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Abstract: Citral is an essential oil with great antimicrobial activity, but its use in the food industry is
limited due to its easy decomposition in room conditions. Therefore, this study aimed to
microencapsulate citral by the spray drying process and incorporate the powder into pectin films to
assess their antifungal activity. For this, solutions of maltodextrin (MD), Arabic gum (AG) sodium
alginate (SA) at different concentrations were used to emulsify citral. The emulsion with 10:10:0.1
MD:AG:SA was selected to spray the drying process due to its small droplet size, monomodal size
distribution, and low Dy, D3, and span index. The dried powder had high solubility (83.4%), and
low wettability time (27 s), moisture content (4.05%), and bulk density (0.72 g/cm?), allowing to infer
powder stability and showing appropriate handling qualities on a large scale. Thermal analyses reveal
that microparticles and pectin films provide thermal protection to citral from 37 to 175 °C. Concerning
the antagonistic activity, pectin films added with citral microencapsulated had antifungal activity
ranging from 42-68% against Penicillium italicum, Colletotrichum gloeosporioides, and Aspergillus
niger under in vitro conditions. Therefore, these films serve as a basis for developing new edible
coatings with practical applications in the postharvest management of phytopathogenic fungi.

Keywords: essential oil; spray-drying process; edible films; biopolymers; fungi inhibition.

© 2021 by the authors. 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/).

1. Introduction

Citral is an essential oil (EO) with antifungal, antibacterial, insecticidal, deodorant, and
medicinal properties commonly used in the cosmetic and pharmaceutical sectors and a minor
amount in the food industry. The use of citral can be limited by its instability at standard
conditions, contributing to the loss of the mentioned properties [1]. In addition, this EO is
water-insoluble, can modify the food flavor, lose its functional properties when reacting with
food components, and could cause toxicity in plant cells [2,3] is necessary to develop
alternatives to facilitate its use in the food industry. In this scenario, a spray drying process is
an important tool to protect EO's and increase the possibility of its application in postharvest
protection. The spray drying process is an alternative for the conversion of an oil-in-water
(O/W) emulsion into a powder, improving the stability, transportation, storage, and enhancing
the antifungal activity of an EO [4,5]. For the obtention of microparticles by this technique,
several biopolymers have been assessed as wall materials. However, their application at an
industrial scale sometimes is limited by their high cost. In line with this, maltodextrin (MD) is
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commonly used as wall material because of its inexpensive cost, neutral taste, capability to
generate low viscosity solutions at high concentrations, and provide high protection to
encapsulated material against oxidation [6]. The main drawback of MD is the lack of
emulsifying activity [7], which is an essential property to consider when formulating an O/W
emulsion. Therefore, the emulsifying capability of MD has been improved by blending it with
other biopolymers such as Arabic gum (AG) [6]. AG is a biodegradable gum widely used in
the food and pharmaceutical industries due to its high solubility, pH stability, non-toxicity, and
gelling properties [8]. However, its high cost, low availability, and chemical heterogeneity
caused by different cultivation areas required that industry and researchers find alternatives to
AG use [9], such as sodium alginate (SA). SA is a highly branched hydrocolloid [10] with
several applications in the food industry, such as texturizer, emulsifier, stabilizer, thickener,
and gelling agent. SA has been used in combination with AG for drug encapsulation for its
ability to undergo ionic gelation and high viscosity that enable the retention of volatile
compounds [11,12]. Besides, to improve the homogeneity of microparticles onto a food
surface, the use of a film-forming solution based on natural polymers such as sodium alginate
has been proposed to the application of microparticles carvacrol on white mushrooms [4].
Hence, this study aimed to i) formulate an emulsion of citral combining MD:AG:SA, ii)
characterize the powder obtained by the spray drying process, and iii) determine the antifungal
activity in vitro of pectin films added with citral microencapsulated.

2. Materials and Methods

2.1. Chemical substances.

Sodium alginate (SA, Food Grade E-401), Arabic gum (AG, Food Grade E-414), and
maltodextrin DE 30 (MD; IMSA®, Guadalajara, México), miglyol 812 (viscosity 28 cP,
density 0.940 g/mL; Sasol Witten, Germany), and citral (density 0.9 g/mL; Sigma-Aldrich Co.,
St. Louis, USA) were used for microparticles. For the film, low-methoxyl pectin (29-33%,
Food Grade E-440, Cargill, El Salto, Mexico), calcium chloride (Sigma-Aldrich Co., St. Louis,
USA), and glycerol (99.5 % purity; Jalmek, San Nicolas de los Garza, Mexico) were used.

2.2. Phytopathogen fungi.

Colletotrichum gloeosporioides CpcC-01 previously isolated from papaya (Carica
papaya L.) [13] and Penicillium italicum S36 (GenBank ID EU128647.1) and Aspergillus
niger S24 (GenBank ID GU082483.1) isolated from Persian lime (Citrus latifolia T.) [14] were
stored in glycerol (80%, v/v) at -80 °C until their use. Before the test, the fungi were cultivated
onto Potato Dextrose Agar (PDA, Oxoid, Basingstoke, UK) medium at 28 °C for 7 days [15].

2.3. Emulsion preparation.

The continuous phase of the emulsion was prepared by dissolving SA (0.1, 0.4, or 0.8%
wiv), AG (5, 7 or 10%, w/v), and MD (10%, w/v) in distilled water (the amount necessary to
reach a volume of 82.5 mL) using the magnetic stirrer at 350 rpm for 24 h at 25 £ 1 °C, until
the solution became clear. Otherwise, the oil phase was prepared, homogenizing 5 mL miglyol
and 12.5 mL citral for 30 min at 350 rpm. Then the pre-emulsion was prepared by adding the
oil phase into the polymeric solution (ratio of oil/continuous phase was 1/5.7) and mixing with
an IKA-T10 Basic Ultra Turrax disperser (Janke and Kunkel, lka-Labortechnick, Germany)
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for 5 min at 12000 rpm. Finally, the pre-emulsion was sonicated at 47 kHz (Digital Sonifier®
Unit, Model S-150D, Branson Ultrasonics Corporation, Danbury, CT, USA) for 10 min at 4
°C to obtain the emulsion.

2.4. Droplet size measurement.

A laser diffractometer (Mastersizer 3000, Malvern Instruments, Malvern, UK) at A =
633 nm was used to measure the droplet size distribution of the O/W emulsion. Briefly, 400
mL distilled water was placed in the measuring cell, and the sample was added dropwise (~4
drops) to obtain a 10-12% laser obscuration. To characterize the droplet size of each emulsion,
the distribution curves in volume (%) vs. droplet diameter, the particle size in function to the
cumulative percentage at 50% (Dso), surface-weighted mean diameter (Dys2); EQ. 1), volume-
weighted mean particle diameter (Dys,3; EQ. 2), and span index (Eq. 3) were obtained.

Y nD}
D301 = 3 niD? 1)
Y n;D;
Draz = 5300 2)
where n; is the number of oil droplets of the size i and D; is droplet diameter.
Span = Dgo—D1o (3)
Dso

D10, Dso, and Dy, are the respective diameters at 10, 50, and 90% of the cumulative
droplet distribution or oil volume [7]. The test was carried out at 25 + 1°C and repeated three
times with each sample.

2.5. Spray drying process.

A lab-scale spray dryer (Mini Spray Dryer B-290 Biichi, Flawil, Switzerland) with an
inlet temperature of 150 °C was used to dry the emulsion. Briefly, the emulsion was fed with
a nozzle 7 mm in diameter at 35 m%h constant flow rate and air pressure of 4.5 bar; during the
process, the emulsion was stirred at 350 rpm at 25 °C. A peristaltic pump at a flow rate of 5
mL/min. Before drying, the spray dryer was stabilized with sterile distilled water (SDW) under
the required operating conditions for 10 min. The powder was stored in PET/BOPP/PE zipper
bags at 25 £+ 2 °C.

2.6. Microparticles characterization.

2.6.1. Moisture content (MC).

The MC was gravimetrically determined [16]. For this, 5 g of sample were used, and
the thermobalance (Sartorius MA 35) was operated at 105 °C; the test was finished until it
reached constant weight. The test was carried out by triplicate and repeated twice.

2.6.2. Water activity (aw).

The measurement was made using 5 g of the sample in the hygroscopic Aqualab 4TEV
(METER Group, Inc., Pullman, USA). The test was carried out in triplicate and repeated twice.
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2.6.3. Hygroscopicity.

For the test, 5 g of the sample were placed at 76% relative humidity at 21 °C. The
samples were weighed every 15 min for 90 min. The results were expressed as g of water/100
g of dry solids (Eq. 4).

HG(%) = (Am/(M + Mi))/(1 + Am/M) 4)
where Am, M, and Mi in grams are the weight gained after the equilibrium, the initial weight of
the powder, and the content of free water in the powder before the exposition to a humid
environment, respectively [17]. The test was carried out in triplicate and repeated twice.

2.6.4. Solubility.

The test was carried out according to the protocol proposed by Cano-Chauca et al. [18].
Briefly, 1 g of the powder was added in 100 mL of distilled water and solubilized by stirring
at high velocity for 5 min. The sample was centrifugated (Hermle Z326K, Wehingen,
Germany) for 5 min at 3000 g, 25 mL of the supernatant were transferred to pre-weighed Petri
dishes and immediately oven-dried at 105 °C for 5 h. The solubility percentage was calculated
by weight difference. The test was carried out in triplicate and repeated twice.

2.6.5. Bulk density.

Bulk density value was determined by adding 20 g of the powder into a 50 mL
graduated cylinder and mixed using a Vortex mixer (Genie 2, Daigger, Wheaton, IL, USA) for
2 min. The bulk density value was calculated by dividing the mass (g) of the powder by the
volume (cm?®). The test was carried out in triplicate and repeated twice.

2.6.6. Wettability.

For the test, 1 g of powder was sprayed onto the surface of 100 mL of distilled water at
25 °C under static conditions. The time taken for the particles to disappear from the water
surface was used to determine the wettability of the powder [19]. The test was carried out in
triplicate and repeated twice.

2.7. Preparation of films.

For the preparation of films with and without microparticles, low-methoxyl pectin (1%,
wi/v), glycerol (50%, w/w, on the dry basis to the weight of pectin), and calcium chloride (20
mg/g of pectin) were stirring in SDW. When the mixture became clear, 12% (w/v) citral
microparticles were added to the solution, and the mixture was stirred at 3500 rpm and 25 + 2
°C until its homogenization. The films were obtained by casting method using Petri dishes with
a Teflon bottom and let them dry in a biosecurity cabinet (Novatech, Model CFLV-120,
Kingwood, USA) for 18 h at 25 + 2 °C.

2.8. Thermal characterization of microparticles and films.

Thermogravimetric analysis (TGA) was done using ~6 mg of sample and heating from
25 to 550 °C, at a heating rate of 5 °C/min under inert atmosphere (nitrogen at flow rate 40
mL/min) in a TGA 550 equipment (TA Instruments, New Castle, USA) [20]. The derivative
thermogravimetric (DTG) curve was obtained directly from the TGA and was used to show the
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weight change. The obtained data were used to calculate the encapsulation efficiency (EE%,
Eq. 5)
EE (%) = —£2L100 5)

WEoi
where Weor is the total weight of EO loaded in the microcapsules and Weoi is the total weight
of EO added in the emulsion [21].

Differential scanning calorimetry (DSC) was used to determine the thermal transitions
of the samples using a DSC 250 analyzer (TA Instruments, New Castle, USA). For this, ~5 mg
of sample were placed into aluminum pans (volume 30 puL) and were hermetically sealed.
Samples were heated from 25 to 400 °C at a heating rate of 10 °C/min, under a nitrogen
atmosphere (flow rate of 50 mL/min) [20]. The glass transition temperature (Tg), specific heat
capacity variation (ACp), and melting temperature (Tm) values were determined using the
software TRIOS 5.0.0.44616 (TA Instruments Universal Analysis, New Castle, USA). Thermal
tests were performed with the components of the microparticles and films (MD, AG, SA,
miglyol, citral, and calcium chloride). Calibration was performed using an indium sample and
an empty hermetically sealed aluminum pan was used as a reference in each test. All samples
were analyzed twice.

2.9. Antifungal activity of films added with microparticles of citral.

The effect of pectin films containing or not microparticles with citral was assessed
against C. gloeosporioides, P. italicum, and A. niger. For this, the PDA medium was inoculated
with mycelial plugs (7 mm) of the active growth of each fungus previously cultivated on PDA
at 28 °C for 7 days. Then, the inoculated medium was covered with the films, and the Petri
dishes were sealed with parafilm to prevent dehydration. The plates were incubated for 7 days
at 28 °C. Inoculated but uncoated medium and PDA added with citral (12.5%, v/v) were used
as positive and negative controls to fungal growth, respectively [22]. The inhibition of mycelial
growth was calculated according to Eq. 6:

Inhibition (%) = (*5=) 100 (6)
where dc and dt are the means of the colony diameter in centimeters for the control and

treatment, respectively. The test was carried out in triplicate and repeated twice.

2.10. Statistical analysis.

One-way analysis of variance (ANOVA) was used for data processing. Previous to the
ANOVA, percentages data were arcsine-square-root transformed. The statistical analysis was
performed using the software Statgraphics Centurion XVI.I (Statpoint Technologies, Inc.,
Warrenton, USA), the post-hoc least significant difference (LSD) Fisher test (p < 0.05) was
used for means comparison.

3. Results and Discussion

3.1. Emulsion droplet size.

Citral is an essential oil with great antifungal and deodorant properties; however, its use
in the food industry is limited due to its high susceptibility to environmental conditions such
as acid, photochemical, and oxidative degradation, resulting in the loss of its properties under
standard storage conditions [3,23]. Several alternatives such as emulsions [1,7], microparticles
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[24], and nanofibers [25] have been demonstrated to protect citral. Emulsions are an alternative
to microencapsulate, solubilize, and protecting compounds from adverse environmental
conditions [1]. Besides, developing an emulsion or solution is the first step to obtaining
microparticles by spray drying. The emulsions assessed in this study were prepared in two
steps. In the first step, the coarse emulsion was obtained, then the droplet size was reduced by
acoustic cavitation and pressure fluctuations generated by ultrasound [1]. In general, the droplet
size of the emulsions ranged from 0.1 to 700 um. All of them showed a bimodal distribution
(Figure 1).
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Figure 1. Droplet size distribution profile (in volume, %) of citral emulsions processed by ultrasound at
different concentrations of sodium alginate and Arabic gum. All emulsions contain maltodextrin (10%, w/v).

Otherwise, the emulsions with 10% AG and 0.1 or 0.4% SA showed almost a
monomodal distribution with sizes ranging from 0.01 to 7 pum, with Dso at 0.89 um (Figure 1,
Table 1). The distribution and droplet size of these emulsions can be associated with the AG:SA
ratio, which was higher in these formulations in comparison to the other assessed emulsions.
These results agree with the previously reported by Miss-Zacarias et al. (2020) to AG:SA
emulsions added with citral, in which the droplet ranged from 0.9 to 2.7 um. At low AG
concentrations, droplets from a weak gel-like network throughout the continuous phase and
contribute to phase separation [26]. As the AG concentration increases, increase the presence
of arabinogalactan proteins, these are the main ones responsible for stabilizing the properties
of AG [27]. Moreover, the absorption of oil molecules is slower in a polysaccharide with a
high polymerization degree compared to the use of smaller polymers such as whey protein
isolated. In addition to this, the board size ranges obtained in the different emulsions can be
related to droplet aggregation [28].
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Moreover, the small droplet size and almost monomodal distributions of emulsions with
higher ratio AG:SA are related to their low values of Dz 2, Da3), and span index (Table 1).
D32 value is inversely related to the specific surface area of droplets and indicates the mean
diameter at which most of the particles fall. Otherwise, the Dys 31 index has a greater sensitivity
to determine the presence of larger droplets or droplet size changes [29]. High values of these
parameters are associated with destabilization mechanisms such as emulsion flocculation or
coalescence [1]. On the other hand, low values are related to i) the homogenization process
[1,30], ii) the composition of the dispersant phase [29,31], and iii) the concentration of
biopolymer in the formulation [32]. The variability of the parameters between the emulsions
obtained in this research is related to the changes in the concentration of the biopolymers in
each formulation. As the concentration of biopolymers increases, small droplets can be
obtained due to the high availability of wall materials to encapsulate the core material,
decreasing in specific surface area value [32].

Table 1. Droplet size of emulsions with different biopolymer concentration.

Arabic gum (%, Sodium alginate Dso (um) D2 Dpa3) Span
wi/v) (%, wiv)
5 0.1 87.40 + 9.35° 2.75+0.03¢ 122 +0.03¢ 3.62 £0.11f
0.4 83.90 + 3.23° 3.00 +£0.03¢ 89.4 £0.019 2.37 £0.10
0.8 78.70 £ 1.84°¢ 2.22 +0.06 78.8 +£0.08' 4.01 +0.03¢
7 0.1 20.90 + 1.66¢ 1.90 +0.019 93.7 +£0. 02f 16.00 + 0.92°
0.4 111.00 +2.59% 6.96 +0.00° 152 +0.022 2.18 +0.04
0.8 117.00 + 2.4178 9.80 £0.022 126 + 0.04° 1.79 +£0.012)
10 0.1 0.88 +0.00¢ 0.79 £0.01" 1.09 +0.001" 2.20+0.078
0.4 0.89 +0.02¢ 0.89 +0.00% 24.00 +0.014 4.11+0.01°
0.8 70.00 * 9.46¢ 4.43 £0.05¢ 129 + 0.05° 3.31+0.05¢

All emulsions contain 10% (w/v) maltodextrin. Values in the same column followed by different lower-case
letters are significantly different according to Fisher's LSD test at p < 0.05.

Based on these results, the emulsion composed of 10% MD, 10% AG, and 0.1% SA
(ratio of polysaccharides in the emulsion 1:1:0.1, MD:AG:SA) was selected to obtain
microparticles by the spray drying process. Because the values obtained for the assessed
parameters suggested, that can be a stable emulsion and enables the obtention of microparticles
with a high surface area to volume ratio. From a biological point of view, these structures have
an optimal diffusion capacity, facilitating the interaction with the target microorganism
compared to large particles [33]. Besides, the obtention of small particles reduces the volume
of the powder, which is appropriate for the transport and packaging of the final product [34].
Otherwise, this emulsion has a similar droplet size to the emulsion with 0.4% SA with a low
amount of this biopolymer (Table 1).

3.2. Microparticles characterization.

Bulk density, MC, solubility, wettability, and aw are important properties for ease of
reconstitution and stability of a powder. The bulk density is a significant factor in the
transportation, storage, packing, and mixing of food products [35]. The bulk density of the
powder was 0.72 + 0.14 g/cm?. This value is higher than the reported pectin/sodium alginate
microparticles added with carvacrol (~0.34 g/cm®) at 160 °C inlet air temperature. The
difference between the studies is related to polymers with a high polymerization degree,
increasing the value of this property [4,9]. Otherwise, bulk density is mainly associated with
the inlet temperature. High inlet air temperatures favor low values for this parameter because
the increase in the air temperature results in a droplet surface hardening [36]. Besides, high
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inlet air temperatures increase the evaporation rate, leading to less shrinkage of the droplets
consequentially in a less dense powder [37].

Citral microparticles showed an MC of 4.05 + 0.18%. Previously, it was reported an
MC ranged from 4 to 6.6% to citral in microparticles of dextrin [24]. MC in microparticles is
highly related to inlet temperature; as the temperature increases, the MC can decrease. In
addition, the binding properties of the biopolymers also affect this value. The possible
development of a complex between the SA, AG, and citral decreases the sites to binding water
sites. Low MC is a positive characteristic insight of long storage of this kind of product [38].
Besides, an MC lower than 5% is optimal to control microbial contamination and prevent lipid
oxidation [39]. Otherwise, aw is an important property in spray-dried powders because it affects
the shelf life of the foods [40]. The aw of SA/AG microparticles with citral was 0.18 £ 0.03. In
general, natural products or foods with aw lower than 0.6 are considered microbiologically
stable [40]. The aw and MC in a spray-dried powder greatly depend on the wall materials and
inlet temperature [38]. In line with this, the microparticles showed high solubility in water (83.4
+ 2.8%). This value was expected since materials used in the spray drying processes have high
solubility, in SA and AG, attributable to their hydrophilic properties [41]. Otherwise, AG is
composed of polysaccharide fractions and glycoproteins rich in amino acid residues of
hydroxyproline, proline, and serine that provide a water solubility up to 50% (w/v) [42].

Another important characteristic in powders is wettability, which refers to the time
required for the microparticles to completely wet [43]. The wettability of MD:AG:SA
microparticles was 27.07 £ 8.22 s. Previously was reported that the wettability of
microparticles of AG and MD with sumac extract was 167 and 305 s, respectively [6]; while
to AG (10%, w/w) microparticles with kuini powder was 236.67 £+ 34.03 s, both studies used
150 °C inlet temperature [35]. It has been reported that the wettability varies in function to the
inlet temperature; at low temperatures, the percentage of small particles increases, reducing the
void spaces between particles and increasing the resistance to water transfer [6]. Moreover, the
properties of wall materials also affect the wettability of microparticles, and the discrepancy
with other studies could be related to the presence of hydrophilic groups (OH and COOH) in
the biopolymers [9]. Finally, moisture adsorption of the microparticles powder after 180 min
in an atmosphere with 76% of RH was 26.7 = 0.2% (w/w). This value is higher than the
previously reported microparticles of pectin/sodium alginate with carvacrol (11%, w/w) after
90 min [39]. Particles obtained by the spray drying process will absorb ambient humidity, the
content of absorbed water will increase with the time exposition [44]. Moreover, the wall
materials properties and low water content also affect this parameter due to hygroscopicity
increasing as water content decrease [39].

3.3. Thermal analyses of micropatrticles and pectin films with citral microencapsulated.

The thermal profiles of microparticles and films added with microparticles with citral
were studied by TGA and DSC (Figure 2). Citral mass decreased 97.15% from 25 to 150 °C,
and this result is in agreement with literature observations [7,45]. Its decomposition at
environmental temperatures shows the necessity to protect EOs like this. The thermal
decomposition of all non-biopolymeric components of microparticles and films occurred in
one step (Figure 2A). Otherwise, the mass variation of biopolymers (MD, SA, AG, and pectin)
showed two steps; the first step (25-130 °C) correspond to the loss of moisture and linked water
[20], the amount ranged from 4 to 15% depending on each biopolymer and their hygroscopic
properties [46]. The second step, located between 129 and 370 °C indicates the decomposition
https://biointerfaceresearch.com/ 7495
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of the polysaccharide chain. The presence of glycoproteins in the AG increases the temperature
of decomposition of this biopolymer [34].
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Figure 2. Thermal analyses of microparticles and pectin films added with citral microencapsulated. (A)
Thermogravimetry (TG) curves components of microparticles and films (glycerol A; citral O; miglyol A ;
calcium chloride o; maltodextrin m; Arabic gum ¢; sodium alginate ®; pectin x. Markers are used for readers'

guidance, do not represent a particular measure). (B) TG and (C) differential scanning calorimetry curves of
microparticles with citral (—) and pectin films added with citral microencapsulated (--).

The TGA of microparticles and films showed a decomposition in four steps. The first
step, which was located between 25 and 125 °C and 25 and150 °C to microparticles and films,
was associated with the loss of moisture, physically bound water, and the volatile fraction of
the non-encapsulated oil [4]. The weight loss in this step agrees with the MC results (Section
3.2). The second weight-loss located between 150-188 and 125-250 °C and to films and
microparticles, respectively (Figure 2B), was related to the depolymerization process and
thermal degradation of the wall material of microparticles and oil phase decomposition [7,9].
The third mass loss between 188-330 and 250-345 °C to films and microparticles correspond
to the second mass loss in the biopolymers (AG, MD, and pectin; Figure 2A). Finally, the
fourth loss in both samples was associated with the decomposition of carbonaceous material
[47]. The absence of mass loss in microparticles 115 and 150 °C, suggested the encapsulation
of citral and the thermal protection of the EO by the microparticles. Besides, the EE% estimated
https://biointerfaceresearch.com/ 7496
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by TGA was 31.73%. Similar results were previously reported to the use of solid lipid
nanoparticles [45], AG:SA emulsion [7], and electrospun nanofibers of cyclodextrins [25] to
the protection of citral. However, higher EE% (76-90%) has been obtained for sesame oil
encapsulated in mixtures of mesquite gum and MD DE10 at different ratios. The discrepancies
between the studies can be related to the amount of EO, nature and amount of wall material,
and inlet temperature [48].

DSC is a potent technique for observing physical and chemical changes in
polysaccharides as they undergo heat processing. Microparticles and films exhibited a broad
endothermic peak with the mean temperature at 69.82 and 75.75 °C to microparticles and films,
respectively. These broad peaks were assigned with the loss of moisture, crystallized water,
hydrogen-bonded water, and other physically adsorbed water [49]. The difference of ~6 °C in
the midpoint of the peaks can be related to the binding mode of water in different samples,
which required more or less energy to release it [50]. Besides, the discrepancy can be related
to the higher MC of films compared to microparticles (Figure 2C). This fact, the addition of
pectin and glycerol to develop the films, and the increment of water content produced a
decrement in the T4 value in films compared to the obtained in the microparticles. However, in
both cases, one Tq value was obtained, allowing us to infer the miscibility of all materials [29].
The high T4 values (179.20 and 231.50 °C to films and microparticles, respectively) are critical
in developing dry powders and food packaging. Powders and films with a low Tg4 are prone to
stickiness and caking phenomena (the last one in the powder), with negative consequences on
their stability, textural, chemical, and sensory quality [51]. Otherwise, the Tm value agrees with
the onset temperature of film decomposition obtained by TGA (Figure 2B). The exothermic at
248 and 302 °C in films and microparticles, respectively, correspond to the decomposition of
the biopolymers in the formulation. Depolymerization reactions are associated with the
incomplete decarboxylation of the COOH groups and oxidation reactions of the
polyelectrolytes groups in polysaccharides [49]. Finally, the exothermic event at 360 °C
corresponds to the decomposition of the carbonaceous material (Figure 2C) [20,49].

3.4. In vitro antifungal activity of films.

The results of the fungi inhibition with films added with microparticles with citral are
shown in Table 2. The use of pectin films without microparticles favored the growth of the
fungi and increased their growth by ~18% concerning the controls (Figure 3). Due to the fungi
can synthesize pectinases and use the biopolymer as a carbon source for their growth [52].
However, pectin films added with citral microencapsulated significantly affected the inhibition
of fungi growth (42-68%, Table 2) under assessed conditions.

The antifungal activity of pectin films was mainly attributable to the presence of the
EO. It estimated concentration in the pectin films based on the loading efficiency and bulk
density was 0.6 uL/100 mL of film-forming solution. Antifungal activity of citral could be
explained in two ways; the first is that the monoterpenes (citral and geraniol) can cross the
fungi membrane and interact with enzymes and proteins, producing its disruption. This event
leads to morphological changes in the plasma membrane producing the loss of cytosol
components resulting in fungal cell death [53,54]. The second antagonist mechanism of citral
is the alteration of the mitochondrial morphology, resulting in reduced ATP content and
inhibition of the tricarboxylic acid cycle (TCA) [55]. These mechanisms were demonstrated
against P. italicum with citral concentration ranging from 0.50 to 1.0 uL/mL, in which the
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disruption of membrane integrity was due to the decrement of ergosterol and total lipid content
[56].
Table 2. Fungi inhibition with films added with citral.

Fungi Percentage inhibition
Citral (0.125 pL/mL) Film with citral
microencapsulated
Colletotrichum gloeosporioides 100.0 £ 0.0%2 42.9+£2.3%
Penicillium italicum 100.0 + 0.07 68.3 + 2.8
Aspergillus niger 100.0  0.042 54.7 +1.68P

Values are expressed as means + standard deviation (n = 6). Values in the same column followed by different
capital-case letters are significantly different according to Fisher's LSD test at p<0.05. Values in the same row
followed by different lower-case letters are significantly different according to Fisher's LSD test at p < 0.05.

Figure 3. Growth inhibition of Colletotrichum gloeosporioides with pectin films added with citral
microencapsulated. (A) C. gloeosporioides without film, and covered with pectin films (B) without and (C) with
citral microencapsulated after 8 days of incubation at 28 °C.

Otherwise, in Aspergillus spp. was demonstrated that citral increased cell membrane
permeability led to the leakage of intracellular constituents reaching 100% of inhibition at 0.5
uL/mL. Besides, citral and geranial can induce the synthesis of reactive oxygen species (ROS)
in Aspergillus spp. rapidly [57]. High ROS levels reduce the concentration of intracellular
antioxidants and alter DNA and proteins' structure, resulting in cell damage or apoptosis. The
mechanism of microbial inactivation by ROS assumed that ROS involved the formation of
Fenton-mediated hydroxyl radicals through the TCA cycle and ultimately initiated cell death
[58]. In addition to citral activity, the films represent a physical barrier to oxygen generated by
the films that produce a depletion in their concentration, reducing its availability to fungal
metabolism [59]. Therefore, the microencapsulation of citral and the films allowed fungal
inhibition using a lower amount of the EO compared to other studies [57,60]. Contributing to
using natural resources to develop edible coatings with active properties is a current necessity
in the food packaging industry.

4. Conclusions

In this study, several emulsions with MD (10%) and different concentrations of AG and
SA were assessed. Based on the droplet size, the higher volume of small droplets, and
monomodal distribution, the emulsion with the higher ratio AG:SA 1:0.1 (ratio of all
polysaccharides in the emulsion 1:1:0.1 to MD:AG:SA) was selected for the spray drying
process. The powder obtained after the drying process had high solubility, and low wettability
time, MC, and bulk density is allowing us to infer powder stability and easy handling at a large
scale. Besides, the thermal analyses reveal that microparticles and pectin films give thermal
protection to citral, and the high T4 values obtained contribute to reducing the possibility of the
loss of nanofiber properties during their storage alone or into the films. Regarding the
antagonistic activity, pectin films added with citral microencapsulated were able to control the
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fungal growth of P. italicum, C. gloeosporioides, and A. niger under in vitro conditions.
Therefore, these films provide a basis for developing edible coatings with active properties
with feasible applications in the postharvest management of phytopathogenic fungi. However,
further studies should be carried out on the full characterization of the film and assess its effect
on phytopathogenic fungi in vivo conditions and on the organoleptic properties of the fruits.
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