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a b s t r a c t

Nanolaminates have been reported to have applications in different areas, such as the preparation of
multilayer films, coating biomedical appliances or multilayer edible coatings with enhanced proper-
ties for applications in the food industry. This work aims at characterizing the surface properties, water
vapor permeability, and thermal and mechanical properties of a nanolayered film. The film was pro-
eywords:
ET
ayer-by-layer
hitosan
lginate

duced using two polysaccharides with opposite charges, chitosan and sodium alginate deposited on to
aminolyzed/charged PET. Contact angle measurements showed differences in the films with a succes-
sively higher number of layers. SEM images allowed the measurement of the thickness of the layers. The
nanolayered film had a water vapor permeability of (0.85 ± 0.04) × 10−11 g m−1 s−1 Pa−1 and a hardness
increase of 0.245 ± 0.06 GPa. DSC and TG analyses of the nanolayered film showed increases of 39.2% in the
melting energy when compared with the PET film used as support, and a decrease in the decomposition

331 ◦
hysical and thermal properties temperature from 386 to

. Introduction

In recent years, many studies have shown that films and/or
oatings of different polysaccharides have promising applications
n the biomedical (Kujawa, Schmauch, Viitala, Badia, & Winnik,
007; Zhong, Li, & Haynie, 2006) and food fields (Cerqueira et al.,
009; Ribeiro, Vicente, Teixeira, & Miranda, 2007). The application
f different materials in multilayer films has been shown to be
n efficient way of improving transport properties (Jang, Rawson,
Grunlan, 2008). Recently, literature suggests that these materi-

ls can present improved functionality when used on a nanoscale
Weiss, Takhistov, & McClements, 2006).

A nanolaminate consists of two or more layers of material with
anometer dimension that are physically or chemically bonded
o each other. One of the most powerful methods of prepara-
ion is the layer-by-layer (LbL) deposition technique, in which the
harged surfaces are coated with multiple nanolayers of different

aterials (Decher & Schlenoff, 2002). Multilayer films or coat-

ngs of nanometer-thickness can be made by successive adsorption
f oppositely charged polyelectrolytes on a solid carrier provid-
ng potential applications of such films for food preservation and

∗ Corresponding author. Tel.: +351 253 604419; fax: +351 253 678986.
E-mail address: avicente@deb.uminho.pt (A.A. Vicente).

144-8617/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2010.04.043
C.
© 2010 Elsevier Ltd. All rights reserved.

coatings for implant devices (Rudra, Dave, & Hayne, 2006). These
materials may constitute either polycations or polyanions, depend-
ing on their functional group type. In food, pharmaceutical, and
cosmetic industries polysaccharides are often used. This sequential
adsorption approach has also been successfully used to manipulate
many different types of materials including conducting polymers,
light emitting polymers, molecular dyes, fullerenes, precursor
polymers, nonlinear optical polymers, biomaterials, and various
inorganic systems (Abu-Sharkh, 2006; Dronov et al., 2008; Lukkari
et al., 2002; Yoo, Shiratori, & Rubner, 1998). Another critical use of
this approach has been the surface modification of polymeric mate-
rials towards the improvement of their cytocompatibility (Zhu, Gao,
He, & Shen, 2004).

Polyethylene terephthalate (PET) has been seen as a good
candidate for biomaterial applications due to its excellent physic-
ochemical properties: good mechanical and transport properties,
thermal stability and optical transparency (Jang et al., 2008; Lin,
Chang, & Lin, 2008; Qu et al., 2005; Shogren, 1997), and moderate
biocompatibility (Fávaro, Rubira, Muniz, & Radovanovic, 2007; Fu,
Ji, Yuan, & Shen, 2005).
Alginate is a linear binary copolymer that consists of (1 → 4)-
linked �-d-mannuronic acid and �-l-guluronic acid residues.
Sodium alginate, C6H7O6Na, is the sodium salt of alginic acid. It is a
natural anionic polysaccharide that can be extracted from marine
brown algae. Sodium alginate is a good chelator and can be used

dx.doi.org/10.1016/j.carbpol.2010.04.043
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:avicente@deb.uminho.pt
dx.doi.org/10.1016/j.carbpol.2010.04.043


1 rbohyd

t
f
c
e
l
b
t
r
V
a
l
R

a
p
w
S
f
t
�
N
D
c
p
C

a
t
a
c
p
t
fi

2

2

a
a
A
c

c
o
a
v
b
f
h
U
d
a
H
a
a

t
R
t
w
t
a
i

54 M.G. Carneiro-da-Cunha et al. / Ca

o remove radioactive toxins such as iodine-131 and strontium-90
rom the body that have taken the place of their non-radioactive
ounterparts (Sutton et al., 1971). It is also used in immobilizing
nzymes by inclusion and is used as a food thickener and stabi-
izer and in medicines, paint, and paper coating. Alginate was also
een used as a film and coating component. The barrier proper-
ies of alginate films suitable for aroma encapsulations have been
eported recently (Hambleton, Frédéric Debeaufort, Bonnotte, &
oilley, 2009; Olivas & Barbosa-Cánovas, 2008). Their application
s coatings for fresh-cut fruits has been shown to increase shelf-
ife (Raybaudi-Massilia, Mosqueda-Melgar, & Martín-Belloso, 2008;
ojas-Graü, Tapia, & Martín-Belloso, 2008; Tapia et al., 2008).

Chitosan has valuable properties: it may act as a haemostatic
nd hypoallergenic agent; together with its natural anti-bacterial
roperties, it can be of biomedical use in applications such as
ound dressings and bandages (Kumar, Muzzarelli, Muzzarelli,

ashiwa, & Domb, 2004). It is a natural cationic polysaccharide
ormed by the N-deacetylation of chitin, a product found in crus-
acean shells. It is a linear binary copolymer that consists of
(1 → 4)-linked 2-acetoamido-2-deoxy-�-d-glucopyranose (Glc-
Ac; A-unit) and 2-amino-2-deoxy-�-d-glucopyranose (GlcN;
-unit). Recently, there has been a great interest in edible films and
oatings from chitosan, due to their good transport and mechanical
roperties (Casariego et al., 2009; Souza et al., 2009; Vargas, Albors,
hiralt, & González-Martínez, 2009).

The aim of this work was to characterize a nanolayered film
ssembled through layer-by-layer. The film was produced using
wo polysaccharides with opposite charges, chitosan and sodium
lginate, onto aminolyzed/charged PET. The resulting film was
haracterized in terms of its surface properties, water vapor
ermeability, and thermal and mechanical properties. Such charac-
erization will assist in developing industrial application for these
lms.

. Materials and methods

.1. Preparation of nanolayered film

The nanolayered film used in this study was composed of an
minolyzed/charged PET (A/C PET) sustaining layer adsorbed with
polysaccharide multilayer (constituted of 5 polysaccharide layers:
lg-Ch-Alg-Ch-Alg, where Alg stands for alginate and Ch stands for
hitosan).

Polyethylene terephthalate (PET) films (Canson, France) were
ut into rectangular pieces of 0.8 cm × 5.0 cm and circular pieces
f 5.0 cm of diameter and were aminolyzed as described by Fu et
l. (2005). Briefly, PET films were cleaned in ethanol/water (1:1,
/v) (99.8%, Riedel-de Haën, Germany) solution for 3 h, followed
y a thorough rinsing with distilled water, and dried at 30 ◦C
or 24 h. Afterwards, the film was immersed in 0.06 g mL−1 1,6-
exanediamine/propanol (Aldrich-Germany and Sigma–Aldrich-
SA, respectively) solution at 37 ◦C for 4 h, thoroughly washed with
istilled water to remove free 1,6-hexanediamine, and finally dried
t 37 ◦C for 24 h. The aminolyzed PET films were treated with 0.1 M
Cl (Merck, Germany) solution for 3 h at room temperature (20 ◦C)
nd then washed with a large amount of distilled water, and dried
t 30 ◦C for 24 h.

For preparing the polysaccharide layers, a sodium alginate solu-
ion was prepared dissolving 0.2% (w/v) sodium alginate (Manutex
SX, Kelco International, Ltd., Portugal) in distilled water and a chi-

osan (90% deacetylation, Aqua Premier Co. Ltd., Thailand) solution
as prepared dissolving 0.2% (w/v) chitosan in a 1.0% (v/v) lac-

ic acid solution. To achieve full dissolution these solutions were
gitated (using a magnetic stirrer) at approximately 200 rpm dur-
ng 2 h at room temperature (20 ◦C). Sodium alginate and chitosan
rate Polymers 82 (2010) 153–159

solutions pH was adjusted to pH 7 with a solution of 1 M sodium
hydroxide (Riedel-de Haen, Germany) and pH 3 with a 1 M lactic
acid (Merck, Germany) solution, respectively.

In order to prepare the nanolayered film, A/C PET pieces were
dipped into the Alg solution for 15 min and subsequently rinsed
with a pH 7 solution (deionized water with pH adjusted to 7 with a
1 M NaOH solution). The samples were dried with a flow of nitro-
gen and the procedure was repeated, this time using Ch as the
polyelectrolyte and rising with a pH 3 buffer solution. This process
was repeated with the alternate deposition of a total of 5 layers
(Alg-Ch-Alg-Ch-Alg). The obtained nanolayered films (A/C PET-
Alg-Ch-Alg-Ch-Alg) were then maintained at 20 ± 2 ◦C and 50 ± 5%
relative humidity (RH) before analysis (as provided by the labora-
tory air conditioning system).

2.2. Materials characterization

2.2.1. Zeta potential and conductivity
The zeta potential and conductivity of the polyelectrolyte (Alg

and Ch) solutions were determined by dynamic light scattering
(DLS) (Zetasizer Nano ZS, Malvern Instruments, UK). Each sample
was analyzed in a folded capillary cell. Three true replicates were
conducted, with three readings for each of them. Results are given
as the average ± standard deviation of the experimental values.

2.2.2. UV/vis absorbance
The UV–vis analyses were performed using a UV–vis spec-

trophotometer (Jasco 560, Germany) and were used to follow the
multilayer films construction (Fu et al., 2005). The absorbance was
measured at 260 nm on dried films (Santos et al., 2003; Sionkowska,
2006; Wasikiewicz, Yoshii, Nagasawa, Wach, & Mitomo, 2005).

2.2.3. Contact angle analysis
Contact angle (�) of the nanolayered film surface was measured

in a face contact angle meter (OCA 20, Dataphysics, Germany) using
the sessile drop method (Newman & Kwok, 1999). A 2 �L droplet of
ultra pure water was placed on the horizontal surface with a 500 �L
syringe (Hamilton, Switzerland), with a needle (0.75 mm diameter).
Measurements were made at 0, 15 and 30 s. Ten replicates of contact
angle measurements were performed at 20.5 ± 0.3 ◦C.

2.2.4. Thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC)

TGA (Shimadzu TGA-50, Japan) and DSC (Shimadzu DSC-50)
temperature scans of the samples were carried out in N2 atmo-
sphere at 10 ◦C min−1 (from room temperature). The samples were
weighed (approximately 8–10 mg) in aluminum DSC pans being
the empty pans used as a reference.

2.2.5. Water vapor permeability (WVP) measurement
The measurements were performed gravimetrically based on

ASTM E96-92 method (Casariego et al., 2009; Guillard, Broyart,
Bonazzi, Guilbert, & Gontard, 2003; McHugh, Avena-Bustillos, &
Krochta, 1993). Two replicates were obtained for each sample.

WVP was determined experimentally for the sustaining layer
(A/C PET) and for the obtained nanolayered film (A/C PET-Alg-Ch-
Alg-Ch-Alg). Film thickness was determined by SEM analyses.

The polysaccharide multilayer (Alg-Ch-Alg-Ch-Alg) WVP
(WVPB) was determined by the following equation (Cooksey,
Marsh, & Doar, 1999):

L

WVPB = B

(LT /WVPT ) − (LA/WVPA)
(1)

where A, B and T refer, respectively, to: (i) the sustaining layer (A/C
PET), (ii) the polysaccharide multilayer (Alg-Ch-Alg-Ch-Alg) and
(iii) the resulting nanolayered film (A/C PET-Alg-Ch-Alg-Ch-Alg).
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from 240 to 280 nm.
These results confirm the successful construction of the

nanolayered film, which allowed further characterization of this
material.
M.G. Carneiro-da-Cunha et al. / Car

corresponds to the thickness of the materials in mm and WVP to
he water vapor permeability in g (m s Pa)−1.

.2.6. Scanning electron microscopy (SEM) and energy dispersive
pectroscopy (EDS) analysis

The surface morphology of the studied materials was exam-
ned using a scanning electron microscope (Nova NanoSEM 200,
etherlands) with an accelerating voltage from 10 to 15 kV. The
nergy dispersive spectroscopy analyses were performed in an
ntegrated system EDS-BSED (EDAX). Before analysis, all samples

ere mounted on aluminum stubs using carbon adhesive tape and
putter-coated with gold (thickness of about 10 nm).

.2.7. Nanoindentation experiments
The hardness (H) was evaluated by depth-sensing indentation,

sing a MicroMaterials Nanotest (UK) system at maximum load
f 0.15 mN, at a temperature of 24 ◦C. Depth-sensing indentation
easurements are used to determine the hardness modulus. The

ardness (H) was determined by Eq. (2) (Oliver & Pharr, 1992).

= P

A
(2)

here H is expressed in Pa, P (N) is the maximum applied load and
(m2) is the contact area of the indentation, at the maximum load.

In order to have representative average values for the mechan-
cal properties 25 tests were performed in each sample. In the test,
he load is increased in steps until a nominal load of 0.15 mN is
eached. Two creep periods of 30 s were performed during the tests:
t maximum load and at the 10% lowest load during unloading.
orrection of the geometrical defects in the tip of the Berkovich

ndenter, thermal drift of the equipment and uncertainty of the
nitial contact was also performed in agreement with what was pro-
osed (Antunes, Cavaleiro, Menezes, Simões, & Fernandes, 2002;
owling et al., 1997).

.3. Statistical procedures

The statistical analyses of the data were performed using analy-
is of variance (ANOVA) and linear regression analysis (Excel, 2003).

. Results and discussion

.1. Preparation of nanolayered film

To confirm the PET aminolysis, energy dispersive spectroscopy
EDS) was performed (Fig. 1). Before the PET aminolysis there was
o nitrogen peak present (Fig. 1A) and after the aminolysis of
ET substrate the expected N peak (normalized area: 2.72%) was
etected (Fig. 1B). Moreover, during aminolysis PET acquires carbon
nd nitrogen atoms and loses oxygen atoms. This phenomenon can
e confirmed by the change in the EDS normalized areas: the origi-
al PET samples have normalized areas of 68.19% (for carbon atoms)
nd 31.81% (for oxygen atoms) whereas A/C PET, shows normalized
reas of 75.85 and 21.43%, respectively.

The confirmation of the electrostatic properties of the algi-
ate and chitosan solutions was performed by determination of
heir zeta potential; this was done in order to guarantee their cor-
ect interaction with the A/C PET surface. The opposite charges
f these two solutions were confirmed by dynamic light scatter-
ng with values of: −62.13 ± 4.01 mV for sodium alginate solution

nd +58.28 ± 4.18 mV for chitosan solution, showing that they can
nteract by electrostatic forces.

The layer deposition was monitored by measuring the increase
n absorbance at 260 nm for multilayer films with up to 5 layers,
s shown in Fig. 2. The increase in absorbance due to the layer
Fig. 1. Energy dispersive spectroscopy (EDS) spectra of original PET (A) and of A/C
PET (B). The indication arrow marks the nitrogen peak.

deposition is in agreement with other works where chitosan depo-
sition by LbL was characterized by UV–VIS spectroscopy (Fu et al.,
2005; Strand, TØmmeraas, Värum, & Østgaard, 2001). The value
of wavelength used (260 nm) was chosen after the range used by
Wasikiewicz et al. (2005) and Santos et al. (2003), which spanned
Fig. 2. Multilayer assembly monitored by UV absorbance at 260 nm, to the A/C PET
and the successive adsorption of alginate/chitosan layers.
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Table 1
Values of water vapor permeability (WVP) for A/C PET, polysaccharide multilayer, nanolayered film and film thickness (determined by SEM).

Sample Thickness (�m) WVP (g m−1 s−1 Pa−1) Regression results

95% Lower confidence limit 95% Upper confidence limit R2

A/C PET 100.10 8.168 × 10−12a 8.537 × 10−12 7.800 × 10−12 0.997
Nanolayered film 100.22 7.358 × 10−12a 7.794 × 10−12 6.923 × 10−12 0.995
Polysaccharide multilayer 0.12 8.881 × 10−14b Not applicable
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a Estimated using regression analysis.
b Calculated using Eq. (1).

.2. Nanolayered film characterization

.2.1. Contact angle measurements
Contact angle values observed in PET, A/C PET and when suc-

essive layers of alginate and chitosan were added can be observed
n Fig. 3. When considering the time of observation (after drop
pplication), it can be concluded that it does not affect the global
endencies. Tukey test (˛ = 3%) showed that for layers Ch2 to Alg5,
he time of measurement did not significantly affect the value of
ontact angle. For PET, A/C PET and Alg1 layers, contact angle signif-
cantly decreased from 0 to 15 s. After 15 s, no significant differences

ere found.
The contact angle measured with 30 s on the original PET film

as found to be 81.78 ± 2.18 (◦) and after the aminolyzation of PET,
he value decreased to 73.56 ± 1.31 (◦). These decrease in contact
ngle after PET aminolyzation has been previously reported in the
iterature (Xu, Wang, Fan, Ji, & Shen, 2008). A significant decrease in
ontact angle after aminolyzation was also found when comparing
olyurethane substrate before and after aminolyzation (Zhu et al.,
004).

As for the effect of layer deposition on A/C PET, the change of
he contact angle values shows the progressive construction of the
lm by alternate deposition of the nanolayers (Fig. 3). Typically,
he alginate layer induced an increase of contact angle whereas
hitosan layer deposition led to a contact angle decrease.

The contact angle measurement is a useful tool to determine the
ydrophobic or hydrophilic characteristics of a surface. The most

ettable surfaces present low values (� < 20◦) and the hydrophobic

urfaces, on the contrary, show high values (� > 70◦) of the contact
ngle. The wettability of a surface depends on the nature of the
utermost layer and not on the initial substrate film; however, the

ig. 3. The contact angle measured on original PET, A/C PET and on the five succes-
ive layers (measured 0, 15 and 30 s after drop application). Each data point is an
verage of 10 determinations and the error bars represent the standard deviation.
interpenetration of layers may cause some influence on that prop-
erty (Fu et al., 2005), especially at the nanoscale. Moreover, changes
in pH can significantly affect wettability of a surface, since they can
change the film structure itself. For example, at higher pH values the
assembled chains of chitosan are more weakly charged and adopt
a loopier and globular conformation than those at lower pH val-
ues; at pH 2.9, those chains present a smoother surface, adopting
more flat structures thus leading to a thinner chitosan layer (Fu et
al., 2005; Yoo et al., 1998). The conjugation of variables such as the
degree of aminolyzation, number of layers, pH of each layer and the
polymer present in each layer will then be crucial for layer binding
and therefore will affect film wettability. This may explain the fact
that the observed tendency (contact angles with higher values for
alginate layers and lower values for chitosan layers) is apparently
in conflict with previous reports for alginate–chitosan nanofilms
(Xu et al., 2008): the adsorption of the polyanion described in the
literature was achieved with poly(ethylenimine) (PEI) while in the
present work we used 1,6-hexanediamine. This possibly affected
the aminolyzation degree and hence changed the chemical inter-
actions and binding properties of the outermost layers.

The results in Fig. 3 show that the profile achieved in the suc-
cessive depositions represent a multilayer film with a moderate
hydrophilicity.

3.2.2. Water vapor permeability (WVP)
Gas barrier materials play an important role in the packag-

ing of medical supplies and foods, and are used in a wide variety
of products (Uemera, 1998). The results from WVP of the A/C
PET, polysaccharide multilayer (Alg-Ch-Alg-Ch-Alg) and obtained
nanolayered film (A/C PET-Alg-Ch-Alg-Ch-Alg) are presented in

Table 1.

The WVP values obtained for the polysaccharide multilayer
film are lower than those that could be expected for the mate-
rials with which the film was built (i.e. alginate and chitosan

Fig. 4. DSC and TGA curves for: (—) original PET, (· · ·) A/C PET, and (– – –) nanolayered
film (each data point is an average of two determinations).
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ig. 5. Scanning electron microscopy images of surface morphology of the A/C PET
A/C PET–Alg-Ch) (C), and of nanolayered film surface (A/C PET–Alg-Ch-Alg-Ch-Alg)
f nanolayered film cross-section (F).

lone). The reported values of alginate and chitosan edible
lms are 24.6 × 10−11 g m−1 s−1 Pa−1 (Hambleton et al., 2009) and
.8 × 10−11 g m−1 s−1 Pa−1 (Souza et al., 2009), respectively. These
ood results for the multilayer nanofilm may be explained based
n the interactions that are established between adjacent alginate
nd chitosan layers (Jang et al., 2008; Tieke, Pyrasch, & Toutianoush,
002). It may be expected that such interaction increase the tortu-
sity of the material, thus decreasing its affective permeability to
he water molecules (Jang et al., 2008; Tieke et al., 2002). Finally,

he presence of a crystalline structure in the fifth layer (see Section
.2.4) may contribute to the lower WVP values (Jang et al., 2008). As
or comparison with multilayer structures, the developed polysac-
haride multilayer also presented lower WVP than a bi-layer film
f paraffin wax and hydroxypropylmethyl cellulose with polyethy-
the first alginate layer (A/C PET-Alg) (B) and of the subsequent first chitosan layer
ickness of the outermost alginate layer and of five polysaccharide layers (E). Image

lene glycol (0.039 × 10−11 g m−1 s−1 Pa−1) (Pérez-Gago & Krochta,
2005).

3.2.3. Thermal analyses
The effects of the treatment and the addition of the multiple

layers of alginate and chitosan on the aminolyzed/charged PET
film were also reflected in samples thermal behaviour, which was
analyzed by means of differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA).
DSC analyses show (Fig. 4) two peaks above 100 ◦C for all
samples. The first peak corresponds to the melting temperature
(Tm), being the second peak the result of the degradation of the
sample. The onset temperature of melting and the melting peak
width (�Tm) are related to the heat resistance and to the sample’s
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Table 2
Thermal properties of tested samples. Peak temperatures in the DSC thermograms and enthalpy changes. Thermogravimetric data: experimental average ± standard deviation.

Sample Onset (◦C) Tm (◦C) �Tm (◦C) �Hm (J g−1) Tdi (◦C) DTGmax (◦C)

16.2
17.8
18.2
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Fundação para a Ciência e Tecnologia (FCT, Portugal) through
grant SFRH/BD/23897/2005; B.W.S. Souza was recipient of a
Original PET 251.88 ± 2.34 261.31 ± 0.60
A/C PET 250.88 ± 0.01 262.20 ± 1.52
Nanolayered film 250.67 ± 0.09 262.82 ± 1.18

rystallinity, respectively. In general, high melting points are asso-
iated with highly regular structures, rigid molecules, close packing
apability, strong interchain attraction, or several of these factors
ombined (Sperling, 2006).

The melting temperatures of the samples are summarized in
able 2, where the value of Tm for the original PET was 261.31 ◦C.
his result is in good agreement with the literature (Hatakeyama
Quinn, 1999; Ke, Long, & Qi, 1999; Wasikiewicz et al., 2005). PET

minolization and the subsequent addition of the polysaccharide
ultilayer structure did not considerably affect Tm.
Greater differences were observed in the enthalpy of melting

�Hm) of the different samples, which can be explained by the
tructural modification of PET, where the aliphatic group suffers a
odification with the addition of the –N– and –CH– groups. Table 2

hows an increase of the �Hm value while going from the original
ET, to the A/C PET and to the nanolayered film. This increase is
resumably related with: (i) the higher crystallinity of the mod-

fied samples (not directly measured in the present work) and
ii) by the presence of the functional groups added to the origi-
al PET: amino groups were added to the A/C PET and amino and
arboxylic acid groups were added to the nanolayered films. This
ast assumption is supported by a reported increase of �Hm in PET
lms incorporated with nanocomposites (Qu et al., 2005), which
ay affect the thermodynamic properties of the sample in a similar
ay.

Fig. 4 also shows the TGA curves of the tested samples. The
nitial decomposition temperature (Tdi) (here considered as the
emperature at which the weight loss of the sample is 1%) and the
erivate maximum decomposing rate temperature (DTGmax) are
lso listed in Table 2. The Tdi of the original PET was 386 ◦C, while
he A/C PET and nanolayered film present successively lower val-
es of Tdi; the values of DTGmax follow a similar trend. These results
re presumably related with a decrease of the thermal stability
f the nanolayered film; this lower thermal stability is certainly
elated with the presence of alginate and chitosan in the compo-
ition of the sample. In fact, the isolated values of Tdi for chitosan
nd sodium alginate (293.0 and 225.1 ◦C, respectively) (Zohuriaan
Shokrolahi, 2004), can explain the lower value of Tdi obtained for

hat sample.

.2.4. Scanning electron microscopy (SEM)
Fig. 5 shows scanning electron microscopy (SEM) images of dif-

erent aspects of the tested samples.
The first alginate layer on the A/C PET (Fig. 5B) shows a vari-

ty of particle shapes. These shapes appear even shaper in the
anolayered film surface (note that outermost layer is alginate):
ig. 5D, exhibits needle-shaped nano-sized particles, which can be
xplained by the formation of alginate crystal particules (Cheong
Zhitomirsky, 2008). This observation is in agreement with the

btained DSC results, which show a higher crystallinity as con-
luded by the higher �Hm values obtained for this case (see
able 2).

The layer of chitosan (Fig. 5C) appears to be smooth, uniform,

ith a very few nodular shapes. These shapes are most probably,

rystals stemming from the preceding alginate layer.
Fig. 5E is a picture of the nanolayered film, where the thickness

f one of the alginate layers could be measured (19.55 nm), together
ith the total thickness of the multilayer film (121.28 nm). One can
9 17.25 ± 0.01 386.0 ± 2.15 447.3 ± 4.21
6 22.50 ± 0.05 381.0 ± 3.01 441.0 ± 3.59
9 31.33 ± 0.11 330.8 ± 5.19 433.6 ± 2.17

roughly estimate that the thickness of each chitosan layer is about
[121.28 − (19.55 × 3)]/2 = 31.31 nm.

Fig. 5F shows the five layers of the polysaccharides with oppo-
site charges (alginate and chitosan). This SEM picture revealed a
greater luminosity of the alginate layers in comparison with that
of chitosan layers. This phenomenon is due to the (small) dif-
ference between the measured electrical conductivity of alginate
(1.40 ± 0.02 mS cm−1) and that of chitosan (1.47 ± 0.01 mS cm−1),
which renders alginate to be the first to become electrically
charged after the incidence of the electron beam during SEM
analysis.

3.2.5. Nanoindentation experiments
The hardness of the A/C PET and of the nanolayered film alone

was measured. Using the A/C PET as a reference, the presence of
the multilayer represented a hardness increase of 0.245 ± 0.06 GPa,
which corresponds to an increase of 18.3% of the hardness. These
values are of the same order of magnitude of the reported values
for chitosan coatings with different concentrations of montmo-
rillonite and different treatments, that present hardness increase
ranging from 0.110 to 0.199 GPa (Martin, Schulz, Bumgardner, &
Schneider, 2008). In our case, values are higher, presumably due
to the presence of the multiple layers of alginate/chitosan, which
help dissipating the crack tip energy, thus improving the hardness
of the material (Carvalho et al., 2004; Tromas et al., 2007).

4. Conclusions

Chitosan and sodium alginate with opposite charges were
adsorbed onto aminolyzed/charged films of polyethylene tereph-
thalate, through layer-by-layer assembly. Differences in the contact
angle measurements were found for the films with a succes-
sively higher number of layers. The five layers were observed
through SEM images, which allowed the measurement of the
layer thickness. The nanolayered film presented a WVP of
(0.85 ± 0.04) × 10−11 g m−1 s−1 Pa−1 and a hardness increase of
0.245 ± 0.06 GPa. The thermal properties of this structure were
assessed by differential scanning calorimetry and thermogravimet-
ric analysis, showing increases of 39.2% of the melting energy when
compared with the A/C PET film, and a decrease of 15.2% of the
decomposition temperature.

This work has shown that nanolaminates present highly func-
tional properties and promising future applications onto different
types of substrates aiming at e.g. the preparation of multilayer films
coating biomedical appliances or multilayer edible coatings with
enhanced mass transfer and mechanical properties.
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