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The interactions between k-carrageenan and chitosan, two oppositely charged polysaccharides,
have been investigated through microcalorimetric and quartz crystal microbalance measurements.
Microcalorimetric measurements show that k-carrageenan/chitosan interaction is an exothermic pro-
cess and that the alternate deposition of k-carrageenan and chitosan results in the formation of
a nanolayered coating mainly due to the electrostatic interactions existing between the two poly-
electrolytes (though other types of interactions may also be involved). Quartz crystal microbalance
measurements confirmed that the alternating deposition of k-carrageenan and chitosan resulted in
the formation of a stable multilayer structure. The k-carrageenan/chitosan nanolayered coating, assem-
bled on a polyethylene terephthalate (PET) support, was characterized in terms of its surface (contact
angle measurements) and gas barrier properties (water vapor and O, permeabilities) and analyzed
by scanning electron microscopy (SEM). The water vapor permeability (WVP) and the oxygen per-
meability (O,P) of the k-carrageenan/chitosan nanolayers were found to be 0.020 +0.002 x 10-'' and
0.043+£0.027 x 10-"*gm~' s~ Pa~1, respectively. These results contribute to a better understanding
of the type of interactions that play role during the construction of this type of nanostructures. This
knowledge can be used in the establishment of an approach to produce edible, biodegradable multilay-
ered nanostructures with improved mechanical and barrier properties for application in, e.g. food and
biomedical industries.
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1. Introduction dye molecules) on various templates (e.g. planar and colloidal)

on basis of not only electrostatic interactions but also hydrogen

Nanotechnology holds a great potential to generate innovative
solutions and to provide food technologists with instruments to
meet consumers’ demands in very diverse aspects related with
foods, such as safety, quality, health-promotion and novelty. Layer-
by-Layer (LbL) deposition technique is one of the most powerful
methods to create nanolayered coatings with tailored properties
(Decher & Schlenoff, 2003). Typically, this technique is based on
the alternating deposition of oppositely charged polyelectrolytes
and can be applied to produce multilayers of nanometer thick-
ness (1-100 nm per layer) (Weiss, Takhistov, & McClements, 2006).
The versatility of the LbL has allowed a deposition of a broad
range of materials (e.g. polymers, lipids, proteins, nanoparticles,
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bonding, hydrophobic interactions, covalent bonding and com-
plementary base pairing (Wang, Angelatos, & Caruso, 2007). The
functionality of the final films/coatings, such as their permeability
to gases, mechanical properties, swelling and wetting character-
istics and their environmental sensitivity to pH and temperature,
will be determined by the type of adsorbing substances used to
create each layer, the total number of layers, the sequence of the
different layers and by the conditions (e.g. pH and ionic strength)
used to prepare each layer (Weiss, Takhistov, & McClements, 2006).
Moreover, the nanolayered coatings can be specially engineered
to incorporate bioactive compounds and act as controlled release
systems and can be used to coat food products such as fruits and
vegetables.

There has been an increasing interest in nanolayered sys-
tems due to their potential applications in a wide range of areas
including pharmaceutical, biomedical and food packaging. Several
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works concerning the production of nanolayered coatings with syn-
thetic polymers (Yoo, Shiratori, & Rubner, 1998) or for biomedical
applications (Fu, Ji, Yuan, & Shen, 2005; Martins, Mano, & Alves,
2010) have been done, while few works have used biodegrad-
able polymers from renewable sources and have been directed for
the food industry. Examples include the construction of nanolay-
ered coatings composed of poly(L-glutamic acid) and lysozyme
(Rudra, Dave, & Haynie, 2006) and of k-carrageenan and lysozyme
(Medeiros, Pinheiro, Teixeira, Vicente, & Carneiro-da-Cunha, 2011),
as strategies for food preservation. Therefore, there is a need to
create and characterize (e.g. in terms of gas permeabilities) other
multilayer systems that combine both biofunctionality and bio-
compatibility. Biopolymers such as chitosan and k-carrageenan are
competitive candidates for the formation of nanolayered coatings,
due to their opposite electrostatic properties, together with their
bioactive and non-toxic properties. Chitosan is a natural polysac-
charide obtained by deacetylation of chitin, which is the major
constituent of the exoskeleton of crustaceous animals, and has
been extensively used to produce biodegradable films (Begin &
Van Calsteren, 1999; Pranoto, Rakshit, & Salokhe, 2005; Shi et al.,
2009). Chitosan is an excellent film component due to its good
oxygen barrier properties and due to its intrinsic antimicrobial
activity (Begin & Van Calsteren, 1999). k-carrageenan is a fraction
of the sulfated polysaccharides family extracted from certain red
seaweeds. It is extensively used in the food industry as gelling,
emulsifying, and stabilizing agent and has been reported as hav-
ing excellent film forming properties (Park, Lee, Jung, & Park,
2001). Polyethylene terephthalate (PET) is a good candidate to be
used as a support for the deposition of the polyelectrolytes using
the Layer-by-Layer technique due to its excellent physicochemical
properties such as good mechanical properties, thermal stability
and optical transparency (Fu, Ji, Yuan, & Shen, 2005; Indest et al.,
2009).

Understanding the electrostatic interactions of the
polyelectrolytes within a nanolayered system can be of
utmost importance when considering the development of
increasingly specific systems. The driving force for the poly-
electrolytes interaction is the enthalpic contribution related
to the interaction of oppositely charged groups and the
increase in entropy due to the release of their counterions
(Vinayahan, Williams, & Phillips, 2010).

The present work aims at evaluating the interactions between
k-carrageenan and chitosan in a nanolayered coating produced
through LbL assembly on a PET support and to characterize the
nanolayered coating in terms of their permeabilities and surface
properties.

2. Materials and methods
2.1. Preparation of the polyelectrolyte solutions

The k-carrageenan solution was prepared dissolving 0.2% (w/v)
of k-carrageenan (MW =3.8 x 10° Da, 76% purity, GENUGEL car-
rageenan type WR-78, CPKelco, Denmark) in distilled water under
magnetic stirring at approximately 200 rpm during 2 h at room
temperature (20°C). The pH of the solution was adjusted to
7.0 with a solution of 1M sodium hydroxide (Riedel-de Haén,
Germany).

The chitosan solution was prepared dissolving 0.2% (w/v) of
chitosan (90% deacetylation, MW =3.4 x 10° Da, 99% purity; Aqua
Premier Co. Ltd., Thailand) in a 1.0% (v/v) lactic acid (Acros Organ-
ics, Belgium) solution under agitation (using a magnetic stirrer) at
approximately 200 rpm during 2 h at room temperature. The pH
of the solution was adjusted to 3.0 with a solution of 1M sodium
hydroxide (Riedel-de Haén, Germany).

2.2. PET aminolysis

PET sheets were obtained from Canson (Annonay Cedex,
France) and were cut into rectangular pieces of 0.8 cm x 5.0cm
for the UV-vis, contact angle and SEM analysis and into circular
pieces of 5.0cm of diameter for the gas permeability measure-
ments and were aminolyzed according to previous studies (Fu,
Ji, Yuan, & Shen, 2005). Briefly, PET pieces were cleaned through
immersion in ethanol (Panreac, Spain)/water (1:1, v/v) solution
for 3h, followed by rinsing with distilled water and drying at
30°C and at a RH of 42.0+1.5% in an oven for 24 h. Then, the
pieces were immersed in 0.06gL~! 1,6-hexanediamine/propanol
(Aldrich-Germany and Sigma-Aldrich-USA, respectively) solution
at 37°C for 4 h, thoroughly washed with distilled water to remove
free 1,6-hexanediamine, and finally dried in an oven at 37°C and
at a RH of 42.0 £ 1.5% for 24 h. These aminolyzed PET pieces were
treated with 0.1 M hydrochloric acid (Merck, Germany) solution
for 3 h at room temperature (20°C) and then washed with a large
amount of distilled water, and dried in an oven at 30°C and at
a RH of 42.0+£1.5% for 24 h. The obtained polymer was termed
aminolyzed/charged PET (A/C PET).

3. Evaluation of the interactions between the
polyelectrolytes

3.1. Electrostatic properties

The ¢-potential of the polyelectrolyte solutions was calculated
by determining the electrophoretic mobility and then applying
the Henry equation. The electrophoretic mobility is obtained by
performing an electrophoresis experiment on the sample and mea-
suring the velocity of the particles using Laser Doppler Velocimetry
(Zetasizer Nano series, Malvern Instruments, UK). The measure-
ments (three readings for each assay) were performed in a folded
capillary cell. The assays were performed in triplicate, so the results
are given as the average + standard deviation of the nine values
obtained.

3.2. Microcalorimetry analyses

For the microcalorimetry analyses, A/C PET pieces were reduced
to powder with a mill (Retsch, Germany), at room temperature
(20°C). Calorimetric measurements were carried out using a CSC
(Calorimeter Science Corp., USA) microcalorimeter, model 4200
controlled by ItcRun software with a 1.75 mL reaction cell (sample
and reference) and sensitivity of 0.02 wW. Determinations of the
enthalpy of interactions between chitosan and k-carrageenan were
carried out at 20 °C, in triplicate and the whole calorimetric proce-
dure was chemically and electrically calibrated as recommended
(da Silva et al., 2008). During each experiment, aliquots of 10 L of
an aqueous solution of chitosan (0.2% (w/v), pH 3.0) were injected
in a sample cell containing (i) 1.75 mL of ultra pure water (dilution
enthalpy determination) or (ii) 1.75 mL of a k-carrageenan aqueous
solution (0.2% (w/v), pH 7.0) or (iii) 1.75 mL of a suspension contain-
ing 40 mg of A/C PET microspheres with k-carrageenan adsorbed
(adsorbed A/C PET-k-carrageenan—chitosan apparent interaction
enthalpy determination).

For each injection, the experimental heat (enthalpy) change H;
(in KJ) resulting from injection i was obtained by the raw data peak
integration. The values of integrated molar enthalpy change for
injection i, AH; (in kjmol~1), were obtained by dividing H; by the
number of moles of chitosan added, n;; hence AH;=H;/n;. Then,
plots of AH; against the total chitosan concentration added were
obtained and are referred as enthalpy curves.
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3.3. Quartz crystal microbalance analyses

The adsorption behavior of k-carrageenan and chitosan was
evaluated using a quartz crystal microbalance (QCM 200, purchased
from Stanford Research Systems, SRS, USA), equipped with AT-cut
quartz crystals (5MHz) with optically flat polished chrome/gold
electrodes on contact and liquid sides.

Quartz crystal microbalance (QCM) is one of the few techniques
that allow the monitoring of the adsorption process in situ (Indest
et al., 2009). It has the ability to sensitively measure mass changes
associated with liquid-solid interfacial phenomena, as well as to
characterize energy dissipation or viscoelastic behavior of the mass
deposited on the electrode surface of the quartz crystal. The princi-
ple of the QCM is based on the piezoelectric effect: the mechanical
stress applied to the surface of the quartz crystal originates a cor-
responding electrical potential across the crystal whose magnitude
is proportional to the applied stress (Buttry & Ward, 1992). As the
mass is deposited onto the crystal surface, the piezoelectric prop-
erties of the quartz crystal change its oscillation frequency (Marx,
2003). If the adsorbed material is rigidly attached, evenly dis-
tributed and is much thinner than the mass of the quartz crystal, the
resulting decrease in the oscillation frequency is proportional to the
adsorbed mass and thus can be quantified from the Sauerbrey equa-
tion (Sauerbrey, 1959). However, when using polymers, in addition
to the measurement of frequency shift, it is necessary to measure
the damping of the crystal oscillation, and the previous relation
is no longer valid. The Sauerbrey equation can only be used to
calculate elastic mass upon the QCM surface after it has been deter-
mined experimentally that the bound mass dissipates no energy
(Marx, 2003). Other physical parameters can be measured in addi-
tion to the resonance frequency, such as motional resistance, which
can be used to measure the viscoelastic change of the deposited
film. The simultaneous measurements of resonance frequency and
motional resistance can differentiate an elastic mass attachment
from viscosity-induced effects: for an elastic mass attachment, the
motional resistance will be zero and the resonance frequency will
be proportional to the mass increase on the surface of the quartz
crystal; when viscosity-induced effects are present, the decrease of
resonance frequency is accompanied by a proportional increase of
motional resistance (Fakhrullin et al., 2007).

Before carrying out the experiments, the crystal was cleaned by
successive sonications (40 KHz, 30 min) in ultra pure water, ethanol
(Panreac, Spain) and ultra pure water, followed by drying with a
gentle flow of nitrogen.

QCM measurements were started with distilled water at pH
7.0 as a baseline. Adsorption measurements were performed by
alternate immersion of the crystal in k-carrageenan (pH 7.0) and
chitosan (pH 3.0) solutions, for 15 min. A washing step of 15 min
with distilled water (ata pH 7.0 or pH 3.0, depending if the previous
adsorption was with k-carrageenan or chitosan solutions, respec-
tively) was carried out after the deposition of each polyelectrolyte,
in order to remove the unbound polyelectrolytes and to prevent
the cross-contamination of solutions.

The variations of the resonance frequency (AF) and of the
motional resistance (AR) were simultaneously measured as a func-
tion of time and the analyses were performed at 20°C, in triplicate.

3.4. Preparation of nanolayered coating

The nanolayered coating was composed of an A/C PET support
layer adsorbed with a polysaccharide multilayer constituted of 5
polysaccharide layers (three k-carrageenan and two chitosan lay-
ers).

In order to prepare the nanolayered coating, A/C PET pieces
were firstly dipped into the k-carrageenan solution for 15 min
and subsequently rinsed with distilled water at pH 7.0. The

samples were dried under a flow of nitrogen. The procedure was
repeated, this time using chitosan as the polyelectrolyte and rinsed
with distilled water at pH 3.0. The dipping/washing/drying pro-
cess was repeated until the deposition of a total of 5 layers
(k-carrageenan/chitosan/k-carrageenan/chitosan/k-carrageenan).

As aresult of the immersion into polyelectrolyte solutions, both
sides of the A/C PET pieces were coated with the same set of layers.
Therefore, for the determination of water vapor and oxygen perme-
abilities, it was necessary to multiply the thickness value of each of
the five layers by 2.

The nanolayered coatings were then maintained at 20°C and
50% relative humidity (RH) before analyses.

3.5. Characterization of the nanolayered coating

3.5.1. UV/VIS spectroscopy

In order to follow the multilayer construction, a UV-VIS spec-
trophotometer (Jasco 560, Germany) was used to measure the
absorbance of the prepared nanolayered coatings at a wave-
length of 260 nm. This wavelength was chosen according to other
authors (Carneiro-da-Cunha et al., 2010; dos Santos et al., 2003;
Wasikiewicz, Yoshii, Nagasawa, Wach, & Mitomo, 2005). Three
replicates of each measurement were obtained.

3.5.2. Contact angle measurements

The contact angle of the nanolayered coating surface was mea-
sured by the sessile drop method, using a face contact angle meter
(OCA 20, Dataphysiscs, Germany). A 2 pLdroplet of ultra pure water
was placed on the horizontal surface of each film with a 500 L
syringe (Hamilton, Switzerland), with a needle of 0.75 mm of diam-
eter, and observed under the contact angle meter. The contact angle
measurements were performed at three different surfaces and at
each surface, ten replicates of contact angles were obtained at con-
tact times of 0, 15, and 30s.

3.5.3. Scanning electron microscopy (SEM)

The surface morphology of the nanolayered coating was exam-
ined using scanning electron microscopy (Nova NanoSEM 200,
Netherlands) with an accelerating voltage from 10 to 15 kV. Before
analyses, all samples were mounted on aluminium stubs using
carbon adhesive tape and sputter-coated with gold (thickness of
about 10nm). The SEM images allowed the direct measurement
of the layers thicknesses (average of three measurements) using
the equipment’s image analysis software (XT microscope control
software).

3.5.4. Water vapor permeability (WVP) measurements

The methodology used was based on the ASTM E96-92 (ASTM
E96-92, 1990) method. 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 then placed in a desiccator
at 20°C and 0% RH (0Pa water vapor pressure) containing pre-
viously dried silica (105°C overnight) and were weighed during
10h at intervals of 2 h, assuming steady-state and uniform water
pressure conditions (Ziani, Oses, Coma, & Maté, 2008). In order to
ensure uniform relative humidity, fan speeds were installed inside
the desiccators. Three replicates were obtained for each sample.

The WVP of the A/C PET and of the A/C PET +5 nanolayers was
estimated using regression analysis from [Eq. 1] adapted from lit-
erature (Sobral, Menegalli, Hubinger, & Roques, 2001):
ALALP — WVP x t 1)
where L is the average thickness of the films, A is the permeation
area (0.005524 m2). AP is the difference of partial vapor pressure
of the atmosphere (2337 Pa at 20°C) and w as the weight loss.
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The WVP of the polysaccharide nanolayers was determined by
the following equation (Cooksey, Marsh, & Doar, 1999):
Lg
(L/WVPr) — (LaJWVP,)

WVPg = (2)
where A, B and T correspond to the A/C PET, to the five polysac-
charide nanolayers and to the A/C PET with polysaccharide
nanolayered coating, respectively. L corresponds to the thickness
of the films. The thickness of A/C PET was measured by a digital
micrometer (Mitutoyo, Japan) (100 wm) and the thickness of the
polysaccharide nanolayered coating was determined by the SEM
analyses.

3.6. Oxygen permeability

Oxygen permeability (O,P) was determined based on the ASTM
D3985-02 (ASTM D3985-02, 2002) method. The films were sealed
between two chambers, having each one two channels. In the lower
chamber O, was supplied at a constant flow rate controlled by a gas
flowmeter (] & W Scientific, ADM 2000, USA) to maintain its pres-
sure constant in that compartment. The other chamber was purged
by a stream of nitrogen, also at controlled flow. Nitrogen acted as
a carrier for the O,. The flow leaving this chamber was connected
to an O, sensor (Mettler Toledo, Switzerland) that measured O,
concentration in that flow on-line.

The flows of the two chambers were connected to a manometer
to ensure the equality of pressures (both at 1 atm) between both
compartments. As the O, was carried continuously by the nitrogen
flow, it was considered that partial pressure of O, in the upper com-
partment is null, therefore AP is equal to 1atm. Three replicates
were performed for each sample.

The polysaccharide nanolayers O, P were determined by the fol-
lowing equation (Cooksey, Marsh, & Doar, 1999):

Lg
(Lt[Pr) — (La[Pa)

where A, B and T correspond to the A/C PET, to the five polysac-
charide nanolayers and to the A/C PET with polysaccharide
nanolayered coating, respectively. L corresponds to the thickness
of the films. The thickness of A/C PET was measured by a digital
micrometer (Mitutoyo, Japan) (100 wm) and the thickness of the
nanolayered coating was determined by SEM.

OyPp = (3)

3.7. Statistical analyses

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

4. Results and discussion

4.1. Evaluation of the interactions between k-carrageenan and
chitosan

4.1.1. Electrostatic properties of the polyelectrolytes

Since polyelectrolyte deposition is primarily governed by elec-
trostatic interactions and in order to guarantee a correct interaction
between the surface of the A/C PET and the k-carrageenan
nanolayer (the first one on the A/C PET surface) and between the
subsequent k-carrageenan/chitosan layers, it is necessary to assure
that these polyelectrolytes exhibit opposite electrostatic proper-
ties. Therefore, to confirm the opposite charges of k-carrageenan
and chitosan solutions, their ¢-potential values were determined.
The obtained values were —56.904+5.11mV for k-carrageenan
solution at pH 7.0 and +45.83 +3.35 mV for chitosan solution at pH

3.0, which means that these polyelectrolytes can interact by elec-
trostatic forces. The {-potential values obtained for k-carrageenan
and chitosan solutions are in agreement with the ones obtained by
Medeiros et al.(2011)(60.53 +0.15 mV) and by Carneiro-da-Cunha
et al. (2010) (58.28 +-4.18 mV), respectively.

Other pH values were tested for the k-carrageenan and chitosan
solutions (data not shown) and the pH values corresponding to
the highest ¢-potential values were the ones chosen to perform
the experiments in order to enhance the electrostatic interactions
between these polyelectrolytes.

4.1.2. Microcalorimetry analyses

Microcalorimetry is a thermodynamic technique that allows the
study of the interactions between two species, by directly measur-
ing the heat released or absorbed during a biomolecular binding
event. Although the prevalent kind of interactions in our system
is possibly electrostatic interactions, one of the objectives of this
work is precisely to evaluate/confirm (through microcalorimetry)
the specific energy of those interactions. Therefore, the measure-
ment of the energy evolved or absorbed upon interaction between
chitosan and k-carrageenan compared to that obtained upon dilu-
tion of a concentrated chitosan solution can give thermodynamic
information about the nature of the interactions between both
polyelectrolytes (electrostatic, hydrogen bonds, van der Waals,
among others). Whenever we refer to “interactions” in the sub-
sequent text, we mean by default all types of interactions that may
be occurring; the conclusion on the prevalent type of interaction in
our system is presented at the end of this section. The curves of AH
(resulting from the integration of the raw microcalorimetric data)
(Denadai et al., 2006) versus total chitosan concentration added to
water in the absence (dilution process, Ay;H) and in the presence
of a 0.2% (w/v) k-carrageenan solution (dilution and interaction
process, A,psH) are shown in Fig. 1a and b.

The titration curve for chitosan added to water (Fig. 1a) shows
that in the concentration interval between 0 and 4.0 pmol L1 of
chitosan, the dilution process of this polyelectrolyte is exother-
mic, with very low values of enthalpy of dilution in the
range of —0.59 k] mol~! < A 4;H < —0.013 k] mol~!. However, above
4.0umolL~1, the dilution process becomes endothermic with
the enthalpy of dilution having a value of 0.50k]mol-! for
6 wmol L-1. The enthalpy changes obtained in these concentra-
tion intervals include mainly contributions from the decrease of
chitosan-chitosan interaction (due to increase of distance between
chitosan molecules during the dilution process—this increase of
distance occurs when the concentrated chitosan solution is added
to the water) and from the enthalpy changes due to modifica-
tion of chitosan conformation/solvation. As the resulting enthalpy
change is negative (exothermic) this means that the endother-
mic processes absorb less energy than the energy released by
the exothermic processes. However, once AgH magnitudes are
so small it is possible to conclude that both processes (endo and
exothermic) have very similar absolute values of enthalpy change.
The slope of the dilution curve is a measurement of the energy
involved in the chitosan-chitosan interaction (i.e., the interaction
between chitosan molecules). The system'’s enthalpy increases dur-
ing the dilution process possibly due to changes in the repulsion of
charges present on the double electric layers of the polyelectrolyte
molecules.

The enthalpic curves for addition of chitosan solution into the
K-carrageenan aqueous solution are shown in Fig. 1b. The ini-
tial additions of chitosan solution result in exothermic enthalpy
change values, caused by the intermolecular interaction between
chitosan and k-carrageenan macromolecules. The enthalpy change
at 0.134 wmolL-1 of chitosan is around —19.8kJmol-1, show-
ing an enthalpically favorable interaction. From Fig. 1b it can
also be observed that all subsequent additions of chitosan to the
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Fig. 1. (a) Dilution enthalpy change (Ay;H) resulting from the titration of chitosan solution on water alone as function of chitosan solution concentration. (b) Observed
enthalpy change (A,,:H) resulting from the titration of chitosan solution on the k-carrageenan solution as function of chitosan solution concentration.

K-carrageenan solution lead to an exothermic effect, showing that
in this concentration range chitosan macromolecules bind to k-
carrageenan and this interaction continues to be enthalpically
favorable. However, when more chitosan is added, the interaction
between the chitosan and k-carrageenan becomes less exothermic.
The slope of the A,p;H versus chitosan concentration plot is pos-
sibly caused by changes in the chitosan/k-carrageenan interaction
(reflected in changes in enthalpy), since for increasing chitosan con-
centrations, the free chitosan concentration decreases somewhat,
and also by changes in aggregate—aggregate interactions with the
increase of chitosan/k-carrageenan aggregates’ concentration. At
a total chitosan concentration of 5.6 umolL~!, the k-carrageenan
chain became saturated with chitosan macromolecules, the influ-
ence of the k-carrageenan on the dilution of chitosan solution in the
calorimeter cell ceased, and A ,,sH and A 4;H curves became equal.
This critical concentration, defined as the concentration where
the chitosan titration curve in k-carrageenan solution joins the
chitosan dilution curve in water corresponds to a concentration
ratio (r) between chitosan and k-carrageenan of 1.2 in the aggre-
gates. The apparent enthalpy of interaction, Agp._incH, is equal to the
enthalpy difference between A,,H and Ag;H curves.

Aap-intH = AobsH - AdilH (4)

For the application of [Eq. (4)], it must be kept in mind that
the concentration of chitosan that is free in solution during the
microcalorimetric titration experiment is different in the absence
and in the presence of k-carrageenan for the same total amount
of chitosan added. As pointed out above, this difference occurs
because a fraction of the added chitosan binds to k-carrageenan.
Therefore, the energy change caused by chitosan dilution will be
justlittle different in the microcalorimetric experiments performed
inthe presence and absence of k-carrageenan. As the amount of chi-
tosan molecules bound per k-carrageenan molecule is not known,
it is not possible to calculate the exact molar enthalpy change
of interaction, only an apparent molar enthalpy change, Aqp_incH
(Barbosa et al., 2010). However, the features of the Ag,.jpH curve
are able to provide qualitative information about the progress of
K-carrageenan/chitosan interaction for increasing chitosan concen-
tration. Due to the small contribution of chitosan dilution process
enthalpy, the Agp_i:H curve between chitosan and k-carrageenanis
very similar to that obtained by addition of chitosan in the presence
of k-carrageenan. In Fig. 2 the Ay in:H versus chitosan concentra-
tion values are shown for chitosan in the presence of 0.2% (w/v)
K-carrageenan aqueous solution.

The measured Ay H represents a superposition of the heat
exchanges associated with different effects. In the initial addi-
tions of chitosan to the k-carrageenan solution, chitosan dilution
results in separation of chitosan macromolecules from each other,
followed by chitosan interaction with k-carrageenan. In the con-
centration interval studied, the Ag,.jpH values are in the range
of —19.2Kkmol~! < Agp.inH <0.0k] mol~. The magnitude of this
enthalpy change can be caused by electrostatic interactions as well
as dipole-dipole, hydrogen bonds and conformation changes of
both polyelectrolytes.

In order to evaluate the kind of k-carrageenan/chitosan inter-
actions on the A/C PET interface, titrations of chitosan solutions
on a dispersion of k-carrageenan adsorbed on the A/C PET pow-
der particles were performed. The apparent enthalpy of interaction
on A/C PET surface, Agp.inHajc peT, Was obtained after the subtrac-
tion of the enthalpy change observed during titration of chitosan
on k-carrageenan/PET from that of the dilution of the chitosan
solution. Fig. 3 shows the change in the apparent enthalpy of
interaction between adsorbed k-carrageenan/A/C PET and chitosan
(Agp-incHajc per) as a function of chitosan concentration.
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Fig. 2. k-Carrageenan/chitosan apparent interaction enthalpy (Agp.incH) as a func-
tion of chitosan solution concentration.
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Fig. 3. Adsorbed A/C PET/k-carrageenan/chitosan apparent interaction enthalpy
change (A gp-ineHajc per) as a function of chitosan solution concentration.

For chitosan concentrations between 0.13 wmolL-! and
3.4pumolL-1, the values of Agp-intHpjcper were in the range
—0.71kJmol~! and —0.01kJmol~!. Fig. 3 shows that, for lower
chitosan concentrations (<1.5 wmolL-1), Agp-intHpjc per becomes
slightly less negative, reaches a maximum value and then,
in the vicinity of 1.5 umolL~!, abruptly decreases, remaining
the adsorption process exothermic. This initial increase may
arise from electrostatic interactions between chitosan and k-
carrageenan adsorbed as first layer on the A/C PET surface, while
the abrupt decrease could be caused by changes in both poly-
electrolytes conformation associated with film formation process
(such as pH changes). After the minimum value of Agp_jneHajc per
(—0.73kJmol~1) at 2.0 wmol L~ is attained, the addition of more
chitosan promotes an abrupt increase in the adsorption energy
of chitosan. This increase in the enthalpy of interaction could be
attributed to the chitosan-chitosan interaction that occurs at sur-
rounding sites on the k-carrageenan/A/C PET surface, caused by
the decrease in the distance between adsorbed chitosan molecules.
These features suggest that the occurrence of the chitosan-chitosan
interaction at that surface is the responsible by the formation of a
dense film.

Moreover, when comparing the magnitude of Ag.inH and
Agp-intHajcper as a function of chitosan solution concentration
(Figs. 2 and 3, respectively) it can be observed that the presence of
the A/CPET causes a large decrease of the magnitude of the apparent
enthalpy of interaction between k-carrageenan and chitosan. This
is possibly due to the electrostatic repulsion existing between A/C
PET and chitosan molecules, once both exhibit positive charges. The
influence of the substrate is eliminated only after more than 6-8
layers are deposited (Yoo, Shiratori, & Rubner, 1998).

4.1.3. Quartz crystal microbalance analysis

The real-time build-up of the k-carrageenan and chitosan
nanolayered assemblies is reported in Fig. 4a and b.

The decrease of the frequency after each polyelectrolyte depo-
sition, observed in Fig. 4a, indicates that mass is being deposited
at the crystal surface. Af changed from 0 to —20Hz, from —67
to —156Hz and from —186 to —293 Hz, after the adsorption of
the first, second and third k-carrageenan layer, respectively and
changed from —19 to —70Hz and from —156 to —192 Hz, after
the deposition of the first and second chitosan layer, respectively.
The adsorbed k-carrageenan acts as a sublayer and offers bind-
ing sites for the subsequent chitosan adsorption and contrariwise,
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Fig.4. Changeinfrequency(a)and in motionalresistance (b)as a function of time for
k-carrageenan (0.2% (w/v), pH 7) and chitosan (0.2% (w/v), pH 3) adsorption and for
rinsing with distilled water (pH 7 or pH 3); 1—distilled water at pH 7, 2—deposition
of k-carrageenan; 3—deposition of chitosan, 4—distilled water at pH 3.

therefore the Afcaused by the adsorption of the first k-carrageenan
layer is significantly lower than the Aforiginated by the deposition
of the following layers. Moreover, the roughness and the relative
hydrophilicity of the substrate (crystal surface) affect the measure-
ment of frequency and this effect is more pronounced in the first
layer.

During the washing steps, the frequency did not decrease but
remained stable, indicating that no desorption of the polyelec-
trolytes took place. From Fig. 4a it can also be concluded that the
adsorption equilibrium is attained and stable films are obtained.

The decrease of frequency due to increasing film mass is accom-
panied by a resistance increase (Fig. 4b). The motional resistance
represents the energy loss and the damping process within the
system and is closely related to the physical properties of the
adsorbed layers and adjacent liquid and its variation can be used to
measure the viscoelastic change of the deposited film (Fakhrullin
et al, 2007). From Fig. 4b it can be seen that the nanolay-
ered k-carrageenan/chitosan film dissipates energy, exhibiting
viscoelastic behavior (Marx, 2003).

During deposition of mass on the QCM surface, an alteration
in the hydrophilicity of the surface can result in higher frequency
changes. From Fig. 4a and b it can be observed that the adsorp-
tion of k-carrageenan results in higher changes in frequency and
resistance compared with the adsorption of chitosan, which is pos-
sibly due to the more pronounced hydrophilic character of the
k-carrageenan. Hydrophilic surfaces (such as k-carrageenan layer)
are rough and can entrap solvents, resulting in a more viscoelastic
multilayered system and contributing to the mass increase sensed
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Fig. 5. Multilayer assembly monitored by UV/VIS spectroscopy at 260 nm. Each data
point is the average of three determinations and the error bars show the standard
deviation.

by the QCM and therefore to higher frequency changes. On the other
hand, hydrophobic surfaces (such as chitosan layer) often do not
wet and air can be entrapped, which results in smaller measured
mass and energy losses. Thisis just one of the possibilities presented
in the literature to explain the observed behavior; we advanced it as
an hypothesis once a similar behavior has been previously observed
by other authors (Martins, Mano, et al., 2010) for alginate/chitosan
multilayered systems assembled by LbL technique.

It has to be taken into consideration that the mass correspond-
ing to the frequency shift is the total adsorbed mass, which also
includes the water entrapped in the adsorbed layer (Indest et al.,
2008) and therefore a mass calculation can only be obtained for
rigid thin films and was not performed in this work.

The QCM measurements confirm that the alternating deposition
of k-carrageenan and chitosan, at pH values in which polyelec-
trolytes carried opposite charge, results in the formation of a stable
multilayer structure.

4.2. Characterization of the nanolayered coating

4.2.1. UV)VIS spectroscopy

The multilayer coating growth on A/C PET surface was fol-
lowed by UV/VIS spectroscopy. Fig. 5 shows the UV absorbance
of k-carrageenan/chitosan nanolayered coating plotted against the
assembly step. The successful Layer-by-Layer deposition was con-
firmed by the increase in absorbance at 260 nm with an increasing
assembly step. The multilayer growth has been characterized by a
variety of growth regimes (e.g. linear and exponential) (Fu, Ji, Yuan,
& Shen, 2005; Lavalle et al., 2002). Fig. 5 shows that, for the deposi-
tion of five layers, the amount of polyelectrolytes adsorbed on A/C
PET surface is a linear function of the number of nanolayers.

4.2.2. Contact angle measurements

The surface wettability of the nanolayered coating was inves-
tigated. The effect of the contact time between the drop and the
surface of the coating was evaluated (Fig. 6) performing measure-
ments at different contact times (after drop application). From Fig. 6
it can be concluded that the contact time does not influence the
global trends. Also, the contact angles at 0s for nanolayered coat-
ings (from 1 to 5 layers) are notoriously different when compared
to the values obtained at 15 and 30 s. On the other hand, the results
obtained at 15 and 30 s are very similar, showing that there are no
significant changes in the system for contact times above 15s.

The hydrophobic character of the original PET substrate was
confirmed by the high value obtained for its contact angle
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Fig. 6. Contact angle measurements for the original PET, the A/C PET and for the
nanolayered coatings. The measurements were performed at 0, 15 and 30s. Each
data point is the average of ten measurements and the error bars show the standard
deviation.

(78.37 +£5.11° at t=305). This value is in good agreement with pre-
vious studies (Carneiro-da-Cunha et al., 2010; Xu, Wang, Fan, Ji,
& Shen, 2008). After aminolysis, the PET surface exhibited a sig-
nificantly (p <0.05) lower contact angle (63.21+4.81° at t=30s5),
which means that the A/C PET is more hydrophilic than the origi-
nal PET. Other authors (Xu, Wang, Fan, Ji, & Shen, 2008) reported
a decrease in contact angle from 73.6 + 1.6° to 61.8 + 1.0° after the
aminolysis of PET. Also, the difference obtained in contact angle
between original and A/C PET confirms that the aminolysis process
was correctly performed.

The contact angle results also show a distinct oscillation when
the outermost layer changed between k-carrageenan and chitosan,
suggesting the progressive construction of the coating by alternate
deposition of the nanolayers. The deposition of the k-carrageenan
layers induced a decrease in contact angle, whereas the deposi-
tion of chitosan led to the increase of contact angle. These results
can be explained by the higher hydrophobicity of chitosan when
compared to k-carrageenan. This behavior is in agreement with
the QCM measurements (Fig. 4). Since the outermost layer is k-
carrageenan, the produced coating exhibits a contact angle of
approximately 40°, which makes it a relatively hydrophilic coating.

Moreover, the differences in wettability that were observed as
the outermost layer changed between k-carrageenan and chitosan
may also be due to other factors besides the hydrophilicity of the
functional groups of the adsorbed layer; such factors may include
its chemical composition, the level of interpenetration of the out-
ermost layer by segments of the previously adsorbed polymer layer
(Yoo, Shiratori, & Rubner, 1998) and the swelling of the layers when
in contact to water droplet. These are hypothesis than need to be
confirmed by further work.

4.2.3. Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) images of the different
samples can be seen in Fig. 7. From these images it is possible to
confirm the formation of the nanolayered coating on the A/C PET
surface, corroborating the previous results. Comparing the surface
of the original PET (Fig. 7a) and the surface of the nanolayered coat-
ing (Fig. 7b) allows significant differences to be seen. The surface
of the nanolayered coating exhibits a more pronounced roughness
and a higher number of particles, compared with the original PET
surface.

Fig. 7c shows the first layer of k-carrageenan and in Fig. 7d the
two first layers (one of k-carrageenan and one of chitosan) can be
distinguished. SEM images allowed the estimation of the thick-
nesses of k-carrageenan (37.9nm) and chitosan (28.7 nm) layers
and therefore of the 5 nanolayers (0.171 wm). However, since both
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Chitosan layer

K-carrageenan layer

Fig. 7. SEM images of the surface morphology of the original PET (a); surface morphology of the A/C PET with the 5 nanolayers (b); first layer of k-carrageenan (c); coating

with two layers (k-carrageenan and chitosan) (d).

sides of the A/C PET pieces were coated with the same set of lay-
ers, to obtain the total thickness it was necessary to multiply the
obtained value by 2. Thus, the total thickness of the nanolayers is
0.342 pm.

4.2.4. Gas barrier properties

Gas barrier properties of the nanolayered coating were eval-
uated, using the A/C PET film as reference. The water vapor and
oxygen permeabilities (WVP and O,P, respectively) were mea-
sured and the results are shown in Table 1. The WVP values of
the nanolayers were determined based on [Eq. (2)], using a thick-
ness of 100 wm, which was measured by a micrometer, for the A/C
PET and of 0.342 wm, measured by SEM, for the polysaccharide
nanolayers.

Since the main function of food packaging is to avoid or decrease
water loss, the WVP should be as low as possible (Gontard, Guilbert,
& Cuq, 1992). Several factors have been shown to influence WVP,

Table 1

Water vapour permeability (WVP) and oxygen permeability (O, P) of the A/C PET, of
the PET with k-carrageenan/chitosan nanolayers and of the nanolayers alone. The
values represent the experimental average + standard deviation.

Sample WVP x 1011 0,Px 1014
(gm-1s'Pa) (gm-T's'pPa )
A/CPET 2.07 £ 034 2.19 £+ 0.81
A/C PET +nanolayers 1.53 + 0.39 1.74 +£ 0.35
Nanolayers 0.020 + 0.002 0.043 + 0.027

including film/coating composition, film/coating thickness and the
technique used for film/coating preparation (Bifani et al., 2007).
The produced nanolayers exhibited a lower WVP when compared
with the values obtained for conventional edible films com-
posed of chitosan (WVP=(8.60+0.14)x 10" 11gm-1s-1pa-1,
+50 um of thickness) (Fajardo et al., 2010) and of sul-
fated polysaccharides such as i-carrageenan (WVP between
(11.80+£030)x 101" and (235+19.8)x 10~ gm~1s~1Pa-1,
depending on temperature and humidity gradient; +50 um of
thickness) (Hambleton, Debeaufort, Beney, Karbowiak, & Voilley,
2008). Also, the k-carrageenan/chitosan nanolayered coating
exhibits a WVP very similar to the value obtained for an algi-

nate/chitosan (WVP=(0.014+0.001) x 10~ gm~1s-1pa-1,
0.12 pm of thickness) (Carneiro-da-Cunha
et al., 2010) and K-carrageenan/lysozyme

(WVP=(0.013+0.003) x 10~ "1 gm~1s-1Pa~!, 0.47 wm of thick-
ness) (Medeiros, Pinheiro, Teixeira, Vicente, & Carneiro-da-Cunha,
2011) nanolayered coating, both also composed of five nanolayers.

The WVP is strongly governed by the interaction between poly-
mer and water molecules. The hydrophobic character of chitosan
nanolayers, confirmed by contact angle measurements, partially
explains the lower WVP values of the nanolayers in compari-
son with the WVP value of A/C PET. These good results may also
be explained based on interactions established between the k-
carrageenan and chitosan layers that lead to an increase of the
tortuosity of the material and consequently to a decrease of the
permeability to the water molecules (Jang, Rawson, & Grunlan,
2008; Tieke, Pyrasch, & Toutianoush, 2003). Finally, the fact that
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water molecules must cross several interfaces between the five
nanolayers of material may also be contributing to the lower values
of WVP.

The food quality can be improved and consequently, the food
shelf life can be extended by the application of films/coatings with
proper oxygen barrier properties, since the presence of oxygen may
cause oxidation, which initiates several food alterations such as
odor, color, flavor and nutrients deterioration (Sothornvit & Pitak,
2007).

The k-carrageenan/chitosan nanolayered coating exhibits a
O,P lower than a k-carrageenan/lysozyme nanolayered coat-
ing (0,P=(0.1+£0.01) x 10~ gm~1s~1Pa, 0.47 um of thickness)
(Medeiros, Pinheiro, Teixeira, Vicente, & Carneiro-da-Cunha,
2011) and than conventional edible films composed of chitosan
(0,P=(0.71+£0.02) x 10~ 14 gm~1s~1Pa-1, £50 wm of thickness)
(Fajardo et al., 2010) and of sulfated polysaccharides such as -
carrageenan (0,P=(720+280)x 10~ "4 gm~1s~1Pa~!, £50 wm of
thickness) (Hambleton, Debeaufort, Beney, Karbowiak, & Voilley,
2008). Generally, polysaccharide films/coatings are good oxygen
barriers, since their hydrogen-bonded network structure is firmly
packed and arranged (Martins, Cerqueira, Souza, Avides, & Vicente,
2010).

5. Conclusions

The obtained results allowed concluding on the nature of inter-
actions between k-carrageenan and chitosan, two polyelectrolytes
of opposite charges. Microcalorimetric measurements showed that
the interaction between k-carrageenan and chitosan is an exother-
mic process and that the formation of a nanolayered coating
occurs mainly due to electrostatic interactions existing between
the two polyelectrolytes, though other types of interactions such as
dipole-dipole, hydrogen bonds and conformation changes of both
polyelectrolytes may also be involved.

From the quartz crystal microbalance measurements it could
be concluded that the alternating deposition of k-carrageenan and
chitosan results in the formation of a stable multilayer structure.
The k-carrageenan/chitosan nanolayers exhibit good gas barrier
properties and therefore offer great potential to be used, e.g. to
coat food systems. These results contribute to a deeper understand-
ing of the interactions between the polyelectrolytes in a multilayer
system and can be of utmost importance when considering the
development of systems tailored for increasingly specific applica-
tions.
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