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Abstract Composite films with Aloe vera (A), chitosan

(Ch) and essential oils (EOs) were formulated. Six of the

twelve combinations tested formed films: A70Ch30,

A70Ch30-15, A60Ch40, A60Ch40-15, A50Ch50, and

A50Ch50-15. The A60Ch40-15 film showed the best

physicochemical characteristics as well as the greatest

in vitro antifungal activity. Although the A90Ch10 and

A80Ch20-15 mixtures did not form films, their solutions

showed high antifungal activity in vitro. Based on multi-

variate analysis of the data, A60Ch40-15, A90Ch10 and

A80Ch20-15 films were selected as coating treatments for

papaya during storage at 30 ± 2 �C and 80% RH.

Uncoated fruits (control 1) and treated with synthetic

fungicide (control 2) were used as control. Coated fruits

showed lower respiration rate, greater firmness and fewer

changes in external coloration compared to control. Fur-

thermore, these coatings reduced the incidence and severity

of fungal disease by 40–50% compared to control 2. Aloe

vera-chitosan films (A90Ch10 and A60Ch40-15), enriched

with the EOs of cinnamon (10 mL L-1) and thyme

(10 mL L-1), improved quality of the fruit (higher firm-

ness, lower CO2 content, less internal color change) with

50% less disease incidence during storage at room

temperature.

Keywords Essential oils � Inhibition � Permeability �
Colletotrichum gloeosporioides

Introduction

Papaya (Carica papaya L.) is a plant native to the tropical

areas of Mexico and Central America. The fruit has high

nutritional and medicinal value as well as attractive sensory

properties (Lakshmi et al. 2011). Mexico produced more

than 836,000 tons of papaya in 2014 (FAO 2016), making

it the 5th largest producer of papaya globally. The main

production region is located in the states of Chiapas,

Oaxaca and Colima; however, the quality and safety of the

fruits are threatened by several postharvest diseases that are

mainly caused by fungi (Bosquez-Molina et al. 2010).

Currently, there is increasing consumer demand for

natural products (Benitez et al. 2015); nonetheless, the first

choice to minimize the presence and damage caused by

pathogens is the use of synthetic fungicides, which have

adverse effects on the human health and the environment

and promote the emergence of resistance (Ramos-Garcı́a

et al. 2012). Thus, one strategy used to replace synthetic

fungicides is the use of edible films, which could be

elaborated from a single biopolymer or the combination of

more than one (lipids, polysaccharides, proteins or others)

(Benı́tez et al. 2015). These films could reduce water loss

and respiration rate and show antioxidant effects, and the

films may decrease the presence and damage caused

pathogens in fruits and vegetables (Vásconez et al. 2009).

Recently, Aloe vera gel has been used for film formu-

lation (Cheng-Pei et al. 2010; Benı́tez et al. 2015). This gel

is mainly composed of polysaccharides, glycoproteins,

vitamins, enzymes and phenolic compounds (Alvarado-

González et al. 2012). When used as a coating, it allows the
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maintenance of physicochemical characteristics and the

extension of shelf life for different fruits, such as plum

(Martı́nez-Romero et al. 2017), grape (Chauhan et al. 2014)

and kiwi (Benı́tez et al. 2015). This coating gel is also

effective against pathogenic bacteria harmful to fruits and

vegetables (Cheng-Pei et al. 2010; Benitez et al. 2015), but

in papaya, it shows little antifungal activity (Lakshmi et al.

2011).

On the other hand, some reports have shown that com-

bining two polymers can increase the antifungal effect of

the coating. Chitosan–gelatin (Poverenov et al. 2014) and

chitosan-A. vera (Manoj et al. 2016, Vieira et al. 2016)

combinations are used for bell pepper and blueberry. In

addition, other reports have shown the antifungal effects of

films can be increased by the addition of essential oils

(EOs) (Bakkali et al. 2008). The EOs of clove, cinnamon

and star anise have been incorporated into chitosan films

for the control of the fungi Aspergillus oryzae (Wang et al.

2011).

In papaya fruit, mesquite gum has been combined with

the EOs of thyme and Mexican lime (Bosquez-Molina

et al. 2010) and chitosan with the EOs of cinnamon and

thyme (Salvador-Figueroa et al. 2017) to control Col-

letotrichum gloeosporioides and Rhizopus stolonifer.

Although the results obtained in papaya are encouraging,

the reduction in the presence of pathogens does not reach

the same levels as those achieved when using synthetic

fungicides. Therefore, the incorporation of EOs into edible

coatings composed of two types of polymers can be a

useful strategy for controlling postharvest diseases.

However, combining two or more polymers can change

the physicochemical characteristics of the films. The chi-

tosan-tapioca starch (Chillo et al. 2008) and Aloe vera-

gelatin (Cheng-Pei et al. 2010) combinations improved the

physicochemical and mechanical characteristics compared

to the pure films. The film solubilities of Aloe vera-gellan

gum (Alvarado-González et al. 2012), Aloe vera-chitosan

gel (Khoshgozaran-Abras et al. 2012) and chitosan-starch

(Vásconez et al. 2009) were lower then those of their

corresponding pure films.

Based on the above results, the objective of this work

was to determine the physicochemical and antifungal

characteristics of Aloe vera-chitosan films doped with EOs

and their effects on the shelf life of papaya Maradol stored

at room temperature under humid tropical conditions.

Materials and methods

Reagents

Chitosan (85% deacetylated, MW = 340.33), glacial acetic

acid, Tween 20 (Sigma-Aldrich�) and glycerol (Meyer�)

were used. The EOs of cinnamon (Cinnamomum zeylan-

icum) and thyme (Thymus vulgaris) were from Meyer�

reagents. The potato dextrose agar (PDA) used was from

Sigma-Aldrich�. All chemicals used were of reagent grade.

Obtaining the Aloe vera gel

Mature leaves of Aloe vera plants (SST = 1.33%) with no

visual damage were harvested in Tapachula Chiapas,

Mexico (14�4908’’N, 92�200700W) and transported on ice to

the laboratory. Then, the samples were washed with water,

disinfected by immersion in sodium hypochlorite (1% v

v-1) for 15 min and dried by exposure to flowing air. Aloe

vera gel was then obtained according to the method of

Vieira et al. (2016). For this, the Aloe vera gel matrix was

separated from the outer cortex leaf, and the colorless

hydroparenchyma was ground (Osterizer� blender) at a

low speed for 5 min. The resulting mixture was filtered

through Tyler 20 mesh (841-lm screen) to remove the

fibrous fraction. The liquid obtained constituted fresh Aloe

vera gel, which was stored at 4 �C in amber containers to

prevent oxidation.

Preparation of the film

To make the films, several proportions of Aloe vera gel

were combined with chitosan solutions to obtain two

groups of treatments, and each group included five specific

treatments (ten in total). For the first group of treatments, a

stock solution of chitosan (15 g L-1) dissolved by stirring

for 24 h at 30 �C in aqueous acetic acid solution

(10 mL L-1) was used. The treatments in this group were

based on combinations of Aloe vera gel:chitosan solution

in proportions 90:10 (A90Ch10), 80:20 (A80Ch20), 70:30

(A70Ch30), 60:40 (A60Ch40) and 50:50 (A50Ch50). In

the second group of treatments, the same proportions of

Aloe vera:chitosan solution were used, but in this case, the

chitosan solutions were of different concentrations to

afford the same final concentrations of chitosan (15 g L-1)

in each treatment. The treatments in this group were

labeled as follows: A90Ch10-15, A80Ch20-15, A70Ch30-

15, A60Ch40-15, and A50Ch50-15. Additionally, two

control treatments were used; one was formulated with

Aloe vera gel alone and the other with 15 g L-1 solution of

chitosan alone. For all treatments, the pH was adjusted to 4.

Subsequently, all mixtures were doped to give final con-

centrations of 10 mL L-1 cinnamon EO, 10 mL L-1

thyme EO, 5 mL L-1 Tween 20 and 10 mL L-1 glycerol.

Immediately, the mixtures were subjected to ultrasound

(Ultrasonic Processor� VCX 750, amplitude 60%) for

5 min (50 s sonication and 10 s inactivity) to form

microemulsions. After homogenization, 7 mL of each

solution was poured into sterile Petri dishes (60 mm
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diameter) and allowed to stand (30 �C, 48 h) until forma-

tion of the film. The films were stored at 4 �C in hermetic

polyethylene bottles until analysis.

Physicochemical properties of the films

Considering each film as a replicate, ten films of each

treatment were subjected to the following analyses: the

tensile strength with a penetrometer (Tr� Italy, equipped

with an 8 mm diameter tip) and estimated according to the

equationTS (MPa) = F (N)/area (mm2); solubility according

to themethod proposed byWang et al. (2011); water sorption

(WS) and moisture content following the method described

by Binsi et al. (2013); the water vapor transmission rate

(WVTR) using the method suggested by Chillo et al. (2008),

and from this, the water vapor permeability (WVP) was

calculated using the formula WVP (g mm m-2 s-1 -

kPa-1) = (WVTRL)/DPwhere L is the film thickness (mm),

andDP is the differential of the partial pressures between the
two sides of the film (3.179 kPa); the thickness (lm) was

measured with a digital micrometer (Fowler�); and color

was measured with a MiniScan EZ colorimeter, and the L*,

a*, b* values of the CIE Lab scale are reported.

Spore production of phytopathogenic fungi

The fungi Colletotrichum gloeosporioides and Rhizopus

stolonifer were isolated from infected papaya fruit. Infected

portions of papaya were placed in the center of Petri dishes

containing PDA agar and incubated at 30 ± 2 �C until

mycelial growth. Then, portions of mycelium were

regrown in Petri dishes with fresh PDA. Once the myce-

lium and reproductive parts were developed, visual iden-

tification of the fungi with the aid of an optical microscope

(Carl Zeiss� Model Axiolab) was carried out using lac-

tophenol blue preparations and using the dichotomous keys

described by Barnett and Hunter (1972).

Monosporic cultures were prepared in Petri dishes with

PDA, and discs with mycelium (10 mm diameter of PDA)

were taken and placed in Roux bottles containing PDA.

These samples were incubated at 30 ± 2 �C for 14 days to

obtain spores in Ringer solution. Aliquots (0.5 mL) of each

solution were placed in a Neubauer chamber, and the

spores were counted with a microscope (Carl Zeiss�) using

40X magnification. For both fungi, the solutions were

adjusted by dilution to a concentration of 106 spores mL-1.

Antifungal activity in vitro

Because the A90Ch10, A90Ch10-15, A80Ch20, A80Ch20-

15 and control Aloe vera (A) treatments did not form films,

in vitro evaluation of the antifungal activities was per-

formed by two procedures. a) For solutions (all treatments),

in Petri dishes (100 mm diameter) containing PDA, 100 lL
of spore suspension (106 spores mL-1) was dispersed, and

then 12 holes (8 mm diameter each) were drilled into the

agar, and the solution of the treatment (100 lL) was added
to the holes. b) For the treatments that formed films, disks

of the films (8 mm diameter) were placed on the surface of

Petri dishes with PDA that had been inoculated with

100 lL of spore suspension (106 spores mL-1). Four dif-

ferent treatments were randomly combined and placed on

each plate. Plates from both methods were incubated at

30 �C. Inhibition of fungal growth was determined from

the diameter of the halos present around the well or film

(Du et al. 2009). For Rhizopus stolonifer, solution treat-

ments were evaluated at 48 h and films at 24 h, whereas

with Colletotrichum gloeosporioides, determinations for

solutions were made at 96 h and for films at 240 h. A

visual inspection of the plates was carried out, and they

were photographed. The dimensions of the halos were then

determined using digital Vernier Stainless� calipers. For

each treatment (film or solution), three replicates were

conducted.

Shelf life of coated fruit

To evaluate the shelf life of coated papaya fruit, the best

treatments were chosen based on the results of the growth

inhibition (halos) of fungi and the physicochemical charac-

teristics of the films. Thus, four treatments were selected, (1)

A100, (2) A90Ch10, (3) A80Ch20-15 and (4) A60Ch40-15,

and they were applied to Maradol papaya fruit.

Application of Aloe vera-chitosan coatings to papaya

fruit

Fruits of C. papaya var. Maradol (N = 270) were acquired

from Agro Pacı́fico S.A. of C.V. company (14�54037.800N
92�20013.300W) in the city of Tapachula, Chiapas, Mexico.

The fruits were harvested at the mature green stage, and

they were of similar size and free of damage and decay.

Under a completely randomized design, the fruits were

divided into six groups of 45 fruits each. Four groups were

assigned for each of the previously selected treatments, one

absolute control (uncoated) and one group that was treated

with the fungicide Mancozeb�. All fruit were washed with

water, immersed in 200 ppm sodium hypochlorite solution

for 3 min and allowed to dry at room temperature. The film

solutions were applied manually with a polyurethane foam

brush. Subsequently, they were dried at room temperature

under flowing air. The solution of synthetic fungicide

(6 g L-1 of active ingredient) was also applied with a

polyurethane brush. All fruits were randomly placed in a

closed storage room at ambient temperature (30 ± 2 �C)
and RH of 80% for 12 days.
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Postharvest quality characteristics of fruit

From the day the coatings were applied (day 0), every 48 h,

five fruits per treatment were evaluated based on weight

loss (AdventurerTM Pro, model AV264C), firmness (Tr�

Italy penetrometer) and external color (MiniScanEZ col-

orimeter). Three measurements per fruit were performed in

the apical, middle and peduncle regions. Titratable acidity

(TA) (AOAC 2010) and total soluble solids (TSS) (ATAGO

digital refractometer, model PAL-1) were also quantified.

Likewise, every 24 h, the CO2 production was measured in

triplicate by placing a fruit in a sealed vessel (7 L) for 2 h,

after which time the amount of CO2 produced using an

IAQ-CALC probe (TSI�) was recorded and is reported as

mg CO2 kg
-1 s-1 (Salvador-Figueroa et al. 2017).

Presence of fungi

The incidence of disease (%) and severity index were

estimated using procedures suggested by Bosquez-Molina

et al. (2010). For the severity index, we used a scale from 0

to 4, where 0 = 0% damage to the fruit surface, 1 = 1–5%

(initial damage), 2 = 6–15% (slightly damaged),

3 = 16–30% (moderately damaged), and 4 = greater than

31% (severely damaged) to the fruit.

Statistical analysis

The data of all the variables evaluated in films and fruits

were subjected to analysis of variance and Duncan’s mul-

tiple range test (a = 0.05). To identify the treatments

(films) with the most appropriate characteristics for use as

coatings and the treatments (solutions and films) with more

significant antifungal activity, all variables were analyzed

using multivariate statistics. Using the hierarchical ascen-

dant classification (HAC) method, two dendrograms were

constructed based on Euclidean distance dissimilarity using

the Ward agglomeration method. One dendrogram was

constructed with the films physicochemical characteristics

and the other with data on the inhibition of mycelial growth

of C. gloeosporioides and R. stolonifer from films and

solutions. All analyses were processed using the statistical

software XLSTAT � v2012.

Results and discussion

Physicochemical properties of the films

The combinations of Aloe vera-chitosan (A90Ch10,

A90Ch10-15, A80Ch20, and A80Ch20-15) as well as the

control solution of Aloe vera (A) did not form films.

Table 1 shows the values (average ± standard deviation) T
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of the tensile strength and color parameters (L*, a* and b*)

measured for the treatments that did form films. The tensile

strength values ranged from 0.50 to 35.13 MPa. The

incorporation of chitosan positively affected (P\ 0.05) the

firmness of A. vera films. Thus, the firmer films were those

of treatments that were prepared with smaller volumes of

Aloe vera. This agreed with the results of Cheng-Pei et al.

(2010) and Khoshgozaran-Abras et al. (2012), who men-

tion that this behavior of the biofilms was related to the

high water content of A. vera (98.6%) and to the addition of

glycerol because of its hydrophilic nature that retained the

water inside the polymer matrix, which reduced inter-

molecular interactions, making the film more flexible

(Thakhiew et al. 2010). For the treatments A50Ch50

(14.33 ± 5.94 MPa) and A50Ch50-15 (8.68 ± 3.70 MPa),

the tensile strengths were higher than those reported by

Khoshgozaran-Abras et al. (2012). In addition to the con-

centration of chitosan, the organic acid (acetic acid) used to

dissolve the polymer and the presence of EOs can con-

tribute to the increase in the firmness of the films (Wang

et al. 2011). Likewise, the tensile strength of the control

(Ch) film was higher than that reported by others (Sal-

vador-Figueroa et al. 2017; Khoshgozaran-Abras et al.

2012) but within the reported range for chitosan films made

with EOs (10–51 MPa) (López-Mata et al. 2013).

Regarding color (L*, a* and b* values), although sig-

nificant differences were found between treatments

(Table 1), all films were transparent. This transparency is

highly desirable in materials that are used as coatings for

foods, as they do not affect the natural brightness of the

fruit. There are no reports on this parameter for Aloe vera

films combined with chitosan and EOs; however, the films

had lower L* values that those of films based on polymers

such as chitosan-starch (Chillo et al. 2008) or chitosan-

coconut oil films (Binsi et al. 2013). The results were

similar to those reported by Alvarado-González et al.

(2012), who combined Aloe vera-gellan gum. The treat-

ments A50Ch50 and A50Ch50-15 presented values of L*

that were higher than those reported by Khoshgozaran-

Abras et al. (2012), which could be due to the use of

glycerol, as it is reported that glycerol tends to increase the

value of L* (Chillo et al. 2008). The tonalities (evaluated

based on a* and b*) showed variations that give a slightly

yellowish tone to the films, probably due to the use of

Tween 20 (Ziani et al. 2008) and the EOs, which are yel-

low–brown. Negative values of a* (which indicate a ten-

dency towards green chroma) were recorded in the

treatments A70Ch30-15 and A60Ch40-15, which also

showed the highest values of b* (indicating a yellow tint).

This behavior of both treatments may be a function of the

concentration of polymers (Aloe vera polysaccharides and

chitosan), as suggested by Chillo et al. (2008), but given

the L* values obtained for these treatments (higher values),

the films tend to be less colored, as reported by Ziani et al.

(2008). The treatments A50Ch50 and A50Ch50-15 pre-

sented lower values of a* and b* compared with those

reported by Khoshgozaran-Abras et al. (2012) for films

with the same proportion of Aloe vera-chitosan. These

authors reported values of a* = 2.43 and b* = 20.01. This

result could be because during the extraction of the solution

of A. vera, we sought to minimize the oxidation (air

exposition) of phenolic compounds that result in the

polymerization of anthraquinones, which are responsible

for the brown coloration (Chillo et al. 2008). The color

values obtained for the control film (Ch) were different

from those reported by Khoshgozaran-Abras et al. (2012),

which may be due to the concentration of chitosan used and

the addition of glycerol, Tween 20, and the EOs.

Regarding the thickness, the control films (Ch) had an

average thickness of 73.02 ± 24.09 lm (Table 1), which is

similar to that of the other treatments and significantly

different (P\ 0.05) only from the A50Ch50-15 film. This

shows that the thickness is a function of the concentration

of chitosan, as reported by Cheng-Pei et al. (2010). Binsi

et al. (2013) also mention that the variables with the

greatest influence on the thickness of the film are the

interactions, alignment, and compactness of the chitosan

molecules during the formation and drying process of the

resulting film, demonstrating that the inclusion of a higher

concentration of chitosan in the films limits the water

content and allows the formation of thicker films. How-

ever, our results show that the films of all treatments were

thicker than those reported by other authors (Khosh-

gozaran-Abras et al. 2012, Binsi et al. 2013). Concerning

the water sorption, solubility and moisture content of the

films, the incorporation of chitosan had a significant effect.

The films containing the highest concentration of Aloe vera

(lower concentration of chitosan) exhibited the highest

values for water sorption, for solubility and for moisture

content; in contrast, the films where the concentration of

chitosan was maintained at 15 g L-1 presented the lowest

values, similar to those reported by Binsi et al. (2013). It

has been reported that a higher concentration of chitosan

reduces water–polymer interactions (Khoshgozaran-Abras

et al. 2012) either because chitosan presents self-aggrega-

tion or because the interaction sites are occupied by

residual molecules of Aloe vera gel, which are also

hygroscopic. Alvarado-González et al. (2012) reported

lower water absorption (13%) in films made of Aloe vera-

gellan gum and attributed this to the interaction between

the mannan present in the Aloe vera gel with the gellan

gum, which creates intrinsic networks that restrict water

sorption. This could explain the low values for these

physicochemical parameters.

The moisture content is directly associated with solu-

bility. Low solubility (and moisture) values are desirable
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for films with higher strength and lower rates of mass

transfer (Wang et al. 2011) for use as coatings on fruit,

such as what was sought in the present work. The water

vapor permeability (WVP) values of the films were in the

range of 2.1–3.1 9 10-10 g m-1 s-1 Pa-1. The WVP of

the A70Ch30 film was significantly different (P\ 0.05)

from that of the others and was the highest (3.1 9 10--

10 g m-1 s-1 Pa-1), which could be because this treatment

had a higher content of A. vera and consequently more

hydrophilic components that retain water molecules

through hydrogen bonds (Khoshgozaran-Abras et al. 2012).

However, the other treatments demonstrated that the films

presented lower permeability to water vapor as the volume

of chitosan increased, which agrees with the results of

Galus and Lenart (2013), who reported that when com-

bining two polymers (alginate and pectin), the water vapor

transmission was reduced. Our values are lower than those

reported by others (Khoshgozaran-Abras et al. 2012; Wang

et al. 2011; Vásconez et al. 2009; Chillo et al. 2008).

Effect of treatments on in vitro fungal growth

The area of in vitro growth inhibition of C. gloeosporioides

and R. stolonifer caused by the solutions and films of Aloe

vera-chitosan mixed with EOs are shown in Table 2. The

highest inhibition areas were found for C. gloeosporioides

(1803.44 ± 914.75 mm2) with the A90Ch10 treatment and

for R. stolonifer with the A80Ch20-15 treatment solution

(329.77 ± 30.63 mm2). The results suggest that the solu-

tions were dispersed in the agar, increasing the contact area

between the fungus and the active components; thereby

reducing its growth (Aloui and Khwaldia 2016). Although

the inhibitory effect of Aloe vera was strongest in combi-

nation with 15 g L-1 of chitosan and EOs, as mentioned by

Ramos-Garcı́a et al. (2012) and Bakkali et al. (2008), as the

amount of Aloe vera decreased, the antifungal effect was

reduced, probably due to the reduction in the concentration

of bioactive molecules such as aloe-emodin and aleonin,

which are responsible for the fungicidal activity of A. vera

(Chauhan et al. 2014). For the films, the antifungal effect

was improved by the addition of chitosan, which is similar

to what was seen with the solutions; however, for the films,

the treatments with higher proportions of chitosan visually

exhibited greater antifungal capacities. Four treatments

(A60Ch40-15, A50Ch50, A50Ch50-15, and synthetic

fungicide) showed the highest areas of inhibition of the

growth of the fungus R. stolonifer. Conversely, for C.

gloeosporioides inhibition, all treatments except for the

A70Ch30 treatment were efficient. Most likely, the chi-

tosan (the major component) contains a greater number of

amino groups, which have an affinity for the negative

charges of the fungi, increasing the growth inhibition.

Selection of coatings to apply to papaya fruit

The individual analyses (ANOVA tests) of the parameters

evaluated in the films made it difficult to develop a general

interpretation to select the treatments with more promising

results for use as coatings in the papaya fruit. Therefore,

multivariate analyses were performed. The dendrogram

constructed from the physicochemical data of the films

(Suppl. Figure 1-a) grouped the seven treatments into four

clusters (C1–C4) with a dissimilarity of * 3000. In turn,

C1 grouped three treatments, C3 grouped two treatments,

Table 2 Area of the inhibition halo (mm2) of the treatments (solution and films) on the in vitro growth of C. gloeosporioides and R. stolonifer

Treatments Rhizopus stolonifer Colletotrichum gloeosporioides

Treatments in solution (48 h) Films (24 h) Treatments in solution (96 h) Films (240 h)

Mancozeb� 0.01 ± 0.00c 127.98 ± 31.91ab 342.65 ± 29.33b 339.80 ± 4.62abc

A100 10.56 ± 14.93c * 82.84 ± 21.80b *

Ch100 121.43 ± 89.64bc 63.15 ± 13.35c 65.41 ± 16.25b 366.72 ± 57.51abc

A90Ch10 133.17 ± 32.27bc * 1803.44 ± 914.75a *

A90Ch10-15 206.47 ± 108.97ab * 33.29 ± 0.14b *

A80Ch20 72.30 ± 21.68bc * 542.18 ± 391.32b *

A80Ch20-15 329.77 ± 30.63a * 309.69 ± 74.27b *

A70Ch30 80.39 ± 23.72bc 65.19 ± 32.38c 455.86 ± 229.23b 276.28 ± 117.46c

A70Ch30-15 152.57 ± 20.77bc 37.29 ± 17.28c 117.90 ± 39.45b 512.18 ± 26.67a

A60Ch40 7.46 ± 7.04c 56.27 ± 31.27c 266.52 ± 19.63b 460.05 ± 93.04ab

A60Ch40-15 197.87 ± 178.03ab 154.21 ± 38.36a 195.90 ± 83.22b 342.29 ± 52.78abc

A50Ch50 44.34 ± 41.14bc 84.19 ± 22.38bc 26.16 ± 9.93b 323.29 ± 100.11bc

A50Ch50-15 69.43 ± 79.16bc 76.27 ± 6.56bc 14.98 ± 3.70b 461.55 ± 35.93ab

*Treatments that do not form films

Values with the same letter are not significantly different (P[ 0.05)
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while C2 and C4 contained only one treatment each. Of the

clusters that grouped a treatment, we selected the treatment

A60Ch40-15 since the films of this treatment presented the

best characteristics (lower solubility, water sorption, and

humidity) unlike the treatment A70Ch30, which presented

properties undesirable for use as a coating in fruits. How-

ever, in the dendrogram made with the antifungal capacity

data (Suppl. Figure 1-b), five clusters (C1–C5) were

obtained to group all treatments. C1 grouped six treat-

ments, C2 contained one treatment, C3 grouped two

treatments, while C4 and C5 grouped two treatments each.

In this way, the treatments grouped in clusters C2 and C4

were chosen since they presented the highest antifungal

activities, and these treatments were A90Ch10, A80Ch20-

15, and A60Ch40-15. Coincidentally, the A60Ch40-15

treatment also showed the most appropriate physicochem-

ical characteristics.

Physiological characteristics of papaya fruits coated

with Aloe vera-chitosan films mixed with EOs

The application of the different coatings based on Aloe

vera-chitosan mixed with EOs on the fruit of C. papaya

Maradol did not negatively impact the physiological

parameters of the normal process of maturation. Uncoated

fruit exhibited the highest weight loss values out of all

treatments (Fig. 1a), which was significant (P\ 0.05) on

days two and four. In contrast, the fruit coated with the

solution of A80Ch20-15 showed the lowest weight loss

during storage at room temperature. The above results

demonstrate that the combination of A. vera with chitosan

in these proportions reduces the rate of water vapor

transmission (which could not be assessed in the present

study since this combination did not form a film); and this

type of effect occurs when two polymers with different
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properties, such as alginate and pectin, are mixed (Galus

and Lenart, 2013). The main factor responsible for the loss

of firmness is the enzymatic degradation of the cell wall

(Poverenov et al. 2014), meaning that the coatings of A.

vera-chitosan probably reduced the action of these

enzymes as a consequence of the decrease of the respira-

tory rate associated with the production of endogenous

ethylene. Loss of water (loss of weight) also contributes to

the decrease in firmness, which explains why the coated

fruits remained firmer than the uncoated fruits; the coating

provided a barrier to water diffusion, decreasing transpi-

ration (Yulianingsih et al. 2013). The fruits did not present

significant differences (P[ 0.05) among treatments for the

pH and SST (Fig. 1c, e), and the visual differences are

probably due to the variability of fruit and the natural

maturation process, which were similar in both coated and

uncoated fruit. There were also no significant differences

(P[ 0.05) in titratable acidity during the first 6 days of

storage, but from day eight, fruits coated with treatments

A80Ch20-15 and A60Ch40-15 presented higher acidity

contents (Fig. 1d) than the remaining four treatments. The

degradation of organic acids during the maturation process

(days of storage) is directly related to the production of

sugars and their subsequent use in the respiratory process

(Ochiki et al. 2015); thus, that the coatings that maintained

the acidity function adequately as semipermeable barriers

and reduce the respiratory rate.

Regarding respiration (amount of CO2 produced), there

were no significant differences (P[ 0.05) among treat-

ments evaluated during the first 2 days of storage (Fig. 1f).

The use of the coatings also had an effect on the appear-

ance of the respiratory peak of the papaya fruit. The Aloe

vera gel coating (A100) resulted in an unusually small

increase in CO2 concentration produced on day 4 of storage

(3.6 9 10-4 mg CO2 kg-1 s-1). Mancozeb�-treated fruit

exhibited a respiratory peak on day 5 of storage, and the

uncoated fruit (controls) reached their peak on day seven.

Other treatments showed the same phenomenon on days

nine (A60Ch40-15) and ten (A80Ch20-15 and A90Ch10)

of storage. Thus, with the exception of the A100 treatment,

all other coatings delayed the appearance of the climacteric

respiration peak, demonstrating, as previously stated, that

the coatings effectively decreased the gas exchange (Manoj

et al. 2016). However, it is necessary to clarify that for

treatment A80Ch20-15, on day ten, the respiration was

measured with fruit contaminated with fungi because this

was the treatment that presented the highest incidence of

fungus; the same occurred on day nine with the fruit treated

with synthetic fungicide and uncoated fruit. The presence

of fungus could explain the appearance of an unusual

second respiratory peak since the presence of fungi induces

wounds in the tissue of the fruit and thus unusual pro-

duction of CO2 (Ramos-Garcı́a et al. 2012).

The color of the peel exhibited treatment-dependent

behavior. Thus, during the first 4 days of storage at room

temperature, all treatments showed similar and statistically

equal (P[ 0.05) values for parameter L*. From the second

day (values of a* and b*) and day 6 (L*), the treatments

that did not have a coating presented gradual changes in

these parameters with significant differences from the other

treatments (P\ 0.05) towards yellow-orange hues

(Fig. 2a–c), which is the characteristic color of the mature

fruit. During the 12 days of storage, the peel color

parameters remained almost unchanged in the fruits of the

coated treatments, but the fruits treated with A60Ch40-15

and A90Ch10 showed a slight change in their coloration

values towards those of the ripe fruit. Although visually the

same phenomenon was observed with the internal color,

the color parameters L*, a*, and b* of the pulp showed

very similar values for all treatments, and no significant

variations during storage were observed (Fig. 2d–f). The

positive effect of the coatings on the parameters of weight,

firmness, respiration, acidity, and color are consistent with

several works in which similar coatings are used to coat

mango Ataulfo (Salvador-Figueroa et al. 2011), grapes

(Chauhan et al. 2014) and papaya Maradol (Salvador-Fig-

ueroa et al. 2017).

Presence of fungi on fruit

During the first 2 days of storage, only fruit coated with the

A80Ch20-15 treatment presented visible evidence of fun-

gal growth (Fig. 3). From day 4, the fruit of all treatments

had some incidence of fungus. Contrary to our expecta-

tions, at this phase of the study, the A80Ch20-15 and

Mancozeb� treatments (the treatments with the highest

inhibitions in the in vitro tests) showed no inhibitory

effects on the development of fungi, even the fungal inci-

dence of these fruits was greater during the first 9 days than

was seen in the fruit that did not receive any treatment

(absolute control). Although the A80Ch20-15 treatment in

solution exhibited activity against the R. stolonifer fungus

in the in vitro test (Table 2), when the fruits were coated

with this solution, the fungicidal effects were weaker than

those of the A60Ch40-15 treatment, which shows that there

is no direct relationship between the concentration of A.

vera and chitosan, but there is a synergistic effect of the

combination gel-chitosan-EOs. The coated fruit showed

lower incidences of disease compared to what was reported

by Bosquez-Molina et al. (2010), who used Mexican thyme

and lime EOs in papaya fruit, as well as those reported by

Salvador-Figueroa et al. (2017), who reported a 75%

incidence of disease when using chitosan coatings with the

EO of cinnamon 1%-lime 1% in the fruit of papaya Mar-

adol. Additionally, only the fruit coated with the treatments

A90Ch10 and A60Ch40-15 exhibited lower incidence
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compared to those reported by Lakshmi et al. (2011),

which demonstrates the effectiveness of these coatings in

the control of postharvest fungi.

From day two, the fruit coated with the treatment

A80Ch20-15 presented a severity of grade 1 (initial dam-

age); from days 4 to 6, the fruits of all treatments showed

severities between grades 1 and 2 (initial damage and

slightly damaged, respectively). However, as the storage

duration increased, the severity indices increased to grades

3 and 4 (Fig. 3a). Thus, the fruit coated with the A90Ch10

treatment showed the lowest severity of infection (16–30%,

moderately damaged) at day 12 among the treatments; all

others were severely damaged. The fruit of the A60Ch40-

15 treatment also had a lower incidence of disease, but

these fruits were severely damaged at day 12. The inhibi-

tory effect of Aloe vera gel was improved by mixing it with

chitosan and EOs, as mentioned by Ramos-Garcı́a et al.

(2012) and Bakkali et al. (2008).

Conclusion

The appropriate physicochemical characteristics for films

that are to be applied in fruit and possibly in other veg-

etables were obtained with the A60Ch40-15 treatment, and

this treatment presented promising antifungal activity

in vitro. Similarly, the solutions A90Ch10 and A80Ch20-

15 (which did not form films) were shown to have higher

antifungal activities. The use of such coatings in papaya

Maradol did not affect the quality parameters of the fruit

during ripening. In contrast, their use reduced the rate of

CO2 production and retained papaya firmness for at least

10 days under ambient tropical conditions (average of
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30 �C). In addition, the coatings A90Ch10 and A60Ch40-

15 were able to reduce the incidence of fungi on the surface

of fruit with values lower than 50% during 12 days of

storage and reduced the severity of the infection during

11 days of storage.
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