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Abstract: Galactomannan is a filmogenic polysaccharide suitable for edible
coatings. The addition of nanoencapsulated active ingredients improves its
antifungal activity. In this way, nanocomposite materials were developed based
on galactomannan and nanoencapsulated essential oil and polyphenols,
extracted, respectively from Lippia grata and grape skin by-products. The size
of chitosan nanoparticles increased after encapsulation, varying from 42 + 24 to
295 + 0 nm for polyphenols. Overall, the nanoparticle suspension was stable,
with encapsulation efficiency close to 20% for the essential oil and 90% for
polyphenols. Nanocomposite films were isolated by casting and characterized
by scanning electron microscopy (SEM), infrared spectroscopy (FTIR), water
vapour permeability, mechanical properties, release profile, and antifungal
activity. By SEM, the films showed good nanoparticle dispersion in the matrix
and improved mechanical properties compared to the non-added film. The
sample based on essential oil showed good antifungal activity against
Lasiodiplodia theobromae. Such properties make these films adequate for
postharvest coating applications.

Keywords: edible film; mesquite gum; essential oil encapsulation; chitosan
nanoparticle.
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1 Introduction

Fungi cause significant damage to agricultural products and commit billions of economic
resources to their control every year. Moreover, fungal mycotoxins can decrease the
quality and value of agricultural products and, more importantly, cause injuries or death
to animals and humans by ingestion of contaminated products (Khalili et al., 2015).
Several studies have been conducted to reduce such fungal proliferation. Among the
various natural substances tested, essential oils (EOs) stand out for their antimicrobial
properties both in vivo (phytotherapeutic effect) and in vitro against an expressive
number of fungi, bacteria, viruses, and mites (Cruz-Valenzuela et al., 2013; Bakkali et al.,
2008). Particularly in postharvest, the antifungal activity of EO against the fungal genera
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Botrytis, Aspergillus, Penicillium and Alternata has motivated several studies due to their
potential applicability.

The Brazilian semi-arid biome is an important source of EO, featuring several native
plant species that produce EO with antimicrobial activity, e.g., Lippia grata (Souza et al.,
2017). The antifungal activity of the EO of Lippia ssp. has already been verified against
common postharvest fungi (Carvalho et al., 2013), specially against Lasiodiplodia
theobromae (Peixinho et al., 2017).

Polyphenols (PPh) are another substance that can also be used as antimicrobials,
being found in large quantities as winery by-products. Likewise, some PPh have shown
antifungal activity and aroused the interest of the postharvest sector (Friedman, 2014).

However, both EO and PPh may lose their activity depending on how they are
processed. EO is volatile compounds and can be easily degraded when composing
manufactured formulations. Different strategies can increase their activity and stability,
such as nanoencapsulation (Kedia and Dubey, 2018). Similarly, the biological activity of
PPh may depend on the form of their administration, and nano-sized carriers can be
applied to improve their activity (Liang et al., 2011).

Some polysaccharides, such as chitosan, mainly due to their chelating and
cross-linking properties, can be used to encapsulate active compounds, with direct
applications in postharvest areas (Picard et al., 2013; Sae-Tang et al., 2020). Particularly
in the food segment, the water-soluble vitamins C, B9, and B12 have been successfully
encapsulated in chitosan nanoparticles (NP) (Britto et al., 2012). In a subsequent study, it
was found that the encapsulation efficiency (EE) is dependent on the structure of the
nanoparticle as well as the solubility of the vitamin in the reaction medium (Britto et al.,
2014). Chitosan has also been used to encapsulate EO (Hadidi et al., 2020; Hosseini
et al., 2013) and PPh (Liang et al., 2011).

Another particularly important property of polysaccharides in postharvest studies is
their film-forming ability, constituting the basis of the formulation of edible coatings
(Nascimento et al., 2019). Galactomannan is an interesting polysaccharide with
filmogenic properties, being found in the mesquite seed gum (Prosopis juliflora), a very
common tree in the Brazilian Northeast region (Cerqueira et al., 2011). This application
represents a potential and low-cost alternative for exploiting this species classified as
invasive in the Caatinga biome.

The combination of filmogenic polysaccharides with NP containing nanoencapsulated
active ingredients generates nanocomposite (NC) films with potential application for
coating fruits and vegetables. This is an important alternative to extend the shelf-life of
perishable tropical fruits such as mango, for example (Medeiros et al., 2012).

From this perspective, the present study aimed to prepare and characterise films in
terms of composition, morphology, mechanical properties, water vapour permeability,
and release of active ingredients aiming at their application as active coatings in mango.
The films consisted of a polymeric matrix of galactomannan (GLM) extracted from the
mesquite seed (Prosopis juliflora) combined with encapsulated chitosan NP with active
ingredients. The active ingredients were the EO of Lippia grata and PPh extracted from
the grape skin by-product.
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2 Materials and methods

2.1 Materials

Sodium tripolyphosphate (TPP) and medium molecular weight chitosan (80%
deacetylation degree) were purchased from Aldrich Chemical Company Inc. (USA).
Ethanol (99.8% pure) and glacial acetic acid were purchased from Dindmica (Brazil). The
other reagents were purchased from Synth (Brazil).

The EO was extracted from Lippia grata leaves collected from the Caatinga
experimental field of Embrapa Semiarid. The leaves were oven-dried (30°C) and
subjected to hydrodistillation in a Clevenger apparatus. The PPh were obtained from the
hydroalcoholic extract of grape skin by-products (Vitis vinifera variety Egiodolla).
Galactomannan (GLM) was extracted from mesquite tree seeds. For this, the seeds were
crushed, extracted with hot water (50°C), and centrifuged at 12,857 x g (centrifuge
Eppendorf, model 5804 R, rotor F-34-6-38, 10,000 rpm) for 15 minutes and 20°C to
separate the non-dissolved residue. Subsequently, the GLM was precipitated with ethanol
and isolated by lyophilisation (—50°C, 200 uHg) in an equipment from LioBras” model
L101 (Souza Filho et al., 2013).

2.2 Preparation of the encapsulated nanoparticles and NC films

The NP were prepared by ionic gelation process, following the procedure described
previously (Britto et al., 2012, 2014) with some modifications. Initially, a solution with
3.0 mg mL™' chitosan was prepared in 0.5% aqueous acetic acid and kept under magnetic
stirring at room temperature for 24 hours. Subsequently, a solution with 1.6 mg mL™
TPP in 0.5% aqueous acetic acid was prepared under magnetic stirring for 10 mins at
room temperature. NP formation by ionic gelation was performed by adding 50 mL of the
TPP solution to 50 mL of the aqueous chitosan solution at a rate of 1 mL min ' at room
temperature and under magnetic stirring. The NP suspension was then centrifuged at
35,392 x g (centrifuge Beckman Coulter, model Avanti J26-XP, rotor JA 25.15, 20,000
rpm) for 20 minutes at 8°C to obtain the NP precipitate.

For the encapsulation process, the active substances (EO or PPh) were previously
dissolved in 2.5 mL of an ethanol-water solution (1:1 v/v) at a concentration of 32 mg
mL™". In parallel, the NP precipitate was re-suspended in 2.5 mL of ethanol-water
solution (1:1 v/v). Subsequently, the solution with the active substance was mixed with
the NP suspension in an ultrasonic bath (Ultrasonic Cleaner”™, model PS-20, ultrasonic
power 100 W) for 10 minutes to obtain 5.0 mL of encapsulated substance. The NP
samples were named NP-EO and NP-PPh for encapsulation with EO and PPh,
respectively. For the non-encapsulated sample, the NP precipitate was resuspended in a
similar way, except the addition of the active substance. The sample was named NP-Ch.

Finally, the NC film was obtained by adding the 5.0 mL of the encapsulated NP
suspension to a GLM solution dissolved in water to obtain a final volume of 60 mL and a
GLM concentration of 5 mg mL ", The NC were then prepared by casting in three 20 mL
Petri dishes (diameter = 90 mm) at room temperature. The NC samples were named
NC-EO, NC-PPh and NP-Ch, respectively for samples added with NP-EO, NP-PPh and
NP-Ch.
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2.3 EFE and controlled release from the encapsulated nanoparticles

The NP synthesis was performed as described above and the encapsulation was
performed as follows. The centrifuged NP were re-suspended in 1:1 ethanol-water or
deionised water and placed to interact with EO and PPh solutions at four different
concentrations (8.0, 4.0, 2.24, and 0.8 mg mL™") with the aid of an ultrasonic bath
(Ultrasonic Cleaner”™, model PS-20, ultrasonic power 100 W) for 80 minutes (three cycles
of 20 minutes with a 10-minute interval between them). After the interaction, the
encapsulated NP suspension was centrifuged and the supernatant quantified by
UV-visible spectrophotometry using a Thermo Scientific® spectrophotometer, model
MultiSkan GO. A previous calibration curve was done with adequate concentrations of
EO and PPh.

The NP precipitate was analysed for controlled release. For this, 1.0 g of the NP
precipitate was placed in amber glass flasks along with 24 mL phosphate buffer
(Na,HPO, and KH,PO,) and 16 mL ethanol, totalling 40 mL of solution. The system was
placed on an orbital shaker at 120 rpm and 25°C. Aliquots (1.5 mL) were withdrawn at
pre-determined time intervals up to 24 hours, centrifuged at 12,857 x g (centrifuge
Eppendorf, model 5804R, rotor F-34-6-38, 10,000 rpm, 10 mins, 9°C), and quantified by
UV-visible spectroscopy as described above. The experiment was performed in triplicate.

2.4 Morphology

For the morphological analysis, the NP suspensions were deposited on glass slides and
evaluated under scanning electron microscopy (SEM) using a Tescan Vega 3 microscope
(Brno, Czech Republic). Electrical conductivity was assessed by applying a thin coating
layer of gold and silver paint in the lateral part of the glass slides. It was analysed at least
two replication for each sample.

2.5 Nanoparticles size and zeta potential

The size and zeta potential of the nanoparticles (NP-EO, NP-PPh, and NP-Ch) were
evaluated using the dynamic light scattering (DLS) technique in a Zetasizer Nano ZS Zen
3600 equipment from Malvern Instruments Ltd. (England). All analyses were performed
in triplicate at 25°C.

2.6 Fourier-transform infrared spectroscopy

The spectra of the NC films were obtained using a Fourier-transform infrared
spectroscopy (FTIR) equipment from Perkin Elmer, model spectrum two (Waltham, MA,
USA), in the range of 4,000-400 cm ™' wave numbers, with eight cumulative scans.

2.7 Mechanical properties

Due to the fragile nature of the films, it was necessary to follow the methodology
described by Talucdher and Shivakumar (2013). The paper mould used measured
38 x 25 mm with a central opening of 6 X 12 mm. The sample consisted of a rectangular
film measuring 5 X 15 mm and with thickness ranging from 0.016 mm to 0.028 mm. The
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stress x strain curve was obtained with a universal testing machine (EMIC, DL 10000,
Parana, Brazil). The cell load was 500 N, with a deformation speed of 5 mm min™'. The
experiment was repeated at least six times for each sample.

2.8 Water vapour permeability

Water vapour permeability was determined by gravimetry, according to the ASTM
standard test methods (ASTM E96/E95M, 1995). For this, disc-shaped sample film
pieces with a diameter of 30 mm were attached to the measuring cells containing 20 mL
of water. The cells were placed in a desiccator containing silica gel at 50% relative
humidity. Each cell was weighed on an analytical balance for seven days. The experiment
was performed in triplicate, and permeability was calculated using equation (1):

AME

PVA=——""
TAS(R -R,)

Q)

where ‘PVA’ is the water vapour permeability (g-mm/kPa-h-m?); ‘AM’ is the change in
mass (g) of the cell; ‘E” is the average thickness (mm) of the film; ‘7" is the time (hours);
‘A’ is the permeation area (m?) of the film; ‘S’ is the water vapour pressure (3.2 kPa) at
the test temperature (25°C); ‘R’ is the relative humidity within the cell, expressed as a
fraction (1.0); and ‘R,’ is the relative humidity in the desiccator, expressed as a fraction
(0.5).

2.9 Release profile from the NC films

The release profile was performed for NC-EO, NC-PPh and NP-Ch films. For this, the
NC were prepared as described above, except that they were dried by lyophilisation to
avoid possible degradation of the EO or polyphenols. In this way, the NC samples were
placed on Petri dishes, frozen at —80°C, and subsequently lyophilised (—50°C, 200 nHg)
in an equipment from LioBras® model L101. After drying, the release profile for NC
films was done as described above for NP. For this, approximately 100 mg of the sample
was used in 15 mL of the released solution (60% ethanol and 40% phosphate buffer).
Aliquots of 1.0 mL were withdrawn after 0.5, 1.0, 2.0, 3.0, 5.0, and 24 hours.
Subsequently, the aliquots were centrifuged to separate the solid particles. The
supernatant was diluted with 4 mL of ethanol-water solution (1:1) and analysed in a
Thermo Scientific® UV-visible spectrophotometer, as described above. The experiment
was performed in triplicate.

2.10 In vitro test against Lasiodiplodia theobromae

The antifungal activity of the EO of L. grata was evaluated against Lasiodiplodia
theobromae by spreading 200 pL. of the NC film formulation over 9 cm-diameter Petri
dishes containing PDA medium (potato, dextrose, and agar) with a Drigalski loop. The
samples were then transferred to a laminar flow chamber for sterilisation with UV light
for 15 minutes. After this period, a 5 mm mycelium disk of the fungus L. theobromae
was placed at the centre of the plate. After three days of incubation at 25°C and with a
12-hour photoperiod, colony diameter was evaluated with the aid of a calliper.
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The experiment was conducted in a completely randomised experimental design with
four replications, with each plot represented by one Petri dish. The means were subjected
to analysis of variance and compared by the Tukey test when significant by the F test
(P <0.05).

3 Results and discussion

The films with the polymeric GLM matrix at a concentration of 5 mg mL ™" showed good
filming-forming ability. The films were homogeneous and showed slightly yellowish
tones, except for the purple tone observed in the films with PPh (Figure 1). Such lighter
tones provide a better aesthetic advantage for fruit coating, with little interference in fruit
colour.

Figure 1 Typical aspect of the films obtained with, (a) parent galactomannan (GLM) and
galactomannan NC charged with (b) non-encapsulated chitosan nanoparticle (NC-Ch)
(c) chitosan nanoparticle encapsulated with Lippia grata EO (NC-EO) (d) chitosan
nanoparticle encapsulated with grape skin polyphenols (NC-PPh) (see online version
for colours)

"
(.
R

Note: The films diameter is approximately 90 mm.

(@

3.1 EE and controlled nanoparticle release

The EE evaluation showed that the EE value obtained for encapsulation in water medium
(NP-EOy), for all the concentrations tested, was higher than EE in ethanol medium
(NP-EO,, Table 1). However, the aspect of the NP-EO,,; sample was not homogeneous,
forming agglomerates and precipitating spontaneously. On the other hand, the NP-EO,,
sample showed a more homogeneous aspect in suspension and did not precipitate. This
result suggests an unstable system for the NP-EO,, sample probably caused by the
difference in solubility between the EO and water. This clearly evidences that the EE
value, for a general system, is function of the solvent used and chemical property of the
encapsulated substance rather than the NP structure itself (Britto et al., 2012, 2014).
Considering all this aspects, the NP-EO,,, was rejected and the NP-EO,, elected for the
subsequent study, even with a lower EE value in comparison with NP-EOy.

The initial concentration of the active ingredient also plays an important role in the
EE (Table 1). The EE clearly showed greater efficiency at higher initial concentrations of
EO. Clove EO in aqueous emulsion containing surfactant was encapsulated in chitosan
nanoparticles, resulting in a maximum EE of approximately 46% (Hasheminejad et al.,
2019). In another study, the EO of Lippia menosides was also encapsulated in chitosan
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nanoparticles using a surfactant, resulting in a maximum EE of 69% (Paula et al., 2010).
In both studies cited, the EE decreased when high oil concentrations were added to the
system, probably due to a possible saturation of chitosan when encapsulating all the
material. However, these literature data are based on a complex procedure, with two-step
approach or additional spray-drying technique.

Table 1 Initial concentration (C;, mg mL’l), final concentration (Cg, mg mL’l) and EE (EE, %)
for loading chitosan nanoparticles with Lippia grata EO in ethanol-water 1:1
(NP-EO) and water (NP-EO,,;) media and with polyphenols from grape skin in
ethanol-water 1:1 medium (NP-PPh,)

NP-EO,, NP-EO,, NP-PPh,,

C C EE C; o EE C o EE
8.0 6.5 19.0 8.0 2.5 69.1 8.0 0.5 93.1
4.0 32 21.2 4.0 1.9 53.6 4.0 0.4 89.9
2.24 1.9 13.6 2.24 L5 32.2 2.24 0.2 90.6
0.8 0.76 5.6 0.8 0.65 18.4 0.8 0.04 939

The efficiency of the NP-PPh sample was very high, showing little dependence on the
initial concentration. Liang et al. (2011), encapsulated green tea polyphenols in chitosan
nanoparticles obtained a maximum EE of around 83%.

The release profile for the NP-EO,; sample in phosphate buffer-ethanol solution
showed an initial burst release and reached a plateau at 8.21 mg mL™ (Figure 2). The
profile of NP-EO,, (Figure 2) was similar, but the plateau was reached at a lower
concentration (2.8 mg mL™") (Britto et al., 2014). Such a difference is related to the EE
discussed before. The NP-EO,, sample had more EO than the NP-EO,; sample, although
not effectively encapsulated in the chitosan nanoparticles. The release profile for the
NP-PPh,, sample was similar to the NP-EQ,, sample, reaching a plateau at 3.0 mg mL .

Figure 2 Release profile (average + SD) for chitosan nanoparticle loaded with, (a) Lippia grata
EO obtained from water medium (@) and ethanol-water medium (m) (b) load with grape
skin polyphenols obtained from ethanol-water medium (A ) (see online version
for colours)

. -1
Concentration (mg mL™)
»—

»

T T T T T T T T T T T T 1 T T T T T
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 0 5 10 15 20 25
time (hours) time (hours)

@ (b)

Note: The releasing solution was phosphate buffer (Na,HPO, and KH,PO,): ethanol.
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3.2 Nanoparticle size and zeta potential

The particle size and zeta potential are important considerations when designing a
delivery system for bioactive compounds. In theory, NPs should ideally have the smallest
possible size and the greatest zeta potential. Uniformity in nanoparticle size distribution
is crucial to maintain a constant release rate of the encapsulated material (Bulmer et al.,
2012; Barzegar et al., 2016). Furthermore, high zeta potential values ensure the stability
of the dispersed nanoparticles.

The NP-Ch samples showed a zeta potential close to +30 mV (Table 2), indicating a
highly stable suspension (Lorevice et al., 2016). As chitosan was solubilised in acetic
acid, the amine groups (NH,) were ionised into ionic NHJ groups, causing the positive
zeta potential values observed here (Britto et al., 2014; Antoniou et al., 2015; Gan and
Wang, 2007).

Table 2 Zeta potential values (mV) for the non-encapsulated chitosan nanoparticles (NP-Ch);
chitosan nanoparticles encapsulated with Lippia grata essential oil (NP-EO) and
chitosan nanoparticles encapsulated with grape skin polyphenols (NP-PPh)

Sample Zeta potential
NP-Ch 28.0+0.1
NP-EO 8.2+0.1
NP-PPh 142+04

The zeta potential showed a sharp decrease for the encapsulated systems compared to the
non-encapsulated system (Table 2). In fact, the zeta potential is greatly influenced by the
encapsulated substance (Britto et al., 2014). Despite the positive character of chitosan
nanoparticles, Paula et al. (2010) found negative values for chitosan nanoparticles
incorporated with the essential oil of Lippia ssp. Therefore, the decrease in the zeta
potential of NP-EO and NP-PPh can be attributed to a possible negative character of
those substances.

Regarding the size, all samples showed a peak around 5,500 nm, according to the
DLS graph of intensity versus particle size (Figure 3). Such peaks are indicative of
clusters formation (Britto et al., 2012). Hydrogel nanoparticles such as chitosan-TPP
show high interaction with the aqueous solvent, facilitating the formation of clusters. This
also influences the process of nanoparticle isolation, forming clusters of nanoparticles in
the solid state (Silva et al., 2020). This cluster formation can be increased depending on
the chemical nature of the encapsulated substance. The increase in intensity in this region
is indicative that this phenomenon is occurring with the NP-EO and NP-PPh samples
(Figure 3). In accordance, the non-encapsulated sample, NP-Ch, showed the lowest
nanoparticle size, 174 + 30 nm, followed by NP-PPh, with 310 + 30 nm, and finally by
NP-EO, 619 £+ 91 nm, with the largest value (Figure 3).

The DLS graph of particle number versus size gives a better idea of the characteristics
of nanoparticles (Figure 4). According to the graph, the absolute number of nanoparticles
in the 5,500 nm range is very low, indicating that the formation of these clusters is also
very low compared to the other ranges. The size distribution trend followed the same
observed for intensity, although with lower values. The non-encapsulated sample, NP-Ch,
showed the lowest nanoparticle size, 42 = 24 nm, followed by NP-PPh, with 295 + 0 nm,
and finally by NP-EO, with 603 + 67 nm, the largest value (Figure 4). This size
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distribution for NP-Ch agrees with the literature (Britto et al., 2014; Otoni et al., 2014).
Furthermore, there is an increase in nanoparticle size usually after the encapsulation
process (Britto et al., 2012, 2014; Kavaz et al., 2019).

Figure 3 DLS graph of intensity versus particle size for the non-encapsulated chitosan
nanoparticles (NP-Ch); chitosan nanoparticles encapsulated with Lippia grata essential
oil (NP-EO) and chitosan nanoparticles encapsulated with skin grape polyphenols
(NP-PPh) (see online version for colours)

55
o] NPEPN  dsetaser
45 ] i “

40 ]
35 —
30 —

25

Intensity (%)

20 4 NP-Ch
: d=174%30 *

Size (nm)

Note: Different line style stands for triplicate analysis.

Figure 4 DLS graph of number versus particle size for the non-encapsulated chitosan
nanoparticles (NP-Ch); chitosan nanoparticles encapsulated with Lippia grata essential
oil (NP-EO) and chitosan nanoparticles encapsulated with skin grape polyphenols
(NP-PPh) (see online version for colours)
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3.3 NC morphology

The parent GLM film (without NP addition) showed an irregular surface with several
spherical structures evenly distributed (Figure 5). Such structures have been reported
before and may be related to the formation of a colloidal system expected to occur during
film casting (Nascimento et al., 2019).

Figure 5 SEM image for galactomannan film cast on glass sheet at 500 x magnification

SEMHV:10.0kV. | WD:16.27.mm

SEM MAG: 500 x Date{m/dly): 01/01/10 Performance in nanospace

After the addition of nanoparticles, the SEM images of the NC-Ch, NC-EO, and NC-PPh
samples showed increased irregularities (Figure 6) compared to the parent sample
(Figure 5). This accounts for the regular distribution of the nanoparticles in the GLM
matrix. Spherical structures with different diameters can be seen in the images with 500 x
magnification [Figures 6(a), 6(c) and 6(e)]. Large structures (d ~ 5,000 nm) may result
from the formation of clusters during the casting process. In fact, chitosan nanoparticles
are expected to be highly miscible within GLM matrix due to their similar chemical
aspect (polysaccharide-polyelectrolyte-TPP) and the low viscosity of the solution (Duarte
et al., 2019). However, as pointed above, the hydrogel character may favour this cluster
formation in the solid state after casting. On the other hand, small structures (d < 5,000
nm) can be seen embedded in the galactomannan matrix [Figures 6(a), 6(c) and 6(e)], in
accordance with what was described before (Nascimento et al., 2019). In
high-magnification images (5.0-10.0 kx), spherical structures can be seen in the range of
d =200 — 500 nm, mainly for NC-Ch and NC-PPh [Figures 6(b) and 6(d)]. On the other
hand, such structures are not clearly defined in the NC-EO sample [Figure 6(f)]. This
may occur due to two reasons: first, the NP-EO showed the largest nanoparticle size, and
second, the hydrophobic character of the essential oil may favour the formation of
clusters during casting (Hadidi et al., 2020).
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Figure 6 SEM images for galactomannan NC films cast on glass sheet, containing the addition
of, (a)—(b) non-encapsulated chitosan nanoparticles (NC-Ch) (c)—(d) chitosan
nanoparticles encapsulated with skin grape polyphenols (NC-PPh) (e)—(f) chitosan
nanoparticles encapsulated with Lippia grata essential oil (NC-EO) at different
magnifications (a) (c) (e) 500 x (b) (d) 10.0 kx (f) 5.0 kx (see online version for colours)
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3.4 Mechanical properties of the NC films

The addition of the nanoparticles to the GLM matrix resulted in more resistant NC films
(NC-Ch and NC-PPh) compared to the parent GLM film (Figure 7 and Table 3). On the
other hand, the NC film incorporated with NP-OE did not show any improvements in its
mechanical properties. Generally, the addition of nanostructures to the polysaccharide
matrix produces NC films with improved physical properties, leading to increased tensile
strength and maximum deformation (Antoniou et al., 2015; Azeredo, 2009; Lu et al.,
2005). In the case of NC-EO films, the decrease in tensile strength can be attributed to the
free essential oil that volatilised, leaving void areas in the material. The literature also
reports a plasticising effect of EOs in edible films demonstrated by the reduced strength
and stiffness while increasing film elongation (Otoni et al., 2014).

Figure 7 Stress-strain deformation behaviour (average + SD) for parent GLM (m) and
galactomannan NCs films charged with non-encapsulated chitosan nanoparticles (®),
nanoparticles encapsulated with grape skin polyphenols ( A) and nanoparticles
encapsulated with Lippia grata essential oil (*) (see online version for colours)
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Table 3 Tensile strength (MPa) and maximum deformation yield (%) parameters according

the stress-strain deformation behaviour for galactomannan film (GLM) and
galactomannan NCs films charged with non-encapsulated chitosan nanoparticles
(NC-Ch); chitosan nanoparticles encapsulated with grape skin polyphenols (NC-PPh)
and chitosan nanoparticles encapsulated with Lippia grata essential oil (NC-EO)

Sample Tensile strength Maximum deformation
NC-EO 2.6 +0.4° 3.24+0.8"
GLM 3.7+0.1° 3.6+0.7"
NC-Ch 7.4+0.5% 6.6+0.7°
NC-PPh 8.7+2.1° 11.2+3.3°

Note: Different letters in columns indicate that the means difference is significant at the
0.05 level Tukey test.
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3.5 Water vapour permeability thought the NC films

The addition of nanoparticles to the GLM matrix did not result in improved water vapour
permeability for NC-Ch and NC-PPh compared to the parent GLM film (Table 4). On the
other hand, despite the hydrophobic character of the EO, the NC film incorporated with
NP-OE showed increased water vapour permeability. This may be related to the same
phenomenon described above for the decrease in the mechanical properties. Void areas
caused by essential oil volatilisation facilitated water vapour diffusion through the film.

Table 4 Water vapour permeability [(g-mm)-(kPa-h-m?)™'] for GLM and galactomannan NCs
films charged with non-encapsulated chitosan nanoparticles (NC-Ch); chitosan
nanoparticles encapsulated with grape skin polyphenols (NC-PPh) and chitosan
nanoparticles encapsulated with Lippia grata essential oil (NC-EO)

Sample wvpP

NC-EO 0.374 + 0.009*
NC-Ch 0.225 + 0.024
NC-PPh 0.227 = 0.004%
GLM 0.194 + 0.022¢

Note: Different letters in columns indicate that the means difference is significant at the
0.05 level Tukey test.

3.6 Infrared spectroscopy (FTIR) of the NC films

The FTIR spectrum of the GLM cast film showed typical bands of polysaccharide
galactomannan (Figure 8). The most relevant ones are the bands at 3,395 cm' (axial
deformation of OH); 2,925 and 2,896 cm’! (axial deformation of CH, and CH,
respectively); 1,380 cm ' (angular deformation on the plane of OH); and 1,080 cm™
(axial deformation of CO, COC), which are characteristic of gluco-polysaccharides and
have been previously described in the literature (Cerqueira et al., 2012). Particularly for
galactomannans, the bands at 860 and 814 cm™' are related to the presence of anomeric
configurations (o and [ conformers) and glycosidic linkages attributed to
o-D-galactopyranose and f-D-mannopyranose units, respectively (Nascimento et al.,
2019; Lopez-Franco et al., 2013). Bands at 1,743, 1,645, and 1,535 cm ! were also found
(attributed, respectively, to C=0 in carboxylic acid, C=0 in amide and N-H) and may be
related to the presence of proteinaceous contaminants (Lopez-Franco et al., 2013).

The addition of nanoparticles did not cause changes in the GLM FTIR spectra
(Figure 8). The most relevant change is related to the O-H absorption band, which
decreased for the NCs, with NC-PPh showing the greatest decrease. It is not possible to
state what phenomenon was responsible for this decrease, although it may be related to
the amount of absorbed H,O or the reduction of intermolecular hydrogen bonds. Chitosan
shows characteristics bands close to 1,500—1,600 cm™ (Nascimento et al., 2019). As well,
the formation of NP structure implies in changes in the FTIR spectrum, mainly at
2,120 cm™! referent to chitosan ammonium ion (Britto et al., 2012). However, the mass
proportion for GLM and NP is high, resulting in overlapping of such characteristics
bands by the GLM one.
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Figure 8 FTIR spectra for GLM and galactomannan NC films charged with non-encapsulated
chitosan nanoparticles (NC-Ch); chitosan nanoparticles encapsulated with grape skin
polyphenols (NC-PPh) and with chitosan nanoparticles encapsulated with Lippia grata
essential oil (NC-EO) (see online version for colours)
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3.7 Release profile from the NC films

The release profile of the EO and PPh from the NC was similar to that observed for
encapsulated nanoparticles (Figure 9), reaching a plateau after up to five hours. These
results characterise a good prolonged release profile required for postharvest applications,
in which the active ingredient must be gradually released on the fruit surface for as long
as possible.

The release of active substances from nanoparticles occurs through several
mechanisms, including surface erosion, disintegration, diffusion, and desorption
(Hosseini et al., 2013). The release profile of the EO and PPh from the nanoparticles
within the GLM matrix can be described as a two-stage process. Initially, a high release
rate occurs, then followed by a subsequent slower release. The high initial release can be
attributed to the active ingredient molecules adsorbed on the surface of the particles,
which are quickly released to the solvent (Britto et al., 2014; Hosseini et al., 2013).

3.8 Invitro test against Lasiodiplodia theobromae

The in vitro test demonstrated the antifungal activity of the NC-EO sample against the
fungus L. theobromae (Figure 10). This sample showed a more restricted development in
mycelial diameter compared to the control [Figure 10(a)]. The NC with non-encapsulated
nanoparticles (NC-Ch) and the parent galactomannan film (GLM) did not show
antifungal activity. The GLM film without UV-visible radiation pre-treatment showed
some apparent antifungal activity. However, after the UV-visible radiation pre-treatment,
the GLM barely showed any activity. This may occur due to contaminants present in the
non-treated GLM, which reduced the mycelium spread.
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Figure 9 Release profile (average + SD) for galactomannan NC film charged with chitosan
nanoparticle encapsulated with Lippia grata essential oil (m) and grape skin
polyphenols (®) in a phosphate buffer (Na,HPO, and KH,PO,) — ethanol releasing
media solution (see online version for colours)
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Figure 10 (a) Antifungal activity against Lasiodiplodia theobromae in function of diametrical
mycelia development for galactomannan cast film (GLM) and galactomannan NCs
films charged with non-encapsulated chitosan nanoparticles (NC-Ch) and chitosan
nanoparticles encapsulated with Lippia grata essential oil (NC-EO) (b) Mycelia spread
typical aspect after three days of incubation (see online version for colours)
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Note: Different letters in columns indicate that the means difference is significant at the
0.05 level Tukey test.

Most essential oils have activity against fungi and bacteria due to the presence of
monoterpenes. Specifically, in the EO of L. grata, the main constituents are carvacrol and
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thymol, classified as phenolic monoterpenes (Souza et al., 2017). The mechanisms of
action of essential oils on microorganisms are known to modify the cell membrane
structure, causing the breakdown of the intracellular nucleic acid and the inactivation of
some fundamental enzymes (Albuquerque et al., 2006).

4 Conclusions

The active ingredient composed of polyphenols from grape skins was more efficiently
stabilised in nanoparticles compared to the essential oil of Lippia grata, showing smaller
nanoparticle sizes and higher zeta potential values than the nanoparticles encapsulated
with essential oil. The release profile of the active ingredients can be divided into two
stages: a high initial release followed by a slower release. NC films with nanoparticles
encapsulated with polyphenols showed better mechanical properties than films with
nanoparticles encapsulated with essential oil.

Finally, it was evident that NP-OE was effective against the growth of Lasiodiplodia
theobromae, highlighting that the formulation should be tested in vivo and has great
potential in the active coating of fruits.
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