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A B S T R A C T

The aim of this work was to improve the performance of quinoa protein/chitosan edible films on the extension of
postharvest life of blueberries and tomato cherries by addition of chitosan thymol nanoparticles prepared by
ionic gelation. These nanoparticles were effective at inhibiting the mycelial growth of Botrytis cinerea. Films with
nanoparticles were significantly more effective in reducing water vapour permeability than were films with
sunflower oil and film control without nanoparticles. Films with nanoparticles were applied as an internal
coating to a polyethylene terephthalate (PET) clamshell container to store blueberries and tomato cherries, and
the weight loss was evaluated. The weight loss for both foods stored in modified PET clamshells was significantly
lower than that in the unmodified PET clamshell during storage at 7 °C and 85% RH for 10 days. Thus, chitosan
thymol nanoparticles have a potential application as an antimicrobial for preservation of fresh fruits and as a
water vapour barrier when these particles are added into chitosan-quinoa protein films.

1. Introduction

Food packaging based on chitosan (C) films and coatings has been
extensively studied for food preservation. In particular, our group has
studied chitosan-quinoa protein complexes because two ecotypes of
quinoa are present in Chile: Salare quinoa, in the country's north, and
Coastal quinoa from sea-level areas in the central and south central
region. In the central region where the country's highest poverty rates,
quinoa is grown on family farms, however, it is the main producer area
quinoa (53% relative to the total of Chile) (Fuentes et al., 2017). The
ecotypes crop in this zone has good quality of protein and the highest
antioxidant activity compared with the other ecotypes crop in Chile,
but they have small size, and a bitter taste, which made them less
competitive, compared with Bolivian/Chilean north sweet ecotypes
(Bazile et al., 2014). On the other hand, structural properties de-
termined by XRD, FTIR and TGA showed a clear interaction between
quinoa proteins and chitosan (Abugoch et al., 2011). The quinoa pro-
tein extract (PE) is not a film-forming macromolecule by itself

(Valenzuela et al., 2013a). When PE is mixed with chitosan, hydrogen
bonding and other type of intermolecular interactions results in a new
material with film-forming capacity with much higher elongation at
break than chitosan (Abugoch et al., 2011). This property only can be
attributed to the presence of protein, because in only those experiments
where were added lipids, it was possible to detect hydrophobic inter-
actions (Valenzuela et al., 2013b).

It is known that chitosan, a copolymer consisting of β-(1–4)-2-
acetamido-D-glucose and β-(1–4)-2-amino-D-glucose units, has good
antibacterial and antifungal properties (Hosseinnejad and Jafari, 2016;
Muxika et al., 2017). But, chitosan has weak mechanical properties and
limited water vapour barriers (Abugoch et al., 2011; Kerch, 2015).

One solution is the addition of lipids of oil in a range of con-
centration from 2.9% to 50% which decreased the water vapour per-
meability (WVP) of chitosan films by up to 20% but caused a significant
decrease in the tensile strength (TS) of up to 80%, the elongation at
break (E%) of up to 70%, and the elastic modulus of up to 28% com-
pared to the films control (Morillon et al., 2002; Valenzuela et al.,
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2013a; b; Vargas et al., 2009). The other approach is to include nano-
particles (NPs) into the films. It is known that NPs have a tortuosity
effect on the films due to the hydrogen bonding between them and the
film matrix (Duncan, 2011). Depending on the type of NPs, the WVP
can decrease by up to 50% compared to films without NPs (Dehnad
et al., 2014; Muller et al., 2009), and their advantage is that they affect
the mechanical properties less compared to films treated with lipids
(Abdollahi et al., 2013; de Moura et al., 2009; Dehnad et al., 2014;
Muller et al., 2009). Recently, it was reported that the use of edible
coatings containing chitosan NPs obtained by ionic gelation is effective
at delaying the ripening process of grapes (Melo et al., 2018). Besides,
the use of chitosan and nano-SiOx coating increases the shelf life of
Chinese cherries during postharvest storage (Xin et al., 2017). On the
other hand, it has been proven that the incorporation of essential oils
significantly increased the antibacterial and antifungal efficacy of
chitosan films and coatings in vitro (Kerch, 2015). Thymol is the major
antimicrobial agent of the aromatic plant thyme (Thymus vulgaris); it is
a phenolic and hydrophobic compound capable of binding bacterial
proteins and giving rise to the disintegration and permeability of the
cell membrane and thus has a strong antimicrobial effect. So that
thymol may be incorporated as a natural antifungal agent in an active
package to increase shelf life of foods (Mirdehghan and Valero, 2017).
Recently, researchers evaluated the antifungal effect of thymol nanoe-
mulsions incorporated into quinoa protein/chitosan edible films on
cherry tomatoes. Compared with control samples (tomatoes without a
coating and those coated with quinoa protein/chitosan), tomatoes with
this coating and inoculated with B. cinerea showed a significant de-
crease in fungal growth after 7 days at 5 °C (Robledo et al., 2018).

The aim of the present work was to improve the performance of
quinoa protein/chitosan edible films on the extension of postharvest life
of blueberries and tomato cherries. For this purpose, chitosan thymol NPs
were obtained by ionic gelation, and their effectiveness was evaluated
against Botrytis cinerea. These NPs were included in the composite film,
and its performance on reducing water vapour permeability was eval-
uated. Finally, this nanocomposite film was applied as an internal coating
to a PET (polyethylene terephthalate) clamshell container to store blue-
berries and cherry tomatoes, and the weight loss was evaluated.

2. Materials and methods

2.1. Materials

Quinoa flour (Chenopodium quinoa Willd.) was supplied by
“Cooperativa Las Nieves” (VI Region of Chile). The flour was stored at
4 °C until use. The flour was stored at 4 °C until use. The following is
approximate composition of quinoa flour expressed in grams per 100 g:
moisture 10.7 ± 0.2, protein 14.4 ± 0.2, fat 8.4 ± 0.1, ash
2.5 ± 0.1, and carbohydrates 64.0 (AOAC, 1995).

2.1.1. Chitosan
Chitosan films: Medium molecular weight chitosan (MMWC), with a

deacetylation degree (DD) of 88.5% measured by proton nuclear
magnetic resonance (NMR-H1) and number average molecular weight
(Mwn) of 854 kDa measured by gel permeation chromatography (GPC)
from crab shells, was obtained from Sigma Aldrich, USA (448877-
250G).

Chitosan nanoparticles: Low molecular weight chitosan (LMWC)
was purchased from Sigma Aldrich, Inc. (St. Louis, MO, USA, C448869),
the following properties were measured: viscosity reduction (ηsp/
c)= 203 (mL/g), viscosity average molar mass (Mv)= 269 kDa and
deacetylation degree (DD)= 78.3%, as measured by NMR-H1 (Lavertu
et al., 2003). The intrinsic viscosity was determined in 0.1 M acetic acid
(HOAc) + 0.2 M NaCl at 25 °C. The viscosity average molecular weight
was determined using the Mark Howink constants in this solvent:
K = 1.81E-03 mL/g and a = 0.93 (Rinaudo et al., 1993; Tapia et al.,
2008).

2.1.2. Microbial strains
S. aureus ATCC 25923; S. enterica serovar typhimurium ATCC 14028;

and Listeria innocua ATCC 33090 were obtained from the Instituto de
Salud Pública, Santiago, Chile, and used for antimicrobial activity
testing. Wild-type B. cinerea was isolated from Red Globe vines.

2.1.3. Blueberries and cherry tomatoes
Blueberries and cherry tomatoes were obtained from Hortifrut S.A,

Chile and were taken to the laboratory keeping cold chain; experiments
were carried out on the same day.

2.1.4. Other materials
Thymol (> 99.5%, product #T0501), tripolyphosphate pentaso-

dium, (85%, product #238503), Pluronic F-127 (product #P2443) and
dialysis tubing cellulose membrane (molecular weight cut-
off=14,000, product #D9402) were purchased from Sigma–Aldrich
Co (USA).

2.2. Preparation of nanoparticles

Chitosan-thymol nanoparticles (CTNPs) were prepared by diluting
1.9 g of citric acid in 100mL of 1mg/mL of thymol in water. Then,
300mg of LMWC was added to the mixture and left overnight with
stirring. Chitosan nanoparticles (CNPs) were prepared by diluting
300mg of LMWC in citric acid solution (1.9 g/100mL). The chitosan-
thymol or chitosan solution was filtered through a 0.45-μm membrane
and loaded into two 50-mL syringes mounted on an infusion pump
(Model KDS200; KD Scientific®, Holliston, MA). The solution was
pumped at a rate of 1.8 mL/min over 50mL of an aqueous solution of
sodium TPP at 0.1% (w/v). The resulting suspension was centrifuged at
24,000× g for 30min. The supernatant of NPs was stored at 4 °C until
use.

2.3. Characterization of NPs

Zeta potential, polydispersity index and particle hydrodynamic
diameter: Samples of fresh supernatant of NPs with thymol (CTNP) and
without thymol (CNP) were used to determine the zeta potential, PDI,
and particle hydrodynamic diameter at 25 °C using a Zetasizer Nano ZS-
20 (Malvern instruments) operating at 4.0 mW and 633 nm, with a fixed
scattering angle of 173°.

Transmission electron microscopy (TEM) analysis: A Philips
Tecnai 12 Bio Twin transmission electron microscope was used to ob-
serve the morphology of the NP. One drop of fresh supernatant of NP
was spread onto a coated copper grid, which was then dried at room
temperature prior to TEM analysis.

Powder X-ray Diffraction: X-ray diffraction was performed using a
Siemens D-5000 powder X-ray diffractometer with CuKα radiation (λ
1.54 Å; 0.02). A theta range of 1.7–80 was selected to analyse the
crystal structure. X-ray analyses were performed on lyophilized samples
of NPs.

2.4. Parameters of encapsulation

A sample of a supernatant of CTNP was dialysed against water for
150min (with a dialysis tubing cellulose membrane with a molecular
weight cut-off of 14,000). The obtained dialysate was analysed by UV
spectrophotometry at 273 nm [according to the thymol determination
method described by Garsuch and Breitkreutz (2010) and Pan et al.
(2014)]; the dialysate obtained from the CNP supernatant served as a
blank. A dialysated sample was lyophilized in a plastic Petri dish with
13.5-cm diameter, covered with a layer of aluminium foil perforated at
−55 °C and 6.7 Pa, for a period of 2 days. Subsequently, the sample was
ground in a porcelain mortar and then stored at 4 °C.

The parameters of encapsulation were calculated as follows:
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=EE
mass of Thy in the supernant dialysated

Initial Thy mass added
x% 100

(1)

Where:

% EE: Efficiency of encapsulation
Thy: thymol

=LC
mass of Thy in the supernant dialysated

mass of the lyophilized sample of the supernant dialysated
x% 100

(2)

Where:

% LC: Loading capacity
Thy: thymol

=YP
mass of the lyophilized sample of the supernant dialysated

mass of initial ingredients added
x% 100

(3)

Where:

% YP: Yield particles

2.5. Antimicrobial activity of NP against bacterial strains

Preparation of inoculum: S. aureus, S. typhimurium and L. innocua
were each cultured in 10mL of tryptone soy broth (TSB) and incubated
in a shaker incubator at 37 °C for 24 h. The optical density of the bac-
teria was adjusted to 0.5 on the standard of McFarland scale. The final
concentration of the cells obtained was approximately 105–106 CFU/
mL.

Antimicrobial activity by disc diffusion method: The agar diffusion
method was used to determine the antibacterial performance of the
CTNP for the three bacterial strains used in this study according to the
standard methodology (Bauer et al., 1966; Sambrook et al., 1989).
Filter paper discs with a 6.0mm diameter and a thickness of 0.65mm
were coated with 10 μl of fresh supernatant of NPs with and without the
addition of thymol. Three solutions were used as controls: a LMW
chitosan solution, a thymol solution, and a blend solution of LMWC and
thymol with equivalent amounts of T than the present in the NPs (with
a concentration of LMWC and T of 0.7mg/mL and 2mg/mL, respec-
tively). The discs were tested for their inhibition against L. innocua
(Gram-positive), S. aureus (Gram-positive) and S. typhimurium (Gram-
negative). Müller-Hinton agar plates were inoculated at levels of
106 CFU/mL of bacteria mentioned above, and discs containing the NPs
were placed on the surface of the plate. After incubation at 37 °C for
24 h, the clear zone that formed in the medium around the disc was
measured and recorded as the zone of inhibition of the microbial spe-
cies.

2.6. Antimicrobial activity of NP against mycelia growth of Botrytis cinerea

The inhibition of radial mycelia growth by the CTNP was evaluated
according to Yildirim and Yapici (2007). Different dilutions of NPs were
dissolved in previously autoclaved potato dextrose agar to final con-
centrations of 0 (viability control), 10, 25, and 50% v/v (see Table 1)
and were immediately poured into 9-cm-diameter Petri plates. A
blended solution of LMWC and thymol with equivalent amounts of T
and NPs was used as the control. Agar plugs (5mm in diameter) were
taken from the periphery of an 8-day-old culture of Botrytis cinerea that
had been previously cultivated and transferred to the centre of the
plates. Dishes were incubated for 8 days at 25 °C. In vitro activity of NPs
was determined by comparing the mm of mycelia growth between the
viability control plate (100% of growth) and the mm of mycelia growth
in those with NPs.

2.7. Preparation of films

The film solutions were prepared according to Valenzuela et al.
(2013a, b). Control films (CQF) were prepared as follows: a solution of
medium molecular weight chitosan (MMWC) at 2% w/v in citric acid
0.1 M was mixed with a quinoa solution (0.72 g of protein per 100mL)
at pH 11 at an equal mass ratio using a blade homogenizer (Bosch
MSM6A3R 750w, China). For films with sunflower oil (CQOF), the
MMWC-quinoa solution described above was blended with 2.9% w/v of
sunflower oil and Tween 80 at 0.6% w/v with a high-speed Ultraturrax
(Silverson L4R Machines, UK) for 10min at 10,000 rpm. For films with
CTNP (CQTF), the solvent used to prepare the chitosan solution at 2%
w/v was the supernatant of CTNP described in section 2.2. CQTF was
prepared at two proportions, 1% and 5%, based on the mass ratio be-
tween CTNP and chitosan presents in the film. The pH of the mixtures
was adjusted to 3.0 with 1M citric acid, and stirring was continued for
30min. Then, the mixture was cast in low-density polyethylene Petri
dishes boxes and dried to a constant weight at 50 °C. The final moisture
content of the films was 8.46% ± 0.6% (dry basis), without sig-
nificant differences among the film samples. The dried films were re-
moved and conditioned in an environmental chamber (Model LTH-
0150E, Labtech, Co., Korea) at 23 °C and 60% relative humidity for
48 h.

2.7.1. Film characterization
The microstructure of the films was observed by scanning electron

microscopy (SEM) on a Hitachi TM table-top microscope (Software
TM3000). The films were mounted in a 10-mm-diameter cylindrical die
using double-sided adhesive tape and were then gold-sputter-coated for
3min at 20 kV in an argon atmosphere (PELCO 91000) to render them
electrically conductive.

The mechanical properties of the films were measured in a universal
tensile testing machine (LLOYD model LR5K, England) provided with a
500 N load cell. The tensile strength (TS) and percent elongation at
break (%E) were determined using the Official Chilean Standard
method (NCh1151, 1999), which is equivalent to the ISO R1184-1970
standard method. Film samples were cut into 10mm×50mm strips
and tested using a double clamp with a separation of 30mm at a test
speed of 20mm/min. The TS and %E values reported are the average of
at least four measurements performed for each type of film.

The water vapour permeability (WVP) tests were carried out ac-
cording to the Official Chilean Standard method (NCh 2098, 2000),
which is equivalent to the ASTM D1653-93 and DIN 52615 standard
methods, using the wet cup method and testing six films of each sample.
The cup was filled with distilled water to a height of 6mm from the top
edge. The film was sealed to the cup with silica gel. The cup was placed
in refrigerated chamber modular with evaporators at 0 ± 0.6 °C and
85 ± 2% relative humidity. The weight of the cup was measured daily
for 21 days. The WVP was estimated according to McHugh et al. (1993).

Table 1
Chitosan and chitosan thymol nanoparticles (CNPs and CTNPs), and chitosan
thymol physical blend (CT) solutions at different concentrations.

Antifungal compounds Thymol (T)
(mg mL−1)

Chitosan (C)
(mg mL−1)

CNPs 10% 0.0 0.2
CNPs 25% 0.0 0.4
CNPs 50% 0.0 0.9
CTNPs 10% 0.1 0.2
CTNPs 25% 0.2 0.4
CTNPs 50% 0.3 0.9
Blend CT 10% 0.1 0.2
Blend CT 25% 0.2 0.5
Blend CT 50% 0.3 1.0
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2.8. Treatment application on clamshell to store the fruits

The fruits were randomly categorized into two groups, with 30
blueberries (± 87 g) or 15 cherry tomatoes (± 150 g) per treatment,
and each treatment was conducted with three replicates. One of these
groups was assigned to internal coating of the commercial PET perfo-
rated retail clamshell (Airpack 230 g capacity) with CQT films solution
(named as CC), and the other group was assigned to the control clam-
shell without internal coating (named control). The PET clamshell
boxes with internal coating were previously prepared by a double
homogenous layer application of the film solution (CQT) over the inner
faces of the clamshell. A manual air brush was employed for coating the
internal area of the clamshell. A double internal coating with airbrush
was carried out. The application method consisted of aspersion of the
film solution on the internal surface (6 faces), and to dry at room
temperature for 1 h, then the aforementioned application was repeated.
Finally, fruit samples were stored at 7 ± 1 °C and 85% RH for 10 days.

2.8.1. Weight loss percentage
Each clamshell unit of each group (CC and control) was weighed at

the beginning of the experiment (day 0) and during the storage period
(day 6 and day 9). Weight was recorded using a scale with an accuracy
of 0.01 g and was expressed as accumulated weight loss percentage per
unit time.

2.9. Statistical analysis

Each experiment was conducted a minimum of three times, and
each analysis was carried out in triplicate. The experimental data were
subjected to analysis of variance, and significant differences between
means were evaluated by Tukey's multiple-range test (Statgraphics,
version 5.0; Statpoint Technologies, Inc. Warrenton, Virginia). A p
value < 0.05 was considered statistically significant.

3. Results and discussion

3.1. Characterization of nanoparticles

NPs without thymol were prepared using a chitosan solution at
3.0 mg/mL, with a molecular weight of 269 kDa, DD of 78%. Chitosan/
tripolyphosphate (C/TPP) mass ratio was 6/1, and the pH of the reac-
tion was 4.1. Under these conditions, NPs with a hydrodynamic dia-
meter (Z average=175 ± 21) similar to the diameter measured by
TEM (153 ± 42) were obtained. The Polydispersity index (PDI) value
was 0.4 ± 0.1, and the Z potential was 37 ± 2.7mV, see Table 2.

Antoniou et al. (2015) found that the size, PDI and Z potential of
CNP are highly dependent on the concentration and molecular weight
of chitosan, C/TPP mass ratio, and pH of the reaction. Rampino et al.
(2013) used a C/TPP mass ratio of 6, chitosan solution at 2.5mg/mL
and a chitosan Mw of 150 kDa and obtained CNP with a Z average of
approximately 200 nm. Koukaras et al. (2012) prepared NPs using
chitosan solution at 2.0 mg/mL and a chitosan Mw of 350 kDa ob-
taining a Z average of approximately 500 nm at the same C/TPP mass
ratio. The previously published results indicate that when a higher

concentration of chitosan, close to its critical concentration of coil
overlap (2.5 mg/mL; Rampino et al., 2013), and high-molecular-weight
chitosan are used, the size, PDI, and Z potential all increase.

Keawchaoon and Yoksan (2011) reported CNP loaded with carva-
crol, which is an isomer of thymol. These CNP were obtained using a
chitosan solution at 12mg/mL and chitosan MW of 760 kDa. The C/TPP
mass ratio used was 2.4/1, and they used Tween 60 before gelification
with TPP. Compared with our work, they reported a higher Z average
(520 nm) and Z potential (42mV). This difference is explained by the
higher concentration and molecular weight of chitosan used. Their
work examined a series of different weight ratios of chitosan to car-
vacrol from 1/0.25 to 1/1.25. The EE and LC of carvacrol ranged from
approximately 13.6–27.8% and 2.7–21.2%, respectively, for C/carva-
crol, and the mass ratio ranged from 1/0.25 to 1/1.125. The Z average
of NPs ranged from approximately 518-716 nm, and the average dia-
meter obtained by TEM was 40–80 nm. The Z potential of NP without
carvacrol was approximately 42mV, but this value diminished drasti-
cally to approximately 25–29mV when carvacrol was added. This di-
minished was not proportionality related with the mass ratio C/carva-
crol.

This study used a C/T mass ratio of 1/0.33, see Table 2. NPs with
thymol showed a significantly lower size, as measured by DLS (Z
average=293 ± 37 nm), compared with the values obtained by
Keawchaoon and Yoksan (2011). The size measured by TEM was si-
milar (diameter average= 204 ± 43 nm). This difference is probably
due to the lower MW, 269 kDa, and concentration, 3.0mg/mL, of
chitosan, and higher C/TPP, 6/1, used in the procedure. Consequently,
with a lower Z average of 293 nm, the Z potential was significantly
higher, at 47mV. The effect of thymol on Z potential was opposite to
the effect observed for carvacrol. The values of encapsulation of thymol
were EE= 66.6% and LC=2.5%. The values for carvacrol in a similar
system for C/carvacrol at a mass ratio of 1/0.25 were EE= 13.6% and
LC=2.7%. Thus, the EE for thymol was higher than that for carvacrol,
and the LC was lower. This difference could be explained by the higher
C/TPP mass ratio (6/1) used for the encapsulation of thymol compared
with the C/TPP mass ratio (2.4/1) used for carvacrol. The morphology
of CTNP analysed by TEM, as shown in Fig. 1, was rounded and less
aggregated compared with the previously described NPs, which were
obtained using a high chitosan concentration solution (12mg/mL) and
high molecular weight (760 kDa) (Keawchaoon and Yoksan, 2011), but
was similar to those described by Antoniou et al. (2015), who produced
NPs with a low chitosan concentration solution (1.5 mg/mL) and low
molecular weight (100 kDa).

Fig. 2 shows the X-ray powder diffraction (XRPD) patterns for
chitosan, physical mixture of the components in the same proportion
used in the CTNP. Additionally, the percentage of crystallinity of each
system was estimated. The physical mixture had 16.2% of crystallinity,
chitosan had 21.2%, and CTNP had the highest crystallinity of 51.1%.
Two signals at 4.28 2θ and 6.5 2θ appeared in CTNP that could be
associated with a modification of nanometric order in the internal
structure when thymol is loaded in CNP. These signals are character-
istics of the laminar structures observed in clays; the distances in these
lamina were 2.06 nm and 1.6 nm, respectively (Shahbazi et al., 2017).

Table 2
Particle size (Z average, D*), polydispersity index (PDI), Z potential, yield particle (YP), encapsulation efficiency (EE) and loading capacity (LC) of chitosan and
chitosan thymol nanoparticles (CNPs and CTNPs). Different letters indicate significant differences (p < 0.05).

Nanoparticles Z average nm D* nm PDI Z potential mV YP
%

EE
%

CC
%

CNPs 174.8 ± 21.4a 152.5 ± 42.0a 0.4 ± 0.1a 37.0 ± 2.7a 60.6 ± 1.3a – –
CTNPs (1/0.33 m/m) 293.1 ± 36.9b 204.4 ± 43.1b 0.5 ± 0.0b 47.8 ± 2.8b 89.8 ± 1.0a 66.6 ± 1.2 2.5 ± 0.0

∗Obtained from TEM.
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3.2. Antimicrobial activity of nanoparticles

The agar diffusion method was used to determine the antibacterial
performance of the CTNP for a Gram-negative bacterium, Salmonella
typhimurium, and two Gram-positive bacteria, Staphylococcus aureus and
Listeria innocua; the results are shown in Table 3. Chitosan-Thymol NPs

had a significantly greater inhibitory effect than did CNP and the
control solutions on the three strains tested. For S. aureus, the zone of
growth inhibition with CTNP treatment was 13.0 ± 1.9mm2, which
was 31% above that of the blend CT control solution
(9.93 ± 0.6mm2). The CTNP treatment on L. innocua showed a growth
inhibition of 12.6 ± 3.0mm2, 64% above that of the blend CT solution
(7.7 ± 1.0 mm2), and for S. typhimurium, the same effect was observed,
with a zone of growth inhibition value of 12.4 ± 1.8mm2, 26% above
that of CT solution (9.9 ± 0.7mm2). These results are in accordance
with those reported by Caro et al. (2016), who demonstrated a sy-
nergistic effect between C and T in NPs (obtained under same condi-
tions of this report) and found that the minimum inhibitory con-
centration (MIC) for CTNP was approximately 1.5- to 4.5-fold lower
than the theoretical MIC (which was calculated on the basis of an ad-
ditive effect of MIC of C and T separately). This synergistic effect is
attributed to the fact that C and T have different mechanisms of anti-
microbial inhibition. Hosseinnejad and Jafari (2016) summarized sev-
eral mechanisms for the antimicrobial activity by chitosan: 1) Positively
charged chitosan molecules interfere with the negatively charged re-
sidues on the bacterial surface, leading to alterations in cell perme-
ability; 2) The interaction of diffused hydrolysis products with micro-
bial DNA, which leads to the inhibition of the mRNA and protein
synthesis; 3) Inhibition of microbial growth by the chelation of nu-
trients and essential metals; 4) On the cell surface, chitosan can form a
polymer membrane that prevents nutrients from entering the cell or can
act as an oxygen barrier that inhibits the growth of aerobic bacteria. In
contrast, the antimicrobial effect of T is due to its lipophilic nature; its
activity occurs at the lipid level, and the enzymatic complexes of the
membrane can alter the permeability and/or inhibit the cellular re-
spiratory chain (Marei et al., 2012).

The inhibition of radial mycelia growth of Botrytis cinerea by the
CTNPs, CNPs and chitosan/thymol (CT) blend solution was evaluated
according to Yildirim and Yapici (2007) method. Each of the formula-
tions were tested in different dilutions added to the potato dextrose
agar (10, 25 and 50% v/v), which contained the same concentration of
active compound (Chitosan and Thymol) in the final dilution (mg/mL)
agar. The results of the inhibition of radial mycelial growth of Botrytis
cinerea are shown in Table 4. CTNPs formulation showed 100% in-
hibition for all dilutions (10, 25 and 50%) in agar tested, whereas the
CT blend solution showed total inhibition only at a higher concentra-
tion (50% v/v). CNP showed the lowest inhibition of mycelia growth at
lowest dilutions, 10 and 25% (v/v), achieving an inhibition of 26 ± 1
and 50 ± 0%, respectively, while that at higher concentration 50% (v/

Fig. 1. Transmission electron microscopy image of chitosan-thymol nano-
particles (CTNPs).

Fig. 2. X-ray diffraction profiles and crystallinity degree of chitosan, physical
blend and nanoparticles CTNPs.

Table 3
Zone of growth inhibition by radial diffusion method of chitosan and chitosan
thymol nanoparticles (CNPs and CTNPs), thymol (T) and chitosan (C) solutions
at different concentrations. Different letters indicate significant differences
(p < 0.05).

Treatment T (mg
mL−1)

C (mg
mL−1)

Zone of growth inhibition (mm2)

S. aureus L. innocua S. typhimurium

CTNPs 0.6 1.8 13.01 ± 1.9c 12.63± 3b 12.44 ± 1.8c

CNPs 0.0 1.8 10.62 ± 0.5b 8.17± 1a 9.55± 1b

T solution 0.7 0.0 7.54 ± 1.1a 6.35± 1a 5.91 ± 0.8a

C solution 0.0 2.0 6.79 ± 0.1a 6.60 ± 0.9a 6.28 ± 0.5a

Blend CT
solution

0.7 2.0 9.93 ± 0.6b 7.71± 1a 9.86 ± 0.7b

Table 4
Inhibition of radial mycelia growth of Botrytis cinerea by the chitosan and
chitosan thymol nanoparticles (CNPs and CTNPs), and chitosan thymol blend
(CT) solutions at different concentrations. Different letters indicate significant
differences (p < 0.05).

Formulation Concentration of
formulation added
to agar (%v/v)

Active compounds in
formulation added to agar
in final dilution (mg/mL)

Inhibition of
radial mycelia
growth in agar
plates (%)

Thymol
(T)

Chitosan
(C)

CNPs 10 0.0 0.2 26 ± 1e

25 0.0 0.4 50 ± 0d

50 0.0 0.9 74± 5b

CTNPs 10 0.1 0.2 100 ± 0a

25 0.2 0.4 100 ± 0a

50 0.3 0.9 100 ± 0a

CT Blend
solution

10 0.1 0.2 65 ± 4c

25 0.2 0.5 69 ± 6bc

50 0.3 1.0 100 ± 0a
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v) inhibits the 75 ± 5% of radial mycelia growth. This results pointed
out a synergistic effect of nanoparticulated system (CTNP) compared
with blend CT solution and the vehicle (CNP). Therefore, the CTNPs
was the only treatment that showed an inhibitory effect at the lowest
doses (10% dilution).

3.3. Film characterization

Surface and cross section SEM images of CQTF films with 5% CTNP
(CQTF5), control CQ films (CQF), and CQ films with 2.9% oil (CQOF)
are shown in Fig. 3. The CQTF films show irregularities, as shown by
the arrows in Fig. 3b and e, compared with the smoothed surface of CQ
films; see Fig. 3a. These irregularities can be attributed to the presence
of NPs because these problems have been reported by Sun et al.
(2014).) regarding starch films reinforced with CaCO3 NPs. For CQ
films with oil, a heterogeneous surface is observed (Fig. 3c and f). The
cross section of the films shows a homogeneous distribution of CTNPs
for CQTF5. The mechanical properties and WVP of CQTF films with 1%
and 5% CTNPs (CQTF1, CQTF5), CQF, and CQOF are shown in Table 5.
As observed in Table 5, the tensile strength of CQTF1 was the highest,
and that of CQOF was the lowest, so the incorporation of 1% of CTNPs
enhanced the CQ film matrix without impacting its % elongation at
break. CQTF5 showed similar mechanical properties to CQF. Chang
et al. (2010) explained this behaviour as an interfacial interaction be-
tween CNPs with its similar biopolymeric matrix, so CTNPs could act as
a filler. The incorporation of CTNPs into CQ films significantly de-
creased (p < 0.05) the WVP of the films, but we did not observe a
significant difference in the concentration of NPs (CQTF1 and CQTF5).
The percentage reduction of WVP in group CQTF1 relative to the con-
trol CQF was approximately 17%, see Table 5; this decrease was higher
than that observed for CQOF, which had only an 8% WVP reduction.
The decrease in WVP by the incorporation of NPs into the films can be
attributed to the homogeneous distribution of NPs in the polymer CQ

matrix, which produces a tortuous path to the diffusion of water vapour
across the films (Abdollahi et al., 2013; de Moura et al., 2009; Duncan,
2011).

3.4. Treatment application on fruits

The fruits’ weight loss during storage is caused by the water loss due
to fruit transpiration, which can be modified by changing the storage
environment. As shown in Fig. 4, all samples experienced weight loss
during the days of storage and showed significant differences between
storage times (p < 0.05). Fruits stored in clamshells with internal
coating with CTNP (CC) had a lower weight loss at days 5 and 9 of the
study (Fig. 4). The weight loss for blueberries stored in CC was

Fig. 3. Scanning electron micrographs of surfaces chitosan quinoa protein films: (a) film without NPs, (b) film with 5% NPs, (c) film with 2.9% sunflower seed oil.
Scanning electron micrographs of cross section of quinoa chitosan blend films: (d) film without NPs, (e) film with 5% NPs, (f) film with 2.9% sunflower seed oil.

Table 5
Mechanical and water vapour permeability properties of films of chitosan/
quinoa protein (CQF), chitosan/quinoa protein with nanoparticles (CQTF), and
chitosan/quinoa proteins with sunflower oil (CQOF). Different letters indicate
significant differences (p < 0.05).

Films* Elongation at
break (%)

Tensile
strength (N/
mm2)

Water vapour
permeability
(WVP)
(g.mm.Pa−1

day−1 m2)

% of
diminished of
WVP∗∗

CQF 36.9 ± 12.28bc 6.9 ± 1.46b 0.41 ± 0.014c 0c

CQTF1 40.2 ± 9.18c 7.8 ± 1.36c 0.34 ± 0.025a −17a

CQTF5 33.2 ± 11.29b 6.3 ± 2.21b 0.33 ± 0.027a −20a

CQOF 26 ± 9.48a 3.6 ± 0.97a 0.38 ± 0.016b -7b

∗Film composition (g/100mL): CQF (MMWC: 1.0; Quinoa protein: 0.36);
CQTF1 (MMWC: 1.0; Quinoa protein: 0.36; CTNPs: 0.010); CQTF5 (MMWC:
1.0; Quinoa protein: 0.36; CTNPs: 0.025); CQOF (MMWC: 1.0; Quinoa protein:
0.36; sunflower oil: 1.45; TWEEN 80: 0.29).
** % of diminished of WVP was calculated in relation with the film control CQF.
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approximately 12% and 8% lower than that in the control on days 5 and
9, respectively. The weight loss for tomato cherry stored in CC was
1.6% and 2.1% (day 5 and 9, respectively), whereas the control was
20% higher in both cases. The use of CC to store fruits allowed a lower
weight loss and showed significant differences (p < 0.05) compared
with the fruit stored in control clamshell. It has been reported that
grapes coated with CNP obtained by ionic gelation show lower weight
loss when stored at 0 °C for 60 days (Melo et al., 2018). It is likely that
the water evaporated from the fruit is absorbed by chitosan due its
hygroscopicity. Thus, chitosan formed a water barrier between the fruit
and external environment, reducing the external transfer of water
(Morillon et al., 2002; Olivas and Barbosa-Canovas, 2005; Xu et al.,
2007).

4. Conclusion

NPs with thymol had a significantly greater inhibitory effect than
did NPs without thymol or the control solutions over Salmonella typhi-
murium, Staphylococcus aureus and Listeria innocua. They were also ef-
fective in inhibiting the radial mycelia growth of Botrytis cinerea. The
addition of 1% of NPs with thymol to chitosan-quinoa films improved
the water barrier properties of the chitosan-quinoa protein film matrix
without affecting its % elongation at break. The use of this mixture as
an internal coating for clamshells containing cherry tomato and blue-
berries significantly reduced the weight loss.
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