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a b s t r a c t

The transport mechanism of protein-based bioactive compounds (a peptide fraction from whey protein
concentrate, glycomacropeptide and lactoferrin), from chitosan films to liquid medium, was studied.
Mathematical models were used to discuss the transport mechanism. Data from release experiments
was successfully described by a model which accounts for both Fick and Case II transport – the linear
superimposition model. Results show that the mechanism of transport and the effect of temperature
and peptide type could be related with physical properties of chitosan films where the tested bioactive
compounds were incorporated. The approach presented here allows interpretation of the phenomena
involved in mass transport in the systems studied and, once extended to other systems, may contribute
to an understanding of transport in hydrophilic bio-polymeric matrices.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Environmental concerns, the increasing cost of raw materials
and public awareness on environmental issues led to an increase
of research on the use of biodegradable polymers from renewable
sources to replace synthetic materials. These materials are mainly
applied in: (i) the development of controlled drug release systems
(Kakizawa et al., 2010) – biocompatibility and toxicological safety
are also important features of such materials (Parveen and Sahoo,
2008) and (ii) packaging of foods (Park, 1999; Rojas-Graü et al.,
2009) – the more recent concept of ‘‘active packaging’’ (Buonocore
et al., 2003) also captured the attention of packaging scientists to
controlled release of active substances from polymeric systems.

Pure diffusion, polymer matrix swelling, polymer erosion and
degradation are mechanisms that lead to compound release from
polymeric devices (Faisant et al., 2002; Jain, 2000; Polakovic
et al., 1999). Depending on both the system (polymer/active com-
pound) and environmental conditions, a different mechanism may
prevail.

Understanding the different release mechanism may be crucial
for product development and its potential applications: for in-
stance, structure of the polymeric network – like crystallinity or
film thickness – is expected to influence transport phenomena.

Literature reports diffusion of antimicrobials (Del Nobile et al.,
2008; Flores et al., 2007), antioxidants (Heirlings et al., 2004; Siró

et al., 2006) and drugs (Liu et al., 1995; Siepmann et al., 2002) from
bio-polymeric films to liquid media; and some works have re-
ported diffusion of molecules in solid polymeric matrices, recur-
ring to techniques such as fluorescence recovery after
photobleaching (FRAP) (Hagman et al., 2010; Karbowiak et al.,
2006). However, few data can be found on transport properties
of molecules such as bioactive peptides and proteins, especially
in liquid media. Moreover, investigation of the relationship be-
tween the films physical properties and the release behavior is sel-
dom reported.

Bioactive peptides and proteins can present a diverse range of
biological activities, namely: (i) the hydrolysates produced from
whey protein concentrate (WPC) show antihypertensive properties
(Mullally et al., 1997), (ii) glycomacropeptide (GMP), a peptide de-
rived from k-casein, exhibits antibacterial activity, modulates the
immune system responses and regulates blood circulation
(Thomä-Worringer et al., 2006) or (iii) lactoferrin, a glycoprotein,
shows antimicrobial, anti-inflammatory and anticancer activities
(González-Chávez et al., 2009). Chitosan, a natural polysaccharide
obtained by deacetylation of chitin, has been proved to be non-
toxic, biodegradable, and biocompatible and has been extensively
used to produce biodegradable films for both food (Bégin and
Van Calsteren, 1999; Souza et al., 2009) and medical applications
(Shi et al., 2009; Shu et al., 2001).

Due to its excellent properties chitosan is often used as carrier
for bioactive compounds (Pranoto et al., 2005; Siripatrawan and
Harte, 2010) and since it is edible it may be applied on food prod-
ucts and consumed by humans. It is thus important to understand

0260-8774/$ - see front matter � 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.jfoodeng.2012.12.038

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

Journal of Food Engineering 116 (2013) 633–638

Contents lists available at SciVerse ScienceDirect

Journal of Food Engineering

journal homepage: www.elsevier .com/ locate / j foodeng



Author's personal copy

the transport behavior of bioactive compounds during digestion.
The research reported in this paper is a preliminary study of diffu-
sion in liquid media at different isothermal conditions and aims at
unraveling the transport mechanism in chitosan films used as car-
riers for protein-based bioactive compounds. Mathematical models
were used to discuss the transport mechanism. The phenomena
observed were discussed against the previously determined phys-
ical properties of the films (Bourbon et al., 2011).

1.1. Theoretical considerations

1.1.1. Mass transport phenomena in hydrophilic polymeric matrices
When immersed in liquid media, hydrophilic polymers gradu-

ally start to hydrate, causing relaxation of the polymer chain with
consequent volume expansion, i.e. swelling, and therefore this will
influence the transport mechanism of compounds from the poly-
meric matrix (Berens and Hopfenberg, 1978; Flores et al., 2007;
Siepmann et al., 2002).

Then, the mechanisms associated with mass transport in poly-
meric systems may be generally classified as of three different
types: ideal Fickian diffusion; anomalous behavior and Case II
transport.

Fickian diffusion involves a substantially stochastic phenome-
non (related to Brownian motion), in which the penetrant flow is
exclusively driven by a concentration gradient. Case II transport,
describes behavior where compound release is due to a relaxation
phenomenon driven by the distance of the local system from the
equilibrium. Anomalous diffusion is used to identify behaviors
departing from Fickian and Case II transport (Del Nobile et al.,
1994).

The relative contribution of diffusion and relaxation can be af-
fected by the dimensions of a polymer specimen (Vrentas et al.,
1975). Also, such relative contribution may be affected by environ-
mental conditions, like temperature and concentration interval in a
given penetrant/polymer pair (Berens and Hopfenberg, 1978). For
biopolymers incorporated with protein-based materials – typically
constituted of crystalline and amorphous phases – the film micro-
structure will also affect the transport mechanism (Vesely, 2008).

1.1.2. Modelling mass transport in polymeric matrices
In order to assess the transport properties of the active ingredi-

ent inside the polymeric matrix, it is important to use mathemat-
ical models that describe the physical mechanism without
unnecessary mathematical complexity (Bates and Watts, 1988).
This can be done on the basis of experimental data observation
and fitting procedures. Several authors have proposed mathemati-
cal relationships to describe compound release from a hydrophilic
polymer (Berens and Hopfenberg, 1978; Peppas and Sahlin, 1989).

To account for both Fickian and Case II transport effects on the
observed anomalous behavior in hydrophilic matrices, a linear
superimposition of both mechanisms can be used (Berens and
Hopfenberg, 1978). This approach was applied in studies of trans-
port properties of tapioca starch (Flores et al., 2007), of agarose gels
(Sebti et al., 2004) and in the studies of the kinetic sorption behav-
ior of gases in films (Visser and Wessling, 2007).

The linear superimposition approach assumes that the observed
transport of molecules within the polymer can be described by the
sum of the molecules transported due to Brownian motion with
the molecules transported due to polymer relaxation (Berens and
Hopfenberg, 1978):

Mt ¼ Mt;F þMt;R ð1Þ

where Mt,F and Mt,R are the contributions of the Fickian and relaxa-
tion processes, respectively, at time t.

Mass transport related to Brownian motion in a thin slab of
polymer immersed in a sufficiently large amount of water, can be

described by the solution of Fick’s second law for a plane sheet
with constant boundary conditions (Crank, 1975). As for polymer
relaxation, it is driven by the swelling ability of the polymer, i.e.
by the configuration of the system at any given time related to
the configuration of the maximum swelled matrix (i.e. at equilib-
rium). The relaxation process is then related to the dissipation of
stress induced by the entry of the penetrant and can be described
as a distribution of relaxation times, each following a first order-
type kinetic equation (Berens and Hopfenberg, 1978). Hence, com-
pounds release from a hydrophilic polymer slab can be described
by:

Mt ¼ M1;F 1� 8
p2

X1
n¼0

1

ð2nþ 1Þ2
expð�ð2nþ 1Þ2kF tÞ

" #

þ
X

i

Mco;Ri
½1� expð�kRi

tÞ� ð2Þ

where kF and kR are Fickian diffusion and relaxation rate constants,
respectively.

In order to evaluate the physical mechanisms involved in the
bioactive compounds release it is necessary to use a model that
successfully describes the individual contributions of the diffusion
and the relaxation processes.

Using the appropriate modification, the ‘‘general’’ model (Eq.
(2)) can then be used to describe pure Fickian (M1,F – 0 and
i = 0); anomalous (M1,F and i – 0) or Case II (M1,F = 0 and i – 0)
transport.

2. Experimental section

2.1. Experimental procedures

2.1.1. Protein-based bioactive compounds
Three bioactive compounds were incorporated into chitosan

films: a peptide fraction hydrolyzed from whey protein concen-
trate (WPC), glycomacropeptide (GMP) and lactoferrin. The peptide
fraction was obtained from hydrolysis of WPC according to Bour-
bon et al. (2011). Commercial GMP and lactoferrin were obtained
from Davisco Food International, Inc. (Le Sueur, USA) and DMV
International (USA), respectively.

2.1.2. Preparation of chitosan films with incorporated bioactive
compounds

Chitosan edible films were prepared by dissolving 2% (w/v)
chitosan (90% deacetylation, Aqua Premier Co., Thailand) in a 1%
lactic acid (Merck, Germany) solution and stirred, at room temper-
ature, until the chitosan was completely dissolved. Glycerol at 1%
(w/v) (Panreac, Spain) and Tween 80 at 0.2% (w/v) (Acros Organics,
Belgium) were added to plasticize the film. The pH of the film
forming solution was 4.5.

The bioactive compounds were incorporated into chitosan film-
forming solutions at a concentration of 1% (dry basis). In order to
obtain films with a similar thickness, a constant amount (28 ml)
of the chitosan solutions was casted in 8.5 cm plates and dried in
an oven at 35 �C, overnight. The films were stored at 20 �C (con-
trolled by laboratory air conditioning system) and 53% RH (ob-
tained by equilibration in a dessicator with a saturated salt
solution of Mg(NO3)2, under vacuum), until further use. The dried
films were peeled intact from the casting plates.

2.1.3. Determination of peptides and proteins release kinetics
The produced peptide-containing films were cut in 2 cm � 2 cm

squares. The squares obtained from three films, weighting approx-
imately 3.2 g, were immersed into an appropriated amount of dis-
tilled water (1:100), at a constant temperate (4, 16, 25 �C), under
moderate stirring (300 rpm). Release kinetics was evaluated by
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monitoring the concentration of the bioactive compounds in the
surrounding solution until an equilibrium value was reached. The
concentration of peptides and proteins was assessed by measuring
the absorbance (Elisa Biotech Synergy HT, USA) at 280 nm for WPC
hydrolysates and lactoferrin (Liang and Bowen, 2005) and 230 nm
for GMP (Nakajima et al., 2005). For each experimental condition,
at least three true replicates were conducted.

2.2. Statistical procedures

2.2.1. Non-linear regression analysis
The linear superimposition model (Eq. (2)) was modified and

fitted to the experimental data by non-linear regression analysis,
using a package of STATISTICA™ v 7.0 (Statsoft. Inc., USA). The
Levenberg–Marquardt algorithm for the least squares function
minimization was used.

The modifications of Eq. (2) were aimed at mathematical sim-
plification and accurate description of the physical phenomena in-
volved in the transport form the matrix to the liquid media:

The diffusion of part of the compounds by Fickian behavior was
always assumed part of the mechanism (i.e. M1,F was always – 0).
As a first approach, only the first term of the series was used
(n = 0). The estimated k values lead to Fourier numbers >0.2 (Rat-
hore and Kapuno, 2011), – results not shown – indicating that this
was a correct approximation and hence used in all regressions.

As for the relaxation part of the model (Mt,R), it was modified
depending on the tested transport mechanism: (i) assuming that
transport was due only to concentration gradient and chitosan film
relaxation had no effect on the transport mechanism (i.e. Fick’s
behavior; i = 0); (ii) transport was due to the sum of concentration
gradient and one main type of relaxation of the film (i = 1); and (iii)
there was a contribution of Fick’s diffusion and two different types
of polymer relaxation for the release of compounds from the film
(i = 2).

The quality of the regressions was evaluated on the basis of the
determination coefficient, R2, the squared root mean square error,
RMSE (i.e., the square root of the sum of the squared residues
(SSEs) divided by the regression degrees of freedom) and residuals
visual inspection for randomness and normality. R2 and SSE were
obtained directly from the software. Adjusted R2 was also calcu-
lated in order to account for the number of explanatory terms
when comparing different models.

The precision of the estimated parameters was evaluated by the
Standardized Halved Width (SHW%), which was defined as the ra-
tio between the 95% Standard Error (obtained from the software)
and the value of the estimate.

3. Results and discussion

3.1. Mathematical modelling of active compounds release from
hydrophilic thin films

Accurate mathematical modelling of transport phenomena is
important for the design of packaging systems and of bioactive
compound carriers, since it may allow predicting behavior during
shelf-life and product preparation or consumption. In this work,
we studied the description of experimentally obtained data by lin-
ear superimposition model.

As described above, the linear superimposition model (Eq. (2))
was modified to assume different physical mechanisms of trans-
port and fitted to the experimental data. Fig. 1 shows an example
of model description for the three cases. It can be observed that
Fick’s behavior alone (i = 0) is unable to describe the experimental
data and, hence, the physical mechanism of the transport phenom-
ena involved here.

As for anomalous transport considering one main relaxation
(i = 1) or two relaxations (i = 2), both models were able to predict
the experimentally observed behavior (Fig. 1). Tables 1a and 1b
show the results of fitting Eq. (2) to the experimental data (consid-
ering one main relaxation, i = 1 and two governing relaxations,
i = 2). Both models presented similar residues distribution, show-
ing compliance with regression analysis underlying assumptions
(Bates and Watts, 1988) – results not shown.

From a mathematical point a view, the model considering two
relaxations presents a better regression result: adjusted R2 are up
to 7.5% higher compared with the adjusted R2 for the model with
one relaxation and RMSE is reduced up to 40%. However, the qual-
ity of estimated parameters – evaluated by SHW (%) – worsens for
the model with two relaxations. Moreover, as for the model
description of the transport phenomena, model i = 2 leads to
parameters without physical meaning, e.g. estimated mass re-
leased by Fickian process of lactoferrin at 16 �C is a negative value.
The quality of estimated parameters in both models could be im-
proved if different regression approaches were to be used.

However, for comparison purposes of both models (i = 1 and
i = 2) this information is sufficient – developing strategies for con-
fidence interval minimization was out of the scope of this research.

Such strategies generally include not presenting the total mass
released, but reporting Mt/M1 (Brandao et al., 2001). However,
understanding the effect of environmental conditions on the total
mass released from a system can be of utmost importance when
considering toxicological effects of accumulation of bioactive com-
pounds (Bailey, 1983).

These results, together with the ‘‘less complexity rule’’ of math-
ematical modelling, allow concluding that mass transport of these
protein-based compounds through chitosan films is essentially
governed by anomalous behavior and that only one main relaxa-
tion, influencing transport, occurs in the polymeric matrix.

3.2. Transport phenomena of active compounds release from
hydrophilic thin films

The accurate mathematical description of compounds release
from chitosan films also allows an interpretation of the physical
phenomenon based on estimated parameters. Fig. 2 shows the
main tendencies of estimated parameters (from Eq. (2), for i = 1)
with both temperature and type of peptide.

Regarding the Fickian component of the transport, it can be ob-
served that the total mass released via Fick’s transport (M1,F), in-
creases with increasing temperature (Fig. 2a). As for the effect of
peptide type on the mass released via Fick’s transport, we can ob-
serve a tendency for decreasing the total mass released with
increasing peptide molecular weight (Table 2).

Fickian rate of diffusion, kF, increased with temperature (Fig. 2b)
but it was not possible to observe and Arrhenius type dependency.
However, main tendencies allow inferring that with peptides’
decreasing molecular weight, a sharper effect of temperature is ob-
served for this parameter. Similar results have been described in
literature, where diffusion rate constant (k) of acetic acid and pro-
pionic acid from chitosan films increased with temperature, fol-
lowing in that case an Arrhenius-type dependency (Ouattara
et al., 2000): Higher activation energy was obtained for acetic acid
(lower molecular weight), i.e. the sensitivity to temperature in-
crease was lower in higher molecular weight compounds (the pro-
pionic acid).

As for the relaxation component of transport, relaxation rate of
diffusion (kR1 ), was constant with temperature and similar for the
different peptides (Fig. 2d). This should be expected since this is
a property of the polymer and not of the molecule diffusing the
polymer (Vrentas et al., 1975). As for the mass released via relaxa-
tion (M1;R1 ), different behavior for the different peptides was ob-
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served (Fig. 2c). Again we observed a tendency for decreasing the
mass released with increasing peptide molecular weight. However,
this parameter response to temperature increase was dependent
on the peptide: in WPC fraction and GMP, MR increased with tem-
perature (Fig. 2c) (I and II) and lactoferrin, M1;R1 was constant
(Fig. 2c) (III).

In a previous work, our group characterized the peptides used in
this study and investigated the effect of their addition on the ther-
mo-mechanical and microstructure properties of the obtained films
(Table 2, Bourbon et al., 2011). Considering our previous results, the
observed differences in M1;R1 behavior with temperature and pep-
tide type, may be related with the film physical characteristics.
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Fig. 1. Linear superimposition model description of isothermal compound release from chitosan films (example is for GMP at 4 �C). Inset shows the detail of the model fitting
to the initial experimental data.

Table 1a
Fitting the linear superimposition model (LSM) (modified Eq. (2)) to experimental data: quality of the regression on the basis of RMSE and R2.

Bioactive compound Temp. (�C) LSM – one relaxation (i = 1) LSM – two relaxations (i = 2)

R2 adj RSME R2 adj RSME

Peptide fraction from WPC 4 0.977 2.09 � 10�3 0.976 2.12 � 10�3

16 0.969 2.80 � 10�3 0.974 2.59 � 10�3

25 0.981 2.67 � 10�3 0.987 2.21 � 10�3

GMP 4 0.969 7.61 � 10�4 0.979 6.27 � 10�4

16 0.941 2.01 � 10�3 0.946 1.92 � 10�3

25 0.878 3.97 � 10�3 0.944 2.37 � 10�3

Lactoferrin 4 0.979 4.94 � 10�4 0.979 4.91 � 10�4

16 0.990 7.16 � 10�4 0.994 5.61 � 10�4

25 0.969 1.22 � 10�3 0.971 1.17 � 10�3

Table 1b
Fitting the linear superimposition model (LSM) (modified Eq. (2)) to experimental data: estimated parameters and evaluation of estimate precision using the SHW% (in
parentheses).

Bioactive compound Temp.
(�C)

LSM – one relaxation (i = 1) LSM – two relaxations (i = 2)

M1,F

(g/g film)
kF (s�1) M1;R1

(g/g film)
kR1 (s�1) M1,F

(g/g film)
kF (s�1) M1;R1

(g/g film)
kR1 (s�1) M1;R2

(g/g film)
kR2 (s�1)

Peptide fraction from
WPC

4 1.38 � 10�2 2.31 � 10�1 2.63 � 10�2 4.62 � 10�2 1.38 � 10�2 2.31 � 10�1 9.67 � 10�2 4.62 � 10�2 �7.04 � 10�2 4.62 � 10�2

(50.41%) (81.73%) (25.83%) (29.46%) (53.22%) (83.28%) (0.00%) (32915.86%) (0.00%) (40615.01%)
16 1.38 � 10�2 2.83 � 10�1 3.14 � 10�2 5.33 � 10�2 8.23 � 10�3 3.48 � 10�1 1.79 � 10�2 7.84 � 10�3 2.67 � 10�2 1.08 � 10�1

(72.32%) (117.14%) (31.05%) (34.42%) (129.50%) (191.24%) (86.12%) (287.91%) (56.26%) (61.07%)
25 2.18 � 10�2 2.49 � 10�1 3.63 � 10�2 3.51 � 10�2 1.40 � 10�2 6.46 � 10�3 3.28 � 10�2 1.63 � 10�1 1.84 � 10�2 1.65 � 10�2

(36.14%) (64.67%) (20.15%) (32.00%) (49.28%) (1281.75%) (41.18%) (41.02%) (292.39%) (282.04%)

GMP 4 8.34 � 10�3 1.35 � 10�1 5.45 � 10�2 1.10 � 10�2 1.23 � 10�3 2.08 � 10�3 4.59 � 10�3 1.03 � 10�2 8.48 � 10�3 1.71 � 10�1

(14.74%) (33.65%) (20.37%) (39.17%) (207.51%) (9375.69%) (752.10%) (434.40%) (13.92%) (22.36%)
16 1.14 � 10�2 1.70 � 10�1 1.47 � 10�2 6.50 � 10�3 2.46 � 10�3 3.84 � 10�2 1.42 � 10�2 5.29 � 10�3 1.02 � 10�2 2.47 � 10�1

(17.05%) (48.20%) (11.84%) (42.75%) (218.94%) (923.31%) (47.34%) (117.81%) (84.25%) (76.91%)
25 1.23 � 10�2 3.25 � 10�1 2.25 � 10�2 7.73 � 10�2 2.46 � 10�3 3.84 � 10�2 1.42 � 10�2 5.29 � 10�3 1.02 � 10�2 2.47 � 10�1

(30.59%) (96.26%) (16.28%) (53.13%) (218.94%) (923.31%) (47.34%) (117.81%) (84.25%) (76.91%)

Lactoferrin 4 3.29 � 10�3 9.29 � 10�3 6.56 � 10�3 8.41 � 10�2 1.96 � 10�3 5.59 � 10�3 4.26 � 10�3 3.51 � 10�2 3.73 � 10�3 1.57 � 10�1

(33.33%) (116.79%) (22.04%) (20.04%) (113.21%) (576.31%) (132.50%) (122.87%) (114.70%) (95.28%)
16 1.72 � 10�3 4.71 � 10�3 1.84 � 10�2 4.39 � 10�2 �5.26 � 10�3 5.86 � 10�2 2.20 � 10�2 4.49 � 10�3 5.86 � 10�2 5.05 � 10�3

(108.83%) (840.83%) (18.69%) (20.02%) (�76.90%) (48295.13%) (31.28%) (42.11%) (9362.94%) (237.31%)
25 1.12 � 10�2 6.82 � 10�3 1.09 � 10�2 9.89 � 10�2 5.91 � 10�3 1.35 � 10�1 6.12X10�3 1.35 � 10�1 1.06 � 10�2 6.90 � 10�3

(21.62%) (106.34%) (27.34%) (36.44%) (110.58%) (793076.09%) (133.68%) (620207.46%) (24.68%) (93.73%)
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Comparing the two films where a temperature dependence was
observed (with GMP and WPC fraction), total mass released by
relaxation of GMP (Fig. 2c) II) was more sensitive to temperature
than the mass released by relaxation of the WPC fraction
(Fig. 2c) I). This was somehow unexpected: since GMP has a higher
molecular weight one could envisage lower temperature sensitiv-
ity, as observed in Fickian behavior (see discussion above).

Moreover, from Table 2, we see these two films do not have sig-
nificantly different properties: Elongation at Break, Tensile
Strength, Crystallinity and film thickness are identical. However
we could observe by confocal laser scanning microscopy (Bourbon
et al., 2011) that GMP is dispersed in the film homogeneously
while WPC fraction is heterogeneously dispersed in the matrix.
This structural difference may influence the relaxation behavior
and thus the mass released: the peptide that is heterogeneously
dispersed (WPC fration) may be ‘‘trapped’’ in some regions of the
polymeric system, thus minimizing temperature dependence of
the transport phenomenon.

The total mass released via relaxation of lactoferrin, M1;R1 , was
constant with temperature (Fig. 2c) III), indicating this compound

is interacting with the polymeric matrix in a totally different way
in the studied temperature range. Previous results showed lacto-
ferrin films were significantly different from the WPC and GMP
films (Table 2). They were (i) thinner – maximizing the distance
of the system to the equilibrium and thus promoting Case II trans-
port; (ii) more crystalline – increasing the free volume (and thus
mobility) on the amorphous part of the system (where the lactofer-
rin is dispersed); and (iii) more deformable (higher EB), favoring
relaxation at even low temperatures.

This effect of the type of film did not only affect the mass re-
leased by relaxation, but also the percentage of peptide released
from the film, which followed the same temperature and molecu-
lar weight tendencies. Overall, this percentage ranged from 14 to
92%, showing great potential for developing products with differ-
ent characteristics and reaction to environmental conditions.

The results obtained in this paper allow us to propose a simple
mathematical model for describing bioactive compounds release
from a bio-polymeric matrix. The model allows clarifying the
transport mechanism, which is related with the polymeric matrix
physical characteristics.
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fickian (kF) and relaxation (kR) rates of diffusion. N Peptide fraction from WPC; � GMP and j lactoferrin. The arrows numbered I, II and III represent only the tendency of
parameters behavior discussed in the text and do not contain any model information.

Table 2
Thermo-mechanical and microstructure properties of the chitosan films with bioactive compounds incorporated (results from Bourbon et al. (2011)).

Film composition MWa (kDa) Film thickness (mm) TSb (MPa) Ec (%) Dhm
d (J g�1) Dispersion in the filme

Peptide fraction from WPC 8.67 0.186 7.36 75.77 29.61 Heterogeneous
GMP 20.30 0.177 7.90 72.42 26.26 Homogeneous
Lactoferrin 79.25 0.147 2.17 100.78 40.26 Homogeneous

a MW – molecular weight.
b TS – tensile strength.
c E – elongation at break.
d Dhm – specific enthalpy of melting.
e Evaluated by confocal laser microscopy.
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4. Conclusions

The transport mechanism of bioactive compounds in chitosan
films has been identified and quantified. The release of such com-
pounds from chitosan films was successfully described by a simple
mathematical model which accounts for both Fickian and Case II
mass transport – i.e. anomalous behavior.

The model allowed clarifying the transport mechanism, which
is related with the polymeric matrix’s physical characteristics. In
fact, it was possible to conclude that, in these cases, mass transport
is affected by one main relaxation – i.e. molecular rearrangement
due to swelling – of the chitosan matrix.

The mechanism of transport – effects of temperature and pep-
tide size – was successfully correlated with physical properties of
the chitosan films.

These results contribute to a deeper understanding of the phe-
nomena involved in mass transport in hydrophilic bio-polymeric
matrices and may be used e.g. in food and pharmaceutical applica-
tions for studies on shelf-life of products and of health issues upon
food/drug consumption/ingestion.
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