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A nanomultilayer coating made of food-grade, bio-based materials (consisting of five nanolayers of pectin
and chitosan) was produced. This coating was firstly characterized in terms of the water vapor, oxygen
and carbon dioxide permeabilities; these parameters exhibited values of 0.019 ± 0.005 � 10�11,
0.069 ± 0.066 � 10�14 and 44.8 ± 32 � 10�14 g m/(Pa s m2), respectively, and are of the same order of
magnitude of those found in other nanomultilayer systems. The nanomultilayer system was applied on
whole ‘Tommy Atkins’ mangoes and the layers’ adsorption was confirmed by changes in the contact angle
of the coated fruits’ skin. After 45 d of storage, uncoated mangoes presented a higher mass loss, higher
total soluble solids and lower titratable acidity in comparison with coated mangoes. Uncoated mangoes
had also a damaged and wrinkled appearance, showing evidence of microbial spoilage, and the flesh
exhibited a slightly brownish color, in comparison with the coated mangoes. These results suggest a posi-
tive effect of the coating on gas flow reduction and on the consequent extension of the shelf-life of
mangoes.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction 2005). For instance, Elsabee et al. (2008) studied tomato packing in
The works published so far dealing with the development of
coatings composed of polysaccharides have brought several pro-
posals of coatings to extend the shelf-life of fruits and vegetables,
due to the selective permeability of these polymers to O2 and
CO2. Pectin and chitosan are biodegradable, nontoxic biopolymers,
which exhibit excellent biocompatibility and are of low cost
(Shumilina and Shchipunov, 2002; Nunthanid et al., 2009). They
present, among other characteristics, convenient gas barrier prop-
erties; however there is almost no information so far whether
these properties remain the same at the nanoscale. Nanoscale
materials could possibly improve the performance of edible films
and coatings, introducing new properties, in particular the possi-
bility of combining different layers with distinct functionalities
(e.g. antimicrobial and antioxidant) and with improved and ade-
quate gas barrier characteristics. Polysaccharide-based coatings
can be used to control the internal atmosphere of fruits and retard
their senescence (Nisperos-Carriedo, 1994), thus helping in their
preservation, once they provide a partial barrier to moisture, O2

and CO2, also avoiding volatiles loss (Olivas and Barbosa-Cánovas,
ll rights reserved.

: +351 253678986.
nte).
bags of transparent polypropylene film coated with non-nanoscale
twelve alternating layers of chitosan and pectin, in view of a new
concept of active packaging for fruit preservation.

Pectin is an anionic biopolymer soluble in water that shows low
oxygen permeability (O2P) values (Thumula, 2006). It is one of the
major structural polysaccharides of higher plant cells and consists
on chains of linear regions of (1 ? 4)-a-D-galacturonosyl units and
their methyl esters, interrupted in places by (1 ? 2)-a-L-rhamno-
pyranosyl units. Fractions of these rhamnopyranosyl residues are
branch points for neutral sugar side chains of (1 ? 5)-a-L-arabino-
furanosyl or (1 ? 4)-b-D-galactopyranosyl residues (Zsivánovits
et al., 2005).

Chitosan, a natural cationic polysaccharide is formed by the
N-deacetylation of chitin (found e.g. in crustacean shells). It is a
linear binary copolymer that consists of b (1 ? 4)-linked 2-ace-
toamido-2-deoxy-b-D-glucopyranose (Glc-NAc; A-unit) and 2-ami-
no-2-deoxy-b-D-gluco-pyranose (GlcN; D-unit) (Kumar et al.,
2004). It exhibits interesting gas barrier properties and is often
used for food packaging applications (Srinivasa et al., 2002). In
view of chitosan qualities, films and coatings with chitosan have
been used as packaging material for foods (Zhang and Quantick,
1997; Choi et al., 2002; Park and Zhao, 2004; Suyatma et al.,
2005; Wu et al., 2005; Chien et al., 2007; Ribeiro et al., 2007;
Tripathi et al., 2008).

http://dx.doi.org/10.1016/j.jfoodeng.2011.12.021
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The ripening of climacteric fruits such as mango is related to
ethylene synthesis and is proportional to O2 concentration. A lower
O2 concentration represents a lower ethylene concentration result-
ing in a slower ripening (Baldwin et al., 1999). Therefore, the respi-
ration rate is inversely proportional to the fruit’s lifetime (Ravindra
and Goswami, 2008). However, deterioration caused by yeasts, and
especially by bacteria, may still occur at very low concentrations of
O2 and elevated CO2 levels (Westall and Filtenborg, 1998). The
water loss is another factor affecting the quality of fruits
(Rojas-Grau et al., 2008), reducing the shelf-life due not only to
water loss alone but also due to enzymatic browning and deterio-
ration of texture. ‘Tommy Atkins’ mango (Mangifera indica L.) is one
of the most consumed tropical fruits and the second most planted
cultivar worldwide (Evangelista et al., 2002). It is preferentially
consumed in fresh however, after being picked, an intense
respiration takes place which boosts its deterioration (Fonseca,
1999).

Being the follow up of the works from Carneiro-da-Cunha et al.
(2010) and Medeiros et al. (in press), the aim of this work was to
develop and characterize the properties of a nanomultilayer coat-
ing, obtained by electrostatic layer-by-layer (LbL) self-assembly,
assembled directly on the fruit skin with five alternate layers of
pectin and chitosan, and to evaluate its gas flow barrier properties
affecting the shelf-life of ‘Tommy Atkins’ mango. A period of
analysis of 45 d was chosen, taking into account that after picking
mangoes are transported mostly by ship from South America to
Europe, which implies a long period of storage until consumption
that was simulated in this work.
2. Materials and methods

2.1. Materials

Polyethylene terephthalate (PET) films were obtained from
Canson (Annonay Cedex, France). High methoxy pectin (Pec) (de-
gree of methyl esterification = 72.3%) was obtained from CP Kelco
(Atlanta, USA) and chitosan (Ch) was purchased from Aqua Premier
Co. Ltd. (Chonburi, Thailand). 1,6 Hexanediamine (98%) was ob-
tained from Aldrich (Steinheim, Germany) and propanol (99.8%)
obtained from Sigma–Aldrich (St. Louis, USA). Lactic acid (90%),
sodium hydroxide and hydrochloric acid were obtained from
Merck (Darmstadt, Germany). Semi-ripe (titratable acidity = 0.80 ±
0.01%); total soluble solids = 11.5 ± 0.05 �Brix) ‘Tommy Atkins’
mangoes from Saint Francisco Valley (Brazil) were purchased from
Pingo Doce (Braga, Portugal). Care was taken to ensure that all the
fruits were from the same lot.
2.2. Preparation of a nanomultilayer coating on PET

In order to allow the determination of the gas permeabilities
of the nanomultilayer coating, the polysaccharide layers were
assembled on a transparent PET film that was firstly amino-
lyzed/charged (A/C PET), according to Fu et al. (2005). The surface
of the PET film was treated by the chemical aminolysis method
using 1,6-hexanediamine to insert amino groups, through a
nucleophilic attack of the nitrogen to the carbonium center of
the carbonyl ester. These random attacks on the carbonyl groups
of the molecule of the polymer present on the surface groups of
the film generate and remove short chains. The aminolyzed PET
was subsequently treated with HCl to charge positively the sur-
face of the substrate.

Both solutions of pectin and chitosan were separately prepared
at a concentration of 0.2% (w/v) under agitation for 2 h at room
temperature (25 �C). The pectin solution was prepared in distilled
water and the chitosan solution in 1.0% (v/v) lactic acid solution.
The pH of solutions was adjusted at 7.0 with sodium hydroxide
and 3.0 with lactic acid, respectively.

A/C PET pieces (0.8 � 5.0 cm and circular pieces of 5.0 cm
diameter) were immersed into pectin solution (pH 7.0) for
15 min and subsequently rinsed with distilled water with pH
7.0 and dried with a nitrogen flow. Afterwards, the films adsorbed
with the first layer were immersed into the chitosan solution (pH
3.0) for 15 min and subsequently rinsed with distilled water with
pH 3.0 and dried again with a nitrogen flow. This process was re-
peated until the alternate deposition of a total of five layers was
achieved.

2.3. Characterization of the nanomultilayer coating on PET

2.3.1. Fourier transform infrared spectroscopy (FTIR)
To confirm the presence of amino groups on PET pieces, Fourier

Transform Infrared Spectroscopy (FTIR) analyses were carried out
with a Perkin Elmer 16 PC spectrometer (Perkin Elmer Boston
USA). Five alternated polysaccharide layers (Pec-Ch-Pec-Ch-Pec)
were subsequently and sequentially adsorbed on the A/C PET film.

2.3.2. Zeta potential
Zeta potential of both solutions was determined by dynamic

light scattering (DLS) (Zetasizer, Worcestershire, Malvern Instru-
ments, UK), to confirm their opposite charge. Measurements were
taken in triplicate, with three readings for each of them. Pectin has
a constant of dissociation (pKa) ranging between 3 and 4
(Sriamornsak et al., 2007) and chitosan around 6.5–6.6 (Strand
et al., 2001). Taking this into account and to ensure that the
interaction between the polyelectrolyte solutions and the A/C
PET surface would be strong enough, the pH values of polyelectro-
lyte solutions were previously adjusted to obtain the opposite
adequate charges.

2.3.3. UV/Vis absorbance
To follow the multilayer film assembly, a UV–Vis spectrophotom-

eter (Jasco 560, Gross-Umstadt, Germany) was used to measure the
absorbance after the addition of each layer. The absorbance was
measured at 266 nm on the dried films. Three replications of the
measurements were taken.

2.3.4. Contact angle analysis
Also after the addition of each of the layers, the surface contact

angle was determined by the sessile drop method (Newman and
Kwok, 1999), with a contact angle meter (OCA 20, Dataphysics,
Filderstadt, Germany). Measurements were made at 15 s and for
each type of surface three films samples were used. Ten replicates
of contact angle measurements were carried out at 22.2 ± 0.4 �C.

2.3.5. Scanning electron microscopy (SEM) analysis
The surface morphology of the multilayer film as well as the

thickness of each of the five nanolayers were examined using a
scanning electron microscope (Nova 130 NanoSEM 200, Nether-
lands) with an accelerating voltage from 10 to 15 kV.

2.3.6. Water vapor permeability (WVP)
The water vapor permeability of the A/C PET (WVPa) and of the

A/C PET + 5 nanolayers (A/C PET-Pec-Ch-Pec-Ch-Pec) (WVPt) was
determined gravimetrically (Eq. (1)) based on ASTM E96-92 meth-
od (McHugh et al., 1993). The films were sealed on the top of a per-
meation cell containing 55 ml of distilled water (100% RH, 2337 Pa
vapor pressure at 20 �C). The cells were placed in a desiccator at
20 �C and 0% RH (0 Pa water vapor pressure), containing silica
gel. The cells were weighed during 10 h at intervals of 2 h. The
slope of weight loss versus time was achieved by linear regression.
Three replicates were obtained for each film and WVP of the
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polysaccharide nanomultilayer (Pec-Ch-Pec-Ch-Pec) was deter-
mined by the following equation:

WVPb ¼
Lb

ð Lt
WVPt
Þ � ð La

WVPa
Þ

ð1Þ

where the indices a, b and t correspond to: (i) the A/C PET, (ii) the
polysaccharide nanomultilayer (Pec-Ch-Pec-Ch-Pec) and (iii) the
obtained multilayer film (A/C PET-Pec-Ch-Pec-Ch-Pec). La corre-
sponds to the thickness of the A/C PET films and Lb the thickness
of the five layers that were measured by digital micrometer (Mitu-
toyo, Kanagawa, Japan) and SEM, respectively.

2.3.7. Oxygen and carbon dioxide permeabilities
Oxygen permeability (O2P) and carbon dioxide permeability

(CO2P) were determined based on the ASTM D 3985-02 (2002)
method. The A/C PET and the A/C PET + 5 nanolayers (A/C PET-
Pec-Ch-Pec-Ch-Pec) pieces were placed between two chambers,
each one with two channels to the exterior. In the lower chamber,
O2 or CO2, were supplied at a controlled flow rate to keep the pres-
sure constant in the compartment. The upper chamber was purged
by a stream of nitrogen, also at a controlled flow. The nitrogen
acted as a carrier for the O2 or CO2 coming from the lower chamber
through the film. The flows of the two chambers were connected to
manometers to ensure the equality of pressures between both
compartments at 1 atm. As the O2 or CO2 were carried continu-
ously by the nitrogen flow, it was considered that the partial pres-
sure of O2 or CO2 in the upper compartments is null, therefore DP is
equal to 1 atm. O2P was determined from the measurements of O2

concentration in the nitrogen flow leaving the chamber with an O2

sensor installed on-line. CO2P was determined from the measure-
ments of CO2 concentration in a gas chromatograph (Chrompack
9001, Middelburg, Netherlands). This procedure was performed
with A/C PET as reference (thus obtaining the values of O2Pa and
CO2Pa) and with the A/C PET + 5 nanolayers (A/C PET-Pec-Ch-Pec-
Ch-Pec) (thus obtaining the values of O2Pt and CO2Pt). Three repli-
cates were obtained for each sample. The O2P and CO2P for the five
layers (Pec-Ch-Pec-Ch-Pec) were determined with an equation
similar to Eq. (1) where WVPb, WVPt and WVPa were changed by
O2Pb, O2Pt and O2Pa for O2Pb calculation, and CO2Pb, CO2Pt and
CO2Pa for CO2Pb, respectively.

2.4. Mangoes coating and physico-chemical analyses

2.4.1. Mangoes coating
Thirty-six ‘Tommy Atkins’ mangoes at a semi-ripe stage (as pre-

viously indicated) with similar size, absence of damages and
apparent absence of fungal infection were washed with water, left
to dry and randomly divided into two groups (one control and one
test group) of eighteen mangoes each. Coating solutions (pectin
and chitosan) were applied on the test group in a similar way as
done on A/C PET surface. The immersion time into each polyelec-
trolyte solution was of 15 min. The immersion time for the control
group was the same, but distilled water with the same pH of pectin
(Pec) or chitosan (Ch) solutions was used instead of the polyelec-
trolyte solutions. Afterwards, all mangoes were placed into plastic
boxes and stored at 4 �C and 93% RH (in a room at controlled tem-
perature and relative humidity). These conditions are not generally
followed at commercial level; however they were chosen as man-
goes are chilling-sensitive and therefore the nanomultilayer coat-
ing would be tested under strengthened stress conditions. It
must be emphasized that the aim of this work was not to perform
a full post-harvest shelf-life analysis of the mangoes; the main idea
was to provide a preliminary demonstration of the potential bene-
fits of the nanomultilayer coating developed here. All physico-
chemical analyses were run in triplicate.
2.4.2. Physico-chemical analyses
2.4.2.1. Contact angles analysis. Contact angles on mango surface
were determined using the sessile drop method. Briefly: a 2 ll
droplet of ultra pure water was placed on the surface of each piece
of mango peel with a 500 ll syringe (Hamilton, Bonaduz, Switzer-
land) with a needle of 0.75 mm diameter. The measurements were
taken after 15 s; three samples were used with ten determinations
on each sample, at the temperature of 22.3 ± 0.6 �C.

2.4.2.2. Mass loss. Mass loss was evaluated with an analytical bal-
ance (METTLER AE200, Mettler-Toledo, Giesen, Germany). All man-
goes were individually weighed at the beginning of the work and
during the experimental storage time. The mass loss (W) was ex-
pressed as W (%) = (mi �mt)/mi � 100, where mi is the initial
weight and mt is the weight at time t.

2.4.2.3. Total soluble solids (TSS). Mango samples were peeled off
and cut lengthwise to remove the stones. With a domestic extrac-
tor (Moulinex Mx type 664, Spain) juice samples were collected in
sterilized jars in aseptic conditions. The total soluble solids
(TSS) were determined on the juice using a refractometer
(Schmidt + Haensch, GmbH and Co. series No. 4008, Berlin, Ger-
many) with direct readings in �Brix scale.

2.4.2.4. Titratable acidity (TA). Titratable acidity was determined by
titrating 10 g of liquefied mango with 100 ml of distilled water
with 0.1 M NaOH (Instituto Adolfo Lutz, 1985). The results were
expressed as % (w/w).

2.5. Statistical analyses

The statistical analyses were carried out using analysis of vari-
ance (ANOVA), Tukey mean comparison test (p < 0.05) and linear
regression analysis (SigmaStat, trial version, 2003, USA).
3. Results and discussion

3.1. Evaluation of the nanomultilayer coating on PET

3.1.1. Aminolysis of PET
The aminolysis of PET was confirmed by the presence of two

peaks, located at 1645 and at 1560 cm�1, in the A/C PET FTIR spec-
tra, which are not observed in the original PET samples (data not
shown). Similar results were reported by Medeiros et al. (in press).
These two peaks are related with the introduction of amide groups,
meaning that the PET was successfully aminolyzed and has now a
positive charge on its surface.

3.1.2. Zeta potential
The opposite charges of these two solutions were confirmed by

dynamic light scattering with values of �45.23 ± 1.87 mV at pH 7.0
for pectin and + 43.17 ± 3.03 mV at pH 3.0 for chitosan.

3.1.3. UV–Vis absorbance
The successive deposition of layers was followed measuring the

increase of absorbance at 266 nm (Fig. 1), the wavelength at which
the highest absorbance peak was found.

The significant increase (p < 0.05) of absorbance illustrated in
Fig. 1 confirms the successful assembly of the nanomultilayer coat-
ing on A/C PET and means that the polyelectrolyte solutions were
successively adsorbed due to the electrostatic interactions of their
opposite charges. The increase in the absorbance due to the layers
deposition is in agreement with other works where the deposition
through layer-by-layer technique was characterized by UV–Vis



Fig. 1. UV–Vis spectroscopy analysis at k = 266 nm of A/C PET and of the five
successive layers containing pectin (Pec) and chitosan (Ch). Each data point is the
average of three determinations and the error bars show the standard deviation.
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spectroscopy (Fu et al., 2005; Carneiro-da-Cunha et al., 2010;
Medeiros et al., in press).

3.1.4. Contact angle
The original PET presented a contact angle of 80.04 ± 1.48�, con-

firming its hydrophobicity, while A/C PET showed a significantly
(p < 0.05) lower value of 75.35 ± 2.67� (Fig. 2). From this behavior,
it can be assured that the aminolysis of PET surface was successful,
in agreement with the results from FTIR analyses. Working with a
polyurethane (PU) substrate aminolyzed in 0.06 g ml�1 1,6-hex-
anediamine/propanol solution at 37 �C for 4, 10, 20, 60 and
120 min, Zhu et al. (2004) found the best aminolysis degree for
an aminolyzation time of 120 min and the sessile drop method
showed contact angles of 69.30 ± 0.2� and 63.90 ± 1.0� for the ori-
ginal and aminolyzed PU, respectively. The differences found be-
tween the aminolyzed PET and the aminolyzed PU (75.35� and
63.90�, respectively) show that the aminolyzed PET used in our
work is more hydrophobic. Xu et al. (2008) worked with a multi-
layer film of alginate and chitosan and they also report contact an-
gles of a similar magnitude to that of our work for PET and
aminolized PET. However, the adsorption of the polyanion per-
formed by these authors was made with poly(ethylenimine) (PEI)
while in this work it was used 1,6-hexanediamine.

High values of the contact angle are typical of a hydrophobic
surface, while low values are characteristic of a hydrophilic surface
Fig. 2. Contact angles measured after 15 s of droplet application. Results ‘‘on A/C
PET’’ correspond to contact angles measured on Original PET, on A/C PET and on the
five successive layers containing pectin (Pec) and chitosan (Ch). Results ‘‘on Mango’’
correspond to contact angles measured on mango surface and on the five successive
layers applied on mango surface containing pectin (Pec) and chitosan (Ch). Each
data point is the average of thirty measurements and the error bars show the
standard deviation.
(Morra and Cassinelli, 1996). In this work the angles with signifi-
cantly (p < 0.05) smaller magnitude were obtained for the layers
assembled at pH 7.0 (Pec) and high contact angles were obtained
for the layers assembled at pH 3.0 (Ch). The evolution of the mag-
nitude of contact angles shows the alternate deposition of Pec and
Ch, confirming that the film was progressively assembled by alter-
nate deposition of these two polyelectrolytes (Fig. 2). Fu et al.
(2005) worked on a multilayer film of heparin and chitosan assem-
bled on PET aminolyzed with 1,6-hexanediamine and Xu et al.
(2008) on a multilayer film of alginate and chitosan assembled
on PET aminolyzed with poly(ethylenimine) (PEI) and they also
found contact angles for chitosan of similar magnitude and with
the same behavior.

3.1.5. Scanning electron microscopy (SEM)
Scanning electron microscopy (SEM) image of the nanomulti-

layer coating can be seen in Fig. 3. SEM allowed estimating the
thicknesses of the successive pectin and chitosan layers as being
52.8, 53.7, 59.4, 52.8 and 48.1 nm, respectively, thus resulting in
an estimated total thickness value (five layers) of 266 nm. After
the deposition of the five successive layers, the outmost surface
(Pec layer) of the multilayer A/C PET film exhibited a rough surface
(SEM image not shown). Fu et al. (2005), working with heparin and
chitosan layers, concluded that the assembly pH has influence on
the surface roughness of multilayers and the layers assembled at
pH of 6.0 have rougher surfaces while those assembled at pH 3.8
have smoother ones. Many chains from the underlying layer may
penetrate into the surface of the outmost layer and a multilayer
surface may become more hydrophilic or more hydrophobic due
to the level of the penetration of chains from the underlying layer
into the outmost layer. Yoo et al. (1998), investigating the influ-
ence of pH of dipping solutions on the surface wettability of a mul-
tilayer system composed of two weak polyelectrolytes [poly(acrilic
acid) and poly(allylamine)], reported that in the weak polyelectro-
lytes, the highly charged polymer chains tended to be absorbed as
thin layers with flat chains conformation, while the less charged
polymer chains tended to be absorbed as thicker, loppier-type
structures. For the systems containing weak polyelectrolytes
Fig. 3. Scanning electron microscopy cross-section image of the nanolayered
coating (scale bar 500 nm). The arrows indicate individual nanolayers, presumably
of the two materials used for their construction (chitosan and pectin).
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(pectin and chitosan), the interaction between oppositely charged
polyelectrolytes show a strong dependence on pH and the thick-
ness of an individual layer is dependent on biopolymer concentra-
tion and is particularly marked for pectin and weaker for chitosan
(Marudova et al., 2005). In this work, both polyelectrolyte solutions
of pectin and chitosan were separately prepared at a concentration
of 0.2% (w/v). The adsorption of pectin solution as a thin layer pro-
vided by the highly charged polymer (Pec) chains and by its hydro-
philicity, may have been counterbalanced by the high pH 7.0 of the
corresponding polymer solution and by the dependence on the
concentration of the biopolymer. In turn, the adsorption of chito-
san solution as a thicker layer than that of pectin solution was pos-
sibly due to its hydrophobicity although it was counterbalanced by
the highly charged polymer chains and the low pH value of 3.0 of
the polyelectrolyte solution. These circumstances, and depending
on the level of the penetration of chains from one layer into the
other layer, may have contributed to the formation of layers with
rather homogeneous.

Besides, hydration is a critical parameter for polyelectrolyte
multilayer films, impacting film thickness, swellability and diffu-
sion of the film’s components. Film hydration can vary during film
assembly. The film swelling properties (i.e. their ability to change
volume and thickness as the environmental conditions are chan-
ged, such as pH, ionic strength, hydration) has been found to be de-
pend on assembly conditions. When the films are built by alternate
dipping into the polyelectrolyte solutions followed by intermediate
drying steps, the swelling of the film between the dried and wet
states can be very significant (Crouzier et al., 2010).

In the process of layers deposition, the A/C PET support was
dipped into the polyelectrolyte solutions and both sides of support
were coated with the five layers. Thus, the total thickness of layers
on both sides, can be estimated as 266 nm � 2 = 532 nm =
5.32 � 10�7 m. Taking into account that the thickness of A/C PET
support, measured by a digital micrometer, was 0.103 mm =
1.03 � 10�4 m, the total thickness of the coated support was
5.32� 10�7 m + 1.03� 10�4 m = 1.03532� 10�4 m = 1.03� 10�4 m.
This value was used in WVP, O2P and CO2P calculations.

3.1.6. Water vapor permeability (WVP)
The water vapor permeability (WVP) values of the A/C PET and

of the five nanolayers were found to be 1.42 ± 0.39 � 10�11 and
0.019 ± 0.005 � 10�11 g m/(Pa s m2), respectively.

In this work, the hydrophobic character of chitosan layers par-
tially explains the lower WVP value of the five layers in compari-
son with the WVP value of A/C PET. Hydrophobic materials have
lower permeability to water vapor because the water molecules
have a hydrophilic character, inhibiting the interactions with such
materials. On the contrary, there is a stronger affinity between
hydrophilic materials and water molecules, favoring their diffusion
through the materials’ structure. Besides, filaments of pectin can
present hydrophobic interactions and hydrogen bonds that origi-
nate a three-dimensional solid and amorphous network that re-
tards water migration (Barrera et al., 2002), contributing to the
decrease of WVP. Also, the lower WVP value of the five nanolayers
is possibly also due to the tightly packed network structure formed
by the polymeric matrix, which possibly increases tortuosity and
therefore partially restricts the water molecules’ transport.

Kokoszka et al. (2010) carried out a study to determine the
effect of rapeseed oil on physicochemical properties of whey pro-
tein films cast onto Petri dishes. Among several levels of oil con-
centration and RH gradients they found that the film thickness
decreased from 114.6 ± 6.6 without oil to 63.6 ± 3.3 lm with the
highest oil concentration (4%) and the rapeseed oil reduced the
water vapor permeability (WVP) of whey protein isolate (WPI)
films. Besides, the WVP value ranged between 14.4 � 10�11 and
24.2 � 10�11 g m/(Pa s m2) at 30–53% RH gradient and between
32.2 � 10�11 and 74.4 � 10�11 g m/(Pa s m2) at 30–100% RH gradi-
ent. They concluded that although the rapeseed oil content af-
fected the WVP of WPI films, particularly at higher humidity
values, the RH gradient had an even stronger effect. The question
here is that of the influence of a gradient of RH between the two
sides of the films used for WVP measurements. While some
authors (e.g. Kokoszka et al., 2010) refer that such gradient may
interfere with the results, it is also true that such interference will
be higher for thicker films. Since in this work the thickness values
are in the nanometer range, such gradients will necessarily be very
small (therefore, eventually neglectable).
3.1.7. Oxygen and carbon dioxide permeabilities
O2P and CO2P values for A/C PET were found to be 2.5 ± 0.03 �

10�14 and 39.7 ± 22.9 � 10�14 g m/(Pa s m2), respectively, which
were higher or of the same order of magnitude of those determined
for the five layers: 0.069 ± 0.066 � 10�14 and 44.8 ± 32 �
10�14 g m/(Pa s m2), respectively.

Generally, high CO2 concentrations reduce respiration rates,
ethylene production, and induce accumulation of fermentation
products of fresh-cut fruits (Gunes et al., 2001; Agar et al., 1999;
Gorny et al., 1999), however, excessively high CO2 atmospheres
can accelerate tissue browning and necrosis of fruits (Gorny
et al., 2002). Further, reduced O2 levels and/or increased CO2 levels
have been shown to extend the shelf life of fresh-cut mangoes
(Poubol and Izumi, 2005), while Ullah et al. (2010) found that
the rate of mangoes’ weight loss decreased with an increase of
CO2 in the storage atmosphere.

Since the values found for O2P and CO2P in this work, for the five
nanolayers, are lower or of the same order of magnitude of the val-
ues of A/C PET and lower than those reported by Cerqueira et al.
(2009a) and Souza et al. (2009), working with non-nanoscale coat-
ings of the same materials, and are of the same order of magnitude
of the O2P determined for a nanolayered coating of j-carrageenan
and lysozyme (0.10 ± 0.01 � 10�14 g m/(Pa s m2)) (Medeiros et al.,
in press), these results suggest the selective efficiency of pectin
and chitosan-based coating as a barrier to O2 and CO2.
3.2. Evaluation of coating assembly and mango shelf-life

3.2.1. Confirmation of multilayer assembly on mango surface
The behavior of contact angles values during the progressive

coating assembly on mangoes (Fig. 2, on Mango) was found to be
similar to those observed with the coating of A/C PET (Fig. 2, on
A/C PET).

The contact angle value of 29.70 ± 5.21� on mango surface char-
acterizes its hydrophilic character. The character of a surface de-
pends mainly on the nature of its outermost layer but it may
occur that such character will still influence the behavior of each
coating layer even after the deposition of several layers (Yoo
et al., 1998). In the present work, possibly due to the hydrophilic
character of mango surface, the magnitude of the contact angles
on Pec layers’ surface (Layers 1, 3 and 5) of coated mangoes is low-
er by about 30% than the corresponding layers on coated A/C PET,
ranging from 18.00� to 20.20� and showing an increase of hydro-
philic character of the surface of these layers. The mango skin
has a surface tension of 29.04 ± 0.02 mN m�1 (Cerqueira et al.,
2009b; Souza et al., 2010). The value of the contact angle of the first
Pec layer indicates that the Pec solution will easily spread on the
mango skin, which has a low surface energy (Choi et al., 2002).

A similar behavior was also found in the magnitude of the con-
tact angles of the surfaces of Ch layers (Layers 2 and 4) applied on
coated mangoes; those contact angles were lower by 17% and 8%,
respectively, than those found for coated A/C PET, also exhibiting
a slight decrease of hydrophobic character.
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In both cases, however, the trend of contact angle change
(p < 0.05) when Pec and Ch layers were added on A/C PET and man-
go was very similar (see Fig. 2), thus clearly indicating that a nano-
structure with similar characteristics was being built in either case.
Fig. 5. Total soluble solids (TSS) of mangoes during 45 d of storage. Each data point
is the average of three determinations and the error bars show the standard
deviation.
3.2.2. Quality parameters
3.2.2.1. Mass loss. Significant differences (p < 0.05) were found
between uncoated and coated mangoes (Fig. 4). On the 45th day
of storage the mass loss was found to be 3.26 ± 0.25% and 1.8 ±
0.16% for uncoated and coated mangoes, respectively. The mass
loss comes from transpiration processes (Woods, 1990), which
may be increased with increasing temperature and decreasing
humidity. It is reasonable to conclude that the differences of mass
loss between uncoated and coated mangoes are mainly related to
the water vapor barrier provided by the coating.

Souza et al. (2010) worked with a polysaccharide from
Anacardium occidentale L. tree gum (Policaju) as a coating for ‘Tom-
my Atkins’ mangoes (please note that the experimental period
used by these authors was only of 28 d) stored at 4 �C and 82%
RH. They found that a significantly lower mass loss was observed
in all mangoes treated with Policaju-based coating. Comparing
the results of these authors and the results of this work, it was ob-
served that on the 7th day of storage, the mangoes coated with
Policaju presented a mass loss of 0.30% while the mangoes coated
with the nanolayered coating had a mass loss of 0.52%. The man-
goes used in the work of Souza et al. (2010) were acquired in the
country of origin (Brazil) and the mangoes used in this work were
purchased in Europe, after the mangoes have been subjected to a
relatively long shipping period. ‘Tommy Atkins’ mango is climac-
teric and ripens rapidly after picking. Disease susceptibility, sensi-
tivity to low storage temperatures (below 13 �C), and perishability
due to ripening and softening limit the possibility of handling,
transport and storage of mango (Baldwin et al., 1999). Changes of
temperature may affect the internal atmosphere. Despite the care
that has been taken in the purchase and selection of mango at
semi-ripe state at a local retail in Europe, certainly the ripening
stage was not equal to that of the mango used in Brazil by Souza
et al. (2010). Probably all these factors have influenced the magni-
tude of the mass loss found in this work at the end of the first seven
storage days. After the 7th day, the evolution of mass loss was
found to be similar in both cases, but ended at the 28th day in
the case of Souza et al. (2010) and at the 45th day in the case of
the present work. Tefera et al. (2007) worked with the effect of dis-
infection treatments, packaging, and storage environment on the
quality of green mature mangoes (Mangifera indica L.) over a stor-
age period of 28 d. On the 28th day of storage the mass loss of
packed mangoes in plastic containers under cool storage, was
26.16% and 26.38% for the mangoes subjected to disinfection
treatments of 5% NaOCl and H2O (at 46 �C), respectively.
Fig. 4. Mass loss of mangoes during 45 d of storage. Each data point is the average
of three determinations and the error bars show the standard deviation.
3.2.2.2. Total soluble solids (TSS). Normally, total soluble solids (TSS)
content increases during the ripening due to the degradation of
polysaccharides present in the fruit. There is also an increase of
TSS when the water loss increases leading to the increase of sugar
concentrations in the fruit tissues. The reduction of O2 concentra-
tion affects the respiration process thus causing a decrease in the
ethylene production and consequently extending the ripening per-
iod (Gorris and Peppelenbos, 1992). The TSS of uncoated mangoes
significantly (p < 0.05) increased during the experimental period
until the 28th day, from 11.5 ± 0.3� to 17.63 ± 0.4 �Brix, and de-
creased slightly on the 45th day of storage to 15.8 ± 0.3 �Brix. The
TSS of coated mangoes remained relatively stable during the total
experimental period, from 11.5 ± 0.05� to 13.3 ± 0.1 �Brix (Fig. 5).
These results suggest the efficacy of the coating as a gas barrier,
possibly slowing down the metabolism due to the lesser amount
of O2 available.

3.2.2.3. Titratable acidity (TA). Another parameter that varies with
the ripening process is the titratable acidity (TA), due to the organ-
ic acids that are usually consumed during the ripening and after
picking. The titratable acidity (TA) of uncoated and coated man-
goes were 0.77 ± 0.3 (%) and 0.80 ± 0.01 (%) (p > 0.05), respectively,
at the beginning of the experimental period, and decreased until
the 45th day of storage to significantly different values (p < 0.05)
of 0.12 ± 0.01 (%) and 0.40 ± 0.01 (%), respectively (Fig. 6). The high-
er TA values of coated mangoes are probably due to the slowdown
of the respiration process in the presence of the reduced amounts
of O2 provided by the coating.

3.2.2.4. Latest findings. There are several publications on the con-
servation of fruit after picking. Generally, those works focus on
the conditions of packaging and storage, or on packaging materials;
Fig. 6. Titratable acidity (TA) of mangoes during 45 d of storage. Each data point is
the average of three determinations and the error bars show the standard deviation.



Fig. 7. Mangoes on the 45th day of storage. (a) Uncoated mangoes; (b) coated
mangoes; (c) appearance of mangoes flesh exposed by a longitudinal cut of the
uncoated mangoes (three samples above) and of the coated mangoes (three
samples below).
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however, only a restrict number involve coatings, and often their
results cannot be compared. To our knowledge, only a residual
number of works involving nanocoatings for food applications
were published. After picking, the life of mango is limited by phys-
iological deterioration from excessive fruit ripening that causes de-
cay and simultaneously creates the conditions for the development
of microbial spoilage, causing the rotting of the fruit. The water
loss may reach levels that cause wrinkling and shriveling of man-
goes and commit to their appearance and decrease its commercial
value (Pfaffenbach et al., 2003).

On the 45th day of storage the uncoated mangoes exhibited in
Fig. 7a had a wrinkled damaged appearance, and microbiological
spoilage effects were visible, in comparison with the coated man-
goes of Fig. 7b where none of these were observed. Several chem-
ical side groups appear to interact with water molecules via
hydrogen bonds. For instance, the ester groups present in pectin
(which is part of the nanocoating structure) are known to be good
acceptors of hydrogen bonds and can thus trap water molecules in
proximity to the polymer (Crouzier et al., 2010). This is possibly the
reason why, at the end of experimental period, the surface of
coated mangoes exhibited in Fig. 7b was found to be less dehy-
drated. The mango flesh of uncoated mangoes had a dark yellow
color while the flesh of coated mangoes had a uniform light yellow
color as presented in Fig. 7c. When evaluating the chemical altera-
tions in ‘Tommy Atkins’ mangoes, Lima et al. (2010) observed that
at the end of the ripening period, the fruits showed a reduction of
the amount of total carotenoids which can be related with the oxi-
dation reactions of pigments or phenolic compounds, causing the
darkening of mango flesh. Lee et al. (1993) reported the darkening
of the flesh of caquis due to the oxidation of phenolic compounds,
when the fruits were stored under a high O2 concentration. The re-
sults achieved in this work suggest that the pectin and chitosan-
based coating used here provided a good O2 barrier, as suggested
by the values of O2P.
4. Conclusion

A nanomultilayer coating system based on food-grade materials
has been developed and characterized. The values that were found
for WVP, O2P and CO2P were 0.019 ± 0.005 � 10�11 g m/(Pa s m2),
0.069 ± 0.066 � 10�14 ± g m/(Pa s m2) and 44.8 ± 32 � 10�14 g m/
(Pa s m2), respectively, are all in the same order of magnitude of
other coatings reported in the literature with efficiency in the
reduction of gas flow.

This system’s functionalities as a possible alternative to conven-
tional food coatings were preliminarily tested on mangoes. Clearly,
coated mangoes performed better than uncoated mangoes. Un-
coated mangoes presented a higher mass loss, higher total soluble
solids (TSS) and a lower titratable acidity (TA) in comparison with
coated mangoes. After 45 d of storage, coated mangoes presented a
better external appearance, a less dehydrated surface, apparently
without fungal growth, and a much more preserved flesh.

These findings suggest that the combination of the antimicro-
bial and gas barrier properties of chitosan, with the low oxygen
permeability of pectin layers were possibly efficient in the reduc-
tion of gas flow and on the extension of the shelf-life of mangoes.
Barrier properties were possibly improved by the nano-structure of
the coating (e.g. by improving the tortuosity of the polymer net-
work and/or by imposing successive interfaces to the gas mole-
cules while migrating through the structure), but this remains to
be demonstrated.
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