucumbers showed a homogeneous coated surface
at both temperatures (data not shown). Some factors influencing these phenomena could be the
interaction between coating components and the temperature and cooling rate. Natural waxes in
coating formulations tend to crystallize at low temperatures, and at low crystallization rates, bigger
crystals can be formed, acquiring an amorphous and porous structure. All these structural changes
could alter the wax stability, becoming more fragile and permeable to water. For this reason, it is
possible that the low efficiency of this coating could be attributed to this phenomenon [39–41].

Table 3. Weight loss of cucumbers coated with chitosan, OEO, and carnauba wax and stored at 10 ◦C
for 15 days.

Treatment Weight Loss at Day 15 (%)

Control 7.11 ± 0.20 b*
Chitosan 7.18 ± 0.50 b

Wax 5.48 ± 0.50 a

Chitosan-wax 7.42 ± 0.21 b

Chitosan-OEO 7.66 ± 0.29 b

Wax-OEO 6.93 ± 0.10 a

Chitosan-OEO-wax 8.03 ± 2.01 b

Means ± standard deviation, n = 9. * Different letters in the same column indicate significant differences (p ≤ 0.05).
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Won and Min [13] reported that carnauba wax coating significantly reduced weight loss (18.1%)
of Satsuma mandarins treated with carnauba wax during storage at 4 and 25 ◦C for 28 days, compared
with control fruit. Also, weight loss was significantly reduced in Valencia oranges after the application
of carnauba wax for eight weeks at 4 and 20 ◦C [14]. Moreover, Miranda et al. [42] observed a similar
trend when applying carnauba wax (18%) to papaya fruit, obtaining a 70.6% reduction of weight loss
compared to uncoated fruits after 6 days of storage at 20 ◦C. Therefore, the use of these coatings during
storage at higher temperatures can be suggested to avoid crystallization and maintain the response
observed in the WVT analysis at 25 ◦C.

3.2.2. The Microbial Load of Coated Cucumbers

Table 4 shows the bacterial counts of cucumbers stored at 10 ◦C for 15 days. A decrease of bacterial
counts due to the coating application was observed on day 0, and there was a slight increase on day
3, showing all treatments a bacterial growth lower than control. At day 6, wax, wax-OEO, and the
bilayer coatings showed an increment of 0.1–1.62 Log CFU·g−1 of bacterial load. Moreover, chitosan
and chitosan-OEO coatings maintained the cucumber bacterial loads significantly lower than control.
However, at day 9 and 12 of storage, bacterial counts of chitosan-OEO increased. During the storage
period, the chitosan coating maintained the lowest bacterial growth.

Table 4. Antibacterial activity of chitosan, OEO, and carnauba wax coatings on the mesophilic bacteria
load of cucumbers stored at 10 ◦C for 15 days.

Storage
(Days)

Log CFU·g−1 *

Control Chitosan Wax Chitosan-Carnauba
Wax Chitosan-OEO Wax-OEO Chitosan-

OEO-Wax

0 6.70 a* 3.81 b 4.44 b 4.62 b 3.76 b 4.94 b 4.80 b

3 6.0 c 4.80 a 5.45 b 4.90 ab 5.20 ab 5.36 ab 4.96 ab

6 5.90 b 4.80 a 6.97 c 5.0 a 4.85 a 6.98 c 5.09 a

9 5.23 bc 4.70 a 5.54 c 4.85 ab 5.51 c 5.34 c 5.11 abc

12 6.19 c 5.22 a 5.39 ab 5.99 c 5.73 bc 6.30 c 5.80 bc

15 7.37 d 5.78 a 6.90 c 6.68 bc 6.39 b 6.89 c 6.56 b

The initial cellular load of mesophilic bacteria in cucumbers before coating was 6.7 Logs CFU·g−1. * Different letters
amongst rows indicate significant differences amongst treatments per day (p ≤ 0.05), n = 4.

As explained before, the antibacterial effect of chitosan is attributed to their amino groups; however,
it is known that in multicomponent systems some interactions may occur among the functional groups
of the components and the coated surface, causing a blockage of active sites and, hence, a reduction
of antibacterial activity [28]. It is important to mention that chitosan only affects microorganisms
that are in direct contact with its active sites [35]. Based on this, it can be supposed that carnauba
wax led to a steric hindrance between the active sites of chitosan and bacteria. On the other hand,
OEO components are volatile, and their presence could decrease during storage. Similar to this
study, Moreira, Roura and Ponce [8] reported a significant bactericidal effect of chitosan coatings
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(with reductions of 1.5–2.5 Log CFU·g−1) on aerobic mesophilic bacteria of treated broccoli, compared
to uncoated samples. Chiabrando and Giacalone [43] reported that chitosan films caused higher
reductions of yeasts (<2.71 Log CFU·g−1) and molds (<1.05 Log CFU·g−1) in fresh-cut nectarines stored
at 4 ◦C, compared to chitosan added with alginate. Similar to our study, Tokatlı and Demirdöven [44]
demonstrated that chitosan caused a reduction of 2.71 Log CFU·g−1 in aerobic mesophilic bacteria
of sweet cherries. Also, Alvarez et al. [45] reported that chitosan coatings (10 and 20 mg·mL−1)
reduced aerobic mesophilic counts (2.5–3 Log CFU·g−1) of broccoli florets stored at 7 ◦C, compared to
uncoated florets.

Table 5 shows the mold and yeast counts of coated cucumbers stored at 10 ◦C for 15 days. It was
observed that all treatments showed similar initial counts (p ≥ 0.05), being different from the higher
values of uncoated fruit. However, chitosan-OEO-coated cucumbers showed the lowest counts (the
half of the uncoated cucumbers counts). At day 6, no counts of molds and yeasts were detected on
chitosan-OEO and chitosan-wax coated cucumbers, while uncoated fruits continue to increase to the
end of the storage time. At the end of storage, the most effective treatment against molds and yeasts
was chitosan-wax films, followed by chitosan-OEO, wax-OEO, wax, and chitosan-OEO-wax (p ≤ 0.05).

Table 5. Molds and yeast counts of fresh cucumber coated with chitosan, OEO, and carnauba wax and
stored 15 days at 10 ◦C.

Storage
(Days)

Log CFU·g−1 *

Control Chitosan Wax Chitosan-Wax Chitosan-OEO Wax-OEO Chitosan–OEO-Wax

0 3.58 c* 2.14 ab 2.30 ab 2.18 ab 1.82 ab 2.72 bc 1.87 a

3 5.07 c 3.72 a 5.22 d 4.12 ab 4.10 ab 4.69 bcd 4.27 abc

6 4.30 b 3.0 a 3.53 a – – 3.37 a 3 a

9 4.25 b 3.20 a – – 4.13 b 3.07 a –
12 4.98 c 4.12 b 3 a 3.0 a 3 a 4.05 b –
15 5.02 c 3.94 b 3.55 ab – 3 a 3.30 ab 3.69 ab

The initial load of molds and yeasts in cucumbers before coating was 3.58 Log CFU·g−1. - below 250 CFU·g−1.
* Different letters in rows indicate significant differences amongst treatments per day (p ≤ 0.05), n = 4.

The observed effect of wax coating could be attributed to the oxygen barrier limiting the growth
of aerobic microorganisms. Except for specific rumen-inhabiting species, fungi are strict aerobes or
can grow only as microaerophiles [46]. Velickova et al. [47] reported that chitosan-beeswax coatings
reduced the fungal infection of strawberries stored at 20 ◦C for 7 days. On the other hand, chitosan
coatings (1%) reduced the disease incidence of B. cinerea in grape berries by 16.9% and 28.4% after
12 and 24 days post-infection at 10 ◦C, respectively [48]. In addition, it has been reported that a
reduction of fungi infections in plants treated with chitosan, and this effect was attributed to the
antifungal properties of chitosan and its ability to stimulate defense mechanisms, such as chitinase
and phytoalexins [49]. It is important to mention that no major changes on the firmness of the coated
cucumbers were observed during the experiment (Figure S1). Whereas the coated cucumbers showed
higher ◦hue values than the uncoated fruit (Figure S2), no significant changes on L* were observed
among the treatments on control. Finally, the chitosan-wax and wax-OEO showed lower Chroma
values than the uncoated fruit and the rest of the treatments.

4. Conclusions

The addition of carnauba wax helped to decrease the WVT of the formulated chitosan films and
coatings. Furthermore, the addition of OEO to chitosan films increased the in vitro antimicrobial
activity. Also, it can be concluded that the occurrence of physicochemical interactions among the
components altered their individual properties. Finally, carnauba wax and carnauba wax-OEO coatings
were the most effective in reducing weight loss, while chitosan and chitosan-wax were the most
effective to reduce the microbial load of the treated fresh cucumber.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6412/10/7/614/s1,
Figure S1: Global effect of chitosan, wax, chitosan-wax, chitosan-OEO, wax-OEO, and chitosan-OEO-wax coatings
on the firmness of the cucumbers stored at 10 ◦C for 15 days. Values are means of n = 3. Different literals among
treatments indicate significant differences (p ≤ 0.05), Figure S2: Global effect of chitosan, wax, chitosan-wax,
chitosan-OEO, wax-OEO, and chitosan-OEO-wax coatings on the surface color of the cucumbers stored at 10 ◦C for
15 days. Values are means of n = 3. Different literals among treatments in the same parameter indicate significant
differences (p ≤ 0.05).
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Abstract: The in vitro antifungal activity of various generally recognized as safe (GRAS) salts against
Colletotrichum gloeosporioides, the causal agent of citrus postharvest anthracnose, was evaluated as
mycelial growth reduction on potato dextrose agar (PDA) dishes amended with salt aqueous solutions
at different concentrations. The most effective treatments [0.2% ammonium carbonate (AC), 2%
potassium sorbate (PS), 0.2% potassium carbonate (PC), 0.1% sodium methylparaben (SMP), 0.1%
sodium ethylparaben (SEP), 2% sodium benzoate (SB) and 2% potassium silicate (PSi)] were selected as
antifungal ingredients of composite edible coatings formulated with hydroxypropyl methylcellulose
(HPMC)-beeswax (BW) matrixes. Stable coatings containing these salts were applied in in vivo
curative experiments to “Nadorcott” mandarins and “Valencia” oranges artificially inoculated with
C. gloeosporioides and those containing 2% PS, 2% SB and 2% PSi were the most effective to reduce
anthracnose severity with respect to control fruit (up to 70% on mandarins). The effect of these
selected coatings on the quality of non-inoculated and cold-stored “Valencia” oranges was determined
after 28 and 56 days at 5 ◦C and 90% RH, followed by 7 days of shelf life at 20 ◦C. None of the coatings
significantly reduced weight loss of coated oranges, but they modified their internal atmosphere,
increasing the CO2 content. Overall, the coatings did not adversely affect the physicochemical and
sensory attributes of the fruit.

Keywords: food additives; mandarins; oranges; non-polluting postharvest decay control;
cold-stored fruit

1. Introduction

Citrus (Citrus spp., Rutaceae) are grown in many countries with tropical and subtropical climate
and are among the most important crops produced for human consumption in the world. Total
worldwide production of fresh fruits exceeded 130 million tons in 2018 and the most important
citrus-producing countries are China, Brazil, India, the United States of America (USA), Spain, Mexico,
Egypt, Turkey, Iran, Italy, Argentina, South Africa and Morocco, among others. In terms of international
trade, Spain is the leading exporter of citrus fruits for fresh consumption and Valencia is the most
important citrus growing region in Spain [1].

Postharvest diseases are one of the most important problems affecting both fresh and juice citrus
industries and are mainly caused by fungal pathogens. Fungi can infect the fruit before, during or after
harvest, but disease develops when the fruit has been picked, causing important economic losses to
the industry in many countries [2–5]. Depending on the climate of the production area where citrus
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are grown, the importance of the main postharvest diseases varies. In high summer rainfall areas, such
as Brazil or Florida, latent infections initiated in the fruit before harvest are the most relevant and
are typically caused by the genera Colletotrichum, Lasiodiplodia, Phomopsis, Alternaria and Phytophthora,
among others. In contrast, in areas with low summer rainfall, such as Spain and other Mediterranean
countries, California or South Africa, wound pathogens that infect the fruit through injuries inflicted
during harvest or after harvest are more prevalent, especially those belonging to the genera Penicillium,
the cause of green and blue molds, and Geotrichum, the cause of sour rot [3,6].

Postharvest anthracnose of citrus fruits, caused by different species of Colletotrichum, especially
Colletotrichum gloeosporioides (Penz.) Penz. & Sacc. (C. gloeosporioides sensu stricto), is an important
disease in both types of production areas. Citrus anthracnose can also be a field disease, typically
caused by Colletotrichum acutatum J.H. Simmonds, which can affect leaves and twigs and also cause
post bloom fruit drop. C. gloeosporioides is a weak pathogen on citrus fruits. Conidia are produced
abundantly in acervuli on dead plant parts and are spread over short distances, by rain or overhead
irrigation, to the developing fruits. In contrast, ascospores are less numerous but airborne, taking
part in long distance dispersal. The spores germinate giving rise to appressoria that generally remain
latent on the fruit surface [3,7]. In general, temperatures surrounding 25 ◦C and relative humidity (RH)
higher than 95% are optimal environmental conditions that favor C. gloeosporioides germination and
appressorium formation [8]. Fruit colonization and decay usually occur after harvest, mostly on tissues
weakened due to other factors such as sunburn, overripeness or excessively prolonged cold storage.
However, the disease may also develop on early season fruit treated with ethylene for degreening
purposes [7]. Symptoms of postharvest anthracnose appear after prolonged wet periods (important in
summer-rainfall areas) that favor the production and dispersal of inoculum and the incidence in the
field of fruit latent infections. Symptoms associated with weakened fruit are firm, dry, brown to black
spots (1.5 mm or more in diameter). Under humid conditions, conidial masses, pink to salmon in color,
appear on the lesion surface. Symptoms on ethylene-treated fruits are larger, firm, flat, silver gray
lesions with a leathery texture. As the lesion extends, it becomes darker and may affect much of the
rind and lead to a brown to black soft rot [3,7].

Postharvest applications of synthetic chemical fungicides have been used for many years as the
main tool to control postharvest diseases of citrus fruits, especially green and blue molds. Some of
these chemicals, such as thiabendazole (TBZ) and sodium o-phenylphenate (SOPP), have also shown
some effect against diseases caused by latent pathogens, particularly against Diplodia and Phomopsis
stem-end rots and anthracnose [3,9]. However, the proliferation of resistant fungal strains and the
increasing public concerns about the deleterious effect of chemical residues on human health and the
environment are factors limiting this practice. Therefore, the adoption of non-polluting alternatives to
control citrus postharvest diseases, including anthracnose, is needed [10,11]. Among them, the use of
edible coatings formulated with food-grade antifungal compounds allows coating the fruit directly
with a thin layer of edible material in order to extend product shelf life [12]. This type of antifungal
coatings could be a cost-effective substitute for the use of citrus commercial waxes containing chemical
fungicides [13]. Polysaccharides, proteins and lipids are the main ingredients used to formulate
composite edible coatings. These ingredients are mixed to reduce gas and water exchange between the
fruit and the environment and to improve fruit mechanical and sensorial properties [14].

Antimicrobial ingredients used for the formulation of edible coatings should be classified as
generally recognized as safe (GRAS) and approved for their use as food additives by the United
States Food and Drug Administration (US FDA) or the European Food Safety Authority (EFSA) [15].
Food additives are widely used as preservatives for controlling food pH, taste or other qualities.
Among them, various organic and inorganic salts have antimicrobial action and may offer a good
alternative to the use of synthetic fungicides [10,16]. The main advantages of using GRAS salts include
their availability, relatively low cost and high solubility in water [17]. In previous works at the IVIA
CTP, we have developed and characterized hydroxypropyl methylcellulose (HPMC)-lipid edible
coatings containing GRAS salts with activity against fungal pathogens causing postharvest diseases of
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plums [18,19] or cherry tomatoes [20,21]. Furthermore, on citrus fruits, this type of coatings has also
been effective against green and blue molds [10,22–25] and Lasiodiplodia stem-end rot [26]. Antifungal
edible coatings have been successfully used to reduce postharvest anthracnose caused by Colletotrichum
spp. on different fresh fruit commodities, such as mango, avocado, papaya and strawberry [27–29].
However, to our knowledge, there is no information available on the development of edible coatings
with antifungal food additives to control citrus postharvest anthracnose caused by C. gloeosporioides.

The aims of this research were: (1) to evaluate the in vitro activity of various GRAS salts, at different
concentrations, against C. gloeosporioides and (2) to develop novel stable HPMC-lipid composite coatings
containing the most promising salts and concentrations. The ability of the coatings to control citrus
anthracnose was assessed in in vivo experiments with mandarins and oranges artificially inoculated
with the pathogen. The effects of selected antifungal edible coatings on physico-chemical and sensorial
quality was also determined on oranges stored at 5 ◦C for up to two months.

2. Materials and Methods

2.1. GRAS Salts

The name, acronym, food additive E-number, molecular formula and molecular weight of the
antifungal salts used in this work are given in Table 1. Ammonium carbonate (AC) and ammonium
bicarbonate (ABC) were purchased from Thermo Fisher Scientific (Leicestershire, UK); potassium
bicarbonate (PBC), potassium carbonate (PC) and sodium benzoate (SB) from Carl Roth® GmbH
+Co. KG (Karlsruhe, Germany); potassium sorbate (PS), sodium ethylparaben (SEP) and sodium
methylparaben (SMP) from Merck® kGaA (Darmstadt, Germany); potassium silicate (PSi) was acquired
from Alfa Aesar® GmbH and Co. KG (Karlsruhe, Germany) and sodium propionate (SP) from Merck
Life Science S.L.U (Madrid, Spain).

Table 1. Characteristics of antifungal GRAS salts tested in vitro to inhibit Colletotrichum gloeosporioides
and in vivo as ingredients of edible coatings to control citrus anthracnose.

GRAS Salt Acronym Molecular Formula E-Number 1 MW 2

Ammonium bicarbonate ABC NH4HCO3 E-503 (ii) 79.06
Ammonium carbonate AC (NH4)2CO3 E-503 (i) 114.10
Potassium bicarbonate PBC KHCO3 E-501 (ii) 100.12
Potassium carbonate PC K2CO3 E-501 (i) 138.21

Potassium silicate PSi K2SiO3 E-560 154.26
Potassium sorbate PS C6H7O2K E-202 150.22
Sodium benzoate SB C7H5O2Na E-211 144.11

Sodium ethylparaben SEP C9H9NaO3 E-215 188.16
Sodium methylparaben SMP C8H7NaO3 E-219 174.13

Sodium propionate SP CH3CH2COONa E-281 96.06
1 E-number: codes for substances permitted as food additives within the European Union. 2 Molecular weight (g/mol).

2.2. Fungal Pathogen

The strain C. gloeosporioides NAV-1 was used in the present work. It is an isolate obtained from
decayed oranges from a local citrus packinghouse in the Valencia region (Spain). This fungal strain
was isolated, purified, molecularly identified and maintained in the culture collection of postharvest
pathogens of the IVIA CTP. It was also deposited in the Spanish Type Culture Collection (CECT,
University of Valencia, Valencia, Spain) with the accession number CECT 21107. Before the experiments,
the fungal isolate was incubated on potato dextrose agar (PDA) (Scharlab S.L., Barcelona, Catalonia,
Spain) Petri dishes at 25 ◦C for 7–14 d.
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2.3. In Vitro Antifungal Activity of GRAS Salts

The effect of ABC, PBC, PSi, SEP, SMP and SP on radial mycelial growth of C. gloeosporioides was
evaluated as previously described by Guimarães et al. [26]. In brief, 90-mm plastic Petri dishes with
PDA medium were amended, at 40–50 ◦C, with sterile aqueous solutions of the salts to achieve final
concentrations of 0.2%, 1% and 2% (v/v) for ABC, PBC, PSi and SP and of 0.01%, 0.05% and 0.1% (v/v)
for the paraben salts. PDA Petri dishes without salt served as controls. The center of each Petri dish
was inoculated with a 5-mm diameter mycelial plug, obtained with a sterilized cork-borer, from 7
to 14-d-old cultures of C. gloeosporioides. The plates were incubated in a growth chamber at 25 ◦C
in the dark. Radial mycelial growth was determined in each plate by calculating the mean of two
perpendicular fungal colony diameters. Results after 3, 5 and 7 d of incubation are presented. Four
replicates, each one corresponding with one plate, were used for each salt and concentration. Results
are expressed as percentage of mycelial growth inhibition: [(dc − dt)/dc] × 100, where dc = average
diameter of the fungal colony on control plates and dt = average diameter of the fungal colony on Petri
dishes amended with the salts.

2.4. Preparation of Antifungal Edible Coatings

HPMC-beeswax (BW) composite edible coatings (ECs) were prepared combining the hydrophilic
phase (HPMC) with the hydrophobic phase (BW) suspended in water. Glycerol was used as a plasticizer
and stearic acid (Panreac Química SA, Barcelona, Catalonia, Spain) as an emulsifier. HPMC (Methocel
E15) was purchased from Dow Europe GmbH (Dow Chemical Co., Stade, Germany), glycerol from
VWR International (Leuven, Belgium) and BW and stearic acid were supplied by Guinama S.L.U.
(La Pobla de Vallbona, Valencia, Spain). All the formulations contained 1.3% HPMC (w/w, wet basis,
wb) and 3% BW (wb). Ratios of HPMC-glycerol (2:1) and BW-stearic acid (3:1) and a total solid
concentration of 6% were kept constant for all coatings. GRAS salts and concentrations were selected
according to the results of the in vitro tests described above and also from the minimum effective
concentration reported for C. gloeosporioides in previous literature references [30–36]. Then, selected
salts and concentrations (w/v) were tested for compatibility with the HPMC-BW coating matrix and
only those forming stable emulsions were eventually selected: AC (0.2%), PS (2%), PC (0.2%), SMP
(0.1%), SEP (0.1%), SB (2%) and PSi (2%). The pH and viscosity (cP) values of HPMC-BW composite
emulsions formulated with these GRAS salts were the following: 6.83 and 46.2 cP, respectively, for
AC coating; 6.27 and 51.2 cP for PS coating; 7.15 and 50.0 cP for PC coating; 7.15 and 46.7 cP for SMP
coating; 7.03 and 45.9 cP for SEP coating; 6.07 and 46.7 cP for SB coating and 9.50 and 60.0 cP for
PSi coating.

Formulations were prepared as previously described by Guimarães et al. [26]. Briefly, an aqueous
solution of HPMC (5%, w/w) was prepared by dispersing the HPMC in hot water at 90 ◦C and later
hydration at 20 ◦C. Water, BW, glycerol and stearic acid were added to the HPMC solution and heated
at 98 ◦C to melt the lipids. In the case of the coating formulated with SP, Tween® 80 (Panreac-Química
S.A., Barcelona, Spain) was used as emulsifier instead of stearic acid. Samples were homogenized
with a high-shear probe mixer (Ultra-Turrax IKA® model T25, IKA-Werke, Staufen, Germany) for
1 min at 12,000 rpm and 3 min at 22,000 rpm. After adding the corresponding salts, formulations were
cooled under agitation (heating magnetic plate, Falc Instruments, F60, Treviglio, Italy) to a temperature
lower than 25 ◦C by placing them in an ice bath and agitation continued for 25 min to ensure complete
hydration of the HPMC.

2.5. Fruit

In vivo disease control experiments were conducted with “Nadorcott” hybrid mandarins (Citrus
reticulata × Citrus sinensis) and “Valencia” oranges [Citrus sinensis (L.) Osbeck], whereas quality
assessments on coated fruits were performed with cold-stored “Valencia” oranges. Mandarins and
oranges were collected from commercial orchards in the Valencia area (Spain) and transported to
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the IVIA CTP facilities. No commercial postharvest treatments were applied. Fruits were selected,
randomized, surface disinfected (5-min dips in diluted commercial bleach, 0.5% sodium hypochlorite),
rinsed with tap water and allowed to air-dry at room temperature to be used the following day in
the experiments.

2.6. In Vivo Anthracnose Control of Antifungal Coatings

For inoculation, conidia from 7 to 14-d-old cultures were taken from PDA plates with a sterilized
inoculation loop and transferred to a sterile aqueous solution of Tween® 80 (0.05%, w/v). Conidial
suspension was filtered through two layers of cheesecloth and the density of the suspension was
measured with a hemocytometer. Dilutions with sterile water were done to obtain an exact inoculum
density of 2 × 106 spores/mL. Being a weak pathogen on citrus, to prepare the final inoculum of C.
gloeosporioides, 5 mg/L of cycloheximide (Carl Roth GmbH + Co. KG, Karlsruhe, Germany) were added
to the spore suspension in order to inhibit the possible lignification of the inflicted rind wounds.

Each fruit was wounded and inoculated simultaneously, at one point in the equatorial zone,
using the tip of a stainless-steel rod (1 mm wide and 2 mm in length) previously immersed in
the aforementioned conidial suspension. Inoculated fruits were incubated for 24 h at 25 ◦C and
95% RH. After this period, fruits were individually coated to assess the curative activity of the
coatings. Three hundred microliters of coating material were pipetted onto each fruit and rubbed
with gloved hands to simulate the application of coating machinery on roll-conveyors in commercial
citrus packinglines [26,37]. Coated fruits were allowed to air-dry at room temperature. Inoculated but
uncoated mandarins or oranges served as controls. For each citrus species, four replicates of 10 fruits
each were used per treatment. Every trial was repeated once. Treated fruits were arranged on plastic
cavity sockets on plastic trays and incubated at 25 ◦C and 95% RH.

Anthracnose development was assessed as disease severity (lesion diameter) after 7 and 15 d of
incubation. Results after 15 d are presented as the percentage of severity reduction with respect to the
control treatments.

2.7. Effect of Coatings on Quality of Cold-Stored Fruit

HPMC-BW coatings containing the following GRAS salts and concentrations were selected to
evaluate their effect on postharvest quality of non-inoculated and cold-stored oranges: PS, PSi and
SB, all at 2% (w/v). These coatings were the three most effective among those previously tested for
antifungal activity. “Valencia” oranges were selected, washed, coated and stored at 5 ◦C for four and
eight weeks, followed by a shelf-life period of 7 d at 20 ◦C. Uncoated oranges were used as controls.
The following fruit quality attributes were determined at harvest and after cold storage and shelf life.

2.7.1. Weight Loss

Twenty fruits were used to evaluate orange weight loss during storage. After treatment, each
fruit was individually numbered and weighed with a calibrated analytical balance (Alessandrini® P30,
Modena, Italy). Measurements were performed at the beginning and at the end of each storage period.
Results were expressed as the percentage loss of initial weight by using the formula: % WL = [(Wi −
Wf)/Wi] × (100), where % WL = percentage of weight loss, Wi = initial fruit weight (g) and Wf = final
fruit weight (g).

2.7.2. Fruit Firmness

Firmness of 20 oranges per treatment was determined as percentage of rind deformation, related
to initial diameter, with an Instron Universal testing machine (Model 3343, Instron Corp., Canton, MA,
USA), according to Valencia-Chamorro et al. [24].
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2.7.3. Juice Quality

Soluble solids concentration (SSC, %), titratable acidity (TA, % of citric acid) and maturity index
(MI = SSC/TA) were determined as described by Palou et al. [38] in 5 mL juice samples (three replicates
of five oranges each per treatment). TA was determined with an automatic titrator (Titrator T50, Mettler
Toledo, Switzerland) and SSC was measured using a digital refractometer (model ATC-1, Atago® Co.,
LTD, Tokyo, Japan).

2.7.4. Internal Gas Concentration

Concentrations of CO2 and O2 (%) in the internal cavity of 10 oranges per treatment were
determined using a gas chromatograph (GC) (Thermo Trace, Thermo Fisher Scientific, Inc., Waltham,
MA, USA) following the methodology described by Valencia-Chamorro et al. [24].

2.7.5. Ethanol Content (EtC) and Acetaldehyde Content (AcC)

The content of these volatile compounds (mg/L) in the headspace of 10-mL vials filled with 5 mL
juice samples (three replicates of five oranges each per treatment) was analyzed by gas chromatography
according to Valencia-Chamorro et al. [39].

2.7.6. Sensorial Evaluation

Overall taste (1–9 scale, from 1 = very poor to 9 = optimal), the presence of off-flavours (1–5 scale,
from 1 = absence to 5 = very pronounced) and external appearance (1–3 scale: 1 = bad, 2 = acceptable
and 3 = good) of four coated oranges per treatment were evaluated by a panel of 10 trained tasters
following the procedures described by Valencia-Chamorro et al. [24].

2.8. Statistical Analysis

Data from in vitro tests, in vivo trials and fruit quality assessments were subjected to analyses of
variance (ANOVA). Since the experiment was not a significant factor, means of repeated experiments
are presented. Data on percent inhibition of mycelial growth was subjected to one-way ANOVA with
the concentration of the different GRAS salts as dependent variable. Disease reduction with respect to
control fruit was calculated as percentage. When appropriate, means separation was performed by
Fisher’s protected LEAST SIGNIFICANT DIFFERENCE test (LSD, P = 0.05). All statistical analyses
were performed with the software Statgraphics Centurion XVII (Statgraphics Technologies Inc., The
Plains, VA, USA).

3. Results

3.1. In Vitro Antifungal Activity of GRAS Salts

Table 2 shows the radial growth inhibition of colonies of C. gloeosporioides compared to control
treatment (fungal growth on PDA not amended with GRAS salts) after 3, 5 and 7 d of incubation at
25 ◦C. Significant differences were found among treatments and the effect of each salt was dependent
on the concentration at which it was applied. ABC and SEP were the most effective salts and completely
inhibited fungal growth after 7 d of incubation at the intermediate concentrations (1 and 0.05%,
respectively). In a second group, SMP also completely inhibited the growth of C. gloeosporioides after
7 d at the highest dose of 0.1% and inhibition with PBC exceeded 90% at the highest concentration of
2%. Growth inhibition with 2% SP after 7 d was about 80%, while the least effective GRAS salt was PSi,
with 50% of growth inhibition after 7 d at the highest concentration. None of the salts was effective
after 7 d of incubation at the lowest concentration tested. SMP, PBC and SP inhibited fungal growth by
more than 60% at the intermediate dose tested.
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Table 2. Percentage of radial growth inhibition of Colletotrichum gloeosporioides on PDA Petri dishes
amended with GRAS salts at different concentrations after 3, 5 and 7 d of incubation at 25 ◦C.

GRAS Salt 1 Concentration (%)
Inhibition of C. Gloeosporioides (%) 2

Day 3 Day 5 Day 7

ABC
0.2 61.44 de 60.49 d 33.43 g
1 100 a 100 a 100 a
2 100 a 100 a 100 a

PBC
0.2 20.92 h 26.80 f 23.53 h
1 98.04 a 87.14 b 76.46 c
2 100 a 100 a 92.89 b

PSi
0.2 16.99 h 6.43 g 9.22 i
1 58.50 e 47.32 e 33.72 g
2 88.56 b 76.57 c 56.96 e

SEP
0.01 40.33 f 36.04 f 35.22 g
0.05 100 a 100 a 100 a
0.1 100 a 100 a 100 a

SMP
0.01 30.8 g 29.38 f 29.58 gh
0.05 100 a 95.72 ab 87.08 b
0.1 100 a 100 a 100 a

SP
0.2 68.9 d 51.41 de 44.77 f
1 79.0 c 71.34 c 64.67 d
2 93.53 ab 76.5 c 79.96 c

1 See Table 1 for acronym definitions. 2 Colony diameter reduction with respect to control treatments (non-amended
PDA dishes). Means in columns with different letters are significantly different by Fisher’s protected LSD test (P <
0.05) applied after the ANOVA.

3.2. In Vivo Anthracnose Control of Antifungal Coatings

The curative effect of coating application [HPMC-BW coatings containing AC (0.2%), PS (2%),
PC (0.2%), SMP (0.1%), SEP (0.1%), SB (2%) or PSi (2%)] to control citrus anthracnose after 15 d of
incubation at 25 ◦C and 90% RH is shown in Figure 1. In a first set of experiments with “Nadorcott”
mandarins, average data from two trials showed that all inoculated fruits developed decay and all
the tested antifungal coatings reduced the severity of the disease (lesion size) between 45% and 70%
with respect to uncoated fruits. Coatings formulated with PSi, SB and PS were the most effective,
with severity reductions of 70%, 63% and 61%, respectively (Figure 1A). Similarly, in a second set of
experiments with “Valencia” oranges, average data from two trials showed a significant reduction in
anthracnose severity on coated oranges compared to control fruits. However, this reduction in severity
was lower than in “Nadorcott” mandarins, with percentages between 10% and 35%. The most effective
coating was that containing SB, followed by those formulated with PS and PSi (Figure 1B). Hence,
among all tested coatings, those containing 2% PSi, SB and PS were the most effective to control citrus
anthracnose, both in mandarins and oranges, with no significant differences in severity reduction
among them.
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Figure 1. Percentage reduction of anthracnose severity (lesion diameter) with respect to control fruits 
on “Nadorcott” mandarins (A) and “Valencia” oranges (B) artificially inoculated with Colletotrichum 
gloeosporioides and coated 24 h later with hydroxypropyl methylcellulose (HPMC)-beeswax (BW) 
composite edible coatings containing GRAS salts and incubated for 15 d at 25 °C and 90% RH. 
Represented GRAS salts and concentrations are: 0.2% ammonium carbonate (AC), 2% potassium 
sorbate (PS), 0.2% potassium carbonate (PC), 0.1% sodium methylparaben (SMP), 0.1% sodium 
ethylparaben (SEP), 2% sodium benzoate and 2% potassium silicate (PSi). Average data from two 
trials with each citrus species. In every trial, each treatment was applied to four replications of 10 
fruits each. Average severity of uncoated controls was: A) mandarins = 47.29 mm, B) oranges = 15.2 
mm. Columns with different letters are significantly different according to Fisher’s protected LSD test 
(P < 0.05) applied after the ANOVA. 

3.3. Effect of Coatings on the Quality of Cold-Stored Oranges 

Composite coatings (HPMC-BW) containing PS, PSi or SB at 2% were selected for fruit quality 
evaluation due to their higher control of anthracnose severity in the previous in vivo trials. Table 3 
shows the quality attributes of uncoated (control) and coated “Valencia” oranges at harvest and after 
cold storage at 5 °C followed by a shelf-life period of 7 d at 20 °C. Weight loss ranged from 2.1% to 
2.6% after 28 d of cold storage and from 3% to 4% after 56 d of cold storage, both periods followed by 
7 d of shelf life. None of the coatings significantly reduced weight loss compared to uncoated oranges. 
In the case of the coating formulated with PS, weight loss was even higher than on control fruit after 
the 28-d storage period. After 56 d, no significant differences were observed between the different 
coatings and the controls. Fruit firmness, expressed as percentage of rind deformation, decreased 
after storage (i.e., higher rind deformation) compared to the value at harvest, but no significant 
differences were found between 28 and 56 d of cold storage and between coated and uncoated fruits, 
remaining low for all treatments (in the range of 2.5% to 3%).  

Regarding juice quality, SSC and TA decreased and MI increased after cold storage and shelf life 
compared to values at harvest. In general, oranges coated with HPMC-BW-SB and HPMC-BW-PSi 
coatings had lower SSC than control fruit after both storage periods and no significant differences in 
TA and MI were observed between control and coated fruits (Table 3). On the other hand, EtC and 
AcC in “Valencia” oranges increased during storage compared to the values at harvest and reached 
values after 56 d that ranged from 400 to 700 mg/L of ethanol and from 5 to 8 mg/L of acetaldehyde. 

Figure 1. Percentage reduction of anthracnose severity (lesion diameter) with respect to control fruits
on “Nadorcott” mandarins (A) and “Valencia” oranges (B) artificially inoculated with Colletotrichum
gloeosporioides and coated 24 h later with hydroxypropyl methylcellulose (HPMC)-beeswax (BW)
composite edible coatings containing GRAS salts and incubated for 15 d at 25 ◦C and 90% RH.
Represented GRAS salts and concentrations are: 0.2% ammonium carbonate (AC), 2% potassium
sorbate (PS), 0.2% potassium carbonate (PC), 0.1% sodium methylparaben (SMP), 0.1% sodium
ethylparaben (SEP), 2% sodium benzoate and 2% potassium silicate (PSi). Average data from two trials
with each citrus species. In every trial, each treatment was applied to four replications of 10 fruits
each. Average severity of uncoated controls was: A) mandarins = 47.29 mm, B) oranges = 15.2 mm.
Columns with different letters are significantly different according to Fisher’s protected LSD test (P <

0.05) applied after the ANOVA.

3.3. Effect of Coatings on the Quality of Cold-Stored Oranges

Composite coatings (HPMC-BW) containing PS, PSi or SB at 2% were selected for fruit quality
evaluation due to their higher control of anthracnose severity in the previous in vivo trials. Table 3
shows the quality attributes of uncoated (control) and coated “Valencia” oranges at harvest and after
cold storage at 5 ◦C followed by a shelf-life period of 7 d at 20 ◦C. Weight loss ranged from 2.1% to
2.6% after 28 d of cold storage and from 3% to 4% after 56 d of cold storage, both periods followed by
7 d of shelf life. None of the coatings significantly reduced weight loss compared to uncoated oranges.
In the case of the coating formulated with PS, weight loss was even higher than on control fruit after
the 28-d storage period. After 56 d, no significant differences were observed between the different
coatings and the controls. Fruit firmness, expressed as percentage of rind deformation, decreased after
storage (i.e., higher rind deformation) compared to the value at harvest, but no significant differences
were found between 28 and 56 d of cold storage and between coated and uncoated fruits, remaining
low for all treatments (in the range of 2.5% to 3%).
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Regarding juice quality, SSC and TA decreased and MI increased after cold storage and shelf life
compared to values at harvest. In general, oranges coated with HPMC-BW-SB and HPMC-BW-PSi
coatings had lower SSC than control fruit after both storage periods and no significant differences in
TA and MI were observed between control and coated fruits (Table 3). On the other hand, EtC and
AcC in “Valencia” oranges increased during storage compared to the values at harvest and reached
values after 56 d that ranged from 400 to 700 mg/L of ethanol and from 5 to 8 mg/L of acetaldehyde.
Uncoated samples and samples coated with HPMC-BW-PSi had the lower and higher volatile contents,
respectively (Table 3).

Figure 2 shows the internal CO2 and O2 concentrations of uncoated and coated oranges after
storage. At the end of the 28-d and 56-d storage periods, all tested coatings modified the internal
atmosphere of “Valencia” oranges with an increase of internal CO2 and a decrease of internal O2

compared to uncoated fruit, and the concentrations of internal CO2 and O2 on coated oranges reached
values around 4–6 and 15–17 kPa, respectively.Coatings 2020, 10, 730 10 of 19 

 

 
Figure 2. Internal CO2 (A) and O2 (B) concentrations of “Valencia” oranges uncoated (CON) or coated 
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Figure 2. Internal CO2 (A) and O2 (B) concentrations of “Valencia” oranges uncoated (CON) or coated
with antifungal hydroxypropyl methylcellulose (HPMC)-beeswax (BW) composite edible coatings and
stored at 5 ◦C followed by 7 d at 20 ◦C. Coatings contained 2% potassium sorbate (PS), 2% potassium
silicate (PSi) or 2% sodium benzoate (SB). For each storage period, columns with different letters are
significantly different according to Fisher’s protected LSD test (P < 0.05) applied after the ANOVA.

The HPMC–BW coatings containing GRAS salts did not modify the flavor of “Valencia” oranges
during cold storage, compared to uncoated samples, as determined by the trained judges of the
sensory panel (Table 4). Off-flavors ranged between 1.0 (absence) and 1.8 (very slight), with the coating
containing 2% SB showing the poorest overall taste and the highest presence of off-flavors after the
56-d storage period, although no significant differences were observed with the control samples (P
> 0.05). Coating appearance in a 1–3 scale was evaluated according to the presence or absence of
cracks, blemishes, stains, and homogeneity of the coating. In general, the appearance of all coated
oranges ranged between acceptable and good (1.6–2.7) after both periods of cold storage. However,
the incorporation of 2% PS and 2% SB to the HPMC-BW coating matrixes negatively affected the
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appearance of coated oranges, with the SB-based coating the worst evaluated. The coating containing
2% PSi was the best evaluated in terms of external appearance, without significant differences with the
uncoated samples (Table 4).

Table 4. Sensory quality attributes of “Valencia” oranges coated with hydroxypropyl methylcellulose
(HPMC)-beeswax (BW) composite edible coatings containing GRAS salts and stored at 5 ◦C followed
by 7 d of shelf life at 20 ◦C.

Treatments 2

Storage Conditions and Sensory Attributes 1

28 d 5 ◦C + 7 d 20 ◦C 56 d 5 ◦C + 7 d 20 ◦C
Overall Taste
(1–9 Scale) 3

Off-Flavours
(1–5 Scale) 4

Appearance
(1–3 Scale) 5

Overall Taste
(1–9 Scale) 3

Off-Flavours
(1–5 Scale) 4

Appearance
(1–3 Scale) 5

Control 6.43 ± 0.43 a 1.00 ± 0.00 a 2.43 ± 0.20 a 5.70 ± 0.63 a 1.38 ± 0.16 a 2.38 ± 0.24 a
HPMC-BW-PS 5.71 ± 0.56 a 1.71 ± 0.19 a 1.58 ± 0.20 b 5.50 ± 0.54 a 1.33 ± 0.22 a 1.63 ± 0.16 b
HPMC-BW-SB 6.43 ± 0.20 a 1.00 ± 0.00 a 2.00 ± 0.22 b 5.30 ± 0.58 a 1.80 ± 0.36 a 1.88 ± 0.26 b
HPMC-BW-PSi 5.83 ± 0.28 a 1.57 ± 0.20 a 2.71 ± 0.18 a 5.61 ± 0.41 a 1.33 ± 0.16 a 2.63 ± 0.24 a

1 Means in columns with different letters are significantly different according to Fisher’s protected LSD test applied
after the ANOVA (P < 0.05). 2 Control: uncoated fruits; HPMC-BW coatings containing: PS: potassium sorbate,
SB: sodium benzoate, PSi: potassium silicate. 3 Flavour ranked from 1 (very poor) to 9 (optimum). 4 Off-flavours
ranked from 1 (absence) to 5 (presence). 5 Coating/fruit appearance ranked from 1 (bad) to 3 (good).

4. Discussion

The present work highlights the antifungal activity of different GRAS salts or food preservatives
against C. gloeosporioides and their potential use as ingredients of antifungal composite edible coatings
for the control of postharvest anthracnose of citrus fruits. Our in vitro results showed that, among
all GRAS salts tested, ABC and SEP were the most effective to inhibit the mycelial growth of C.
gloeosporioides. Previous works have reported the potential of carbonate salts to reduce the in vitro
mycelial development of different Colletotrichum spp. Aqueous solutions of the salts AC at 3% [36] and
sodium bicarbonate (SBC) at 2% [34] completely inhibited the mycelial growth of C. gloeosporioides
isolated from papaya, while SBC significantly reduced the mycelial development of the species
Colletotrichum musae (Berk. & Curtis) Arx. isolated from banana. Similarly, other researchers have
also identified ABC as the most effective salt, at all concentrations tested (0.2, 1.0 and 2.0%), to inhibit
the growth on PDA dishes of other important postharvest pathogens such as Monilinia fructicola (G.
Wint.) Honey [19] and Lasiodiplodia theobromae (Pat.) Griffon & Maubl. [26]. In addition, various salts,
mainly carbonates, were effective to inhibit the in vitro radial growth of Botrytis cinerea Pers. [40,41],
Geotrichum citri-aurantii (Ferraris) Butler [42] and Penicillium expansum L. [43]. Likewise, the salt
SEP effectively inhibited the growth of different fungi causing major postharvest diseases on fresh
horticultural produce, such as B. cinerea, Alternaria alternata (Fr.) Keiss. [20] and L. theobromae [26].

The present results and former research clearly show that some GRAS salts have a broad spectrum
of antifungal activity since they are able to inhibit the in vitro growth of a variety of fungal pathogens.
The in vitro toxicity of a GRAS salt is influenced by many factors, such as the pathogen species and
strain, the salt components (ions) and concentration, the pH, the culture medium and the incubation
conditions [15,44,45]. General antifungal mechanisms of action of GRAS salts include the alteration of
the integrity and permeability of the fungal cell membranes, interferences in the transport of nutrients
and energy metabolism and collapse of hyphae or spores [42,44,46]. It is known that the addition of
inorganic or organic salts to the medium modifies its pH and, in general, the antifungal activity of the
salt is higher as the pH increases [19,47]. However, the pH alone cannot explain the toxicity of these
compounds as different salts with the same pH can affect the same fungal strain differently [26,45].
Moreover, the salt cations and anions also play an important and complex role. In fact, sodium,
potassium or ammonium forms of the same salt can show large differences in their toxicity to a
particular fungal strain [19,36,48].

Salts and concentrations to be used as ingredients of HPMC-BW edible coatings were selected
according to previous in vitro results and their capability to form stable emulsions with appropriate
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characteristics. For this reason, effective salts, such as ABC, PBC and SP, had to be discarded due to
incompatibility with the coating matrix leading to phase separation or undesirable properties of coated
fruit. Excessive viscosity, bad surface coverage or appearance of salt residues, blemishes or pitting on
the surface of oranges and mandarins were major causes for rejection of some experimental coatings.

Among the salts and concentrations selected to be tested in in vivo trials with “Nadorcott”
mandarins and “Valencia” oranges, coatings containing 2% PS, SB and PSi were the most effective
in reducing anthracnose severity (up to 70% and 35% on mandarins and oranges, respectively). It is
worthy to note that the antifungal effect of salt-containing coatings was higher on the citrus species
more susceptible to anthracnose, namely mandarins. As pointed out in the Figure 1 caption, the
average anthracnose severity (lesion size) on artificially inoculated and uncoated control fruits was
47.29 mm on mandarins, while it was only 15.2 mm on oranges. Since the inoculum density and the
methodology used for artificial inoculation with C. gloeosporioides was exactly the same for both types of
fruit, these values clearly point out that susceptibility to anthracnose was much lower on oranges than
on mandarins. This is a feature that has been previously reported for other citrus postharvest diseases,
such as green and blue molds caused by Penicillium spp., and can be related with the physical and
biochemical properties of the fruit rind [3,6,10]. Previous information on the use of GRAS salts, such as
AC, SC, SB or SBC, to control postharvest anthracnose on different fruit crops is available, but in most
cases the salts were applied by dipping the fruit in aqueous solutions [30,32–34,36]. On the other hand,
although the number of studies is considerably lower, some reports are available on the postharvest
use of coatings and waxes to control anthracnose caused by Colletotrichum spp. on fresh produce. In
general, the most studied coatings are applications of chitosan or other edible matrixes containing
essential oils as antifungal ingredients [29,49–51]. Nevertheless, some waxes or coatings formulated
with GRAS salts or food additives have also been evaluated for anthracnose reduction on different fresh
fruits. For example, AC (3%) and SB (2%) in paraffin wax-based formulations significantly reduced
anthracnose in papaya caused by C. gloeosporioides [36,52]; the same disease was effectively reduced in
papaya by chitosan alone or in combination with 3% AC or 2% SBC during storage at 13.5 ◦C and 95%
RH [35]; the combination of fruit-coating polymers with PS or SB significantly decreased the size of
the lesions caused by C. musae in wound-inoculated bananas after 7 d of incubation at 25 ◦C and 90%
RH [31]. To our knowledge, this is the first work in which edible coatings formulated with antifungal
GRAS salts are applied to control citrus postharvest anthracnose. Within this context, the general
antifungal activity of different coating matrices containing food additives reported by these authors
working with other fresh commodities is in agreement with the results obtained with citrus fruit in the
present study.

HPMC-BW edible coatings formulated with GRAS salts, with similar characteristics to those
tested here, have been also evaluated to control other important postharvest diseases of citrus fruits.
Among a large variety of HPMC-BW edible films containing GRAS salts, those with PS, SB, SP or their
mixtures exhibited a noteworthy in vitro antifungal activity against the citrus pathogens Penicillium
digitatum (Pers.:Fr.) Sacc. and Penicillium italicum Wehmer, and coatings containing these salts were
effective in reducing green and blue molds on “Valencia” oranges and “Ortanique” and “Clemenules”
mandarins artificially inoculated with these pathogens and incubated at 20 ◦C for 7 d [22–24]. In
another study [26], a large amount of GRAS salts and concentrations were evaluated in in vitro tests
against L. theobromae and the selected salts were assessed as ingredients of HPMC-BW coatings to
control Diplodia stem-end rot caused by this fungus in in vivo experiments. Coatings containing 2%
PS, 0.1% SEP, 2% SB and 2% PSi were the most effective, with reductions of disease severity of up to
50% on “Barnfield” oranges and “Ortanique” mandarins artificially inoculated with the pathogen and
incubated for 10 d at 28 ◦C and 90% RH. Moreover, the curative activity of similar composite coatings
has also been proved in other fresh fruit pathosystems. Significant reductions of black spot on cherry
tomatoes artificially inoculated with A. alternata were observed by Fagundes et al. after treatment with
HPMC-based coatings containing SB, SEP or SMP [20,21]. In the same way, Karaca et al. [19] reported
that HPMC-BW coatings containing PS, SEP, SMP or PSi effectively reduced the incidence and severity
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of brown rot caused by M. fructicola on artificially inoculated plums. Therefore, our present results
with citrus anthracnose confirm that HPMC coatings containing PS, SB or PSi are broad-spectrum
alternatives for the control of postharvest decay of fresh fruits.

This work and previous research show that the selection of the most appropriate antifungal GRAS
salt to confer disease control ability to a coating is greatly dependent on the characteristics of each
particular pathosystem, such as the type and properties of the fruit (species and even cultivar) and
the particular activity of the salt against the target pathogen. However, other factors are also relevant
and often the in vitro antifungal activity cannot anticipate the actual in vivo disease control ability.
Tests in Petri dishes allow fully exposure of the fungal structures to the salt, while in in vivo assays,
with the salt incorporated into the coating and the coating applied to fruit, the contact between the
salt and the pathogen can be limited depending on factors such as the emulsion properties (pH and
viscosity), the interaction of the salts with the coating matrix and other components (e.g., emulsifiers
and plastisizers), the characteristics of the fruit peel and the environmental storage conditions, among
others [19,20,26,39,53,54]. Moreover, in some cases, negative results lead to think that some salts
presumably provide additional nutrients or enhanced environmental conditions for the development
of the fungal pathogen [20,55]. The mentioned factors may explain why some GRAS salts assayed in
this work, such as SMP and SEP, were not as effective in in vivo trials as ingredients of the coatings as
they were in the in vitro tests. Therefore, it is very important to adapt the formulations and develop
appropriate coatings for each particular fruit species and cultivar and for specific target pathogens
and postharvest applications. Postharvest use of coatings containing GRAS salts as ingredients may
facilitate a slow diffusion of the active ingredient from the matrix compared to the application of
aqueous solutions, which could contribute to extend the antifungal effect on the fruit surface and may
also reduce phytotoxicity risks [13,15,56]. Hence, the packingline application in citrus packinghouses
of these antifungal edible coatings can be a good alternative for commercial anthracnose control to the
application of salt aqueous solutions by drencher, dipping or spraying systems.

After both cold storage periods and shelf life, none of the coatings significantly reduced weight
loss with respect to uncoated oranges. Among the different coatings tested, those with SB or PS
induced higher weight loss than those with PSi. In general, cellulose-lipid composite coatings are
reported to reduce fruit weight loss due to the moisture barrier created by the lipid ingredients (BW,
shellac, etc.) of the coating formulation [57]. However, several works have confirmed that the addition
of food additives such as GRAS salts to HPMC-based coatings greatly affects the moisture barrier
properties of stand-alone films or coatings when applied to different fruits such as cherry tomatoes,
citrus or table grapes [22,23,58,59]. Thus, the application of HPMC-BW coatings containing SB or PS
did not reduce weight loss of coated “Barnfield” and “Valencia” oranges compared to control samples
after cold storage at 5 ◦C, and in both cases PS was less effective than SB for weight retention [24,26].
However, similar coatings significantly reduced weight loss and maintained firmness of “Clemenules”
mandarins without adverse effects on the overall quality of coated fruit [39]. Similar results have been
reported in research work with other crops. For example, a HPMC-BW coating containing 2% SB
showed potential for postharvest industrial application to cherry tomatoes as it reduced weight loss
and controlled black spot during prolonged cold storage [21]. Since the antifungal HPMC-BW coatings
developed in this work have not satisfactorily reduced weight loss of cold-stored oranges, probably
due to changes originated in the permeability of the cuticle, an aspect to consider for further research
might be the modification of their physical characteristics in order to improve water loss control while
maintaining their antifungal activity.

In the present work, fruit firmness was not affected by the application of HPMC-BW coatings
amended with PS, SB or PSi. Polysaccharides present in the cell wall are responsible for the maintenance
of fruit firmness and the degradation of these compounds by hydrolyzing enzymes is the cause of
fruit softening during ripening and storage. In addition, the effect of coatings on the maintenance of
fruit firmness is usually related to their control of weight loss. According to previous results with
HPMC-BW coatings, it seems that the influence of coating on fruit firmness is not only dependent
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on the coating characteristics but also on the citrus cultivar. For instance, in accordance with our
results, Valencia-Chamorro et al. [24] and Guimarães et al. [26] reported that HPMC-BW coatings
amended with SB or PS did not affect significantly the firmness of coated “Valencia” and “Barnfield”
oranges, respectively. However, “Clemenules” mandarins treated with the same type of coatings were
significantly firmer after cold storage and shelf life than uncoated control fruits [39]. This could be
related to particular properties of the rind of each citrus species or cultivar by which the effects of
coating might be modified. Nevertheless, contradictory results have been reported on the relationship
between weight loss and firmness on coated citrus fruits. For instance, while a positive correlation
was found by Navarro-Tarazaga et al. [60] for “Ortanique” mandarins, no correlation was observed in
studies with “Fortune” mandarins [61], indicating the intervention of multiple factors.

Edible coatings can have the capacity to modify the internal gas composition of fresh fruit in terms
of O2 and CO2 concentrations [18]. The effect of edible coatings on the delay of changes related to fruit
ripening (softening, color change, decrease in acidity, appearance of some physiological disorders, etc.)
has been related to the gas barrier exerted on the fruit surface, leading to reductions in the respiration
rate and/or weight loss [21,62]. The capacity of an edible coating to create an effective gas barrier
depends not only on the coating composition and properties (including the addition of GRAS salts),
but also on the fruit, cultivar and storage conditions. In a work conducted by Gunaydin et al. [18], the
application of HPMC-BW coatings containing paraben salts resulted in the lowest CO2 production
rates, showing the potential of these coatings as gas barriers on plums. However, Fagundes et al. [21]
reported the highest respiration rates in cherry tomatoes coated with HPMC-BW emulsions containing
SEP. In the present study, the three selected coatings modified the fruit internal atmosphere, and the
internal CO2 and O2 levels were significantly higher and lower, respectively, in coated fruit than
in control samples, which indicates that the coatings were effective as gas barrier. The CO2 values
(3.5–4.5 kPa) in oranges treated with coatings containing PS or SB were equivalent to those observed
in coated “Barnfield” oranges [26] and “Clemenules” mandarins [39], but lower than those observed
in “Ortanique” mandarins [25] or “Valencia” oranges [63] coated with similar HPMC-lipid coatings
containing GRAS salts. To our knowledge, this is the first report on the potential of HPMC-BW
coatings amended with PSi as effective gas barriers for citrus fruits. This coating modified the internal
atmosphere of “Valencia” oranges in a greater extend than the rest of tested coatings, to reach internal
CO2 and O2 values of 5.7 and 15.0 kPa, respectively, which could be due to the interaction of PSi with
the coating matrix to form a tider structure with less O2 permeability.

In general, the creation of a modified atmosphere in coated citrus fruits is accompanied
by an increase in the volatiles associated with anaerobic respiration, such as ethanol and
acetaldehyde [24,39,61]. This was confirmed in this work, and the coating amended with PSi
induced the highest volatile content in accordance with the higher internal CO2 concentration in
the fruit. It is assumable that the specific composition and characteristics of the coatings (i.e., total
solid content, viscosity, surface tension, barrier and mechanical properties) may explain the different
behavior among coating formulations.

Overall, fruit taste and off-flavors were slightly modified during cold storage. However, there were
not significant differences between coated and uncoated “Valencia” oranges after both storage periods
and shelf life (Table 4). It is known that citrus off-flavor during storage is due to the accumulation of
volatiles, with ethanol the most relevant. Moreover, the application of fruit coatings may enhance this
process as they can restrict gas exchange through the peel surface [64,65]. However, in citrus, the level
of ethanol in the juice that marks the threshold associated with off-flavor appearance depends on the
cultivar and, in general, mandarins are more sensitive to anaerobic conditions and develop off-flavors
easier than other citrus fruits [66]. For instance, minimum EtC associated with off-flavors has been
reported to be 2000 mg/L in “Valencia” oranges [65], 1000 mg/L in “Clemenules” mandarins [67]
and 500–600 mg/L in “Murcott” mandarins [68]. In the present work, EtC levels were much lower
(400–700 mg/L) than those reported by other authors, which may explain why the tested coatings did
not induce off-flavors.
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Regarding appearance, coatings containing 2% SB and 2% PB were the worst evaluated in
terms of external aspect (aceptable). In general, HPMC-BW coatings are not characterized for
providing significant gloss to coated fruit, generally due to the macro emulsion character of the coating
formulation [21,23,24,39]. Moreover, some studies have also reported the presence of white spots on
the surface of coated mandarins or oranges that reduced the general good appearance of the fruit when
using HPMC-based coatings amended with some GRAS salts, including SB and PS [25,26]. On the
other hand, the aspect of oranges treated with coatings amended with PSi was quite good and similar
to that of uncoated fruits.

In summary, this research allowed the development of HPMC-BW edible coatings effective to
reduce citrus postharvest anthracnose through the addition of antifungal GRAS salts such as PS,
SB and PSi to the coating matrix. These coatings significantly reduced anthracnose severity on
“Nadorcott” mandarins and “Valencia” oranges artificially inoculated with C. gloeosporioides and,
although they did not reduce weight loss of coated “Valencia” oranges in comparison with uncoated
fruits during cold storage, they modified the internal atmosphere of the fruit without adversely
affecting the physicochemical and sensorial attributes of the fruit. Further research should focus on the
improvement of physical characteristics of the coatings to enhance water loss control and the external
aspect of coated citrus fruit. Information gathered from this study provides a basis for further research
into the application of these antifungal coatings and their possible combination with other alternative
nonpolluting methods to improve the control of postharvest anthracnose in citrus packinghouses.
This is especially important in the case of early-season cultivars of mandarins and oranges that are
artificially degreened with exogenous ethylene to obtain the appropriate orange color in the rind before
commercialization. Exposure to this gas at typical degreening environmental conditions (20–22 ◦C and
RH > 90%) stimulates the germination of conidia and the formation and germination of appressoria
of C. gloeosporioides and, thus, exacerbates the development of latent infections and the incidence
of citrus postharvest anthracnose [3]. Since citrus degreening are typically performed before fruit
handling in the packingline, the application of these antifungal edible coatings in the packingline can
be a suitable curative treatment against anthracnose and effectively substitute the use of conventional
waxes amended with synthetic chemical fungicides.
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Abstract: Different polyvinyl alcohol (PVA) coating formulations incorporating starch (S) and
carvacrol (C) as the active agent were applied to Golden Delicious apples to evaluate their effectiveness
at controlling weight loss, respiration rate, fruit firmness, and fungal decay against B. cinerea and
P. expansum throughout storage time. Moreover, the impact of these coatings on the sensory attributes
of the fruit was also analyzed. The application of the coatings did not notably affect the weight loss,
firmness changes, or respiration pathway of apples, probably due to the low solid surface density of
the coatings. Nevertheless, they exhibited a highly efficient disease control against both black and
green mold growths, as a function of the carvacrol content and distribution in the films. The sensory
analysis revealed the great persistence of the carvacrol aroma and flavor in the coated samples,
which negatively impact the acceptability of the coated products.

Keywords: PVA; starch; weight loss; firmness; respiration rate; P. expansum; B. cinerea

1. Introduction

Postharvest blue mold, caused by Penicillium expansum, and gray mold, caused by Botrytis cinerea,
are two of the most common fungal diseases in apples, pears, and a number of other pectin-rich
fruits [1–3]. Initial infection most often occurs at sites of fruit injury, such as bruises, natural openings,
or puncture wounds. Although infections may start in the field, infected spots often become evident
post-harvest, and expand while fruits are in storage due to the combination of intrinsic factors, such as
the high sugar content, water activity, and ideal pH; together with favorable environmental conditions,
such as low temperatures and high humidity, which permit the postharvest deterioration of the
harvested fruit, this causes considerable economic losses [2,4,5]. In pome fruits, disease symptoms
include soft, light brown watery lesions. Sometimes, infection can develop from placing rotted fruit
next to healthy fruit, spoiling entire lots [6].

Traditionally, the postharvest management of fresh fruit and vegetable decay involves the use of
synthetic chemical fungicides. However, growing public concern over the health and environmental
hazards associated with the increased levels of chemical fungicides and the lack of approval for
the renewal of some of the most effective active molecules has led to the development of safe,
alternative, and natural methods of post-harvest disease control. The application of active coatings
using antimicrobial compounds of natural origin for fruit preservation purposes could solve some of
the challenges associated with stable quality, nutritional value, health safety, and economic production
costs [7]. These coatings can modify the internal gas composition and reduce the water loss through
the regulation of O2, CO2, and water vapor exchange between the fruit and the external atmosphere.
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These modifications could affect the physiological behavior of the coated products, associated with the
shelf life of produce, and, in some cases, even modify their characteristics prior to consumption [8].

The incorporation of active ingredients, such as antimicrobial agents (essential oils or their
components) into the coating matrix represents an additional advantage, since it permits the reduction
of the doses of the active compounds while maintaining their effectiveness [9]. Moreover, the application
of this technology could minimize one of the major drawbacks of using essential oil-based compounds,
such as its potential phytotoxicity; this shows up as spotting on fruit skin, leading to a loss of
marketability and to its strong aroma/flavor, which could affect the organoleptic properties of the
product, leading to sensory incompatibilities of the selected active compound with the target fruit.

Of the natural antimicrobial compounds, thymol, eugenol, carvacrol and other terpenoids,
and phenolic acids from plant essential oils have been widely reported to effectively inhibit
mycelial growth and spore germination through fungistatic and/or fungicidal actions against several
microorganisms in both in vitro and in vivo studies [10–13]. Of them, the monoterpenoid phenol
carvacrol (one of the major constituents of oregano and thyme essential oils) is considered as a safe
food additive in Europe and the USA due to the “generally recognized as safe” status [14]. Carvacrol
exhibited antibacterial and antioxidant activity and several studies have demonstrated its effectivity
against several food-related spoilage fungi such as Fusarium spp., several Aspergillus and Penicillium
strains, Cladosporium spp., Botrytis cinerea, Fusarium oxysporum and Rhizopus oryzae, etc. [15–20].

Starch, widely used as a food coating/packaging polymer, is available from diverse plant sources,
low cost, and biodegradable. Due to their hydrophilic nature, starch films are highly water sensitive
and exhibit poor water vapor barrier properties [21]. To overcome these problems, starch is often
blended with other biopolymers in order to obtain coatings/films with enhanced properties. To this end,
different studies into starch-polyvinyl alcohol (PVA) blend films have been carried out [22–25]. PVA is a
hydrophilic, nontoxic synthetic polymer, biocompatible and biodegradable, resulting in an eco-friendly
material [26]. PVA has also received FDA approval for close contact with food products, making
it widely used as a cold and hot water-soluble film for diverse packaging applications, including
food products, detergents, pharmaceuticals, and agricultural chemicals. Recently, PVA has been
submitted to FDA approval for use as a component of a water-soluble edible film containing dry food
ingredients (GRAS Notice no. 676, 2018). PVA films have good oxygen and aroma barrier properties,
good transparency and high tensile strength, and flexibility. Some authors reported that blend films
based on starch-PVA presented several advantages over pure starch films, due to the formation of
interpenetrated polymer networks with positive effects on the mechanical and water barrier properties
of the composite films [22].

In this study, PVA-starch coatings incorporating carvacrol were applied to apples to evaluate:
(1) The postharvest behavior of coated fruit in terms of weight loss, respiration rates, and fruit firmness,
(2) the antifungal efficacy of these coatings applied as a curative treatment against B. cinerea and
P. expansum, (3) the sensory acceptance of the coated product.

2. Materials and Methods

2.1. Materials

Polyvinyl alcohol (PVA) (Mw: 13,000–23,000, 87%–89% hydrolyzed) was purchased from
Sigma-Aldrich Química S.L. (Madrid, Spain), native potato starch was supplied by Roquette
Laisa España S.A. (Benifaió, Valencia, Spain), and carvacrol (C) was provided by Sigma-Aldrich
(Steinheim, Germany). Glycerol, used as a starch plasticizer and methanol were supplied by Panreac
Química S.A. (Castellar de Vallès, Barcelona, Spain).

Apples (Malus domestica Borkh cv. Golden Delicious) were purchased from a local packinghouse
(Valencia, Spain). The fruit was chosen according to its uniform shape, size, color, and the absence of
surface defects.
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2.2. Preparation of the Coatings Forming Dispersions and Films

The coating forming dispersions (CFD) were prepared on the basis of previous studies [22].
Thus, starch (2.5% w/w) was dispersed in distilled water and kept at 95 ◦C for 30 min to induce complete
starch gelatinization. Meanwhile, 2.5% (w/w) PVA aqueous dispersion was obtained under stirring at
90 ◦C for 30 min. Both solutions were cooled down to reach room temperature and afterwards, glycerol
was added to the starch dispersion (0.25 g/g of polymer). Carvacrol, used as an antifungal agent,
was incorporated into the PVA dispersion (40% or 80% with respect to the PVA) and homogenized
for 4 min at 12,500 rpm using an Ultra Turrax rotor-stator homogenizer (DI 25 Basic, IKA®-Werke
GmbH & Co. KG, Staufen, Germany). The starch and PVA dispersions were mixed in the adequate
proportion to obtain the different CFD. Table 1 shows the different CFD formulations and their
respective solid composition.

Table 1. Mass fraction (X) (g/100) and viscosity of the different components in each coating forming
dispersion (CFD) and carvacrol retention percentage in the dry films. Mean values (and standard
deviation). (S: Starch; PVA: Polyvinyl alcohol; Gly: Glycerol; and C: Carvacrol).

Formulation
CFD Film

XPVA XS XGLY XC µ (mPa·s) Carvacrol Retention (%)

100PVA:0S 2.5 - - - 2.92 (0.12) a -
100PVA:0S-C40 2.5 - - 1 2.89 (0.09) a 59 (2) a

75PVA:25S-C40 1.875 0.625 0.156 0.75 3.51 (0.02) b 44.3 (0.4) c

50PVA:50S-C40 1.25 1.25 0.312 0.5 5.33 (0.05) c 47 (1) c

50PVA:50S-C80 1.25 1.25 0.312 1 6.04 (0.04) d 54 (2) b

a–d: Different superscript letters within the same column indicate significant differences among formulations
(p < 0.05).

Standalone films were also obtained in order to evaluate the final carvacrol content expected in
the coatings after their drying. To this end, a mass of the formulations containing 1.5 g of total solids
was spread evenly onto Teflon casting plates (150 mm in diameter) to provide a density of solid of
84 g/m2. The films were dried under natural convection for approximately 48 h at 25 ◦C and 45%
relative humidity (RH). After drying, the films were peeled off the casting surface and conditioned at
0% RH (using P2O5) and at 25 ◦C.

2.3. Characterization of Coating Forming Dispersions and Carvacrol Retention in the Films

2.3.1. Rheological Behavior of the Dispersions

The rheological behavior of the different formulations was analyzed in triplicate at 25 ◦C by means
of a rotational rheometer (HAAKE Rheostress 1, Thermo Electric Corporation, Karlsruhe, Germany)
by using a sensor system of coaxial cylinders, type Z34DIN Ti. Measurements were taken between
0–150 s−1 where Newtonian behavior could be assumed and the viscosity values (µ) of the dispersions
were determined.

2.3.2. Carvacrol Retention in the Films

To quantify the retention of the active compound during film formation, a known mass of dried
film was placed in triplicate in amber vials containing 15 mL of an aqueous solution of methanol 50%
(v/v), hermetically sealed and kept under stirring at 300 rpm for 24 h at 25 ◦C to promote carvacrol
extraction. Subsequently, aliquots of the sample extract were measured as to the absorbance (A) at
275 nm, using a spectrophotometer (Evolution 201 UV-Vis, Thermo Fisher Scientific Inc., Shanghai,
China), as previously described by [27]. The carvacrol concentration (C) in the films was determined
by means of a calibration curve obtained with the carvacrol solutions in the same solvent containing
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between 1118 and 71.28 µg/mL (C = 0.014A + 0.0048; r2 = 0.9995). As blank samples, the extract of the
corresponding film without carvacrol was considered (2.3.2).

The carvacrol distribution in the films was analyzed through the microstructure of the film’s
cross-sections. To this end, the film samples were previously conditioned in desiccators containing
P2O5 in order to eliminate the water content; then, they were immersed in liquid nitrogen to obtain
cryo-fractured cross-sections. All of the samples were mounted on copper stubs and platinum coated.
The images were obtained by Field Emission Scanning Electron Microscopy (FESEM) (ZEISS®, model
ULTRA 55, Oberkochen, Germany), using an accelerating voltage of 2 kV.

2.4. Quality of Coated Fruit

The apples were cleaned and disinfected by immersion in a 1% sodium hypochlorite solution,
thoroughly rinsed with tap water, and air-dried at room temperature before the coating application.
The samples were dipped in the different CFD for 3 s, while the non-coated samples (controls) were
immersed in a water bath. The CFD were allowed to drip off and afterwards, the applied coatings
were dried by natural convection for about 24 h at room temperature and stored at 25 ◦C and 65% RH
for 14 days. Five pieces of fruit were considered for each formulation.

2.4.1. Surface Density of Solids (SDS)

The SDS of each coating was evaluated by weighing each fruit with a precision balance (Kern
PFB 120-3, Balinguen, Germany) before and after the coating application to obtain the CFD adhered
mass, as it has been reported by other authors [21]. To calculate the total adhered solids, the mass
fraction of each CFD was considered and the SDS (g·m−2) was calculated by applying Equation (1),
according to [28]:

SDS =
(mC −m0)·XSCFS

m0
·ρ· 1

Se
(1)

where mC is the mass of the coated apple, m0 is the mass of the uncoated apple, XSCFS is the mass
fraction of the solids of the CFD (g solids/g solution), and ρ is the apple density (0.9 g·cm−3). To obtain
the specific surface (Se = 6/d, m2 particles m−3 fruit), the average diameter (d) was calculated considering
a spherical geometry for the fruit.

2.4.2. Weight Loss Rate

Fruit weight loss during storage was determined using an analytical balance (ME235P, Sartorius,
Wertheim, Germany) before and after 3, 7, and 14 days of the storage period. The mass loss was
referred to the initial mass of each fruit, and the results were expressed as a relative mass loss rate
(day−1), which was obtained from the slope of the fitted straight line to the relative weight loss versus
time. Five repetitions were considered for each formulation (coated and non-coated).

2.4.3. Respiration Rates

A closed system was used to measure the respiration rate, according to the method proposed
by [29], with some modifications. Thus, two apples were placed into 0.940 L hermetic glass jars with a
septum in the lid for sampling gas in the headspace at different times. Gas sampling was carried out
every 30 min for 4 h by means of a needle connected to a gas analyzer (CheckMate 9900 PBI Dansensor,
Ringsted, Denmark). Two replicates per treatment were performed after 3, 7, and 14 days of the storage
period. The respiration rate (Ri) of the samples in terms of CO2 generation and O2 consumption was
determined from the slope of the fitted linear equation, according to Equation (2). The respiration
quotient (RQ) was determined as the ratio between CO2 production and the O2 consumption.

yit = yi0 ± 100·Ri·MV ·t (2)
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where yit is the gas concentration (%O2, %CO2) at time t, yi0 is the initial gas concentration, Ri is the
respiration rate (mL·kg−1·h−1), M is the mass of the samples, V is the volume (mL) of headspace, and t
is time.

2.4.4. Fruit Firmness

Fruit firmness was measured through a puncture test using a texture analyzer (Stable Micro
Systems, TA.XT plus, Haslemere, England) with a 50 N load cell equipped with an 11-mm diameter
cylindrical probe, applying a modification of the method proposed by [30]. A small skin area was
removed from four opposite sides of each fruit in the equatorial zone where the puncture test was
carried out. The probe penetrated the flesh at 10 mm·min−1 and the force and distance at the break
point of the flesh (Fmax, N, dmax, mm) were determined. Four measurements were taken around
the equatorial plane of the apple in five different samples for each treatment at 0 and after 14 days
of storage.

2.5. In Vivo Antifungal Assays

Stock cultures of B. cinerea (CECT-20973) and P. expansum (CECT-20906) were supplied by the
Spanish Type Culture Collection (Burjassot, Valencia, Spain). These fungal strains were inoculated on
to potato dextrose agar (PDA; Scharlab, Barcelona, Catalonia, Spain) in the dark and incubated at 25 ◦C
until sporulation. Conidia were scraped from the cultures using a sterile loop and subsequently filtered
and transferred to test tubes with sterile distilled water and 0.01% Tween 85. The suspensions were
adjusted by means of an haemocytometer at 3× 104 conidia·mL−1 for B. cinerea and 1× 105 conidia·mL−1

for P. expansum, according to other studies [31,32].
Each fruit was wounded (approximately 1.6 mm in diameter and 2 mm deep) at one point of the

fruit equator using the tip of a stainless-steel rod and inoculated with a micropipette with 100 µL of the
correspondent spore suspension of B. cinerea and 20 µL in the case of P. expansum.

For the assessment of the coatings’ curative activity, the fruit was first inoculated with the different
fungal strain and after 24 h, samples were coated as previously described. Once dried, the pieces of
fruit were placed on to perforated plastic trays avoiding any direct contact between them and incubated
at 20 ◦C and 85% ± 5% RH. Twelve pieces of fruit were used per treatment. The control fruit was also
inoculated using the same procedure, and afterwards immersed in water as previously described.

Disease incidence (% of infected fruit) and severity (lesion diameter) were assessed after 2, 5, 7, 9,
and 12 days of incubation at 20 ◦C and 55% RH. The lesion diameter (mm) was evaluated by using the
ImageJ 1.52a software (National Institutes of Health, Bethesda, Maryland, USA).

2.6. Sensory Analysis

A 40-member non-trained panel carried out the sensory evaluation of the samples 2 days after the
coating application was performed. The sensory analysis was performed using whole fresh apples and,
as control, uncoated fresh samples were used. All the samples, which were previously cut into wedges
(1/8 of the whole apple), were presented to the judges at the same time. The judges were asked to
evaluate the samples in terms of appearance and aroma, flavor, and overall preference using a 9-point
hedonic scale (1 = “dislike extremely”, 9 = “like extremely”).

This sensory evaluation poses no hazard to human health taking into account the low level
of carvacrol ingested and that carvacrol has been recognized as a food additive and as a flavoring
substance by the Food and Agriculture Organization of the United Nations (FAO) and European Food
Safety Authority (EFSA), respectively [33,34]. The samples were randomly presented with a three-digit
code. All of the evaluations were conducted in an EU homologated sensory room.

The panelists were supplied with a rating sheet containing information on the evaluation procedure,
in addition to the general oral instructions and individual clarifications as required. The panelists
were also required to cleanse their palate with mineral water between the testing of different samples.
The panelist’s average responses were considered for each attribute.
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2.7. Statistical Analysis

The statistical analyses of the results were performed through an analysis of variance (ANOVA)
using Statgraphics Centurion XVI.II (StatPoint Technologies Inc., Warrenton, VA, USA). Fisher’s least
significant difference (LSD) test was used at the 95% confidence level to determine significant differences
between means.

3. Results

3.1. Rheological Behavior of the Coating Forming Dispersions

The gravitational drainage of CFD after application occurs before the coating dries, depending on
the liquid viscosity, greatly affecting the thickness of the applied coating, which, in turn, determines
its barrier capacity. All the formulations exhibited Newtonian behavior in the low shear rate range
considered (0–150 s−1) at the solid concentrations used. The gravitational drainage occurs at low
shear rates, in the order of 1–10 s−1 [35] and the obtained viscosity values correspond to this range.
The viscosities of the CFD are shown in Table 1. The incorporation of carvacrol was observed to have
no significant effect (p > 0.05) on the viscosity value of the pure PVA solution. This could be attributed
to the changes in the PVA concentration in the continuous phase due to its interfacial adsorption at the
oil-water interphase, as observed by other authors for some polymer solutions containing essential
oils [36]. On the other hand, the viscosity significantly rose (p < 0.05) when the starch ratio or carvacrol
content increased in the polymer blends (Table 1), in agreement with the thickening power of starch or
the rise in the dispersed phase concentration (carvacrol). The different values in the viscosity of CFD
will affect the coating thickness or surface density of the solids in the coatings.

3.2. Carvacrol Retention in the Films

The carvacrol retention in the films for each formulation is also shown in Table 1. Remarkable
losses of carvacrol were expected during the film drying step due to the emulsion destabilization
(droplet flocculation and creaming) that occurs in line with the water evaporation and the steam
drag effect at the film surface of the creamed droplets, as reported by other authors for cast films
containing carvacrol or similar volatile compounds [27,37,38]. Nevertheless, the CA-loaded films
exhibited moderate retention values, of about 44%–59% depending on the formulation. The maximum
retention capacity was found for the 100PVA:0S-C40 coating (Table 1) with similar values to those found
by other authors for PVA films with carvacrol [39]. The retention of carvacrol was promoted by the
presence of residual acetyl groups in the PVA chains. As reported by [40], the acetyl groups undergo
ionization, generating negative charges in the polymer chain that can interact with the acidic phenolic
group of CA. This mechanism promotes the binding of CA to the polymer chains, thus contributing to
an increase in its effective retention in the polymer matrix, since the bonded carvacrol is not emulsified
and so, insensitive to the emulsion destabilization and evaporation by the steam drag effect [39,41].
Nevertheless, the low viscosity of the polymer aqueous phase was a limitation for the carvacrol
retention in emulsified systems during the coating drying step. In emulsified polymer systems, high
values of viscosity contribute to reducing the volatile losses since high viscosity limits the creaming
and surface evaporation. The relatively low viscosity of the used CFD led to moderate retention values,
in comparison with other studies that considered 15% PVA and 2% CA in the aqueous dispersion [41].

The addition of starch to the CFD significantly (p < 0.05) decreased the carvacrol retention despite
the increase in viscosity. This can be attributed to the lower degree of affinity of the starch and
carvacrol compared with that of PVA-C, and the subsequent increase in the emulsified carvacrol content
sensitive to destabilization processes and evaporation by means of the steam drag effect. For the same
polymer composition in the formulation, the retention efficiency increased as the carvacrol content
rose; this can be explained by the increase in the viscosity and the reduction in the creaming rate when
the concentration of dispersed phase rose.
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The FESEM micrographs of the films obtained with carvacrol (Figure 1) confirmed the
abovementioned effects. In the film with only PVA, very small carvacrol droplets were observed,
which indicates the PVA’s stabilizing effects in carvacrol (bonded or emulsified) that limit the coalescence
and creaming phenomena, increasing the carvacrol retention in the film. In PVA-starch blend films,
coalescence of carvacrol can be observed forming big liquid clusters entrapped into the polymer matrix
during the film forming process (small arrows in Figure 1). In the starch-PVA blend with the highest
ratio of carvacrol, the top part of the film during the film-forming step and water evaporation appeared
completely flooded by carvacrol, thus revealing the coalescence and creaming of the carvacrol droplets
during this step. Differences in the film microstructure and carvacrol distribution could affect the
carvacrol release, thus affecting its antifungal action.

Figure 1. FESEM micrographs of the cross section of PVA composite films containing carvacrol. Big
arrows indicate the upper part of the film in contact with the air during the drying process (top)
and small arrows, the presence of carvacrol liquid clusters. (a) 100PVA-C40; (b) 75PVA-25S-C40;
(c) 50PVA-50S-C40; (d) 50PVA-50S-C80.

3.3. Effect of Coatings on the Postharvest Quality of Apples

Table 2 shows the values of the surface density of solids (SDS), the rate of the relative weight
loss, the fruit firmness parameters, and the respiration rates of the apple samples after two different
storage times. These parameters allow for the evaluation of the relevance of the coatings on the quality
changes in apple during storage.
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Table 2. Surface solids density (SSD), weight loss rate, force and distance at the failure point (Fmax,
dmax), O2 consumption rate and CO2 production rate, and respiration quotient (RQ) of coated and
uncoated (control) apples.

Property Control 100PVA:0S 100PVA:0S-C40 75PVA:25S-C40 50PVA:50S-C40 50PVA:50S-C80

SSD (g/m2) - 0.352 (0.112) a 0.30 (0.07) a 0.22 (0.08) a 0.49 (0.13) b 0.53 (0.09) b

Weight loss rate (day−1) −0.34 (0.08) a −0.32 (0.12) a −0.295 (0.012) a −0.33 (0.07) a −0.34 (0.05) a −0.35 (0.05) a

Fmax (N) 31 (3) a 33 (7) a 32 (4) a 34 (4) a 32 (4) a 29 (3) a

dmax (mm) 3.9 (0.2) bc 4.0 (1.3) bc 4.4 (0.2) c 3.9 (0.6) bc 3.7 (0.5) bc 3.5 (0.4) ab

RO2 t = 3 * 11 (5) ab 6 (5) a 4.8 (1.5) a 11.9 (0.6) ab 9 (4) ab 15 (2) b

RCO2 t = 3 * 16 (4) b 6.6 (0.9) a 11.9 (1.4) b 13 (3) ab 12 (6) ab 14.5 (1.9) b

RQ t = 3 1.4 (0.5) a 0.8 (0.5) a 1.8 (0.3) a 1.358 (0.003) a 1.3 (0.6) a 1.26 (0.03) a

RO2 t = 14 * 11 (3) bc 6 (0.5) a 6.7 (1.2) ab 13 (3) c 12 (5) bc 10.5 (0.8) bc

RCO2 t = 14 * 16 (10) bc 3 (4) a 9.7 (1.4) b 16.2 (0.8) bc 10 (3) b 19 (2) c

RQ t = 14 1.46 (0.13) bc 1.11 (0.07) a 1.708 (0.107) c 1.308 (0.097) ab 1.435 (0.102) b 1.38 (0.07) b

*: (mL·kg−1·h−1). a–c: Different superscript letters within the same row indicate significant differences (p < 0.05).

The coating thickness will affect the coating efficiency and its value would be related with the
obtained SDS value, although the homogeneity of the solid distribution will also have a significant
impact. SDS depends on the amount of coating that adheres to the surface of the fruit and the total
solid content of the formulation, and it is greatly affected by the wettability, extensibility, and viscosity
of the CFD [42]. The obtained SDS values ranged between 0.3–0.5 g/m2, depending on the formulation.
The amount of adhered solids was relatively low in comparison with similar studies, where thicker
dispersions were used [42]. Likewise, the 50PVA:50S-C40 and 50PVA: 50S-C80 coatings presented
significantly higher SDS values (p < 0.05) compared to the rest of the dispersions, which can be
attributed to their higher viscosity values (Table 2). A high degree of viscosity limits the gravitational
drainage of the applied dispersion before the drying process is applied to the coating, and so promotes
the retention of a greater surface density of the CFD. Therefore, a greater coating thickness could be
expected for the thickest formulations of 1:1 starch-PVA blends with carvacrol. This would also imply
a greater amount of active compound on the fruit surface.

The firmness of the fruit was evaluated through the maximum force and the penetrated distance
values at the failure point, since it represents the deformability of the flesh associated with differences
in the cell turgor [42]. At initial time (t = 0), the uncoated control fruit exhibited a force value of
29 ± 3 N and a deformation distance of 2.9 ± 0.4 mm. After two storage weeks, the distance at failure
point increased in all (coated and uncoated) of the apple samples with respect to the initial value,
thus indicating the loss of cellular turgor throughout time due to the progressive dehydration of
the samples at the surface level, which favors the sample deformation without break. However,
no significant changes occurred in the maximum force value, which presents similar values for
every sample. The samples exhibiting the greatest SDS values have the lowest deformability values,
while those coated with pure PVA with carvacrol (with a low SDS value) were the most deformable.
However, non-significant differences were found regarding the weight loss rate of the different samples
(uncoated and coated) during the 14 storage days. This reflects a mild barrier effect of the coatings to
water exchanges, which may be due to the highly hydrophilic nature of the polymers that enhanced
the water vapor permeability and to the low amount of adhered solids, which reflected the very
limited thickness of the coatings. An increase in the polymer concentration in the CFD, and so
in viscosity, could enhance the coating thickness and boost the barrier effect to water exchanges.
However, the industrial application of the CFD points to the need for low viscosity in order to facilitate
their manipulation.

The effect of the coatings on the respiration rate of apples (uncoated and coated samples) was
evaluated through O2 consumption and CO2 generation and the respiration quotient (RQ) after
3 and 14 days of storage (Table 2). In uncoated apples (control), these values were 11 ± 5 and
16 ± 4 mL·kg−1·h−1 for O2 consumption and CO2 generation, respectively, coinciding with other
studies [42]. Coatings can serve as gas barriers, which could reduce respiration rates [43], due to
a blockage of the surface pores. A lower respiration rate is associated with a lower exchange of
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gases and, therefore, a more limited availability of oxygen to allow respiration. However, changes
in the internal atmosphere of the fruit depend on the type of material used, the homogeneity and
thickness of the coating, and potential interactions with the natural wax of the fruits, etc. [42,44].
In general, a decrease in the O2 consumption and CO2 production was observed in the coated samples,
although the great variability found made this decrease non-significant in most cases, despite the fact
that these hydrophilic coatings represent an excellent barrier to oxygen [45]. Samples coated with pure
PVA, containing or not carvacrol, exhibited the lowest respiration rates in line with the lower oxygen
permeability of PVA [22]. The variability in the values can be attributed to the natural variability
in fruits and to the small amount of coating material deposited on the surface that may lead to the
incomplete coverage of the fruit once the coating dries [46]. In general, no significant changes in the
respiration patterns were observed throughout the storage period.

The respiration quotient (RQ) ranges from 0.7–1.3 in aerobic respiration depending on the
metabolic substrate [47]. In general, this respiratory quotient did not change over time, which shows
that there were no changes in the metabolic pathways during the time of analysis. Nor were any
significant differences found in the RQ of the different treatments, except for the formulation with pure
PVA with carvacrol, where the RQ was higher after both 3 and 14 days of storage, in line with the
lowest oxygen consumption rates with normal CO2 production rates. Carvacrol incorporation in pure
PVA did not reduce the great barrier capacity of PVA to oxygen, but increased the CO2 production, in
comparison with pure PVA.

These analyses led to the conclusion that applied coatings were not effective at controlling the
water vapor exchanges of the fruits which produced a slight increase in the fruit deformability during
storage, although pure PVA based coatings limited the oxygen consumption to a greater extent than
those of PVA-starch blends with carvacrol. This compound did not induce negative changes in the
metabolic pathway of apple, as deduced from the values of the respiration quotient. Likewise, it is
remarkable that neither the respiration pattern nor the symptoms observed on the fruit surface pointed
to any phytotoxicity of the carvacrol in the coated fruits.

3.4. Fungal Decay of Apples

Numerous studies have previously shown that the application of coatings with the incorporation
of essential oils, or some of their pure components, contributed to the control of various diseases
caused by pathogens in the postharvest storage of fruit (including B. cinerea and P. expansum) [48–50].
Nevertheless, a wide variability in the efficiency of the disease control can be found due to numerous
factors that influence the antifungal properties of the coatings. The nature of the coating matrix,
the type and concentration of antifungal compounds used, the species and strains of the target
postharvest pathogens, the cultivar and the physical and physiological conditions of the host fruit and
the postharvest environmental conditions are among the most important.

The carvacrol concentrations in the coatings, taking into account its mass fraction in the CFD
and assuming the same retention percentage as in the films, were: 0.17, 0.10, 0.07, and 0.14 g C/g dry
coating for the 100PVA:0S-C40, 75PVA:250S-C40, 50PVA:50S-C40, and 50PVA:50S-C80 formulations,
respectively. This implies samples with a higher or lower content of the active compound, whose release
rate will also influence the effectiveness at controlling fungal growth when the minimal inhibitory
concentration is reached at the infection point. In terms of the carvacrol release, different behaviors could
be expected as a function of the carvacrol load in the coating and its distribution in the polymer matrix
as a consequence of the different PVA-starch-carvacrol interactions and the final film microstructure
(Figure 1). The greater chemical affinity of PVA with carvacrol could limit its release from the matrix
when it is richer in PVA. Likewise, the presence of starch in coating formulations could partially inhibit
the action of the antimicrobial agent due to its nutritional effect that can favor the growth of fungi,
such as Botrytis [42]. All of these aspects can contribute to the different growth inhibition behavior
observed for the coatings in each fungus.
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Figure 2 shows the incidence level of both fungi as a function of storage time both for the
control samples and those coated with the different formulations. The incidence percentage reached a
practically constant value from 5–8 storage days onwards, depending on the treatment, which was
affected by the type of coating and fungus. A 100% incidence of Botrytis was observed for both
the control samples and those coated with pure PVA without carvacrol, whereas lower percentages
(67%–83%) were reached in samples coated with formulations containing carvacrol. In the case of
Penicillium, the asymptotic incidence level was lower than in Botrytis, being more sensitive to the
different treatments. Specifically, the greatest incidence level of Penicillium was observed for the
treatment with pure PVA without carvacrol, which could be related with the ability of Penicillium to
use PVA as a carbon source for growth purposes [51,52]. On the other hand, the lowest incidence level
was detected for the treatments with starch-PVA blends with carvacrol and the intermediate values for
both the control samples and those coated with pure PVA with carvacrol. These results indicate the
different sensitivity of each fungus to the coating action and carvacrol effect. Whereas every coating
with carvacrol reduced the incidence level of Botrytis, the incidence of Penicillium was only notably
affected by the coatings formed by PVA-starch blends, where a faster release of the active compound
could be expected due to its weaker bonding to the polymer matrix.

Figure 2. Incidence (%) and severity disease (mm) in apple inoculated with (a,c) Botrytis cinerea and
(b,d) Penicillium expansum throughout the incubation time.

Figure 2 also shows the values of the diameter of the lesions (mm), which represent the severity of
the disease caused by both fungi (B. cinerea and P. expansum) in the fruit throughout the storage period.
The MANOVA analysis showed that both factors, coating treatment and storage time, significantly
affected (p < 0.05) the disease’s severity, without there being any significant interactions. The disease’s
severity increased throughout storage time in every case, more slowly in the samples coated with
films containing carvacrol, without any significant differences between the control samples and those
coated with PVA without carvacrol. The values of disease severity observed for Penicillium were a
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great deal lower than for Botrytis, with different trends concerning the effect of the carvacrol content.
In Penicillium, the coatings with pure PVA and carvacrol reduced the growth of the lesion diameters to
a lower extent than the blend coatings of starch and PVA with carvacrol. In contrast, the reduction
in the growth of the fungal lesion for Botrytis was less significant with the 50PVA50S-CA40 coating,
which contained the lowest final concentration of carvacrol. Therefore, both the concentration of the
active compound and its release rate from the polymer matrix affected the fungal growth, depending
on the fungal physiology and its sensitivity to the active compound in the different growth stages.

The antifungal activity of carvacrol has been related to the severe damage to the fungal membranes
and cell walls, which led to the morphological deformations, collapse and deterioration of the conidia,
and/or hyphae [19]. Antifungal effects were also observed by other authors for thymol essential oil
(EO) in Red Fuji apple [53]. These authors showed that, additionally to the known antifungal activity of
thymol essential oil (with thymol and carvacrol as major components), the efficacy of thyme essential
oil was also related to the induction of host resistance, since the state of alertness is activated in the
fruit after the oil application. Nevertheless, these authors also pointed out that the direct application of
the EO provoked the appearance of a certain degree of phytotoxicity in the samples, which was not
observed in the samples submitted to the studied treatments. However, the progressive volatilization
of carvacrol may reduce its antifungal action throughout the storage time.

To summarize, the application of carvacrol-loaded coatings exerted a positive antifungal effect on
apples, as significant reductions in the severity and incidence level of both P. expansum and B. cinnerea
were observed. Thus, after 12 storage days, the severity of the damage was reduced by around 30%,
and even by up to 33%, with respect to the control samples when using carvacrol-loaded coatings
for Botrytis and Penicillium, respectively. Likewise, in the same period of time, the incidence level
decreased by up to 27% and by around 40% for Botrytis and Penicillium, respectively.

3.5. Sensory Evaluation

The results of the sensory analysis carried out with the formulations applied to whole apples are
summarized in Figure 3. As can be observed, the appearance of the apple was not significantly affected
by the coating applications. On the contrary, the judges found significant differences (p < 0.05) regarding
the aroma and flavor attributes between uncoated samples or ones coated only with pure PVA and those
samples treated with the active coatings due to the negative impact of the odor and taste of carvacrol.
Similar results have been previously observed by other authors for other carvacrol-loaded coatings [54].

Figure 3. Sensory profile of the uncoated (control) and the different coating formulations applied onto
whole fresh apples in terms of appearance, aroma, flavor, and preference.
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4. Conclusions

None of the coating formulations reduced the weight loss or promoted significant changes in the
respiration rates in apples, probably due to the low surface solid density of these coatings. Despite that,
the application of carvacrol-loaded coatings was effective at reducing the incidence and severity of
the black and blue molds caused by B. cinnerea and P. expansum. An analysis of the impact of the
carvacrol-loaded coating on the apple sensory attributes revealed that the threshold of unpleasantness
of aroma and flavor perception was reached when the coatings were applied and the aroma and flavor
of the coated apples were negatively affected. Therefore, the application of these kinds of coatings to
apples is recommended only as a pre-harvest treatment because of the high antifungal efficiency and
low degree of fitotoxicity. Further studies are needed to evaluate if the organoleptic properties of the
product change when those coatings are applied as a pre-harvest treatment.
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Impact of poly(vinyl alcohol) adsorption on the surface characteristics of mixed oxide MnxOy-SiO2. Adsorption
2015, 22, 417–423. [CrossRef]

41. Tampau, A. Carvacrol Encapsulation by Electrospinning or Solvent Casting to Obtain Biodegradable
Multilayer Active Films for Food Packaging Applications. Ph.D. Thesis, Universitat Politecnica de Valencia,
Valencia, Spain, 2020.

42. Sapper, M.; Palou, L.; Pérez-Gago, M.B.; Chiralt, A. Antifungal starch–gellan edible coatings with thyme
essential oil for the postharvest preservation of apple and persimmon. Coatings 2019, 9, 333. [CrossRef]

43. Conforti, F.D.; Totty, J.A. Effect of three lipid/hydrocolloid coatings on shelf life stability of Golden Delicious
apples. Int. J. Food Sci. Technol. 2007, 42, 1101–1106. [CrossRef]

44. Smith, S.; Geeson, J.; Stow, J. Production of modified atmospheres in deciduous fruits by the use of films and
coatings. HortScience 1987, 22, 772.

45. Miller, K.; Krochta, J. Oxygen and aroma barrier properties of edible films: A review. Trends Food Sci. Technol.
1997, 8, 228–237. [CrossRef]

46. Banks, N.H.; Dadzie, B.K.; Cleland, D.J. Reducing gas exchange of fruits with surface coatings.
Postharvest Biol. Technol. 1993, 3, 269–284. [CrossRef]

47. Kader, A.A.; Zagory, D.; Kerbel, E.L.; Wang, C.Y. Modified atmosphere packaging of fruits and vegetables.
Crit. Rev. Food Sci. Nutr. 1989, 28, 1–30. [CrossRef] [PubMed]

48. Campos-Requena, V.H.; Rivas, B.L.; Pérez, M.A.; Figueroa, C.R.; Figueroa, N.E.; Sanfuentes, E.A.
Thermoplastic starch/clay nanocomposites loaded with essential oil constituents as packaging for
strawberries—In Vivo antimicrobial synergy over Botrytis cinerea. Postharvest Biol. Technol. 2017, 129, 29–36.
[CrossRef]

49. Tovar, C.D.G.; Chaves-López, C.; Serio, A.; Rossi, C.; Paparella, A. Chitosan coatings enriched with essential
oils: Effects on fungi involved in fruit decay and mechanisms of action. Trends Food Sci. Technol. 2018,
78, 61–71. [CrossRef]

50. Perdones, A.; Sanchezgonzalez, L.; Chiralt, A.; Vargas, M. Effect of chitosan–lemon essential oil coatings on
storage-keeping quality of strawberry. Postharvest Biol. Technol. 2012, 70, 32–41. [CrossRef]

51. Qian, D.; Du, G.; Chen, J. Isolation and culture characterization of a new polyvinyl alcohol-degrading strain:
Penicillium sp. WSH02-21. World J. Microbiol. Biotechnol. 2004, 20, 587–591. [CrossRef]

52. Kawai, F.; Hu, X. Biochemistry of microbial polyvinyl alcohol degradation. Appl. Microbiol. Biotechnol. 2009,
84, 227–237. [CrossRef]

53. Banani, H.; Olivieri, L.; Santoro, K.; Garibaldi, A.; Gullino, M.L.; Spadaro, D. Thyme and savory essential oil
efficacy and induction of resistance against botrytis cinerea through priming of defense responses in apple.
Foods 2018, 7, 11. [CrossRef]

54. Cano, A.; Nácher, M.C.; Chiralt, A.; Pons, M.P.M.; Llopis, M.B.; Martínez, M.C.B.; Martínez, C.G. Quality of
goat′s milk cheese as affected by coating with edible chitosan-essential oil films. Int. J. Dairy Technol. 2016,
70, 68–76. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

98



coatings

Article

Controlling Fusarium oxysporum Tomato Fruit Rot under
Tropical Condition Using Both Chitosan and Vanillin

Zahir Shah Safari, Phebe Ding *, Jaafar Juju Nakasha and Siti Fairuz Yusoff

Citation: Safari, Z.S.; Ding, P.;

Nakasha, J.J.; Yusoff, S.F. Controlling

Fusarium oxysporum Tomato Fruit Rot

under Tropical Condition Using Both

Chitosan and Vanillin. Coatings 2021,

11, 367. https://doi.org/10.3390/

coatings11030367

Academic Editor: Stefano Farris

Received: 10 February 2021

Accepted: 17 March 2021

Published: 23 March 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Department of Crop Science, Faculty of Agriculture, Universiti Putra Malaysia, Serdang 43400, Malaysia;
zahirshah.safari@gmail.com (Z.S.S.); jujunakasha@upm.edu.my (J.J.N.); yuezyusoff@gmail.com (S.F.Y.)
* Correspondence: phebe@upm.edu.my

Abstract: Tomato Lycopersicon esculentum Mill. is one of the most cultivated and widely consumed
vegetables in the world. However, it is very susceptible to the infection initiated by Fusarium oxyspo-
rum fruit rot, which shortens post-harvest life and thus reduces market value. This disease can be
regulated appropriately by the application of synthetic fungicides. However, chemical fungicides
constitute a serious health risk, and have harmful environment effects and increase disease resistance,
even when microbes are dead. Hence, to overcome this problem, chitosan and vanillin, which have
antimicrobial bioactive properties against the growth of microorganisms, could be an alternative to
disease control, while maintaining fruit quality and prolonging shelf life. The aim of this research
was to evaluate the antimicrobial activity of chitosan and vanillin towards the inoculate pathogen
and to investigate the effect of chitosan and vanillin coating in vivo on Fusarium oxysporum fruit rot
and defense-related enzymes (PAL, PPO and POD). Chitosan and vanillin in aqueous solutions, i.e.,
0.5% chitosan + 10 mM vanillin, 1% chitosan + 10 mM vanillin, 1.5% chitosan + 10 mM vanillin,
0.5% chitosan + 15 mM vanillin, 1% chitosan + 15 mM vanillin and 1.5% chitosan + 15 mM vanillin,
were used as edible coatings on tomatoes stored at 26 ± 2 ◦C and 60 ± 5 relative humidity. The result
revealed 1.5% chitosan + 15 mM vanillin was able to control disease incidence by 70.84% and severity
by 70%. These combinations of coatings were also able to retain phenylalanine ammonia-lyase (PAL),
peroxidase activity (POD), and polyphenol oxidase (PPO) enzyme activities as well as prolong shelf
life of tomatoes up to 15 days.

Keywords: postharvest disease; antioxidant activity; postharvest losses; protein; phenylalanine
ammonia-lyase (PAL); peroxidase activity (POD); polyphenol oxidases (PPO); Fusarium fruit rot

1. Introduction

Tomato fruit (Solanum lycopersicum Mill.) is the second most important vegetable
after the potato, and it can be consumed either raw or cooked [1]. Tomato fruit contains
impressive health benefits due to its significant bioactive antioxidant compounds with
β-carotene, lycopene, flavonoids, organic acids, chlorophyll and vitamins [2]. In addition,
it is also low in fat and calories. Tomato fruit is a very delicate fruit vegetable that is
susceptible to high postharvest losses, which vary from country to country. The postharvest
loss of tomato fruit was 17.26% in India, 12% in the US, 13.75% in Egypt and 26% in
Bangladesh [3,4]. One of the prominent losses was due to pathological damage that affects
the quality and nutritional value of this fruit [5]. Moreover, pathological damage causes
mycotoxin contamination and market value reduction of the fresh produce. Fusarium
fruit rot caused by Fusarium oxysporum is a common disease in tomato fruit and is capable
of causing fruit spoilage either in the field or in storage [6]. The application of synthetic
fungicides such as carbendazim, chlorothalonil and mancozeb [7] is commonly used to
control this disease. However, this control measure has negative impacts on human health
and the environment due to chemical residues and an increase in pathogen resistance [8].
Furthermore, public anxiety over sustainable food production and safety has resulted in
attempts to find new control agents for postharvest diseases; this has led us to study the
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effects of combining chitosan and vanillin as natural antimicrobials in controlling tomato
postharvest disease.

Chitosan (poly-β-(1-4)-N-acetyl-D-glucosamine) and its derivative have been reported
to be a potent and biodegradable alternative to synthetic fungicides [9]. Earlier studies
indicated that chitosan was effective in controlling postharvest decay of many fruits and
vegetables, including pomegranates, tomato fruit, strawberries, potatoes, table grapes,
apples and peaches [10,11]. In addition, vanillin (4-hydroxy-3-methoxy benzaldehyde), a
phenolic aldehyde organic compound derived from the vanilla bean [12], has been proven
to control Alternaria alternata, which causes Alternaria rot disease in table grapes during
storage at 4± 2 ◦C [8]. Temperature management during storage is also an important factor
in disease management, fruit quality and the extension of shelf life. However, in developing
countries, most growers and retailers store tomatoes at ambient conditions (26 ± 2 ◦C)
due to a lack of cool storage facilities [13]. Nevertheless the effects of a coating prepared
by combining chitosan, which has quality maintenance properties, and vanillin, which
has antimicrobial properties, in controlling Fusarium fruit rot and postharvest quality
of tomatoes at 26 ± 2 ◦C has yet to be studied. Therefore, this study was conducted to
determine the potential of chitosan in combination with vanillin as a coating in controlling
tomato fruit Fusarium fruit rot.

2. Materials and Methods
2.1. Fruit Materials

Pink color tomato fruit (10% to 30% of the surface is yellow to pink, according to USDA
class 3 color) from the Syngenta 1039 variety were obtained from Weng Seng Vegetable
Products Sdn. Bhd., Pahang, Malaysia. On the same day of harvesting, tomato fruit was
sent to the Laboratory of Postharvest, Department of Crop Science, Faculty of Agriculture,
Universiti Putra Malaysia. Fruit free from any defects and diseases, with uniform shape,
maturity, color and weight and ranging between 90–110 g was used in this study.

2.2. Pathogen Inoculation

Fusarium oxysporum (MT012284) were originally isolated from tomato fruit showing
fruit rot symptoms; the outer surface of the infected fruit appeared as a pale white lesion,
with powdery discolored spots covered by white and pinkish mycelium. The infected area
was softer and slightly sunken as compared to unaffected fruit parts (Figure 1).

Figure 1. Symptoms of tomato fruit rot: soft and sunken tissue covered by white pinkish mycelium. A—20% severity,
B—40% severity, and C—more than 75% severity.

Fusarium oxysporum were identified based on their morphological cultural traits
on fungus colony culture (conidia shape), and morphological identification was con-
firmed by molecular identification. Fungal DNA was extracted from freshly collected
mycelium of 7-day-old cultures using the DNA extraction Kit (QIAGEN DNA Mini
Kit, HB-1166, Hilden, Germany). The internal transcribed spacer (ITS) region of rDNA
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was amplified using the universal primers ITS1 and ITS4 (Kulatunga et al., 2016). The for-
ward primer ITS1 (5′-TCCGTAGGTGAACCTGCGG-3′) and reverse primer ITS4
(5′-TCCTCCGCTTATTGATATGC-3′) were synthesized by First Base Laboratories Sdn
Bhd, Malaysia. The ITS sequence was compared with the NCBI GenBank database
(www.ncbi.nlm.nih.gov/blast, accessed on 17 May 2019) sequences using the BLAST
search tool. The analyses supported the results obtained in the morphological study and
thus confirmed that Fusarium oxysporum was identified as the causative agent of tomato
fruit rot.

Tomato fruit rot causative pathogen Fusarium oxysporium was cultured and incubated
for 7 days at 26 ± 2 ◦C and 60 ± 5% RH. Sterilized distilled water of 10 mL was poured
into 1-week-old Fusarium oxysporium culture, and the surface was scraped lightly with a
bent glass rod. The obtained conidial suspension was filtered over a double-layer sterilized
muslin cloth and centrifuged for 5 min at 4000× g. The conidial counts were adjusted to
2 × 106 conidia per mL using a hemocytometer. The surface of tomato fruit was sterilized
for 3 min in 0.05% sodium hypochlorite, then washed using tap water and air-dried under
sterile conditions for 2 h. After drying, the fruit was dipped into antagonistic conidial
suspension for 1 min, and then the fruit was allowed to dry at 26 ± 2 ◦C and 60 ± 5% RH
for 2 h.

2.3. Preparation of Coating Solutions

The chitosan originated from shrimp-shell crustaceans with 85% deacetylation, pur-
chased from Enviro Clean Energy Sdn. Bhd. Perintis Teknologi Pertanian, Malaysia. Mean-
while, an organic compound of 99% pure vanillin with the molecular formula C8H8O3
was bought from Evergreen Engineering & Resources Sdn. Bhd., Selangor, Malaysia. Chi-
tosan solutions with concentrations of 0.5%, 1%, and 1.5% v/v were prepared, the solution
pH was adjusted to 5.6 with 1 M NaOH, and 0.1% Tween 20 (polyoxyethylene sorbitan
monooleate, Sigma Aldrich) was added to improve the solution wettability. Distilled water
containing 0.1% Tween 20 without chitosan served as a control. Vanillin powders were
dissolved in 83 ◦C distilled water to obtain a 10 and 15 mM concentration solution by
heating. Then, each vanillin solution was combined with the three chitosan concentra-
tion solutions to form 0.5% chitosan + 10 mM vanillin, 1% chitosan + 10 mM vanillin,
1.5% chitosan + 10 mM vanillin, 0.5% chitosan + 15 mM vanillin, 1% chitosan + 15 mM
vanillin and 1.5% chitosan + 15 mM vanillin coating solutions.

2.4. Postharvest Coating Treatments

Tomato fruit with chlorinated water prepared from 0.05% sodium hypochlorite was
dipped for 3 min prior to coating treatments [14]. The fruit was rinsed and air dried for
1 h and randomly divided into 8 lots. All 8 lots of fruit were dipped for 1 min in the
coating solutions. The negative control consisted of fruit without inoculation, while the
positive control fruit was inoculated with Fusarium oxysporum and then dipped in distilled
water containing 0.1% Tween 20 for 1 min. All of the fruit was dried for 2 h at 26 ± 2 ◦C
and 60 ± 5% RH. For each coating, six fruit per replicate were used. The fruit was then
packed in 18 cm × 26 cm plastic bags of 0.05 mm thickness containing 18 holes 0.5 cm
in diameter. These bags were placed in commercial corrugated fiberboard cartons of
30 cm × 25 cm × 15 cm. The cartons were then stored at 26 ± 2 ◦C and 60 ± 5% RH for
15 days. Each treatment was repeated four times and analysis was carried out at and
interval of every 3 days.

2.5. Determination of Disease Incidence

The disease incidence (DI) was measured as the percentage of fruit displaying fruit
rot symptoms, according to the method of Khaliq [15]. The DI was determined as the
number of infested fruit showing symptoms of the disease, such as dots and rots, out of
the total number of tomato fruit for each batch and storage interval. Six tomato fruit were
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distributed and used for DI. The percentage of disease was determined using the following
formula (Equation (1)), as reported by Abebe et al. (2017):

DI (%) =
∑(DI level) × (Number of tomato fruit at the DI level)

Total number of tomato fruit in the treatment × The highest score (5)
× 100% (1)

2.6. Determination of Disease Severity

Tomato fruit disease severity (DS) was evaluated as described by Mohamed [16], with
slight modification. Fruit DS was evaluated based on visible symptoms, spots, rot, and
decayed areas on each fruit surface at every storage interval. For DS assessment, five DS
scores were used, as shown in Table 1. Fruit with index scores of two, three, and four were
considered to have no commercial and marketing value (Equation (2)).

DS (%) =
∑(Severity rating×Number of tomato fruit clusters in the rating)
Total number of tomato fruit clusters assessed×Highest DS scale

× 100% (2)

Table 1. Disease severity scores for disease assessment of tomato fruit.

Diseases Score Description Inference

0 No visible symptoms on fruit No infection

1 1–25% of the area covered by slight
necrotic inoculations Mild infection

2 26–50% of the inoculated area covered by
necrotic and white fungal mycelia Moderate infection

3 51–75% of the sample is necrotic with the
presence of spore mass Severe infection

4 >76% Necrotic tissue with fungal mass;
appears soft and decayed Very severe/Devastating

2.7. Determination of Antioxidant Capacity and Activity
2.7.1. Supernatant Extraction

Tomato fruit pulp tissue extraction assays for total phenolic content (TPC) and antioxi-
dant activities Radical scavenging activity by using (2,2-azino-bis (3-ethylbenzthiazoline-6-
sulfonic acid) (ABTS), Ferric Reducing Antioxidant Power (FRAP) were extracted using
methods defined by Rastegar and Si [17,18], with slight modification. Four grams of tomato
fruit tissue from each replicate was frozen immediately in liquid N2 and minced using a
small ceramic kitchen pestle and mortar for 30 s. The ground tissue was dissolved in 10 mL
80% (v/v methanol analytical grade) and then transferred to a 100 mL conical flask, which
was covered with aluminum foil. Subsequently, the homogenate was extracted under
reduced light conditions by spinning on an orbital shaker at 180 rpm for 1 h. After shaking,
the homogenate was filtered by Whatman No. 1 filter paper and transferred to a vial, which
was covered with aluminum foil; the supernatant was kept at −20 ◦C until analyses.

2.7.2. Determination of Total Phenolic Content

The total phenolic content was estimated following the method described by Zainal [19],
with some modifications. In brief, 150 µL aliquot of supernatant extract and 750 µL of 10%
(v/v) Folin Ciocalteu reagent were mixed in test tubes covered with aluminum foil and
incubated for 5 min in darkness. This was followed by the addition of 600 µL of 7.5% (w/v)
sodium carbonate (Na2CO3). The mixture was then incubated in darkness for 30 min at
room temperature 26 ± 2 ◦C and 60 ± 5% RH, before measuring the absorbance at 765 nm
with a spectrophotometer (S1200, Spectrowave spectrophotometer, Cambridge, UK). The
total phenolic content was expressed as milligram gallic acid equivalent (GAE) per 100 g
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fresh weight (FW), using gallic acid as the standard with R2 = 0.97 and calculated using the
following equation (Equation (3)):

TPC mg GAE/100 g FW =
TPC per mL sample × dilution factor × total sample volume used

Sample weight
× 100% (3)

2.8. Antioxidant Activity and Capacity
2.8.1. ABTS (2,2-Azino-bis(3-ethylbenzthiazoline-6-sulfonic acid)

The antioxidant activity of tomato fruit was measured using 2,2-azino-bis,
3-ethylbenzthiazoline-6-sulfonic acid according to the methods of Aadesariya and Pin-
heiro [20,21], with slight modification. ABTS was formed by reacting 7 mM ABTS aqueous
solution with 2.45 mM of potassium per sulphate at 26 ± 2 ◦C and 60 ± 5% RH for 16 h
in the dark. This solution was diluted in ethanol (around 1:89 v/v) before the test and
equilibrated at 30 ◦C to provide an absorbance of 0.700 ± 0.02 at 734 nm. The addition of
1 mL diluted ABTS solution in ethanol to 10 µL of sample extract was incubated at 30 ◦C
for 6 min before absorbance. The inhibition percentage for the blank absorbance was then
calculated at 734 nm. The percentage of ABTS free radical inhibition was determined using
the equation below (Equation (4)):

ABTS inhibition (%) =
(A0 − A1)

A0
× 100% (4)

where A0 = absorbance of the control and A1 = absorbance of sample
Solution A was prepared by dissolving 8 mg ABTS in 1 mL of water to obtain 7 mM

ABTS solution. Solution B was prepared by dissolving 13.2 mg potassium per sulphate in
10 mL water to obtain 2.45 mM solution. Solution A (0.5 mL) was mixed with 0.5 mL of
solution B and allowed to sit in darkness at 26 ± 2 ◦C for 12–16 h before use. The ABTS
radical cation in this form is stable for 16 h.

2.8.2. Ferric Reducing Antioxidant Power

Tomato fruit tissue’s antioxidant capacity was calculated using ferric reducing an-
tioxidant power (FRAP). The assay was carried out according to the methods of Briones
and Thaipong [22,23], with slight modifications. In FRAP assay, the FRAP reagent was
freshly prepared by mixing 10 mM of 2,4,6-tris(2-pyridyl)-s-triazine (TPTZ) in 40 mM HCl
solution, 300 mM acetate buffer (C2H3NaO2·3H2O, pH 3.6), and 20 mM ferric chloride in
the ratio of 1:10:1 (v/v/v). An aliquot of 50 µL sample extract was added to 950 µL FRAP
reagent and incubated in a water bath of 37 ◦C for 30 min. Absorbance was measured at
593 nm against a control that was prepared by adding 50 µL 80% methanol to 950 µL FRAP
reagent. The standard curve was a linear line between 0 and 800 mM Trolox. The achieved
results were expressed as µM Trolox equivalent (TE) of tomato fruit fresh weight using a
standard curve with R2 = 0.98. The obtained FRAP results were expressed in µM TE/g
fresh weight and then calculated using the formula below (Equation (5)):

FRAP µM TE/g FW =
TE µM per mL × dilution factor × total sample volume used

Sample weight
(5)

2.9. Determination of Defense Enzymes Activities
2.9.1. Protein Content

The extraction and analysis of protein were carried out using the combined techniques
of Jumnongpon; Raseetha and Bonjoch [24–26], with minor modifications. The chemicals
used to extract and evaluate enzymes were of analytical grade. A total of 0.5 g of frozen
tomato fruit pulp tissue was immediately ground using a small ceramic kitchen pestle
and mortar for 30 s on ice and homogenized with 1 mL ice-cold 50 mM phosphate buffer
containing 1 M NaCl (pH 7.1). The mixture was centrifuged (Scan Speed 1730R, Scala
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Scientific, the Netherlands) at 16,000× g at 4 ◦C for 20 min. The supernatant was then kept
in an ice-water bath prior to the analysis.

The protein content of solutions derived from tomato fruit was measured using the
Bradford procedure (Bradford 1976). The Bradford reagent was obtained from Bio-Rad
Laboratories, Inc., Hercules, CA, USA. The reagent was prepared using distilled water in
a 1:4 ratio; then, 1.2 mL of Bradford reagent was added with 120 µL protein supernatant
and the mixture was briefly vortexed. The mixture was left to incubate for 30 min at room
temperature, and the absorbance was read at 595 nm. The concentration of the extracted
protein solutions from the bovine serum albumin standard curve (R2 = 97) was quantified.
The measurement was repeated three times. A standard curve plotting absorbance with
various concentrations was obtained using bovine serum albumin (Sigma Chemicals Co.,
St. Louis, MO, USA) in the concentration range 25–400 µg/mL. The protein content in
mg/mL was read against the standard curve and calculated using the formula specified by
Wang [27] (Equation (6)):

Protein content (mg/mL) =
protein quality × VT

VS × W
(6)

Protein quality results were collected in agreement with the standard curve; VT is the
total volume of extraction, VS is the volume of solution for evaluation, and W is the weight
of sample.

2.9.2. Determination of Phenylalanine Ammonia-Lyase (PAL) Enzyme Activity

The extraction for enzyme phenylalanine ammonia-lyase (PAL) was carried out accord-
ing to Mohammed and Han [16,28], with some modifications. A total of 50 mg of frozen
tissue was ground in 2 mL cold 25 mM sodium borate buffer (pH 8.8) containing 2 mM
β-mercaptoethanol and 0.5 g polyvinylpyrrolidone. The homogenate was centrifuged
(Scan Speed 1730R, Scala Scientific, Ede, The Netherlands) for 20 min at 16,000× g at 4 ◦C,
and the supernatant was used as an enzyme source to determine the PAL activity.

PAL activity was determined by the production of cinnamate at 37 ◦C for 1 h; the
absorbance was measured at 290 nm [29]. The assay mixture comprised 1 mL of enzyme
extract and 2 mL of 50 mM sodium borate buffer (pH 8.8). The reaction started with 1 mL
of 20 mM L-phenylalanine added and incubated at 37 ◦C for 1 h. Then, the reaction was
stopped by adding 1 mL of 1 M HCl. The blank assay was performed with a mixture
containing L-phenylalanine at zero incubation time. One unit of PAL activity was defined
as the amount of enzyme that produced an absorbance increase of 0.01 at 290 nm per h [29].
The specific activity of the PAL enzyme was expressed as U/mg protein, where one unit of
enzyme activity was defined as the production of cinnamic acid and the increase of one
unit in absorbance per h. The activity of the enzyme was determined using the analytical
approximation as defined in the following equation (Equation (7)):

Unit enzyme activity (U/mL) = ∆A 270 nm/min Test − ∆A 270 nm/min Blank × 3 × df/19.73 × 0.1 (7)

3 = total sample volume (mL)
df = dilution factor (weight/volume 50 mg/2 mL = 25)
19.73 = mM extinction coefficient of trans-cinnamate at 270 nm
unit definition: one unit will deaminate 1.0 µM of L-phenylalanine to trans-cinnamate and
NH3 per minute at pH 8.5 at 30 ◦C.

The specific activity of the enzymes was expressed in U/mg protein as followed:
specific activity (U/mg protein) = unit activity (U/mL)/protein content (mg/mL) (Sigma
Prod. No. P-2126).

2.9.3. Determination of Peroxidase Activity

Extraction and assay of peroxidase activity (POD) were carried out based on the
combined procedure of Zhang and Raseetha [25,30], with minor modifications. A total of
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0.5 g of frozen tomato fruit pulp tissue was immediately ground by using a small ceramic
kitchen pestle and mortar for 30 s on ice and homogenized with 1 mL ice-cold 50 mM
phosphate buffer containing 1 M NaCl (pH 7.1). The mixture was centrifuged for 20 min at
16,000× g at 4 ◦C. The supernatant was then kept in an ice-water bath prior to the analysis.

The POD activity was determined based on the development of brown coloration
in the presence of H2O2, arising from the oxidation of guaiacol. A 20 µL sample extract
supernatant was well mixed in a clean cuvette with 1.7 mL 0.1 M sodium phosphate buffer
at pH 7.0 and 200 µL of 1 mM guaiacol. Then, the POD reaction was started by adding
100 µL 1.5% H2O2 v/v. The rate of absorbance rise at 485 nm was monitored for 3 min at
20 ◦C. The POD activity was expressed as U/mg protein by Kokkinakis and Ogola [31,32],
as follows (Equation (8)):

Unit activity (U/mL) = (∆OD/min × V × D)/(26.6 × d × v) (8)

where ∆OD/min = the increase in absorbance at 485 nm/min, V = total amount of reaction
mixture (2 mL), D = enzyme dilution factor, 26.6 = mM extinction coefficient of guaiacol at
485 nm, d = light path length (cm) and v = volume of enzyme sample (0.02 mL)

The extinction coefficient was calculated using Beer-Lambert law (ε = A/Lc): ε = extinction
coefficient, A = absorption, L = path length (the thickness of the solution) and c = concen-
tration of the solution.

The specific activity of the enzymes was expressed in U/mg protein, as follows
(Equation (9)):

Specific activity (U/mg protein) = Unit activity (U/mL)/Protein content (mg/mL) (9)

2.9.4. Determination of Polyphenol Oxidase Activity

Polyphenol oxidase (PPO) activity was determined based on changes in the color
intensity of catechol oxidation, as described in the methods of Indunil and Mishra [33,34].
The extracted POD supernatant was used as the source of the enzyme, which was held
at −20 ◦C. In brief, 200 µL of 0.01 M catechol was supplemented to start the reaction.
The absorbance changes were recorded at 495 nm for 1 min. The PPO specific activity
was determined by expressing PPO enzyme specific activity (U/mg protein) using the
following equation (Equation (10)):

Unit activity (U/mL) = (∆OD/min × V × D)/(11.3 × d× v) (10)

where ∆OD/min = the change in absorbance at 485 nm/min, V = total volume of reaction
mixture (2.00 mL), D = enzyme dilution factor, 11.3 = mM extinction coefficient of catechol,
d = light path length (1 cm) and v = volume of enzyme sample (0.2 mL)

The extinction coefficient was calculated by the Beer-Lambert law (ε = A/Lc): ε = extinc-
tion coefficient, A = absorption, L = path length (the thickness of the solution) and c =
concentration of the solution.

The specific activity of the enzymes was expressed in U/mg protein, as follows
(Equation (11)):

Specific activity (U/mg protein) = Unit activity (U/mL)/Protein content (mg/mL) (11)

2.10. Experimental Design and Statistical Analysis

The experiments were carried out using a completely randomized design (CRD), with
eight coating treatments and four replications (Figure 2). The data obtained were analyzed
using analysis of variance (ANOVA), and mean comparisons were performed using the
least significant difference (LSD) at the significance level of p ≤ 0.05. All the analyses
were conducted using statistical analysis software (SAS) version 9.4 (SAS Institute Inc.,
Cary, NC, USA). The data in percent were transformed using a square root transformation
before determining the significance level using LSD (Gomez and Gomez 1984). Pearson’s
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coefficients correlation were conducted to correlate the determined variables. The entire
experiment was repeated four times, and the data were pooled before analysis. However,
the positive control fruit could no longer be used for analysis after day 12 due to high
disease severity and decay.

Figure 2. Schematic diagram of eight coating treatments used for Fusarium oxysporum inoculated tomato fruit stored for
15 days at 26 ± 2 ◦C and 60 ± 5% relative humidity.

3. Results
3.1. Disease Incidence and Diseases Severity

Table 2 shows that there was a significant interaction between coating treatments and
storage day on the DS of tomato fruit.

Figure 3 shows that the incidence of the disease appeared after 6 days of storage,
except the fruit treated with 1.5% chitosan + 15 mM vanillin. By storage day 9, DI in fruit
treated with 1% chitosan + 15 mM vanillin and 1.5% chitosan + 15 mM vanillin remained
low as compared to the negative and positive control fruit and those coated with 0.5%
chitosan + 10 mM vanillin, 1% chitosan + 10 mM vanillin, 1.5% chitosan + 10 mM and 0.5%
chitosan + 10 mM vanillin. This trend continued until storage day 15. At the end of storage,
all fruit was severely infected by the disease, but the fruit treated with 1% chitosan + 15 mM
vanillin and 1.5% chitosan + 15 mM vanillin showed lower incidence than other treatments.

Figure 4 shows that the DS appeared after 6 days of storage, except for the fruit treated
with 1.5% chitosan + 15 mM vanillin. By storage day 9, disease severity in fruit treated
with 1% chitosan + 15 mM vanillin and 1.5% chitosan + 15 mM vanillin was lower than the
negative and positive control fruit and those coated with 0.5% chitosan + 10 mM vanillin,
1% chitosan + 10 mM vanillin, 1.5% chitosan + 10 mM vanillin and 0.5% chitosan + 15 mM
vanillin. This trend continued until 15 days of storage. At the end of storage, all fruit were
severely infected by the disease, but the fruit treated with 1% chitosan + 15 mM vanillin
and 1.5% chitosan + 15 mM vanillin showed lower DS than other treatments.

From the Pearson’s correlation analysis, there was strong significant positive correla-
tion between disease incidence and severity (r = 0.94) (Table 3).
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Table 2. Main and interaction effects of different coating treatments and storage days on disease
incidence and severity of Fusarium oxysporum inoculated tomato fruit stored at 26± 2 ◦C and 60 ± 5%
relative humidity for 15 days.

Factor Disease Incidence (%) Disease Severity (%)

Treatment - -
Negative control 37.50 ab z 40.83 ab
Positive control 44.44 a 50.83 a

0.5% chitosan + 10 mM vanillin 38.19 ab 38.33 b
1% chitosan + 10 mM vanillin 31.25 b 26.66 cd

1.5% chitosan + 10 mM vanillin 32.63 b 22.50 d
0.5% chitosan + 15 mM vanillin 31.25 b 34.16 bc
1.0% chitosan + 15 mM vanillin 9.02 c 11.66 e
1.5% chitosan + 15 mM vanillin 6.94 c 9.16 e

Storage day - -
0 0.00 e 0.00 e
3 0.00 e 0.00 e
6 14.06 d 16.87 d
9 31.16 c 36.25 c
12 54.68 b 51.25 b
15 75.52 a 71.25 a

Interaction
Treatment × Storage day ** **

z Mean values in a column followed by different letters indicate significant difference according to LSD at p < 0.05.
** Highly significant at p ≤ 0.05 (n = 24).

Figure 3. Effects of coating treatment on disease incidence of Fusarium oxysporum in tomato fruit stored for 15 days at
26 ± 2 ◦C and 60 ± 5% relative humidity. Mean values in a column followed by different letters for each storage day
differed significantly by LSD at p ≤ 0.05. Vertical bars indicate standard error of means. Prior to analysis, the data were
square root transformed, while non-transformed means are shown (n = 24).

3.2. Total Phenolic Content

There were significant interaction effects of treatment and storage day on the total
phenolic content (TPC) of tomato fruit during storage (Table 4).

Figure 5 shows that coating treatment and storage day affected the total phenolic
content of tomato fruit. By storage day 3, the fruit treated with 1% chitosan + 15 mM vanillin
and 1.5% chitosan + 15 mM vanillin continued to have lower TPC than other treatments.
However, at storage day 6, there was no significant difference among treatments. By storage
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day 9, fruit treated with 1% chitosan + 15 mM vanillin and 1.5% chitosan + 15 mM vanillin
obviously had lower TPC than positive and negative control fruit and those treated with
0.5% chitosan + 10 mM vanillin, 1% chitosan + 10 mM vanillin, 1.5% chitosan + 10 mM vanillin
and 0.5% chitosan + 15 mM vanillin. This trend continued until the end of storage day 15.

Figure 4. Effects of coating treatment on disease severity of Fusarium oxysporum in tomato fruit stored for 15 days at
26 ± 2 ◦C and 60 ± 5% relative humidity. Mean values in a column followed by different letters for each storage day
differed significantly by LSD at p ≤ 0.05. Vertical bars indicate standard error of means. Prior to analysis, the data were
square root transformed, while non-transformed means are shown (n = 24).

Table 3. Pearson’s correlation coefficients for disease incidence and severity of Fusarium oxysporum
inoculated tomato fruit stored at 26 ± 2 ◦C and 60 ± 5% relative humidity for 15 days.

Disease Incidence Disease Severity

Disease incidence - -
Disease severity 0.94 ** -

** Significant correlation at p ≤ 0.05 and p ≤ 0.01 (n = 24).

Table 4. Main and interaction effects of different coating treatments and storage days on antioxidant
capacity of Fusarium oxysporum inoculated tomato fruit stored at 26 ± 2 ◦C 60 ± 5% relative humidity
for 15 days.

Factor Total Phenolic Content
(mg GAE/100 g FW)

FRAP
(mM TE/g FW)

ABTS
(% Inhibition)

Treatment - - -
Negative control 48.08 a z 1615.98 a 37.99 a
Positive control 51.61 a 1562.32 a 40.22 a

0.5% chitosan + 10 mM
vanillin 48.31 a 1639.26 a 36.32 ab

1% chitosan + 10 mM
vanillin 47.98 a 1655.78 a 36.81 ab

1.5% chitosan + 10 mM
vanillin 43.86 b 1418.87 b 34.23 b

0.5% chitosan + 15 mM
vanillin 46.38 ab 1567.28 a 36.69 ab

108



Coatings 2021, 11, 367

Table 4. Cont.

Factor Total Phenolic Content
(mg GAE/100 g FW)

FRAP
(mM TE/g FW)

ABTS
(% Inhibition)

1.0% chitosan + 15 mM
vanillin 36.64 c 1315.24 c 29.82 c

1.5% chitosan + 15 mM
vanillin 34.88 c 1287.16 c 28.60 c

Storage day - - -
0 33.65 c 1703.27 b 31.89 b
3 34.11 bc 1625.36 b 29.14 c
6 42.11 b 1668.51 b 33.15 ab
9 44.51 a 1256.06 c 34.76 ab

12 43.57 a 1002.46 d 37.48 a
15 47.88 a 1994.8 a 39.80 a

Interaction
Treatment × Storage day ** ** *

z Mean values in column followed by different letters indicate significant difference according to LSD at p < 0.05,
* significant at p ≤ 0.05, ** significant at p ≤ 0.05, ns non-significant at p ≤ 0.05 (n = 24).

Figure 5. Effects of coating treatment on total phenolic content in Fusarium oxysporum inoculated tomato fruit stored for
15 days at 26 ± 2 ◦C and 60 ± 5% relative humidity. Mean values in a column followed by different letters for each storage
day differed significantly by LSD at p ≤ 0.05. Vertical bars indicate standard error of means (n = 24).

3.3. Antioxidant Capacity (FRAP and ABTS)

Table 4 indicates that there were highly significant interaction effects between coating
treatments and storage duration of tomato fruit on the FRAP. At day 3, Figure 6 shows
fruit coated with 1.5% chitosan + 10 mM vanillin, 1% chitosan + 15 mM vanillin and 1.5%
chitosan + 15 mM vanillin had lower FRAP than positive and negative control fruit and
also those coated with 0.5% chitosan + 10 mM vanillin, 1% chitosan + 10 mM vanillin
and 0.5% chitosan + 15 mM vanillin. By day 6, fruit with 0.5% chitosan + 15 mM vanillin
and 1% chitosan + 10 mM vanillin had greater FRAP than other fruit. Nevertheless, at
day 9, there was no significant difference among treatment on fruit FRAP. This trend
continued until day 12. By day 15 fruit coated with 1% chitosan + 15 mM vanillin and 1.5%
chitosan + 15 mM vanillin had lower FRAP than negative control fruit and those coated
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with 0.5% chitosan + 10 mM vanillin, 1% chitosan + 10 mM vanillin, 1.5% chitosan + 10 mM
vanillin and 0.5% chitosan + 15 mM vanillin.

Figure 6. Effects of coating treatment on FRAP in Fusarium oxysporum inoculated tomato fruit stored for 15 days at 26 ± 2 ◦C and
60 ± 5% relative humidity. Mean values in a column followed by different letters in each storage day differed significantly
by LSD at p ≤ 0.05. Vertical bars indicate standard error of means (n = 24).

The interaction was significant between treatments and storage days in tomato fruit
ABTS, 2, 2-azino-bis (3-ethylbenzthiazoline-6-sulfonic acid) (Table 4). According to the
results as shown in Figure 7, there was no significant difference in ABTS among treatment
at day 0. By storage day 3, fruit treated with 1.5% chitosan + 10 mM vanillin and 1.5%
chitosan + 15 mM vanillin showed lower ABTS radical scavenging capacity than other
treatments. At day 6, fruit coated with 1% chitosan + 15 mM vanillin and 1.5% chitosan + 15 mM
vanillin had lower ABTS radical scavenging capacity than the control fruit and those treated
with 0.5% chitosan + 10 mM vanillin, 1% chitosan + 10 mM vanillin, 1.5% chitosan + 10 mM
vanillin and 0.5% chitosan + 15 mM vanillin. A similar trend was found in fruit stored for
9, 12 and 15 days.

There was a significant positive correlation between antioxidant (TPC) and antioxidant
capacity (ABTS and FRAP) in tomato fruit treated with chitosan and vanillin during entire
storage. From Pearson’s correlation analysis, there was a significant positive correlation
between TPC and ABTS (r = 0.53) and FRAP (r = 0.76). There was also a significant positive
correlation between FRAP and ABTS (r = 0.62) (Table 5).

3.4. Defense-Related Enzyme (PAL, PPO and POD) Activity

In the present study, there were significant interaction effects between coating treat-
ments and storage days in PAL, PPO and POD activities of tomato fruit (Table 6).

Figure 8 shows that there were no significant changes in PAL enzyme activity among
treatments at day 0. At storage day 3, the activity of the enzyme dropped slightly in
all fruit. However, by day 3, fruit treated with 1% chitosan + 15 mM vanillin and 1.5%
chitosan + 15 mM vanillin showed lower PAL activity than positive and negative control
fruit and also those coated with 0.5% chitosan + 10 mM vanillin, 1% chitosan + 10 mM
vanillin, 1.5% chitosan + 10 mM vanillin and 0.5% chitosan + 15 mM vanillin. This trend
continued until the end of storage day 15.
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Figure 7. Effects of coating treatment on ABTS in Fusarium oxysporum inoculated tomato fruit stored for 15 days at 26 ± 2 ◦C
and 60 ± 5% relative humidity. Mean values in a column followed by different letters for each storage day differed
significantly by LSD at p ≤ 0.05. Vertical bars indicate standard error of means (n = 24).

Table 5. Pearson’s correlation coefficients for TPC, DPPH, ABTS and FRAP of Fusarium oxysporum
inoculated tomato fruit stored at 26 ± 2 ◦C and 60 ± 5% relative humidity during 15 days of storage.

TPC ABTS FRAP

TPC - - -
ABTS 0.53 ** - -
FRAP 0.76 ** 0.62 ** -

TPC = Total phenolic content, DPPH = 2,2-diphenyl-1-picrylhydrazyl, ABTS = 2,2′-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid) and FRAP = ferric reducing antioxidant power. ** Significant
correlation at p ≤ 0.05 and p ≤ 0.01 (n = 24).

Table 6. Main and interaction effects of different coating treatments and storage days on defense-
related enzyme activity of Fusarium oxysporum inoculated tomato fruit stored at 26 ± 2 ◦C and
60 ± 5% relative humidity for 15 days.

Factor PAL Specific Activity
(U/mg protein)

PPO Specific Activity
(U/mg protein)

POD Specific Activity
(U/mg protein)

Treatment - - -
Negative control 0.48 ab z 0.64 b 1.04 ab
Positive control 0.53 a 0.78 a 1.10 a

0.5% chitosan + 10 mM
vanillin 0.46 ab 0.66 ab 1.06 ab

1% chitosan + 10 mM
vanillin 0.43 b 0.58 c 1.01 ab

1.5% chitosan + 10 mM
vanillin 0.39 c 0.64 b 1.04 ab

0.5% chitosan + 15 mM
vanillin 0.46 ab 0.58 c 0.96 bc

1.0% chitosan + 15 mM
vanillin 0.35 d 0.52 d 0.86 c

1.5% chitosan + 15 mM
vanillin 0.34 d 0.54 d 0.91 c

Storage day - - -
0 0.45 ab 0.49 d 0.74 d
3 0.46 ab 0.55 c 1.05 b
6 0.42 b 0.52 cd 0.87 c
9 0.45 ab 0.73 b 0.93 bc
12 0.48 a 0.72 b 1.24 a
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Table 6. Cont.

15 0.58 a 0.84 a 1.57 a
Interaction

Treatment × Storage day ** ** **

z Mean values in a column followed by different letters indicate significant difference according to LSD at p < 0.05.
** Highly significant at p ≤ 0.05 (n = 24).

Figure 8. Effects of coating treatment on PAL specific activity in Fusarium oxysporum inoculated tomato fruit stored for
15 days at 26 ± 2 ◦C and 60 ± 5% relative humidity. Mean values in a column followed by different letters for each storage
day differed significantly by LSD at p ≤ 0.05. Vertical bars indicate standard error of means (n = 24).

Figure 9 shows that the PPO enzyme activity of tomato fruit at storage day 6 that
was treated with 1% chitosan + 15 mM vanillin and 1.5% chitosan + 15 mM vanillin had
lower PPO activity than positive and negative control fruit and also those coated with 0.5%
chitosan + 10 mM vanillin, 1% chitosan + 10 mM vanillin, 1.5% chitosan + 10 mM vanillin
and 0.5% chitosan + 15 mM vanillin. This trend continued until the end of storage day 15.

Figure 10 exhibits POD enzymes activity of tomato fruit increased slightly as storage
day advanced to 3. Nevertheless, fruit treated with 1% chitosan + 15 mM vanillin and
1.5% chitosan + 15 mM vanillin shows lower POD activity than other treatments. By storage
day 6, fruit coated with 1.5% chitosan + 10 mM vanillin, 1% chitosan + 15 mM vanillin
and 1.5% chitosan + 15 mM vanillin shows lowest POD activity as compared to others
treatment. This trend continued for the rest of storage day 15, however, the POD enzymes
activity increased slightly in all treated fruit after 9 day of storage.

There was a significant correlation among defense-related enzymes. Pearson’s correla-
tion analysis shows that there was a highly significant positive correlation between PAL
and PPO (r = 0.82), intermediate correlation of PAL and POD (r = 0.74) and intermediate
correlation between POD and PPO (r = 0.67) (Table 7).

Table 7. Pearson’s correlation coefficients for disease incidence and severity of Fusarium oxysporum
inoculated tomato fruit stored at 26 ± 2 ◦C and 60 ± 5% relative humidity for 15 days.

PAL PPO POD

PAL - - -
PPO 0.82 ** - -
POD 0.74 ** 0.67 ** -

PAL = Phenylalanine ammonia-lyase, POD = Peroxidase and PPO = Polyphenoloxidase. ** Significant correlation
at p ≤ 0.05 and p ≤ 0.01 (n = 24).
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Figure 9. Effects of coating treatment on PPO specific activity in Fusarium oxysporum inoculated tomato fruit stored for
15 days at 26 ± 2 ◦C and 60 ± 5% relative humidity. Mean values in a column followed by different letters for each storage
day differed significantly by LSD at p ≤ 0.05. Vertical bars indicate standard error of means (n = 24).

Figure 10. Effects of coating treatment on POD specific activity in Fusarium oxysporum inoculated tomato fruit stored for
15 days at 26 ± 2 ◦C and 60 ± 5% relative humidity. Mean values in a column followed by different letters for each storage
day differed significantly by LSD at p ≤ 0.05. Vertical bars indicate standard error of means (n = 24).
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4. Discussion
4.1. Disease Incidence and Severity

The present study revealed that disease incidence and severity increased as the storage
period advanced, while the coating significantly affected the percentage of disease incidence
and severity during the storage period. As the storage days progressed, the control fruit
and those treated with a low concentration of chitosan and vanillin showed more severe
infection. In contrast, fruit coated with a high concentration of chitosan and vanillin had
an inhibited progression of the disease in tomato fruit, as seen in Figures 3 and 4. Most
probably, the chitosan coating formed a semi-permeable film around the fruit; this thin film
could inhibit the growth of pathogens by disturbing the cell membrane of the pathogen
that causes intracellular leakage and finally cell death. In addition, the chitosan coating
can enhance the epidermal structure of fruit and limit the spread of the pathogens. Abebe
and Mohammed [16,35] expressed that the coating could assist the cell wall in retaining its
integrity against fungal attack and help in delaying pathogenic infection. This result was in
agreement with the findings of Chen [36], where disease incidence and severity were lower
in 1.5% chitosan-coated navel oranges than 0.5% chitosan when stored for 120 days at
5± 0.5 ◦C and 85–90% RH. Sikder [37] found that disease incidence and severity of bananas
coated with 1% chitosan were lower as compared to 0.5% chitosan during 12 days storage
at 28 ± 2 ◦C. In papayas, 1% chitosan significantly reduced anthracnose disease incidence
and severity by 80% as compared to 0.05% chitosan when stored for 14 days at 13.5 ◦C
and 96% RH [38]. In the present study, the barrier formed by the higher concentration of
coating could have inhibited the growth of pathogens and slowed down the ripening and
senescence process of tomato fruit, and therefore the disease incidence and severity were
lesser in this fruit.

From the Pearson’s correlation analysis, there was strong significant positive correla-
tion between disease incidence and severity (r = 0.94) (Table 3). This was in agreement with
Rashid [39], who found high correlation between disease incidence and severity (r = 0.91)
in papaya fruit during 15 days of storage. In line with this study, Hossain [40] also found
highly significant positive correlation between disease incidence and severity (r = 0.89)
in banana fruit that was coated with 0.5, 0.75 and 1% chitosan and stored at 26 ± 2 ◦C
and 85 ± 5% RH for 4 days. It is clear that disease incidence is a main contributor to
disease severity.

4.2. Total Phenolic Content

Phenolic compounds, or secondary metabolites, are widely distributed in plants. They
are particularly involved in plant defense against ultraviolet radiation and aggression
by a pathogen [41]. Phenolic compounds are probably the most important candidates
contributing to the antioxidant properties of plants and are associated with the scavenging
of free radicals, breaking radical chain reactions, and chelating metals [42]. In this study,
coating treatments had a significant effect on total phenolic content over the entire storage
period. Their interaction effect was significant between treatment and storage day on
the TPC of tomato fruit (Figure 5). In general, fruit treated with higher concentrations of
chitosan and vanillin had lower TPC than those coated with low concentrations of chitosan
and vanillin. However, Figure 3 illustrates that fruit treated with 1.5% chitosan + 15 mM
vanillin had 25.5% lower TPC as compared to fruit coated with 0.5% chitosan + 1 mM
vanillin at the end of storage day 15.

This lower TPC might be because the control fruit and those coated with low con-
centrations of chitosan ripened faster, and the phenolic compounds might have reacted
with other compounds. It also appeared that the rise in phenolic levels may be due to
biotic stresses, degradation of cells, and senescence [43]. In agreement with this study
Munhuweyi [10] reported that pomegranate fruit coated with 1.5% chitosan had 36% lower
total phenolic content when stored for 14 days at 4 ◦C as compared to fruit coated with
0.5% chitosan. In line with this study, previous researchers reported that a 1.5% chitosan
coating caused a greater reduction in TPC as compared to fruit coated with 0.5% chitosan,
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as found in sweet cherries [44], cut pineapple [45] and blueberries [46]. In the current study,
the film created by the higher concentrations of coating slowed down the ripening and
senescence process and suppressed abiotic stress in the fruit, modifying its metabolism and
resulting in lower TPC.

4.3. Antioxidant Activity and Capacity

A number of assays have been introduced for the measurement of the total antioxidant
activity of fruit [47]. In recent years, a wide range of spectrophotometric assays has been
adopted to measure the antioxidant capacity of foods. The most popular are 2,2′-azino-bis-
3-ethylbenzthiazoline-6-sulphonic acid (ABTS), 2, and ferric reducing antioxidant power
(FRAP) [48]. Most of the assays employ the same principle: a synthetic colored radical or
redox-active compound is generated, and the ability of a biological sample to scavenge the
radical or to reduce the redox-active compound is monitored by a spectrophotometer.

Figure 6 shows that fruit coated with 1.5% chitosan + 15 mM vanillin had 30.45%
lower FRAP than fruit coated with 0.5% chitosan + 10 mM vanillin at the end of storage
day 15. The lower FRAP in tomato fruit coated with a higher concentration of chitosan
and vanillin might be due to the formation of a protective barrier on the surface of fresh
fruit that inhibits and reduces fruit antioxidant activity. Many researchers have reported
that FRAP decreases during storage when fruit is coated using higher concentrations of
chitosan, as occurred in pomegranates [49], strawberries [50] and tomatoes [51].

Figure 7 shows the ABTS of tomato fruit decreased as the concentration of chitosan
and vanillin increased, while advancement of storage day increased its ABTS. Tomato
fruit coated with 1.5% chitosan + 15 mM vanillin showed 19.66% lower ABTS than fruit
coated with 0.5% chitosan + 10 mM vanillin. In line with this study, Martínez found that
strawberry fruit coated with 1.5% chitosan had lower ABTS than fruit coated [52] with
0.5% chitosan during 15 days of storage. Most probably, the barrier formed by the higher
concentration of coating delayed the senescence process and reduced decay in tomato fruit,
and thus ABTS was lower in this fruit.

From Pearson’s correlation analysis, there was a significant positive correlation be-
tween TPC and ABTS (r = 0.53) and FRAP (r = 0.76). There was also a significant positive
correlation between FRAP and ABTS (r = 0.62) (Table 5). This was in agreement with
Sushant et al. (2019) who found highly positive correlation between TPC and DPPH
(r = 0.75) in Cassia tora plant. Similar result was also reported by Floegel et al. (2011) that
there was highly significant in apple fruit that the correlation between TPC and DPPH
(r = 0.89), highly significant correlation TPC and ABTS (r = 0.94) and strong significant
correlation of TPC and FRAP (r = 0.70). In line with this study, Fu et al. (2010) also
found highly significant positive correlation between TPC and antioxidant capacity (FRAP)
(r = 0.79) in Ficus benjamina. The finding of this study indicated that TPC is the major
contributor for tomato fruit antioxidant capacity.

4.4. Effects of Coating on the Activity of Defense-Related Enzymes (PAL, PPO and POD)

PAL, PPO and POD are among the most important enzymes having defensive re-
sponses in plants against insects and pathogens [53]. PAL is a key enzyme in the metabolism
of phenols that protect plants against stress conditions [54]. There was a significant inter-
action effect between treatment and storage day on tomato fruit defensive enzyme PAL
activity (Figure 8). At the end of storage day 15, PAL activity of fruit coated with 1.5%
chitosan + 15 mM vanillin was 44.18% lower than those coated with 0.5% chitosan + 10 mM
vanillin. A study by Zhan and Zhu [55] found that the PAL activity of water caltrop fresh
fruit (Trapa natans L.) coated with 1% and 2% chitosan was lower than those coated with
0.5% chitosan during 15 days of storage at 4 ± 1 ◦C and 80%–85% RH. Previous researchers
also reported that jujube fruit (Ziziphus jujuba Mill.) [56] and tomato fruit [57] with 1.5%
chitosan coating had lower PAL activity than those coated with 0.5%. In the present study,
the layer created by the higher concentration of coating most probably reduced ethylene
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production rate and thus slowed down the ripening and senescence process of tomato fruit,
leading to low PAL activity.

PPO is a key defense enzyme against pathogen reaction through the oxidation of
polyphenols into quinines, which have antimicrobial activity and also strengthen the
resistance of plant cells during microbial attack [27,58]. Figure 9 shows that, at storage
day 15, the PPO activity of tomato fruit coated with 1.5% chitosan + 15 mM vanillin was
21.4% lower than the PPO activity of fruit coated with 0.5% chitosan + 10 mM vanillin.
In agreement with this study, Minh [59] found the PPO activity of fresh mushrooms
coated in 1.5% chitosan was lower than those coated with 0.5% chitosan. A study by
Ghasemnezhad [49] demonstrated that PPO activity in pomegranate fruit coated with
1% chitosan was lower than those coated with 0.5% chitosan. A similar finding was
also reported in litchi fruit [60] and tomato fruit [61] during storage. The reduction of
PPO activity in high concentration chitosan coated tomato fruit might be due to low
respiration and ethylene production rates, reducing disease attack and slowing ripening
and senescence processes.

POD is one of the enzymes expressed in different stimuli, including pathogenic
challenges, and has important roles in pathogenesis, oxidative burst, and resistance to
infection [62]. As the storage day of tomato fruit advanced, fruit POD activity increased; in
contrast, as the concentration of chitosan and vanillin coating increased, the POD activity
decreased (Figure 10). However, fruit coated with 1.5% chitosan + 15 mM vanillin had
40.9% lower POD activity than fruit coated with 0.5% chitosan + 10 mM vanillin at the end
of storage day 15. In line with this study, Ismail [63] found that fresh green beans coated
with 1.5% chitosan had lower POD than those coated with 0.5% chitosan stored at 4 ◦C
and 85%–90% RH for 28 days. In agreement with this study, previous researchers reported
that 1.5% chitosan had lower POD in fruit than those coated with 0.5% chitosan, as found
in tomato fruit [5], mushrooms [60] and strawberries [50]. In the current study, the film
formed by the higher concentration of coating reduced disease attack and cell structure
damaged by the pathogen and also slowed down respiration rate, ripening and senescence
processes of tomato fruit; thus POD activity was lower in this fruit.

Pearson’s correlation analysis shows that there was a highly significant positive
correlation between PAL and PPO (r = 0.82), intermediate correlation of PAL and POD
(r = 0.74) and intermediate correlation between POD and PPO (r = 0.67) (Table 7). The result
was in agreement with Adiletta [64], who found higher correlation between PPO and POD
(r = 0.79) in loquat fruit coated with 1% chitosan and stored at 7 ◦C for 21 days. In line
with this study, Pasquariello [65] also found a highly positive correlation between PPO and
POD (r = 0.87) and PPO and PAL (r = 0.71) in strawberry fruit coated with 1% chitosan
stored at 2 ◦C and 95% RH for 14 days. This result indicated that defense-related enzymes
such as PAL, PPO and POD are the main contributor to the oxidation of polyphenols into
quinines, which strengthen the resistance of the plant cells during microbial attack.

5. Conclusions

The chitosan and vanillin coating could be considered as a commercial application to
improve shelf life and maintain tomato fruit quality during storage at a room temperature
of 26 ± 2 ◦C and at 60 ± 5% RH. The present findings show that chitosan and vanillin
coating can effectively inhibit postharvest diseases in tomato fruit by controlling the disease
incidence and severity as well as by keeping constant the defense-related enzyme activity.
Furthermore, chitosan and vanillin consistently maintain the antioxidant activity and
capacity. Our results suggest that a chitosan and vanillin coating of 1.5% chitosan + 15 mM
vanillin formed a protective layer on fruit surfaces that helped to inhibit disease occurrence,
slowing down the ripening and senescence processes in tomato fruit. As a result, tomato
fruit effectively stored under 26 ± 2 ◦C and 60 ± 5% RH for 15 days, even inoculated with
Fusarium oxysporum.
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Abstract: Application of hydrophobic coatings, such as carnauba wax nanoemulsions, combined
with natural antimicrobials, has been demonstrated to be an effective solution in extending the
shelf life of fruits. The present study evaluated the effectiveness of carnauba wax nanoemulsion
(CWN) coatings containing free or encapsulated with β-cyclodextrin (β-CD) essential oils of Syzigium
aromaticum (CEO) and Mentha spicata (MEO) for the post-harvest conservation of papaya fruit. The
chemical composition of the essential oils (EOs) was analyzed using GC-MS. Subsequently, coatings
incorporating free and encapsulated EOs were prepared and applied to papaya fruit. Fruit was
evaluated for post-harvest quality parameters during 15 days of storage. Clove essential oil presented
as main compounds eugenol (89.73%), spearmint and carvone (68.88%), and limonene (20.34%). The
observed reduction in weight loss in coated fruit can be attributed to the formation of a physical
barrier provided by the coating. Compared to the control group, which experienced the highest
weight loss of 24.85%, fruit coated with CWN and CWN-MEO:β-CD exhibited significantly lower
weight loss percentages of only 5.78% and 7.5%, respectively. Compared to the control group, which
exhibited a release of ethylene at a rate of 1.3 µg kg−1 h−1, fruit coated with CWN, CWN-MEO:β-CD,
and CWN-MEO coatings demonstrated a lower ethylene release rate at 0.7 µg kg−1 h−1. Although
the physical-chemical properties of papayas, including pH, Brix, titratable acidity, color, and texture,
remained largely unchanged during storage with the coatings, analysis of incidence and severity of
papaya post-harvest deterioration revealed that coatings containing essential oils effectively acted as
antifungals in the fruit. Microscopy images showed that CWN and CWN-MEO:β-CD coatings are
more uniform compared to the others. The edible coatings, especially CWN and CWN-MEO: β-CD,
can act as antimicrobial coatings on papaya fruit, increasing their conservation during post-harvest
storage.

Keywords: natural antifungal compounds; post-harvest; preservative; hydrophobic coatings

1. Introduction

Currently there is a higher demand for healthy foods without synthetic preservatives
by consumers [1]. Furthermore, foods rich in vitamins such as fruit and vegetables are
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highly perishable and susceptible to microbial deterioration [2–4]. Natural antimicrobial
coatings have proven to be an excellent alternative to increase food shelf life [5,6].

Edible coatings based on lipids such as waxes and oils prevent the diffusion of water
vapor and decrease the respiration rate because of their hydrophobic character [7,8]. The
high rates of water loss and respiration in fruit lead to significant decreases in firmness,
crispness, and weight resulting from biochemical changes that accelerate the process of
deterioration [9,10].

Carnauba wax is extracted from the Brazilian palm tree Copernicia prunifera and is
recognized as generally recognized as safe (GRAS) by the FDA, and its use is authorized by
Anvisa, FAO-Food and Agriculture Organization of the United Nations, and the European
Union [7,11,12].

Carnauba wax hydrophobicity is due to the high content of fatty alcohols and long-
chain alkanes present in its structure [13], preventing water loss and also being described
with antifungal action [14]. Nanoemulsions, with particle diameters ranging from 10 to
100 nm, possess higher clarity and translucency compared to conventional emulsions as
their average size is smaller than the visible light wavelength (r << λ) [15,16]. Moreover,
decreasing the particle diameter offers a promising strategy for generating more thermody-
namically stable emulsions [17]. Previous studies have demonstrated that carnauba wax
nanoemulsion has great potential as a fruit coating material, capable of prolonging their
shelf life and imparting shine [7,12,18].

In order to impart antimicrobial properties to coatings, natural antimicrobial agents
such as essential oils have been incorporated [12]. Essential oils have also been considered
GRAS substances by the FDA since 2008 [19]. In addition to being hydrophobic, essential
oils have antimicrobial activity [20,21] which may vary depending on the composition of
the oil and species of microorganisms [22].

Syzigium aromaticum EO’s main compound is eugenol, showing antimicrobial, antiviral
and antioxidant activity [23,24]. On the other hand, for Mentha spicata, carvone is the main
one, which is also an antioxidant, and due to this bioactivity, it increased shelf life of fresh
meats [25]. The antimicrobial activity of carvone was proven in the study by [26] with the
inhibition of the growth of the fungus Colletotrichum gloeosporioides in papayas and with
antifungal action against Botrytis cinerea in plums [27].

Natural antimicrobials such as essential oils can be added directly to foods, acting as
biopreservatives [28–30]. However, the effectiveness of these bioactive compounds can be
impaired by their high volatility and they are prone to degradation caused by exposure
to light, high temperatures, and the presence of oxygen [22,31]. In addition, essential oils
have low solubility in water and a very intense aroma that can interfere with the sensory
attributes of the food to which they are applied [32,33]. Encapsulation of essential oils
offers potential solutions to overcome several challenges, including enhanced stability and
protection, better control over compound release, reduced intensity of flavors and odors,
prolonged shelf life, and improved bioavailability and palatability of the encapsulated
materials [34].

Several studies have investigated the antibacterial properties of green mint nanoemul-
sions [35], while others have explored the antifungal potential of essential oil nanoemulsions
containing thymol and were incorporated into quinoa and chitosan films [36]. However,
there is a scarcity of research focused on nanoemulsions containing encapsulated clove and
mint oils despite their notable antifungal activity and potential to provide a safer and more
natural alternative to conventional antifungal agents.

The primary objective of this study was to assess the effectiveness of edible coat-
ings composed of nanoemulsions containing carnauba wax, S. aromaticum, and M. spicata
essential oils in preserving papayas. A post-harvest quality evaluation was conducted
to determine the impact of free and encapsulated essential oils in the coatings on the
retardation of fruit ripening and deterioration.
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2. Materials and Methods
2.1. Materials

A sample of Carnauba wax type I with 99% purity and CAS No.: 8015-86-9 was
obtained from Pontes Indústria de Cera in Fortaleza, CE, Brazil. MEO and CEO were
acquired from Laszlo Aromaterapia in Belo Horizonte, MG, Brazil. Papaya fruit of the
cultivar THB from the solo group were transported from a commercial farm in Bahia State
to the postharvest laboratory at Embrapa Instrumentação in São Carlos, SP, where they
were sanitized using a specialized fruit detergent and chlorine dioxide. Only papayas that
lacked standard defects, met size requirements, and were at stage 1 of maturation (with
less than 15% of their skin surface covered in yellow) were selected for the study [37].

2.2. Essential Oil Composition

A qualitative analysis of essential oils (EOs) was conducted via gas chromatography
using a Shimadzu (GC-2010 Plus, Kyoto, Japan) coupled with a quadrupole mass spectrom-
eter (GC-MS). A non-polar DB-5MS capillary column (30 m × 0.25 mm, i.d. × 0.25 µm)
was used for gas chromatography analyses with helium as the carrier gas at a flow rate of
1 mL/min. Essential oil samples were diluted in dichloromethane (10% v/v) and injected
(1 µL) in a split mode (1:50). The chromatographic conditions were as follows: injector
temperature: 220 ◦C, oven temperature: 60 to 240 ◦C at 3 ◦C/min; interface: 240 ◦C; ion
source: +70 eV, m/z: 35–350. The linear temperature programmed retention index (RI) was
calculated using an alkane solution (C7–C30). Identification of analytes was conducted by
comparing the RI and mass spectra obtained from the sample with mass spectra and RI of
the literature, with at least 85% similarity for the mass spectra and maximum variation in
RI of ± 10. The identification of analytes was confirmed by co-injection of authentic stan-
dards whenever available. Semi-quantitative analysis of essential oils (% relative area) was
performed using the flame ionization detector (GC-FID) in the same gas chromatography
system. All qualitative and semi-quantitative analyses were performed in triplicate.

2.3. Encapsulation of Essential Oils with β-Cyclodextrin

MEO:β-CD and CEO:β-CD microcapsules were prepared by the co-precipitation
method as reported [38]. The MEO:β-CD and CEO:β-CD ratios of 10:90 and 20:80 (% w/w),
respectively, were selected as these ratios provides the maximum inclusion of MEO or CEO
in β-CD according to previous tests. Obtained MEO:β-CD and CEO:β-CD microcapsules
were stored in a desiccator at 25 ◦C until use.

2.4. Edible Coating Preparation

A carnauba wax nanoemulsion (CWN) was prepared using an oil phase and water
phase via a high-pressure process with ammonia in a morpholine-free method adapted
for this study [39] in a high-pressure process. The diameter size of the CWN obtained
was 44.1 ± 7.6 nm with a narrow polydispersion index of 0.28 and a zeta potential of
−43.8 mV as measured by the Zetasizer Nano ZS (Malvern Instruments Inc., Westborough,
MA, USA) [40]. The incorporation of MEO and CEO free and microencapsulated, as
antimicrobial agents, was done by mixing the 1.0% concentration with CWN in a high-
speed mixer (UltraTurrax T25, IKA Werke GmbH & Co, Staufen, Alemanha) for 5 min at
5.000 rpm.

The coatings were applied to the fruit, which were randomly divided into 6 treatment
groups as follows: CWN (9% solid phase in suspension), CWN (9%) with MEO (1%), CWN
(9%) with CEO (1%), CWN (9%) with MEO:β-CD (1%), CWN (9%) with CEO:β-CD (1%),
and non-treated fruit as a control. The coatings were applied manually by pouring 1 mL of
the coating solution onto latex-gloved hands and then manually spreading it on sanitized
papayas. For non-destructive analyses, five papayas were used per treatment, and for
destructive analyses, ten papayas were used. The fruit was stored for 15 days at 16 ◦C and
a relative humidity of 70%. The quality attributes of the papayas were evaluated at the
beginning of the experiment (0 days) and after 5, 10, and 15 days of storage.
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2.5. Physicochemical Parameters of Papayas

The fruit weight loss was determined using the [41] standard method by measuring
the fruit weight on day 0 (start of the experiment) and on days 5, 10, and 15 of storage.
The percentage difference between the initial and final weight on each day was used to
calculate the weight loss.

The soluble solids (SS) content was measured with an Atago RX-5000cx digital refrac-
tometer (Tokyo, Japan) and expressed as Brix following the [41] standard method. The pH
of the samples was assessed using a PHS-3B digital pH meter following the same standard
method. The titratable acidity was determined using 0.1 N NaOH and phenolphthalein as
an indicator, and the results were expressed as g of citric acid per 100 g of fruit.

The color measurements were performed on the external surface of the fruit (on the
peel) with a Konica Minolta CR-400 colorimeter (Konica Minolta, Osaka, Japan) equipped
with a C illuminant using the CIELAB scale. Hue angle (h◦), chroma (C∗), and total color
difference (∆E) were calculated with Equations (1)–(3), respectively.

h
◦
= tan−1

(
b∗

a∗

)
(1)

C∗ = ((a∗)2 + (b∗)2)
1/2

(2)

∆E∗ =
√
(Lt∗ − Lt0∗)

2 + (at∗ − at0∗)
2 + (bt∗ − bt0∗)

2 (3)

where subscripts t and 0 correspond to parameters evaluated at time t and at the beginning
of the study, respectively.

The firmness of the fruit was assessed using a digital TA.XTplus Texture Analyzer
(Stable Micro Systems Ltd., Godalming, UK) equipped with a 6 mm diameter probe,
15 mm/s velocity, 5 mm penetration distance, and 12 mm2 contact area with the peel
removed. The results were reported in Newtons (N) and the mean value was calculated
based on three penetrations in the distal region of each fruit. All analyses were performed
in triplicate and the data were presented as mean ± standard deviation.

2.6. Respiration Rate and Ethylene of Papayas

The respiration rate was determined following the method described by [42], using
a respirometer (model 6600, Illinois Instrument, Inc., Johnsburg, IL, USA). Two papayas
were placed in 2000 mL glass containers with a silicone septum in the lids, which were
hermetically sealed. The concentrations of O2 and CO2 were measured at each time
point by suctioning air samples from the containers using a paramagnetic sensor and an
infrared sensor, respectively. Ethylene production was determined according to the method
described by [18]. Two papayas of the same treatment were packed in pairs in hermetic
glass jars with screw caps and held for 2 h. At the end of this period, 1 mL of the headspace
was collected through a rubber septum located on the cap. This volume was injected with
Varian Gas Chromatograph model CP 3800, with TCD/FID detectors, in order to detect
the peaks corresponding to ethylene. Results were expressed in µg·kg−1·h−1. All analyses
were carried out in triplicate, and the data were calculated as means ± standard deviations.

2.7. Scanning Electron Microscopy

Images of papaya peels with or without coating were determined according to [43]
by emission gun scanning electron microscopy (SEM-SEM JEOL JSM-6701F, Tokyo, Japan).
Surface and fracture micrographs of the fruit peel were obtained. Both were first dried and
then coated with gold. The accelerating voltage used for microscopy was 10 kV.

2.8. Decay Percentage and Severity on Papayas

The presence or absence of mold growth in papayas during storage was evaluated
visually, and any visible spoilage was considered as decay. The percentage of decay was
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determined based on the number of decayed papayas per treatment, with each treatment
having ten papayas. The severity of the disease in the fruit was assessed using a six-point
scale (0 = no symptoms; 1 = 1%–20% affected area; 2 = 21%–40%; 3 = 41%–60%; 4 = 61%–80%;
and 5 = 81%–100%) and was used to evaluate the antifungal activity of the treatments [12].

2.9. Statistical Analysis

Data were described using means and standard deviations and comparison of means
was performed by parametric analysis of variance and Duncan’s multiple comparisons
test or non-parametric ANOVA and Kruskal–Wallis multiple comparisons test, depending
on the homogeneity condition of variance, verified by the Bartlett test, or the level of
measurement of the response variable. The significance level was set at 5% and the software
used for the analyses was R version 4.2.2.

3. Results and Discussion
3.1. Essential Oil Composition

The major compounds of clove (Syzigium aromaticum) and spearmint (Mentha spicata)
essential oils obtained from chromatograms are shown in Table 1. Clove essential oil
presented as main compounds eugenol (89.73%), spearmint and carvone (68.88%), and
limonene (20.34%). These results are close to those found by [44], who obtained eugenol
values (70.58%), and [45], who found 96.33% eugenol for clove oil. Reference [46] obtained
62.9% carvone and 8.5% limonene for spearmint oil. The variation in chemical composition
in the comparison of the mentioned works may be due to factors such as geographic origin,
environmental conditions, age and part of the plant, seasonal and climatic conditions,
genetic factors, and even plant nutrition [47,48].

Table 1. Composition of essential oils.

Compound Syzigium aromaticum (% Area) Mentha spicata (% Area)

α-Pinene - 0.69
Sabinene - 0.32
β-Pinene - 0.76
Myrcene - 0.95
3-Octanol - 0.25
p-Cymene - 0.23
Limonene - 20.34
1,8-Cineol - 1.10
γ-Terpinene - 0.13
Menthone - 0.50

cis-Sabinene hydrate - 0.17
Menthol - 0.15

Isomenthol - 1.06
(E)-dihydrocarvone - 1.40
cis-Dihydrocarvone - 0.15

trans-Carveol - 0.28
Carvone - 68.88

Piperitone - 0.18
Menthyl acetate - 0.39

Dihydrocarvyl acetate - 0.13
Eugenol 89.73 -

cis-Carvyl acetate - 0.11
β-bourbenene - 0.77
β-Gurjenene 7.59 -

Caryophyllene - 1.03
α-Humulene 2.10 -
γ-Selinene 0.20 -
δ-Cadinene 0.25 -

Caryophyllene oxide 0.13 -

Total 100 99.97

Eugenol, present in clove essential oil, is a phytochemical that confers antimicrobial
and antioxidant properties in addition to the characteristic flavor and odor of this oil [49–51].
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The antifungal efficacy of carvone present in spearmint essential oil has been proven in
other studies [52,53].

3.2. Physicochemical Parameters of Papayas

Based on the results presented in Figure 1, the control group exhibited the greatest
weight loss (24.85%) after 15 days of storage, which was significantly different from all
other treatments. In contrast, papayas treated with only carnauba wax nanoemulsion
demonstrated the lowest weight loss (5.78%), followed by CWN-MEO:β-CD, which exhib-
ited 7.5% weight loss. Comparison of the treatments containing essential oils revealed that
papayas treated with carnauba nanoemulsion containing MEO, either free or encapsulated,
exhibited lower weight loss, particularly during the first 10 days of storage, compared to
those treated with CEO.
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Figure 1. Papaya weight loss during storage time at 16 ◦C and 70% RH. For each storage period,
different letters indicate significant differences between treatments (p < 0.05).

Fruit weight loss occurs through transpiration due to the respiration that takes place
in the stomata of the epidermis [54,55]. The main component of the coating, carnauba
wax, is highly hydrophobic; therefore, the coating acted as a barrier to gas exchange and
thus reduced the transpiration rate of the fruit [7,56]. Similar results were obtained in
cucumbers [57], apples [58], and papayas [12].

Ideal coatings should allow controlled gas exchange, avoiding the formation of anaer-
obic conditions and the accumulation of undesirable compounds, such as acetaldehydes
and other off-flavors [59]. Since the weight loss of all treatments involving carnauba wax
nanoemulsion with or without essential oils differed significantly from that of the control,
the findings suggest that the coatings created a physical barrier that reduced the extent of
fruit weight loss.

The results of pH, titratable acidity, and soluble solids analysis of papayas are pre-
sented in Table 2. The pH values of all treatments increased over time and were not
significantly different among them (Table 2). A delay in the fruit ripening process oc-
curs when there is a decrease in the use of some organic acids that are converted into
sugars [12,60].

The increase in TSS values is directly related to the ripening of the fruit; as time passes,
starch hydrolysis occurs and consequently the synthesis of sucrose and hexose in plant
tissues [28,61]. The increase in soluble solids content is also attributed to a reduction in the
water content of the fruit, resulting in a higher concentration of soluble solids [62,63].

Over time, the TA values of fruit tend to decrease as organic acids such as citric acid
are used up during respiration [64,65]. Even though there were no significant differences
in the pH, TA, and TSS values, the weight loss results indicate that the coating process
inhibited the fruit’s respiratory system.
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Table 3 shows the values of the color parameters L*, C∗, h◦, and ∆E*. The luminosity
values (L*) decreased over time for all treatments, indicating fruit ripening [66], with the
exception of the group with encapsulated spearmint essential oils (CWN-MEO:β-CD),
which showed higher values compared to the first day. The chroma (C∗) values of all
groups also decreased, especially after the 5th day of storage, due to oxidative phenomena
and the synthesis of papaya pigments such as carotene, lycopene, and anthocyanins during
storage [67]. At the end of 15 days, the h◦ values of all treatments also decreased; as papaya
matures, its color changes from greenish to yellowish due to chlorophyll degradation and
carotenoid biosynthesis [68]. However, the CWN-MEO:β-CD treatment showed a statistical
difference compared to the other treatments in relation to h◦ values. These changes in color
parameters led to an increase in the total color difference (∆E) of the fruits during storage,
highlighting differences in h◦ values compared to day 0 (Table 3). By the end of 15 days, the
fruits showed significantly equal ∆E values, indicating visible similarity among treatments.

During storage, fruit firmness decreased over time for all groups (as shown in Table 4).
On the last day of storage (15th day), CWN-CEO showed the lowest reduction in firmness,
while CWN-MEO showed the highest reduction (Table 4). The lowest firmness values
observed for CWN-MEO may be the result of the interaction of the components of this oil
with the cellular tissue of the fruit, causing structural changes that lead to softening and an
increased release of enzymes or substrates that favor this process [69,70]. Some essential
oils, depending on the concentration, can penetrate the cell tissue of the fruit and cause
structural changes, decreasing firmness [6]. A similar behavior was reported by [71] for
fresh-cut melons with alginate-based coatings that contained geraniol.
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Table 4. Firmness (N) of papaya during storage for 15 days at 16 ◦C and 70% RH.

Treatments Storage Time (Days)

5 10 15

Control 5.46 ± 2.22 a 5.52 ± 3.07 a 4.02 ± 3.07 ab

CWN 4.32 ± 3.02 a 3.68 ± 1.33 a 4.68 ± 2.20 ab

CWN-CEO:β-CD 5.53 ± 3.10 a 4.34 ± 0.92 a 3.87 ± 2.30 ab

CWN-CEO 6.59 ± 3.79 a 3.83 ± 1.04 a 6.60 ± 2.41 a

CWN-MEO:β-CD 5.65 ± 3.35 a 7.12 ± 2.10 a 4.71 ± 1.70 ab

CWN-MEO 5.15 ± 2.98 a 3.88 ± 0.32 a 2.82 ± 0.58 b

Means followed by different letters on the same column indicate significant differences between treatments
(p < 0.05).

The effectiveness of the carnauba wax nanoemulsion coating without and with essen-
tial oils in ethylene release, CO2 production rate, and O2 consumption rate of papayas can
be seen in Figure 2. Applying coatings to papayas during storage resulted in a reduction
in the ethylene production of the fruit, ultimately leading to delayed maturation [72]. No
significant difference in ethylene levels during storage was observed among the different
coatings. Ethylene is a hormone related to fruit ripening, and high levels indicate fast
ripening [73]. Similar behavior was observed by [74] for plums coated with hydroxypropy-
lmethylcellulose and two different essential oils (oregano essential oil (OEO) and bergamot
essential oil (BEO)), fruit coated with H-OEO showed no significant difference in the pro-
duction of ethylene compared to fruit coated with H-BEO, and both oils were effective in
reducing and delaying ethylene production.

The levels of CO2 and O2 were also measured during storage and are shown in Figure 2.
The control group showed a significant increase in CO2 production (Figure 2B) and O2
consumption (Figure 2C), indicating high metabolism and accelerated ripening, which
ultimately led to a shorter shelf life. Regarding the coating treatments, it is worth noting
that fruit coated with CWN exhibited lower CO2 production after 5, 10, and 15 days of
storage, as well as lower O2 consumption.

The balance between those two gases enhances post-harvest life. High levels of CO2
in the fruit restrict the Krebs cycle and low levels of O2 inhibit the activities of respiratory
enzymes [75]. Association with OEs did not show a significant decrease in CO2 or in
O2 at 5 and 10 days of storage. It can be seen that the CWN-CEO coating presented O2
concentrations close to that of the control (Figure 2C) as coatings can present different
degrees of permeability due to the formation of irregular structures and thicknesses during
film consolidation [41]. However, at 15 days of storage, the treatments wit OE encapsulated
demonstrated a reduction on O2 consumption when compared to control, a possible
indication of reduction in metabolism.

3.3. Scanning Electron Microscopy

For a better understanding of the deposition of the coatings on the fruit, microscopic
analyses were carried out as shown in Figure 3 (micrographs of the surface of the peels and
micrographs of the fractures of the peels). Microscopic analysis showed that the CWN and
CWN-MEO:β-CD coatings were more uniformly applied over the fruit surface compared
to the other treatments, which exhibited more cleavage or cracking. This result is consistent
with the findings for the CWN coating, which showed the lowest weight loss (Figure 1) and
the highest inhibition of ethylene biosynthesis and gas exchange (CO2 and O2) (Figure 2)
in papayas, followed by the CWN-MEO:β-CD coating.
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The greater the chemical homogeneity of the nanometric coatings, the greater the uni-
formity and adhesion to the fruit [76]. CWN presents a regular structure due to the stability
of the nanoemulsion (with the diameter size parameters of 44, 1 nm, PDI 0.28, and zeta
potential of −43.8 mV) [38]. The uniformity of CWN-MEO:β-CD is due to encapsulation
avoiding aggregation and flocculation of EO droplets ensuring a better distribution of EO in
coatings [77]. However, the chemical composition of the EO determines its polarity and vis-
cosity; thus, the type of EO can affect the average droplet size of the nanoemulsion [78], so
CWN-CEO:β-CD may not have shown as much uniformity compared to CWN-MEO:β-CD
(Figure 3).

3.4. Decay Percentage and Severity on Papayas

Coatings reduced postharvest disease incidence (Figure 4A) and severity (Figure 4B–D)
in papayas when compared to control fruit. The CWN-MEO:β-CD coating showed the lowest
incidence of disease compared to the other treatments at the end of 15 days. Encapsulated
essential oils show greater stability in vivo tests due to the slow release of active compounds
from the EO, reducing fruit rot in the long term. This behavior was also described by [79], who
developed polylactic acid (PLA) nanocapsules with lemongrass EO and evaluated in vivo
against the postharvest activity of C. gloeosporioides in apples.

Coatings with CWN-CEO and CWN-MEO essential oils had the lowest rot severities
with 100% and 90% scores of 1%–20% affected area, respectively, at the end of the storage
period. S. aromaticum and M. spicata essential oils added to CWN acted as antifungals.
The antifungal mechanism of essential oils is through depolarization of the mitochondrial
membrane and consequently greater cell permeability and imbalance in ion transport and
thus cell death by apoptosis [80]. The antifungal action of the oils delayed fruit rot.
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Figure 4. Fruit incidence (A) and severity of papaya post-harvest deterioration after 5 days (B),
10 days (C), and 15 days (D) of storage at 16 ◦C. For each storage period, different letters indicate
significant differences between treatments (p < 0.05).

4. Conclusions

CWN coatings with or without essential oils reduced weight loss and delayed fruit
rot due to physical barrier on gas exchange and presence of antifungal compounds. The
microscopy images indicated that the CWN and CWN-MEO:β-CD coatings exhibited
more uniformity and improved stability resulting from encapsulation in spearmint oil.
The coating based on CWN-MEO was less effective in reducing fruit firmness loss due to
negative interactions between MEO components and fruit tissue. The CWN-CEO-based
coating was also inefficient in reducing the respiration rate of the fruit. Additionally, this
coating did not show good uniformity when applied to papaya fruit, as observed in SEM
images. This lack of uniformity negatively impacted gas exchange reduction, resulting in
low coating efficiency. Coatings with carnauba nanoemulsion and essential oils inhibited
the growth of fungi evaluated by the incidence and severity in the fruit. Therefore, CWN
coatings with essential oils delayed fruit rot and thus can be a good alternative for natural
antifungals and fruit preservation.
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Abstract: Gray mold and Rhizopus rot, which is caused by Botrytis cinerea and Rhizopus stolonifer,
respectively, are the most destructive forms of postharvest decay of the strawberry fruit. In this
work, we tested the effectiveness of the control on the postharvest decay of the strawberry fruit
(Fragaria × ananassa Duch cv. ‘Monterey’) following postharvest applications of six commercial
natural compounds: chitosan-based coating compound (1% of ‘ChitP’, ‘ChitS’, ‘ChitK’, ‘ChitO’),
commercial essential oil (EOs) products based on grapefruit seed extract (0.5% of ‘GraFr’), sweet
orange (0.5% of ‘SwOr’), a product that included eugenol, geraniol, and thymol EO, (0.4% of ‘Eu-
GeTh’), an organic compound as humic acid (0.5% w/v of ‘HuAc’), and, lastly, methyl jasmonate
plant growth regulator (1% v/v ‘MeJA’). Strawberries were dipped in solution for 30 s and incubated
at room temperature (20 ± 0.5 ◦C) or at cold storage conditions (4 ± 0.5 ◦C) following 4 days of
shelf life at 20 ◦C. The treatments with ‘ChitP’, ‘ChitS’, and ‘ChitO’ provided ~30%–40% reduction
of gray mold in cold storage conditions, while the ‘MeJA’, ‘SwOr’, and ‘GraFr’ with high activities
of volatile substances were more effective at controlling gray mold at room temperature. ‘HuAc’,
‘ChitK’, and ‘ChitO’ were more effective at controlling Rhizopus rot in both cold storage (~50%) and
room temperature conditions.

Keywords: basic substances; Botrytis cinerea; Rhizopus stolonifer; strawberry

1. Introduction

The strawberry fruit (Fragaria × ananassa Duch.) is highly appreciated by consumers
for its unique taste and flavor as well as its health benefits and exceptional nutritional
value [1,2]. Indeed, strawberries are rich in bioactive compounds, such as natural antioxi-
dants, polyphenols, anthocyanins, vitamins, and amino acids [3–7]. However, strawberries
are particularly perishable, especially during postharvest storage, and they are susceptible
to both mechanical damage and fungal disease, which limits their commercialization and
consumption [8]. Gray mold and Rhizopus soft rot caused by Botrytis cinerea (Pers.) and
Rhizopus stolonifer (Ehrenb.), respectively, are the main pathogens of the postharvest decay
of the strawberry [9,10]. A primary infection of gray mold could occur at bloom time and
remain quiescent in the field [10,11]. B. cinerea produces large numbers of spores, and it was
able to survive in a dormant state in a variety of environmental conditions. [12]. Therefore,
it is not surprising that B. cinerea ranked second in the top 10 fungal plant pathogens
list based on scientific and economic importance [13]. R. stolonifer is a common wound
pathogen of a very wide range of fruits and vegetables, causing a rapidly spreading watery
soft rot. Rhizopus rot can spread at temperatures greater than 4–6 ◦C. Both gray mold
and Rhizopus soft rot spread quickly to other fruit, and this phenomenon is known as
nesting [10,14].

Despite the effectiveness of the synthetic fungicides in the management of strawberry
fruit disease, natural eco-friendly alternative compounds are desirable, and they have
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attracted the attention of scientists, who aim to provide growers, consumers, and the whole
community with information on the strategies that are effective and, at the same time, safer
for consumers.

In recent years, the antimicrobial activity of a large number of compounds similar to
plant and animal extracts, such as gums, resins, etc., have been tested against both pre-and
postharvest pathogens [15,16]. These compounds were non-toxic for human health and the
environment, had no negative effects on the quality of the fruits, and might complement
or even improve current productive practices. Natural compounds are characterized by
antimicrobial activities against the main postharvest pathogens and/or are resistance
inducers that activate plant defenses in order to simulate the presence of a pathogen.

Among the natural compounds, chitosan has received much attention for its applica-
tion in agriculture and in the food industry. Chitosan is a natural biopolymer, derived from
chitin of both marine crustaceans [17] and the cell wall of many pathogenic fungi [18–20].
This compound has been reported to stimulate plant defenses and prevent disease devel-
opment [15,21]. A number of promising approaches for the postharvest application of
different types of chitosan formulation have been suggested [22–24], and the effectiveness
of the combination of chitosan with essential oils (EOs) has also been observed [25–27].

Essential oils from aromatic plants have been gaining interest, and their effectiveness at
controlling the postharvest decay of fruit has been documented [28–32]. Other compounds,
such as humic acid [33,34], an organic compound known as a promoter in sustaining plant
growth [35], have been reported to have efficacy in the control of several plant diseases,
inducing host resistance and direct antimicrobial activity [36]. In the same way, methyl
jasmonate (MeJA) [37] is an endogenous plant growth substance that can modulate many
physiological processes, including responses to environmental stress [38].

The objective of this study was to verify the effectiveness of a list of promising com-
mercial compounds (listed in Table 1) based on chitosan, EOs, organic compounds, and
plant growth regulator on the control of the postharvest decay of strawberries kept at either
room temperature or cold stored and then exposed to shelf life.

Table 1. Commercial names and sources of the formulations containing the active ingredients used in
the postharvest treatments of strawberries.

Name Formulation
Commercial Name Source (Country) Active

Ingredient
Application Dose (v/v);

(w/v) *

‘ChitP’ Chito Plant powder ChiPro GmbH;
(Bremen, Germany) Chitosan 1% *

‘ChitS’ Chito Plant
Solution

ChiPro GmbH;
(Bremen, Germany) Chitosan 1%

‘ChitO’ OII-YS Venture Chemicals, Inc.;
(Lafayette, LA, USA) Chitosan 1%

‘ChitK’ Kaitosol
Advanced Green

Nanotechnologies Sdn Bhd;
(Cambridge, UK)

Chitosan 1%

‘GraFr’ DF-100 Forte Agritalia,
(Rovigo, Italy) Grapefruit seed extract 0.5%

‘SwOr’ Prev-Am plus Nufram,
(Milano, Italy) Sweet orange extract 0.5%

‘EuGeTh’ 3Logy Sipcam,
(Milano, Italy)

Eugenol, geraniol, and
thymol extracts 0.4%

‘HuAc’ Humic acid Sigma-Aldrich,
(Saint Louis, MO, USA)

Humic acid
sodium salt 0.5% *

‘MeJA’ Methyl jasmonate Sigma-Aldrich, (Saint Louis, MO,
USA) Methyl jasmonate 1%

* = weight by volume solution (w/v).

137



Coatings 2023, 13, 1515

2. Materials and Methods
2.1. Fruit Material

Commercial strawberries (Fragaria × ananassa Duch, cv ‘Monterey’) were collected
from an orchard located in Montalto (AP) in the Marche region in central-eastern Italy.
The strawberries were harvested at the mature stage, and were selected for the absence of
defects, uniformity in size, and the degree of ripening (2/3 red on the surface) [39]. They
were used for the experiments on the day that they were harvested [14].

2.2. Preparation of Natural Compounds Solution

A list of chitosan-based commercial compounds available on the market together
with other formulation alternatives to synthetic fungicides that could have an effect on
the postharvest decay of strawberries were included in the investigation. The compounds
used for the postharvest treatments are summarized in Table 1. All of the compounds were
dissolved in Tween 80, 20 µL/L (Sigma Chemical Co., St. Louis, MO, USA) water solution
for 1 h.

2.3. Postharvest Treatments

The strawberries were immersed in the solutions ready to be tested according to
Feliziani et al. [15]. In detail, the strawberries were soaked for 30 s inside each solution, air
dried for 3 to 4 h, and then arranged in small plastic boxes. They were incubated in two
different conditions: room temperature (20 ± 0.5 ◦C) and cold temperature (4 ± 0.5 ◦C) for
7 days, 95%–98% RH, and they were then exposed to 4 days of shelf life at 20 ◦C, 95%–98%
RH. Each treatment consisted of 66 fruits (6 fruits in 11 plastic boxes). Three replications
were performed for each treatment. The infections that subsequently developed resulted in
naturally occurring inoculum for the following treatments: (i.) natural compound solution
(treated strawberry fruit), and (ii.) sterile distilled water (untreated strawberry fruit).

2.4. Data Recording

During storage, data were recorded based on the percentage of the incidence of decay
on the strawberries. Disease severity was also measured according to an empirical scale
with five degrees: 0, healthy fruit; 1, 1%–20% fruit surface infected; 2, 21%–40% fruit
surface infected; 3, 41%–60% fruit surface infected; 4, 61%–80% fruit surface infected; and
5, more than 81% of the strawberry surface infected and showing sporulation [15]. The
empirical scale allowed the calculation of the McKinney index, which was expressed as
the weighted average of the disease as a percentage of the maximum possible level [40,41].
This parameter also included information on both disease incidence and disease severity.

2.5. Statistical Analysis

Statistical analysis was performed based on the Fisher test. Differences among the
means of the values were analyzed by one-way analysis of variance (ANOVA). Difference
was considered as statistically significant at p < 0.05. Moreover, the treatments were sub-
jected to rank analysis that allowed us to combine heterogeneous data (Excel 2007) [42,43].

3. Results
Decay Evaluation

The postharvest treatments with commercial compounds generally reduced the devel-
opment of the decay of the strawberries after 4 days of shelf life at both room temperature
(20 ± 1 ◦C) and cold temperature (4 ± 1 ◦C), which was mainly gray mold followed by
Rhizopus rot. However, the more significant decrease in both disease incidence and severity
was observed in the cold temperature condition (data not shown). The McKinney index
of decay was significantly decreased compared to the control: the compounds based on
chitosan, ‘ChitP’, ‘ChitS’, ‘ChiK’, and ‘ChiO’, had decreases of 35.36%, 26.82%, 24.39, and
45.12%, respectively, whilst the compounds based on EOs, ‘GraFr’, and ‘EuGeTh’, had
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decreases of 28.65% and 29.26%, respectively, and, finally, those with ‘MeJA’ and ‘HuAc’
had decreases of 31.7% and 32.92%, respectively (Figure 1).
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Figure 1. McKinney’s index of gray mold of the ‘Monterey’ strawberry fruit. Strawberries
were treated after harvest, stored for 7 days at 4 ± 0.5 ◦C, and then exposed to 4 days
of shelf life at 20 ± 1 ◦C and 95% to 98% relative humidity. Values with different small
letters are different at p < 0.05. Note: ‘ChitP’ = Chito Plant powder; ‘ChitS’ = Chito Plant
solution; ‘ChitK’ = KaitoSol; ‘ChitO’ = OII-YS; ‘GraFr’ = DF-100 Forte; ‘SwOr’ = Prev-Am plus;
‘EuGeTh’ = 3Logy; ‘HuAc’ = Humic acid; ‘MeJA’ = methyl jasmonate.

The treatment with the ‘SwOr’ decreased the McKinney index of decay by 19.26%,
although it did not show a significant reduction compared to the control. A more direct
analysis of the degree of comparative effectiveness for the reduction of disease incidence
was obtained through the application of rank analysis. At both room temperature and
cold storage conditions, the untreated fruits had the highest sum of ranks, namely, 8.5 and
8.6, respectively, and, therefore, all of the treatments were more effective compared to the
control (Figure 2). However, some differences occurred among the treatments at different
storage temperatures. The commercial compounds ‘ChitP’, ‘ChitS’, and ‘ChitO’ were more
effective at controlling postharvest disease in strawberries in cold storage conditions (sum
of ranks 2.2, 3.1, and 5.2, respectively) compared to room temperature storage (sum of
ranks 3.9, 4.1, and 7.5, respectively) (Figure 2). In contrast, the ‘MeJA’, ‘SwOr’, and ‘GraFr’
were more effective at controlling postharvest disease in strawberries at room temperature
conditions (4.8, 2.5, and 2, respectively) compared to cold storage ones (8.4, 5.8, and 6.5,
respectively). The other compounds tested showed efficiency at controlling postharvest rot
in strawberries that was similar to the two storage conditions that we tested (Figure 2).
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Based on cumulative incidence, the effectiveness of different natural compounds
against R. stolonifer on strawberries was measured. The Rhizopus rot cumulative incidence
for all of the successful edible coating was about 1%–2% lower than the control at both
temperatures. However, ‘HuAc’, ‘ChitK’, and ‘ChitO’ were the most successful compounds
at reducing Rhizopus rot at cold storage conditions, and the cumulative incidence for these
compounds was less than half of the control (data not shown).

4. Discussion

The present study shows that compounds from natural sources, such as chitosan
different emulsions, commercial EOs, and organic plant growth regulator compounds with
promising properties, can reduce the development of postharvest rots in strawberry fruits.
All of the tested compounds significantly reduced decay on cold-stored strawberry fruits,
and the best results were observed using the chitosan compounds. On strawberries kept at
room temperature, the rank analysis showed that all of the tested compounds were effective
at decay control compared to the control. The commercial products tested decreased the
development of gray mold on strawberries, prolonging the shelf life of the fruit. Based
on rank analysis, the effectiveness of the tested compounds was different according to the
storage temperature of the strawberries: ‘GraFr’ and ‘SwOr’ provided the highest reduction
of gray mold (76.4% and 70.5%, respectively, compared to the control) on strawberries
kept at room temperature, while the compounds based on chitosan, ‘ChitP’ and ‘ChitP’,
showed the best performance on cold-stored fruit (76.4% and 63.9%, respectively, compared
to the control). The higher effectiveness of ‘GraFr’ and ‘SwOr’ at room temperature can be
ascribed to their high activity of volatile composition. A similar result was also observed
for the ‘MeJa’, a volatile compound that is an important cellular regulator, and which is
able to reduce the gray mold and brown rot, thereby extending the shelf life of fruits [43,44].
Room temperature crucially influences the stability of EOs in several aspects. On these
lipophilic compounds, which are highly volatile and plant secondary metabolites, the
chemical reactions generally accelerate with increasing heat [45,46]. Consequently, the
application method can affect the efficacy of postharvest treatments of EOs [29], as has been
observed for the EO of oregano, red thyme, peppermint, and lemongrass incorporated
in chitosan coatings on strawberry fruits [47]. Strong antifungal activity from the above
EOs could be attributed to their components [48,49]. ‘SwOr’ and ‘GraFr’ consisted of
sweet orange essential oils and grapefruit seed extract, respectively. The composition of
‘EuGeTh’ included eugenol, geraniol, and thymol, which are very well known for their
bioactivity against fungal pathogens [50–52]. The activity of ‘EuGeTh’ as a biocontrol agent
for grape vineyards against gray mold has also been observed [32]. In our work, we did
not detect the same effectiveness on the postharvest strawberry treatment. Among the
EO-based compounds, ‘EuGeTh’ was the least effective in the control of the storage decay
of strawberries. Concerning the compounds based on chitosan, the refrigerated storage
was effective in maintaining the postharvest quality of strawberries. The effectiveness of
chitosan in disease control showed triple activity associated with antimicrobial activity,
host defense activation, and film formation on the treated surface [19,53,54]. Previous
works estimated that chitosan is one of the most effective alternative compounds to control
the disease and prolong shelf life at cold storage conditions. It is known that chitosan
coatings delay changes in weight loss, soluble solids, and total sugars, and reduce the
ethylene production; these actions could be improved at low temperature conditions,
leading to a lower disease incidence of fungal pathogen [53,55]. Chitosan is one of the
most common resistance inducers available on the market, and elicitation of host defenses
allows postharvest decay to be managed, limiting the application of synthetic pesticides
and increasing the production of nutraceutical compounds [56].

5. Conclusions

The tested natural compounds were effective at both cold storage and room tempera-
ture at containing the postharvest decay of strawberries, and they had a variable action

140



Coatings 2023, 13, 1515

according to the storage conditions. For cold-stored strawberries, all of the tested com-
pounds, with the exception of ‘SwOr’, were effective at reducing gray mold infections.
Overall, chitosan formulations, including ‘ChitP’, ‘ChitO’, and ‘ChitS’, were the most ef-
fective compounds for controlling B. cinerea, while the compounds based on EOs, ‘SwOr’
and ‘GraFr’, showed the highest effectiveness at room temperature. Our work emphasizes
that storage temperature and the formulation of compounds are both factors that influence
the effectiveness of the compounds. However, our work was run with the immersion
of the strawberry fruit, and to progress to practical application, field experiments will
be necessary.
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