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Edible Arabinoxylan-Based Films. 1. Effects of Lipid Type on
Water Vapor Permeability, Film Structure, and Other Physical
Characteristics
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Arabinoxylans (AX) are natural fibers extracted from maize bran, an industrial byproduct. To promote
this polymer as a food ingredient, development of edible coatings and films had been proposed.
Indeed, composite arabinoxylan-based films were prepared by emulsifying a fat: palmitic acid, oleic
acid, triolein, or a hydrogenated palm oil (OK35). Lipid effects on water vapor permeability (WVP),
surface hydrophobicity (contact angles), lipid particle size, and mechanical properties were
investigated. Results showed that OK35—AX emulsion films had the lowest WVP. Emulsified films
presented a bimodal particle size distribution; however, the smallest particle mean diameter (0.54
um) was observed in OK35—AX emulsion films. Contact angles of water comparable to those observed
for LDPE films (>90°) are measured on the OK35—AX film surface. Finally, only triolein—AX emulsion
films had elongation higher than films without lipid. These results suggest that OK35 enhances
functional properties of AX-based films and should be retained for further research.

KEYWORDS: Arabinoxylans; edible film(s) and coating(s); water vapor permeability; mechanical
properties; surface hydrophobicity; emulsion

INTRODUCTION of these polysaccharide$(—12). The great functional role of

d arabinoxylans in the bread-making process has been largely
reported (13,14). However, the contribution of arabinoxylans

to the malting and brewing qualities of barley grains has not

et been well elucidated ., 14). Chanliaud10) has developed

arabinoxylan-based films. They have good tensile resistance and
are an effective barrier against oxygen or carbon dioxide.
Furthermore, AX films offer interesting water vapor perme-
ability. Nevertheless, these functional properties are lower than
those observed for plastic packaging. To enhance these perfor-

The potential of edible films to control water transfer an
improve food quality and shelf life has been extensively
reviewed (1—3). In general, polysaccharides and proteins have
good mechanical properties and are excellent gas, aroma, an
lipid barriers, but they are inefficient against water transfer.
Lipids, on the other hand, offer high water barrier properties,
but they form brittle films. Several research groups have
attempted to improve the water vapor barrier properties of
protein- or polysaccharide-based films by adding a lipid as an o ..
emulsion 4—6) or by laminating a lipid layer onto a previously mances, "p"?' addition has been sgggested._ )
formed film (7—9). Compared to bilayer films, emulsified films Many studies have reported the impact of lipid type on water
are less efficient water vapor barriers, but they require only a V&Por permeability (WVP) of emulsified films. Generally, the
single step, exhibit good mechanical and adhesive properties,Water transmission rate of a film increases as the length of the
and can be made at room temperatGe7). lipid hydrocarbon chain decreases and the unsaturation degree

Arabinoxylans (AX) constitute a major fraction of cereal cell INcreases4, 7, 15). Additionally, a film's water vapor resistance
wall polysaccharides. They consist of a ling—4)-linked is inversely related to |!p|d polarity. Hydrophobic alkanes anq
xylan backbone to which-L-arabinofuranose units are attached Wax€s, such as paraffin and beeswax, are the most effective
as side residues via(1—3) and/oro(1—2) linkages. A number barngrs (5,15, 17). More _specmc fat chgracterlsncs_ such as
of studies focus on the extraction and structural characteristicsPnYsical state, conformation, polymorphism, and viscoelastic

properties may also influence the WVP of the films.

* Author to whom correspondence should be addressed [telephone I___|p|d partlcle_ _S'Ze_ has an effe_ct on the water vapor perme-
+33 (0)3 80 39 68 43; fax+33 (0)3 80 93 66 11; e-mail cperoval@  ability of emulsified films. In fact, it was found that the decrease

U“ip’éb,\?ggg&g&eg% B of lipid particle size correlates well with the reduction of WVP
E IUT-Génie-BioIogidue. (4, 18). According to the tortuosity model9), this result could
8 ULICE, ZAC “Les Portes de Riom”. be explained by the presence of a large number of spherical
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particles uniformly dispersed that increases the distance traveledoarticle size distribution are obtained. The GM#id mixture was

by water molecules diffused through the film. In the case of a added at a concentration of 30% (w/w total solid basis) to the plasticized
protein/beeswax emulsified film, this tendency was attributed film-forming solution composed of arabinoxylans and glycerol. After
to the immobilization of protein chains at the lipid interface, the lipids had been melted, the hot solution was emulsified with a

with the resulting formation of a more ordered and tightly cross- "°megenizer (Ultra-Turrax model T25 IKA, Labortechnik, GmbH) for

linked structure with a lower permeability (201) 2 min at 24000 rpm. These emulsifying parameters, chosen in agreement
. Lo . a . with those of Debeaufortl@, 27), were checked to ascertain that no

To better understand interfacial interactions in emulsions, a change occurred in particle size after 2 min of homogenization.

low molecular weight anionic surfactant, sodium dodecyl sulfate afterward, the film-forming emulsion was degassed and dried in the
(SDS), has been used. SDS is one of the most strongly same conditions previously specified. For each film formulation a
competitive surfactants approved for food use. Research studiesninimum of three films were made and completely characterized in

describe the interactions between SDS and an uncharged wateerder to validate film preparation procedures.

soluble macromolecule, ethyl(hydroxyethyl)cellulog2,23).
The initial step in the surfactant—polymer interaction consists
of a redistribution of the surfactant with a preference for the
polymer coil regions over the bulk solution. Next, surfactant
molecules cluster around the hydrophobic sites on the polymer.
Finally, polymer molecules wrap around the surfactant micelles
with other hydrophobic parts inserted between the surfactant
molecules. Accordingly, in whey protein-based emulsions,
particle size distribution has been shown to strongly depend on
the surfactant/protein ratio (225) as well as pH.

The effects of lipid type on mechanical properties have also
been examined. Generally, lipid addition has a negative impact

on mechanical properties because of low interactions between

fats and polysaccharides or proteids 17, 26), and lipids are
unable to form an internal interconnecting lipid network.

The major objectives of this study were to develop arabi-
noxylan-lipid films from emulsions and to determine the effects
of fat type (palmitic acid, stearic acid, triolein, and hydrogenated
palm oil) on water vapor barrier properties, film structure, and
surface and mechanical properties.

MATERIALS AND METHODS

Materials. Food grade AX extracted from maize bran were donated
by ULICE (Riom, France). Anhydrous glycerol for plasticizing was
purchased from Fluka (Sigma-Aldrich Chimie, Saint Quentin Fallavier,
France; 98% purity). Glycerol monostearate (GMS) employed as
emulsifier was purchased from Prolabo (Merck eurolab, Fontenay-sous-
Bois, France; 99% purity). The following fats were used to prepare
edible composite films: palmitic acid (¢} (Prolabo Merck eurolab,
Fontenay-sous-Bois, France; 97% purity), stearic acid) (Prolabo
Merck eurolab; 96% purity), triolein (Sigma-Aldrich Chimie; 65%
purity), and hydrogenated palm oil (OK35) (SIO, Saint Laurent Blangy,
France). SDS (Prolabo Merck eurolab; 98% purity) and the hydro-
phobic dye Sudan Il red (Sigma-Aldrich Chimie) were used for the
characterization of film structure. Two commercial synthetic films,
cellophane 300P (Courthauld, U.K.) and a low-density polyethylene
Riblene FF30 (LDPE) (EniChem Polymeres, Mazingarbe, France; 37%
crystallinity), were used as hydrophilic and hydrophobic models for
this study.

Arabinoxylan Film Preparation. An AX film-forming solution was
prepared by dispersing 16 g of AX powder in 100 mL of osmosed
water at 75°C for 40 min with constant stirring. During the heating
and stirring, anhydrous glycerol was then added at a concentration of
15% (w/w total dry matter). A vacuum was applied with a vacuum
pump to remove dissolved air bubbles. Then, the film-forming solution

was poured into a thin layer chromatography spreader and cast onto
glass plates previously covered by an adhesive PVC sheet to prevent

the sticking of dried films. To evaporate the solvent (water) and thereby
form a network, the solution was dried in a ventilated chamber (WTB
Binder, Labortechnik, GmbH) for-4 h at 40% relative humidity and
30°C. These drying conditions allowed reasonably quick formation of
homogeneous AX films that could be peeled intact from their supports.
To prepare emulsified films, blends of lipids and GMS (90:10 w/w)
were made. The emulsifier concentration~af0% (w/w) was chosen

in agreement with the results found by Debeaufd®, 27), who showed
that, at this concentration, fine and stable emulsions with a unimodal

Film Thickness Measurement.The thickness of conditioned (22%
relative humidity, 25°C, and 48 h) films was determined by employing
an electronic gauge (Multi Check FE, List-Magnetik, GmbH) with a
precision of lum. The average values of 30 thickness measurements
per type of film were used in all WVP calculations.

Water Vapor Transfer Rate (WVTR) and Permeability Mea-
surement. The WVTR was gravimetrically determined at 25 using
an AFNOR maodified procedure3). Before WVTR determination, all
films were equilibrated at 22% relative humidity using a saturated salt
solution of potassium acetate, at 25 for 48 h. Four samples, 4.2 cm
diameter disks, were cut from each film. Each sample was placed
between two Teflon rings on the top of a glass cell containing a
saturated salt solution of potassium chloride with a water activity of
~0.84 at 25°C. Test cells were weighed and introduced into a climate-
controlled chamber (WTB Binder, Labortechnik, GmbH) regulated at
a relative humidity of 22% and 28C. Cells were weighed three times
per day for 7 days. At the steady state, the WVTR (g&nand WVP
(g/m-s-Pa) coefficients were defined as follows:

WVTR = (AM/At)A (1)

@

where AM/At is the amount of moisture lost per unit of time (g/8),

is the film area exposed to moisture transfer{8.0~* m?), e is the

film thickness (m), and\p is the water vapor pressure difference (Pa)
between the two sides of the film. For each type of film, a minimum
of three water vapor determinations, each one including the four test
cells, were made.

Surface Hydrophobicity. The surface hydrophobicity of the films
was evaluated from contact angle measurement using a goniometer
(Kriiss GmbH). A droplet of osmosed water was placed on the film,
and the angle of the tangent to the basis of the droplet (contact angle)
was measured and expressed in degrees. A minimum of five measure-
ments per film were carried out.

Film Structure Analysis. Laser light scattering and optical micros-
copy were used to study AX film structure. For each emulsified film,
the droplet size distribution, the weight mean diamet@ss( De-
Broucker mean), and the volume-surface mean diametes, Sauter
mean) were determined by laser light scattering using a Malvern
Mastersizer S2-01 (Malvern Instruments Ltd.). An average diameter is
the diameter of a hypothetical particle that represents the total number
of particles in the sample28, 29). The weight mean diametdds) is
the average size based on the unit weight of the particles; meanwhile,
the volume-surface diametelD{,) represents the average size based
on the specific surface per unit volume. These mean particle diameters
were defined as follows:

WVP = (WVTR x e)/Ap

_= nd* @
“ snd?

_ =nd? @
%2 Snd?

In egs 3 and 4 is the number of droplets in each size class drid

the droplet diameter. The patrticle size distribution is displayed by using
a frequency curve that allows us to show peaks in the graph and to
compare results from different measurements. Xfexis represents
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the logarithm of the particle size. Theaxis is a linear scale and  Tapje 1. Thickness, Water Vapor Transmission Rate, Permeability,

represents the relative volume fraction in percent of particle that belongs ang Contact Angle of Different Arabinoxylan-Based Films and Plastic
to specified size classes on the particle size axis. The relative volume packagings?

fraction (¢) was defined as follows:

thickness WVTR £><10*3 WVPP (x10~10 contact
i . .Ge C
@(%) = (1/V) x 100 (5) film (um) g/m?-s) g/m-s-Pa) angle® (deg)
arabinoxylans  90.8+6.6a  3.92+0.14b 1.77 + 0.06a 70.8+5.1b
In eq 5 is the volume of the droplets on tligh size class an¥ is AX=Cie 89.9+98a 337009  152+0.04b 64 £ 4.6b
the total volume of all the droplets in the emulsion. For instance, a ﬁi_c'wl _ gé-gfg-‘;b g-%fg-im ﬁgfg-gk gg-i’—éS-Bb
relative volume fraction 0f-18.2% means that the total volume of all —triolein 6x67c 3522015 118005 8.5
. . . . . o AX-OK35 89.8+9.1a 2.71+0.17d 1.24 £ 0.06¢ 944 +21a
particles with diameters in this specified range represents 18.2% of
the total volume of all particles in the distribution. cellophane 20 6.17+£0.63a  0.69+0.07d
LDPE 25 0.13+0.0le  0.019+0.00le  100.7 +114a

Before analysis, the samples were prepared as follows; Tirgtof
dried film was dispersed in 50 mL of osmosed water at room
temperature with moderate magnetic Stirring. To Study the incidence 2Values in a column followed by the same letter are not significantly different
of lipid aggregation, films were also dispersed in 50 mL of a 0.1% at the risk of 5%. b Means of at least three replicates + standard deviation for
SDS solution. The refractive indices of the lipid phase to water were WVP determination. ¢ Mean of a minimum of 15 measurements for contact angle
1.0751 and 1.0724 for palmitic acid and stearic acid, respectively, and determination. (Contact angle of water on cellophane film cannot be measured
1.0966 for both triolein and hydrogenated palm oil. The optical model because of the highly hydrophilic nature of this polymer.)

0405 was used for fatty acid emulsions, and model 0505 was used for
triolein and hydrogenated palm oil. Focal lengths of 45 and 300 mm the WVP of AX films is 3-100 times higher than that of
were used to measure mean diameters from 0.1 ta:600rhe absorb- commercial plastic films.
ance was measured at 633 nm laser light. Lipid droplets were sized  Effects of Lipid Type on Water Barrier Properties and
using water as a dispersant, and all measurements were car_rled out afjim Structure. Lipid addition changed the appearance of films,
room temperature. Three measurements per films were carried out. -\, hich hecame more opaque. To eliminate film orientation or

Lipid particles, previously marked with Sudan Il red, were observed -0 senaration effects, the film face that was in contact with
with an inverted-light contrasted binocular microscope (6@bjective, .

| the glass plate was always exposed to the atmosphere with the

Leitz Labovert). The images were recorded with a CCD camera (model . . - -
6710, Cohu) associated with an image analysis system (Imaging highest relative humidity (84%) during WVP measurement. In

Technology Inc., computer type PC 386, software Visilog 3.6, Noesis). all cases, the addition of fats significantly ¢ 0.05) decreased
Four samples of each film were prepared by dispersion in cold water. the WVTR of AX-based filmsTable 1). The WVTR and WVP

Samples, held between two glass plates, were observed and analyzedf AX— Cyg films are lower than those of AXCs; films. These
Tensile Tests.Determination of tensile strength (TS), percentage results are also described by other researcherg, (85) who
of elongation at break (TE), and elastic modulus (EM) of the films have observed that WVP decreases as the chain length of fatty
was performed with an Instron Universal Testing Machine (model 1122, acid increases from lauric acid {£ to stearic acid (g). Even
Instron Engineering Corp., F:anton, MA) with a 5 kN load ceII'. A total though all of these fatty acids are solid at5, the fatty acids
of 20 samples, 6« 2 cm strips, were cut from each type of film and it 3 shorter chain length have a greater chain mobility, are
conditioned at 54% relative humidity and 2 for 10 days. Cross- more polar, and may not possess the essential extensibility for
head speed was set at 100 mm/min, and all tests were made at roon{ L . ; L
temperature he organization of an interlocking networg (The AX—triolein
Statistical Analysis.All data were analyzed and compared by using film presents the highest WVTR. Th's CO,UId be, ‘?'UG to the
variance analysis and Studemewmans—Keuls tests (o =0.05) on presence of double bonds (unsaturations) in the lipid structure,
SAS software (SAS Institute Inc., version 6.02, Cary, NC). which enhances the polar properties of this triglyceride. The
WVTR in AX—0K35 film is not significantly P < 0.05)

RESULTS AND DISCUSSION

Water Vapor Permeability. AX-based films have a range
of thickness values from 65 to 1Q0m. In a previous study
(results not published), when film thickness increased was
from 50 to 150um, the WVP of AX-based films increased,

different from that in the AX—Gg film. This result could be
explained by the OK35 compositioBg). In fact, this fat is a
blend of triglycerides mainly composed of lauric acid (35%),
stearic acid (25%), myristic acid (18.3%), and palmitic acid
(11.8%). Kamper and Fennem@ §howed that emulsified film
made from the blend of stearic acid and palmitic acid has WVP

while the WVTR decreased and tended to reach a plateau. Forsimilar to that of the stearic acid emulsified film, andg€Cis
this reason, WVTR and WVP are both expressed and given in emulsified films are easier to prepare and have a more consistent

Table 1.

Homogeneous AX-based films are smooth, brown, translu-
cent, and 9um in thickness. The WVP of this film is-1.77
x 10719 g/m-s-Pa, as shown ifftable 1. This high permeability
is due to the hydrophilic nature of AX polymers, which are
natural fibers with a great hydration capacitfl\. Consequently,
AX films are soluble in water at 30C. However, our WVP
value is twice higher than that of the AX film tested by
Chanliaud 10). This difference is probably due to, first, the
purity of the AX powder; second, the differences in the
preparation of the films; and, finally, the experimental conditions
employed for WVP determination, which are not the same. In
comparison with other edible films, the WVP of AX films is
comparable to the value obtained for methyl cellulose filBG; (
31) and less than that of amylose film32]. Moreover, AX
films are more permeable than protein filn26,33, 34). Finally,

appearance resulting from the lowering of lipid melting point.
Triolein and hydrogenated palm oil (OK35) have already been
used as hydrophobic substances in emulsified films by Quezada-
Gallo (35). He found that the WVP of wheat glute®K35
films (0.74 x 10719 g/m-s-Pa) is lower than that of wheat
gluten—triolein films (0.97x 10710 g/m-s-Pa). It has been
shown in this work that the WVPs of methyl cellules@K35
films and methyl cellulose—triolein films are not significantly
(P < 0.05) different. Such a tendency is also observed with the
WVP of AX-based films. In the present study, wheat gluten
and its components form films that are less permeable and more
hydrophobic than methyl cellulose- and AX-based films. The
most effective barriers are obtained when stearic acid, triolein,
or hydrogenated palm oil is emulsified in the AX network. In
comparison with synthetic films, the WVP of emulsified AX-
based films remain 3100 times higher. As was noticed by
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Table 2. Weight Mean Diameter (D43) and Volume-Surface Mean
Diameter (D32) of Lipid Particles Emulsified in the Arabinoxylan Matrix

emulsified water SDS solution
|Ip|d Dgyz (ﬂm) D4‘3 (,um) Dgyz (,um) D4y3 (,um)
Cis 6.03+0.13 21.17+0.1 209+0.13 44.64+0.79
Cis 946+0.18 19.77+034 235+0.06 33.63+0.39
triolein 238+0.08 1549+054 535+011 64.74%16
hydrogenated  0.54+0.04 17.21+0.15 0.58+0.02 19.99+0.38
palm oil

2 Mean of three measurements + standard deviation.

Krochta (19), these results suggest the WVP of emulsified films

depends mostly on the nature of the continuous phase and,

second, on the type of fat employed. In fact, a hydrophilic
polymer matrix is quite compatible with water vapor and offers
little resistance to water transfer.

Other parameters such as lipid particle size and distribution
could influence the water resistance of the films. In emulsion
systems, the particle size of the lipid droplets is usually reported
as mean particle valuegg 29). These values represent different
diameters of a hypothetical sphere that represents the total
number of particles in the sample. However, emulsification gives
a distribution of lipid particles, with lipid droplets having larger
and smaller particle sizes than the mean particle value. In our
study, to more easily interpret results, values are giverainle
2, first, as the volume-surface mean diameky4), also known

as the Sauter mean, which represents the average size based on

the specific surface per unit volume and better characterizes
small and spherical particles. The second mean diameter
commonly used is the weight mean diametex {Dalso called

the DeBroucker mean, which is the average size based on the

unit weight of the particles and represents larger particles with
an irregular form such as aggregategure 1 shows the particle
size distribution profiles of AX-lipid emulsified films. These
frequency curves represent the relative volume ratio in percent
versus the particle size. After film dissolution in water, palmitic
acid and stearic acid give similar particle size distribution
profiles (Figure 1a,b). These are bimodal with an important
population characterized by a peak at 1821 and 22.5% for
palmitic acid and at 22.04m and 27.5% for stearic acid. The
analysis of triolein particle size distribution (Figure 1c¢) shows
that the first population overlaps the second one. The particle
size distribution of the hydrogenated palm oil shows two
separate populations (Figure 1d): the first peak at 0.158
and 1.7% and the second at 19/8% and 5.88%. The volume-
surface mean diameteDs ,, of the hydrogenated palm oil is
~0.54um (Table 2) and represents the finest emulsion. The
particle size of fatty acids is larger than that of the other fats.
Nonetheless, all fats exhibit similar weight mean diamet@js)(
values.

In this work, particle size distributions showed the presence
of two populations. FurthermorB, 3 values are>10um. These

Péroval et al.
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Figure 1. Lipid size distribution profile of arabinoxylan—lipid emulsified
films dispersed in water or in a 0.1% SDS solution: (a) palmitic acid; (b)
stearic acid; (c) triolein; (d) hydrogenated palm oil.

results suggest the existence of aggregated particles. To confirmTable 2) values were observed. These results suggest that SDS

this hypothesis, optical microscopy and a food grade surfactant
(SDS) were used.

Microscopic observations of fatty acid emulsiorfSgure
2a,b) confirm the presence of both single and flocculated
particles. For triolein and the hydrogenated palm Big(re
2c,d), aggregates were not observed.

Emulsified films were also dissolved in an SDS solution and
analyzed by laser light scatterirfeigure 1 illustrates the impact
of SDS on lipid particles. In the case of triolein, a shift in particle
size distribution Figure 1c) and an increase D3, andDa 3

could act as a bridge between two droplets and thereby increase
their tendency to flocculate. Such behavior has already been
observed by several author24( 25) with whey protein
emulsions. For stearic acid and palmitic acid, a drop in relative
volume fraction associated with a decreasef, values
occurred, whereas thB,; values increased. This could be
attributed to the destruction of flocs resulting from the competi-
tive SDS adsorption at the eilvater interface and the induced
Coulombic repulsion. Moreover, SDS may form complexes with
the polymer at the same time, increasing the weight mean
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Figure 2. Optical microscopy images (500x) of arabinoxylan-based films
containing palmitic acid (a), stearic acid (b), triolein (d), and hydrogenated
palm oil (d) in emulsion. (Figure is reproduced here at 64% of its original
size.)

diameter. The hydrogenated palm oil offers similar particle size
distribution andD3, and D43 values after film dispersion in
water or SDS solution. This assumes that SDS interfacial
interactions are weak and coalescence more than flocculation
occurred during film preparation.

Optical microscopy and SDS action confirm the presence of

size and distribution with WVP4( 18, 20, 21). Indeed, McHugh
and Krochta (20) showed a linear decrease of WVP with a
decrease in mean particle diameter for a given volume fraction
of lipid. In our study, stearic acid obtained the highest mean
diameter, followed by palmitic acid and triolein. The finest
emulsion was obtained with the hydrogenated palm oil. Fur-
thermore, all of them show a heterogeneous particle distribu-
tion. Nonetheless, these three emulsified films offer the lowest
WVP, without significant difference. Thus, direct correlation
cannot be established between WVP and particle size and
distribution because lipid nature and particle size change at the
same time.

Emulsion stability, particle size, and distribution are not the
major factors that affect WVP. Other factors such as film
orientation, drying conditions, and lipid hydrophobicity must
be taken in account.

Surface Hydrophobicity. Contact angles are an indicator of
the surface hydrophobicity or the wettability of polymers. In
Table 1, the contact angles of different food packagings are
presented. The contact angles of cellophane film cannot be
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Table 3. Mechanical Properties of Arabinoxylan-Based Films and
Commercial Plastic Films?

elongation tensile elastic

film (%) strength (MPa) modulus (MPa)
arabinoxylans 74+29b 265+ 4.1a 72.4+352a
AX-Cis 1.7+0.5¢c 7.8+ 1.2ch 59.2 £19.3b
AX-Cyg 25+1.3c 71+1.9¢c 51.96 £ 18.7b
AX-triolein 108+ 3.3a 88x1b 25.84 +11.5¢
AX-0K35 8.9+3.4b 6.4+11c 26.65 + 8.1c
cellophane 20 (39) 114 (39)
LDPE 100-965 (38) 13-28 (38)

2 Mean of 20 measurements + standard deviation. Values in a column followed
by the same letter are not significantly different at the risk of 5%.

Surface Properties of Emulsified Films.Addition of fatty
acids did not result in important changes in the films’ surface
hydrophobicity Table 1). Contact angles were significantly
lower (P < 0.05) for films made with triolein. The polar
character of this lipid probably reinforces the water affinity of
AX films. A hydrophobic surface showing contact angles
superior to 909s obtained with AX-OK35 films. These values
are similar to those regularly observed with LDPE. In contrast
with this synthetic film, the angles of AX©K35 films decrease
10 times more quickly with time (data not shown), suggesting
a rapid change in surface properties. In other w&K)( it was
shown that the highest WVTR and permeabilities correspond
to the smallest contact angle values for methyl cellulose films.
This is in contrast to the present study, where such a relationship
is not shown. In fact, triolein is the most efficient water barrier
and offers the lowest contact angles.

As observed for other edible films, AX-based films exhibit
lower WVP and hydrophobicity than protein-based films and

Tommercial plastic packaging. Other qualities, such as good

mechanical properties, are required in edible coatings. Hence,
the percentage of elongation and the tensile strength of AX films
developed in this study were measured.

Mechanical propertiesof AX-based films are given ifable
3. These characteristics are similar to those observed for methyl
cellulose (31,38) and starch films10). Although AX films
seem to be less deformable than protein filr@§,39), they
have better tensile strength. Cellophane films display a percent-
age of elongation comparable to that of edible films, but they
are stronger. On the contrary, LDPE films have a very high
percentage of elongation and a tensile strength similar to those
measured for edible coatings.

Influence of Lipid Addition on Mechanical Properties.
Elongation of AX films significantly (P< 0.05) decreases when
fatty acids are incorporated into the AX matrikable 3). Such
a tendency has already been reported by other author¢)7,
and could be explained by the fact that lipids are unable to form
a cohesive and continuous matrix. Contrary to the fatty acids
tested in our study, oleic acid has been reported to increase

measured because water droplets are instantaneously absorbeglongation of soy protein, corn zein, and egg white fil8)(

due to the highly hydrophilic nature of this polymer. The
surface hydrophobicity of homogeneous AX films, characterized
by a contact angle of~71°, is comparable to that of methyl
cellulose films @27, 31). Gliadin films exhibit higher contact
angles of 85-105°(36). This means that gliadin films are less
rapidly wetted, which explains the water insolubility of wheat
gluten films. Conversely, AX films are water soluble. Addi-
tionaly, AX films are less hydrophobic than low-density
polyethylene films.

Incorporation of hydrogenated palm oil does not significantly
affect AX film extensibility. However, a significan®(< 0.05)
increase in film elongation is observed when triolein is added.
In a previous study, Shellhammer and Krochi&)(observed

an increase in whey protein elongation with an increase in the
milkfat fraction. They explained this as a plasticizing effect of
unsaturated and lower molecular weight triglycerides present
in the milkfat. Triolein, which is liquid at room temperature,
has been said to induce lubrication of methyl cellulose chains
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(6). All of these results suggested that triolein could modify
the AX network.

Fat addition also affects the tensile strength and elastic

modulus of the films. Indeed, both tensile strength and Young
modulus are significantlyR < 0.05) lessened. These negative

effects may result from the diminution of the cohesion between
AX chains and the weak interactions between the apolar lipid

molecules and the polar polymer. In comparison with cellophane

and LDPE films, emulsified AX films have a lower percentage
of strain and tensile strength at the breaking point. AX-based

films and, more generally, food packaging must represent a good
compromise between elongation and tensile strength. Food

Péroval et al.

(7) Kamper, S. L.; Fennema, O. Water Vapor Permeability of an
Edible, Fatty acid, Bilayer FilmJ. Food Sci1984,49, 1482—
1485.

(8) Debeaufort, F.; Martin-Polo, M.; Voilley, A. Polarity, Homo-
geneity and Structure affect Water Vapor Permeability of Model
Edible Films.J. Food Sci.1993,58(2), 426—434.

(9) Gontard, N.; Marchesseau, S.; Cuq, J. L.; Guilbert, S. Water
vapour permeability of edible bilayer films of wheat gluten and
lipids. Int. J. Food Sci. Technoll995,30, 49-56.

(10) Chanliaud, E. Extraction, Caractérisation et Prdgsid-onc-

tionnelles des Heéroxylanes de son de Mais. Ph.D. Thesis,
Universités de Paris VII, Paris IX et E. N. S. I. A,, Paris, France,
1995.

packaging has to withstand the packaging process and applica- (11) Hespell, R. B. Extraction and Characterization of hemicellulose

tion, external stress (transport, handling), and, more specifically
for edible coatings, they have to be thin and tender in order to

be imperceptible during eating.

Conclusion and PerspectivesFat addition is the most
common means used to improve the water barrier efficiency o
hydrocolloid-based films. In our study, lipid has been shown
to slightly affect the WVP of AX-based films. In comparison
with other hydrocolloid-based films, the WVP of emulsified
films is suggested to depend mostly on the nature of the

from the Corn Fiber Produced by Corn Wet-Milling Proceks.
Agric. Food Chem1998,46(7), 2615—2619.

(12) Han, J. Y. Structural characteristics of arabinoxylan in barley,

malt, and beerFood Chem2000,70, 131—138.

f (13) Biliaderis, C. G.; lzydorczyk, M. S.; Rattan., O. Effect of

Arabinoxylans on bread-making quality of wheat flouFaod
Chem.1995,53, 165—171.

(14) Izydoczyk, M.; Biliaderis, C. Cereal arabinoxylans: advances

in structure and physicochemical properti€srbohydr. Polym
1995,28(1), 33—48.

continuous phase and, second, on the lipid type. Then, the (15) McHugh, T. H.; Krochta, J. M. Water Vapor Permeability

relationship between lipid particle size and WVP could not be

established because lipid particle size and distribution changed

with lipid type. However, OK35-AX emulsion films presented

a heterogeneous, fine, and stable particle size distribution. On

the subject of films’ surface hydrophobicity, contact angles
similar to those of LDPE have been observed on OK&8X
emulsion films. Meanwhile, OK35AX emulsion films had
extensibilities similar to those of AX-based films without lipid.

This result could be attributed to weaker interactions between

this hydrophobic fat and the hydrophilic polymer chains. All

Properties of Edible Whey Proteiilipid Emulsion Films.J.
Am. Oil Chemist. Sod994,71(3), 307—311.

(16) Shellhammer, T. H.; Krochta, J. M. Whey Protein Emulsion Film
Performance as Affected by Lipid Type and AmouitFood
Sci.1997,62(2), 390—394.

(17) Yang, L.; Paulson, A. T. Effects of Lipids on Mechanical and
Moisture Barrier Properties of Edible Gellan FilfRood Res.
Int. 2000,33, 571—-578.

(18) Debeaufort, F.; Voilley, A. Effects of Surfactants and Drying
Rate on Barrier Properties of Emulsified Edible Filnst. J.
Food Sci. Technol1995,30 (2), 183—190.

of these results suggest that OK35 could enhance the functional (19) Krochta, J. M. Emulsion Films on Food Products to Control Mass

properties of AX-based films. For further research on composite

Transfer.AIChE 1990,86 (277), 57—61.

AX-based films, this fat has been chosen. To obtain a narrow (20) McHugh, T. H.; Krochta, J. M. Dispersed Phase Particle Size

lipid particle size distribution with no overlapping, the use of

sucroesters instead of GMS as an emulsifier has been proposed.

ACKNOWLEDGMENT

We thank ULICE for their technical support in extraction and
characterization of arabinoxylans. We gratefully acknowledge
Dr. J. A. Quazada-Gallo for his contribution to this work.

LITERATURE CITED

(1) Guilbert, S. Technology and application of edible protective
films. In Food Packaging and Preseation: Theory and
Practice; Mathlouthi, M., Ed.; Elsevier Applied Science: Lon-
don, U.K., 1986; pp 371—394.

(2) Kester, J.J.; Fennema, O. R. Edible films and coatings: a review.

Food Technol1986,48, 47-59.

(3) Krochta, J. M.; De Mulder-Johnston, C. Edible and Biodegrad-
able Polymer Films: Challenges and Opportuniti€aod
Technol.1997,51 (2), 61—74.

(4) Koelsch, C. M.; Labuza, T. P. Functional, Physical and Mor-
phological Properties of Methylcellulose and Fatty Acid-Based
Edible BarriersJ. Food Sci. Technoll992,54, 1383—1389.

(5) Gontard, N.; Duchez, C.; Cuq, J. L.; Guilbert, S. Edible
Composite Films of Wheat Gluten and Lipids: Water Vapour
Permeability and Other Physical Propertig®. J. Food Sci.
Technol.1994,29, 39-50.

(6) Quezada-Gallo, J. A.; Debeaufort, F.; Callegarin, F.; Vailley,
A. Lipid hydrophobicity, physical state and distribution effects
on emulsion-based edible filmg. Membr. Sci 2000, 4678,
1-10.

Effects on Water Vapor Permeability of Whey Protein-Beeswax
Edible emulsion FilmsJ. Food Process. Preser 1994, 18,
173—188.

(21) Pérez-Gago, M. B.; Krochta, J. M. Lipid Particle Size Effect on
Water Vapor Permeability and Mechanical Properties of Whey
Protein/Beeswax Emulsion Film§. Agric. Food Chem2001,

49, 996—1002.

(22) Holmberg, C.; Nilsson, S.; Singh, S. K.; Sundela. O.
Hydrodynamic and Thermodynamic Aspects of the SDS-EHEC-
Water SystemJ. Phys. Chem1992,96, 871—876.

(23) Nilsson, S.; Holmberg, C.; Sundeldf, L. O. Aggregation num-
bers of SDS micelles formed on EHEC. A steady-state fluor-
escence quenching studgolloid Polym. Sci1995,273, 83~
95.

(24) Fairley, P.; Krochta, J. M.; German, J. B. Interfacial interactions
in edible emulsion films from whey protein isolat&ood
Hydrocolloids1997,11, 245—252.

(25) Demetriades, K.; McClements, D. J. Influence of sodium dodecyl
sulfate on the physicochemical properties of whey protein-
stabilized emulsion<olloids Surf. A: Physiochem. Eng. Aspects
2000,161, 391—400.

(26) Rhim, J. W.; Wu, Y.; Weller, C. L.; Schnepf, M. Physical
characteristics of emulsified soy protein-fatty acid composite
films. Sci. Alimentsl999,19 (1), 57—71.

(27) Debeaufort, F. Etude des Transferts de matiere au travers de films
d’emballages-Perméation de I'eau et de substances drea@n
relation avec les propries physico-chimiques des films comes-
tibles. Ph.D. Thesis, Université de Bourgogne, Dijon, France,
1994.

(28) Malvern MastersizeMastersizer Operators Guid®&AN 0247,
Issue 2.0; Malvern Instruments Ltd.: 1998, 1999.



Food Preservation by Edible Films and Coatings

(29) Stockham, J. D. What is particle size: The relationship among
statistical diameters. IRarticle Size AnalysjsStockham, J. D.,
Fochtman, E. G., Ed.s; Ann Arbor Science Publishers: Ann
Arbor, MI, 1978; pp 1—-12.

(30) Greener-Donhowe, |.; Fennema, O. The Effects of Plasticizers
on crystallinity, Permeability, and Mechanical Properties of
Methylcellulose films.J. Food Process. Preserl993,17, 231—
246.

(31) Phan The, D.; Debeaufort, F.; Peroval, C.; Courthaudon, J.-L.;
Voilley, A. Arabinoxylan-lipid-based edible films and coatings:
3. Influence of drying temperature on film structure and func-
tional propertiesJ. Agric. Food Chem2002,50, 2423—2428.

(32) Gennadios, A.; Weller, C. L.; Gooding, C. H. Measurement
Errors in Water Vapor Permeability of Highly Permeable,
hydrophilic Edible FilmsJ. Food Eng.1994,21, 395—409.

(33) Gontard, N.; Guilbert, S.; Cuq, J. L. Edible Wheat Gluten
Films: Influence of the Main Process Variables on Film
Properties using Response Surface Methodoldgyood Sci.
1992,57 (1), 190—199.

(34) Park, H. J.; Chinnan, M. S. Gas and Water Vapor Barrier
Properties of Edible Films from Protein and Cellulosic Materials.
J. Food Eng.1995,25, 497—507.

J. Agric. Food Chem., Vol. 50, No. 14, 2002 3983

(36) Sanchez, A. C.; Popineau, Y.; Mangavel, C.; Larré, C.; Guéguen,
J. Effect of Different Plasticizers on the Mechanical and Surface
Properties of Wheat Gliadin Films. Agric. Food Cheml1998,

46, 4539—4544.

(37) Martin-Polo, M.; Maugin, C.; Voilley, A. Hydrophobic Films
and Their Efficiency against Moisture Transfer. 1. Influence of
the Film Preparation Techniqué. Agric. Food Chem1992,

40, 407—412.

(38) Park, H. J.; Weller, C. L.; Vergano, P. J.; Testin, R. F. Perm-
eabilty and Mechanical Properties of Cellulose-Based Edible
Films. J. Food Sci.1993,58, 1361—1370.

(39) Aydt, T. P.; Weller, C. L.; Testin, R. F. Mechanical and Barrier
Properties of Edible Corn and Wheat Protein Filnisans.
A.S.A.E1991,34 (1), 207—211.

(40) Handa, A.; Gennadios, A.; Hanna, M. A.; Weller, C. L.; Kuroda,
N. Physical and Molecular Properties of Egg-white Lipid Films.
J. Food Sci.1999,64, 860—864.

Received for review December 11, 2001. Revised manuscript received
April 25, 2002. Accepted May 9, 2002. We thank the Ministee de

(35) Quezada-Gallo, J. A Influence de la structure et de la composition |'Education Nationale, de la Recherche et de la Technologie, for
de réseaux macromoléculaires sur les transferts de moléculesfinancial support throughout the REACTIF Program.

volatiles (eau, aréme). Application aux emballages comestible
et plastiques. Ph.D. Thesis, Université de Bourgogne, Dijon,
France, 1999.

JF0116449



