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Functional Properties of Edible Agar-Based and Starch-Based
Films for Food Quality Preservation

THE D. PHaN,T F. DEBEAUFORT,* T8 D. Luu,” AND A. VOILLEY T

ENSBANA-IMSAPS, Université de Bourgogne, 1 esplanade Erasme, F-21000 Dijon, France;
IUT-Génie Biologique, Boulevard Dr. Petitiean, B.P. 17867, F-21078 Dijon Cedex, France; and
University of Technology, 268 Ly Thuong Kiet, HoChiMinh City, Vietham

Edible films made of agar (AG), cassava starch (CAS), normal rice starch (NRS), and waxy (glutinous)
rice starch (WRS) were elaborated and tested for a potential use as edible packaging or coating.
Their water vapor permeabilities (WVP) were comparable with those of most of the polysaccharide-
based films and with some protein-based films. Depending on the environmental moisture pressure,
the WVP of the films varies and remains constant when the relative humidity (RH) is >84%. Equilibrium
sorption isotherms of these films have been measured; the Guggenheim—Anderson—de Boer (GAB)
model was used to describe the sorption isotherm and contributed to a better knowledge of hydration
properties. Surface hydrophobicity and wettability of these films were also investigated using the
sessile drop contact angle method. The results obtained suggested the migration of the lipid fraction
toward evaporation surface during film drying. Among these polysaccharide-based films, AG-based
film and CAS-based film displayed more interesting mechanical properties: they are transparent,
clear, homogeneous, flexible, and easily handled. NRS- and WRS-based films were relatively brittle
and have a low tension resistance. Microstructure of film cross section was observed by environmental
scanning electron microscopy to better understand the effect of the structure on the functional
properties. The results suggest that AG-based film and CAS-based films, which show better functional
properties, are promising systems to be used as food packaging or coating instead of NRS- and
WRS-based films.

KEYWORDS: Water vapor permeability; water absorption rate; surface hydrophobicity; sorption isotherm;
agar; rice starch; cassava starch

INTRODUCTION during the manufacture. Consequently, films made from different
types of polysaccharides are possible to display a wide range
f properties 8). The polysaccharides may be classified on the
asis of both their physical properties and their composition in
monosaccharides. Starch and agar are obviously different in their
component units, but they can be also distinguished by their
f chemical structure, starch being granular and agar being fibrous
(4). For the film formation and properties, these structure
differences are important: starch forms a thick gel after
gelatinization, whereas, even at high concentratierb w/w),

agar forms a slightly viscous solution after solubilization in hot

Since the end of the 1980s, edible films and coatings have
been used as innovative food packagings that have been definetg
as “a type of packaging that like (is) a film, a sheet, a thin
layer or coating and it is the integral part of (the) food and can
be eaten together with (it)"1j. It has been introduced as a
barrier layer to improve the consumer-acceptable shelf life o
food products. The protective function of edible film and coating
is to prevent the transfer of moisture, oxygen, flavor, and/or oil
content between food and the surrounding medium and/or
between different compartments in a heterogeneous food. X
Usually, the film-forming substances are based on proteins, Water and then becomes a thermoreversible gel when the
polysaccharides, lipids, and resins or on a combination of thesel€MPerature is brought down.

). Starch is mainly composed of two macromolecular polymers

With regard to the polysaccharides, because of their wide Of a-D-glucopyranosyl, amylose, and amylopectin. Amylose is
variety of structures, various film-forming behaviors may occur @ linear glucan withoa,1—4 glycosidic linkages and has a

molecular mass between3and 16 g-mol~! (5). Conversely,
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to 24%, and a formation of a translucent gel with high viscosity fixed at 40°C and 30% RH, respectively. The CAS, NRS, WRS, and
and a tendency to retrograde was observed after a-hezisture AX films were prepared according to the same procedure except that
treatment (7). On the other hand, the amylose content in rice the film-forming solutions was composed of 5 g for the CAS and NRS
has been reported to vary from 0 to 33%. Rice varieties may films, 4 g for the WRS film, and 16 g for the AX film in 100 mL of
be classified as waxy (or glutinous), very low, low, intermediate, Wat€"- In the case of AG and AX, the choice of concentration for film-
or high with 02, 5-12, 12-20, 20-25, and>25% of apparent forming solutions was based mainly on their solubility in hot water

. ) . and solution viscosity, allowing its spreading for the film formation.
amylose, respectivel\g]. Starches separated from various rice ; fims of CAS. NRS, and WRS, the dry matter was chosen to obtain

cultivars showed Sig_nificant diff_erences in physicochemical, an appropriate viscosity that facilitates the air bubbles’ removal by
thermal, and rheological properties (9). vacuum. For the HPMC film, a solutiorf & g of HPMC dissolved in

Agar, which exists in algae as a gel at the temperature of the 100 mL of water/ethyl alcohol mixture (75:25, w/w) was prepared;
natural environment, is a gelatinous product from the red algae casting and drying remained the same procedure as that previously
class (Rhodophyceae). Agar is a heterogeneous complex mixturefescribed. o _ _
of related polysaccharides having the same backbone chain Cheml_cal Analy5|s.N|trogen co[ltenthas determined accordm_g
structure. The main components of the chain mgalactopy- to the micro-Kjeldahl method (Buchi AG B-339), and then protein

. content was calculated as:N6.25. The lipid content was determined

ranose and 3,6-anhydregalactopyranose, which alternate

- - ~using the Soxhlet method with diethyl ether as solvent. Total starch,
througho-(1,4) andp-(1,3) linkages. Agar is lightly sulfated; 5 viose, and amylopectin contents were determined according to the

the main fractions are agarose, a neutral polymer, and agaro-method of Jarvis and Walker12). Defatted starch (20 mg) was
pectin, a sulfated polymer. In addition, the charged chains havedissolved in 5 mL of 1 M KOH solution, and then 5 mL of distilled
pyruvic acid bound in ketal form. Depending on the source of water was added. Next, 1 mL of this solution was neutralized with 5
the agar, the molecular weight of the chains varies from 80 000 mL of 0.1 M HCI, iodine reagent (0.5 mL) was added, and the volume
to 140 000. Agar is insoluble in cold water and slightly soluble was made up to 50 mL with distilled water. All measurements were

in ethanolamine, whereas in the dried state, it is soluble in hot carried out at room temperature (18). Absorbances were read, using
water (10,11). a Varian DMS80 spectrophotometer, at the following wavelengths: 504,

Polvsaccharide film-formina materials such as starch and 525, 548, 580, 630, 700, and 800 nm. Pairs of simultaneous equations
y 9 based on Beer’s law were used.

starch derivatives, cellulose derivatives, alginate, carrageenan,

chitosan, pectinate, and various gums have been studied AbS; = Ej g1 X Cam+ Egap1 X Cap
extensively for the development of edible packaging. However, ’ '
few studies have been carried out on edible films made from Abs, = Ej amo X Cam+ Egap2 X Cyp

rice starch, cassava starch, and agar. On the other hand, these

materials are produced in Vietnam for use in the manufacture Abs; and Abs are the sample absorbance at the first and second
of foodstuffs. Indeed, although rice starch and cassava starchwavelengthsFoamiandEoamz2are the absorptivities of amylose at the
are efficient thickeners and binding agents, they are used mainlyfirst and second wavelength,ap1and Eoapoare the absorptivities of
and extensively in the production of soups, sauces, pastry filling, @mylopectin at the first and second wavelengtis; is the amylose
etc., whereas agar is usually used as a gel builder in candy andoncentration (ug-m’); and Cq is the amylopectin concentration
desserts. The low cost and the difference in their gel-forming “9'ML ). The following equations were derived from the above two
behaviors are the main driving forces inducing investigations simultaneous equations and used to estintaeand Cap

on new applications of these polysaccharides. The objective of (AbS, x Eq .0{Ey .00 — Abs,

this work is to study the potential use of these materials as edible o = 2pL02p

packaging and their functional properties. (Eo ama * Eo ap{Bo.apd ~ Eo.ams
_ Abs, — (EO,am1X Cam

MATERIALS AND METHODS

ap
EO,apl

Materials. Agar (AG) (food quality, Ha Long Co.), cassava starch
(CAS) (99.8% of starch), waxy rice starch (WRS) (91.4% of starch), A Microsoft Excel spreadsheet was used to solve these simultaneous
and normal rice starch (NRS) (99.1% of starch) (food grade, Tai Ky equations forCam and Cqp for each of 21 combinations of the seven
Food Enterprise) were used as the film-forming component to provide wavelengths and calculate the meanCaf, and C,p estimations.
a continuous matrix of edible film. Anhydrous glycerol (98% purity, Characterization of the Films. Film ThicknessThe thickness of
Fluka Chemical) was added to improve their mechanical properties. films was determined by using an electronic gauge (Multicheck FE,
Two homogeneous edible films were also composed of pure hydrox- SODEXIM) with a precision range between 0.1 and 1% as a function
ypropylmethylicellulose (HPMC; E15 LV Premium, Dow Chemical) of thickness value (0—100 or 0—100@n). Ten replicates were done
and arabinoxylan (AX, ULICE, D quality). They are used as a reference on each film-making.Film microstructure was also observed by
for comparison of the film properties. Two synthetic films were also environmental scanning electron microscopy (ESEM, Phillips XL 30
used as standards: a cellophane film (300P, Courtauld’s), hydrophilic ESEM). A 5 x 10 mn? film was fixed on the support using double-
but not soluble in water, and a low-density polyethylene film (LDPE, side adhesive tape, with an angle of 96 the surface, which allowed
Riblene FF30, EnChem). All of the test films are considered to be dense observation of the film cross section.
and nonporous. Water Vapor Permeability (WVPThe WVP at a relative humidity

Preparation of Homogeneous Edible Films.Agar films were differential of 5722, 84—22, or 99-22% was measured using a
obtained after solubilizationf® g of AG in 100 mL ofosmosed water modified French standard methadbBf, homologous to the ASTM E96-
at 95°C for 30 min under a 600 rpm magnetic stirring. Then, glycerol 80 method (14) and adapted to edible materials by Debeaufort et al.
was added at a concentration of 15% of the total dry basis. The film- (15) and McHugh et al.16). Prior to measurement of WVP, all film
forming solution was kept for 10 min under the same conditions of samples were equilibrated at 2& for 48 h in a desiccator over
temperature and stirring prior to being spread onto a glass plate thatpotassium acetate saturated solution {CEOH, Merck), which fixed
had been previously covered with a polyvinyl chloride adhesive sheet the RH at 22%. Film samples were then placed between two Teflon
to prevent the sticking of dried films. A continuous thickness of 1000 rings on the top of the glass cell containing a saturated salt solution of
um was applied for the cast solution using a thin-layer chromatography sodium bromide, potassium chloride (NaBr; KCI, Merck), or distilled
spreader. All of the film was dried fdb h in aventilated cupboard water, of which the water activities were 0.57, 0.84, and 0.99,
(KBF 240 Binder, ODIL) with temperature and relative humidity (RH)  respectively, at 25C. The test cell was introduced into a climate-
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Table 1. Main Composition of Film-Forming Materials Surface Hydrophobicity and Wettabilityhe surface hydrophobicity
and wettability of the film were evaluated from the contact angle
film-forming material measurement of water droplet deposited on the film surface using a
cassava normal rice waxy rice G1 Kriss goniometer (KRSS C_%mb.H) equpe(_j with image analysis
software (Drop Shape Analysis, KR8$). Kinetics of contact angle
agar starch starch starch L . ; . )
and liquid moisture adsorption rate were determined. Prior to measur-
carb%hydrates 93.78 99.80 99.11 91.44 ment, all film samples were conditioned at 57% RH and®@5
starc Mechanical Properties. Tensile strength at breaking (TS) and
amylose 26.78 19.50 3.64 . . . .
amylopectin 73.02 7961 87.80 percentage of elongation @pwere measured using a Universal Testing
protein 6.17 0.15 0.73 8.26 Instrument (Instron UTTI 1122, Instron Ltd.) wita 5 kNload cell.
lipid 0.05 0.04 0.13 0.28 Samples were stored at 57% RH over the sodium bromide saturated

solution for 10 days at 28C prior to measurement. A total of 20
samples for each type of film were stretched at a constant rate of 100
controlled chamber (KBF 240 Binder, ODIL) regulated at 22% RH mm min . The effective dimension of the film before the stretching
and 25°C. The test cell was periodically weighted to a constant weight was 20x 60 mn?.

variation rate. WVP (g mt s~ Pa!) was calculated using the equation Significance. Each film attribute was measured at least in triplicate,
and the differences between means were tested gt th@.05 level
WVP = AmxXx using Statgraph software.
A x At x Ap

whereAm s the weight loss (g) of the test celjs the film thickness RESULTS AND DISCUSSION

(mzf aZdA Is .efposed area (8.1« HW;Z) during At duration (s) The main composition of materials used in film formulation

underAp partial water vapor pressure (Pa). o is presented infable 1. The principal difference among the

Moisture Sorption Isotherm. The moisture sorption isotherm was . » o
three starches is the amylose content. In addition, the lipid

determined at 25C. Film samples were conditioned in a desiccator f th h f h be i |
for 7 days at0% RH to reduce the initial moisture content. Samples CONtent of these three types of starch seems to be inversely

were then placed over saturated salt solutions having the desired 22,Proportional to the amylose content. Cassava starch (CAS)
32, 57, 84, and 90% RH conditions. The equilibrium conditions were contains the highest amylose fraction but the lowest lipid
reached when the two consecutive weighings were equal. Equilibrium content. On the contrary, waxy rice starch (WRS) has the lowest
moisture content was calculated from the increase in mass of the sampleamylose fraction but the highest lipid content. It is important
after equilibration reported to the dried mass obtained after drying in to note that the protein fraction of WRS is relatively high in
an oven at 103C for 10 h. The GuggenheimAnderson—de Boer comparison with other starches.

(GAB) model was used to fit film sorption isotherm data The film obtained from an aqueous solution of 3% AG and

M,Cka, plasticized with glycerin was transparent, clear, homogeneous,
=1 kel —Kka FCK flexible, and easily handled. A similar appearance was observed
( A A a) for the film made of CAS, except it is less flexible than the

whereM is the equilibrium moisture content at the water actiagy AG-based film. However, _fllms obtained from th.e rice Starc_hes
Mo is the monolayer moisture conte@,is the Guggenheim constant, (NRS and WRS) were slightly opaque and brittle, especially
and k is the corrective constant taking into account properties of the WRS film. The average thickness of the films is given in
multilayer molecules with respect to the bulk liquid. GAB equation Table 2. AG- and WRS-based films have the same range of
parameters were calculated from the Water Analysis software (ver. 97.4)thickness, which is from 35 to 38m, whereas that of CAS
performed by Labuza (2000). and NRS is slightly higher, varying between 48 and/0.

Film Solubility. The film solubility was determined at 2&; for These differences could be due to the differences in the viscosity
this purpose, the film samples at first were kept in a desiccator gnd the matter concentration of the film-forming solutions. The
cor_1taining silica gel (Si@ Prolabo) _until the_y reached a constant A golution is slightly viscous, whereas CAS and NRS form a
weight, and then~500 mg of each film was immersed in a beaker i oo after gelatinization; their thickness is thus higher than

containing 50 mL of distilled water under 500 rpm magnetic stirring . .
for 24 h. The content in the beaker was filtered using a glass microfiber that of AG-based film. Moreover, the lower thickness of WRS-

filter (catalog no. 1822 090, Whatman). The insoluble matter was P@sed film could be explained by its lower film-forming gel
determined according to the oven method at 165The percentage ~ concentration. It could be noted that the film thickness, to some

of soluble matter (%SM) of the films was calculated and referred to extent, can affect their functional properties such as WVP and
the initial dry sample weight. tensile strength. The reason should be the over-plasticizing effect

Table 2. Water Vapor Permeability, Contact Angle, and Water Adsorption Rate of Agar (AG), Cassava Starch (CAS), Normal Rice Starch (NRS),
and Waxy Rice Starch (WRS) Based Films and of Hydroxypropylmethylcellulose (HPMC), Arabinoxylan (AX), Cellophane, and Low-Density
Polyethylene (LDPE) Films at 25 °C?

I|p|q content water vapor permeability (10~ gm~ts~1Pa~?) Water‘
in raw contact adsorption
composition of film material (9/100g)  thickness (um)  ARH =22-57%  ARH=22-84%  ARH = 22-99% angle (deg) rate (103 uL s7%)

AG +15% glycerin 0.05 37.38+1.17 7.21+0.320b 1252 £0.295cd  13.70 +£0.935h 92.58 +3.48¢c 143 + 27hc
CAS + 15% glycerin 0.04 47.77+581 5.58 + 0.226a 11.19 +1.003c 11.22 + 0.696ab 50.44 £ 4.42a 478 + 54d
NRS + 15% glycerin 0.13 49.12+9.73 7.23+1.087b 16.59 + 2.604e 16.75 £ 1.811c 90.13 +4.68¢c 88+ 24b
WRS + 15% glycerin 0.28 34.96 +7.47 12.26 + 1.650c 21.49 + 3.450f 21.03 +3.941d 92.57+2.12¢c 829 + 69e
HPMC + 15% glycerin 0.00 35.33+2.58 nd® 19.73 + 0.556f nd 64.59 +1.26b 444 + 25d
AX + 15% glycerin nd 57.82 +2.16 nd 13.70 +0.720d nd 65.55 £ 3.77b 193 + 27c
cellophane 0 22,00 £0.41 454 +0.134a 7.94+£0.253h 8.37+£0.072a nd nd
LDPE 0 30.00 nd 0.19 +0.010a nd 105.45 + 0.52d 20 £ 09a

2Values in the same column followed by the same letter are not significantly different at the p < 0.05 level. ® Not determined.
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Figure 1. ESEM micrographs (x1000) of the cross section of AG-, CAS-, NRS-, and WRS-based films.

of water when the film is exposed to the high relative humidity. Consequently, in our case, the WVP of the films can be
However, several authors observed that film WVP is not compared and discussed for the reason that the film thickness
significantly affected because the thickness is over a range ofis in a range of 3550 um.
30—60um (2, 17—19). Moreover, as the barrier thickness is FromTable 2it is evident that all of the edible films obtained
taken into account with the WVP and mechanical properties, exhibited poor moisture barrier properties compared to LDPE
they could be compared and discussed even if the film thicknessbecause of the inherent hydrophilicity of the polysaccharides
is slightly different. and the plasticizers used in the formulations. They have WVP
Film Microstructure. Environmental scanning electron nearly 2—3 times greater than that of cellophane (hydrophilic
microscopy (ESEM) observations of cross sections of films are synthetic film) and nearly 2 orders of magnitude greater than
reported inFigure 1. The films were cut with a razor blade that of LDPE film. However, they are of the same order of
prior to ESEM observation; therefore, some defects could be magnitude as that of gluten film238) or whey protein films
observed on some film cross sections. An AG-based film (24). For the same reasons, environmental RH and moisture
micrograph shows a relatively smooth and continuous cross pressure gradient significantly affect the WVP of the films
section without pores or cracks, which confirms a dense and studied. Indeed, our results show that WVP increases with RH
homogeneous structure. This may result from a formation of gradient. Nevertheless, the WVP measured at8%6 and those
strong and homogeneous AG gel prior to setting of the film. A at 99—22% RH differential were not significantly different.
micrograph cross section of starch-based films displayed anWVP of films tends to reach a plateau at high moisture
irregular and rough structure. This suggests a heterogeneougnvironments. In this case, the moisture tends to plasticize the
structure due to the retrogradation and partial crystallization of biopolymer network, which probably swells at RH up to 80%.
gelatinized starch before the formation of the film. However, Therefore, the “swollen network of starch or agar facilitate(s)
at this magnification (1000x), the micrograph does not allow the diffusion of water molecules”. On the other hand, for edible
one to detect the network structure of the films to ensure their films, water is a common plasticizer, and the adsorption of water
structural homogeneity and structural integrity. can convert the film glassy state into an amorphous rubbery
WVP of Films. WVP of films for the relative humidity state. In this case, the internal viscosity decreases and internal
differentials of 5722, 84—22, and 9922% was measured at  mobility increases; the water molecule diffusion into and through
25°C. WVP values are presentedTiable 2. It is well-known rubbery material is thus more rapid than through the glassy
that thickness influences the transfer rate and thus the perme-material. Consequently, the exposure of one of the film sides
ability of moisture through edible films2Q, 21). Fick's law to high environmental humidity could induce this transition,
requires that permeance, under a given vapor pressure gradientyvhich may affect their WVP. Moreover, from mechanical
should vary inversely with film thickness. However, many measurement (discussed later), the shape of stetssn curves
authors observed that WVP is not significantly affected because (Figure 6) gives an idea of the state of the material at 53% RH
the thickness is over a range of 30—&0n (2, 17—19). and 25°C according to the works of Gibson and Ashiapy.
Therefore, if the permeability is a property of the film and is Indeed, AG-based film exhibits a typical ruberry behavior with
homogeneous throughout the film, the value will be unaffected a large extension, whereas NRS and WRS are in a glassy state
by film thickness and becomes the intrinsic permeabil®g)( characterized by a linear-elasticity to fracture. For CAS-based
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Figure 2. Water vapor permeability as a function of amylopectin content in starch-based films.

film, a yield point followed by a small extension shows that 100
this film is near the glass transition state.
Compared to starch films, at 522% RH differential AG- 90

based film has a WVP higher than that of CAS film, but it is
nearly the same value as that of rice starch films. However, in
the case of high water vapor pressure, the WVP of AG-based
film was comparable with that of CAS film and significantly
lower than that of rice starch films. Consequently, the moisture
barrier of films seems to depend not only on the RH environ-
ment but also on the nature and chemical structure of the film-
forming substancel({). The differences in apparent cross-section
micrographs may contribute to some extent to the differences
in WVP; the more compact and homogeneous structure of AG-
based film and CAS starch film leads to a lower WVP.

Among starch-based films, it could be also noticed that CAS
film seems to have a better moisture barrier efficiency than
WRS-based film. As all starch films were prepared according
to the same process, this difference can be due to the variation
of amylose content in film-forming starche&6, 27). The ‘ . ‘ ,
percentage of amylose and amylopectin in the film-forming raw 0 02 04 06 038 1
materials was thus determined. As showirigure 2, the WVP
of the films is directly proportional to the amylopectin content.
Similar results on the better barrier property of amylose films
compared with that of amylopectin films were reported by Figure 3. Isotherm sorption of AG-, CAS-, NRS-, and WRS-based films:
Rindlaw-Westling et al. (28). On the other hand, the effect of (@ O, 4, <) experimental points; (—) GAB model.
amylose content on the WVP of the starch-based films could )
be suggested by the crystallization of amylose chains in the dried 120€ 3. GAB Equation Parameters for AG, CAS, NRS, and WRS
films as demonstrated Mylldrinen et aR9); amylose films Films at 25 °C

y ; amy

moisture content (gH,O/g dry matter)
3
O
[ ——

water activity
OAG O CAS ANRS O WRS

showed B-type crystalline structures, whereas amylopectin films My (g of H;0!

were completely amorphous. Indeed, diffusion of moisture is  composition of film g of solids) C K R?

easier in amorphous systems than in crystalline one. AG + 15% glycerin 0.0793 12697 0.9432 0.99
Moisture Isotherm Sorption. The GAB equation was CAS + 15% glycerin 0.0546 11.897 0.9014 0.982

applied to sorption isotherms of the films studied. The GAB  NRS +15% glycerin 0.0487 17.051 0.9148 0.982

equation parameters have been determined and are presented?/RS *+15% glycerin 0.0491 38457 09342 0983

in Table 3. The values ok (<1) and the correlation coefficient

(R? > 0.98) show that the GAB equation gives a good fit to . . . ) )
experimental valuesFigure 3 represents a GAB moisture !sothe_rm is yvell qlted in the literature for most food material,

sorption isotherm curve of the films at 2&. In general, the  including edible films (3031).

moisture sorption isotherm of all of the films studied displays =~ Gennadios et al.32) reported that the hydrophilic charac-

sigmoidal shape and indicates that the equilibrium moisture teristic (evaluated from moisture sorption behavior) of film

content increases slowly with increasing environmeaalip polymers was the most important factor in determining the RH
to 0.7, beyond which a steep rise in moisture content in film sensitivity of films. Indeed. AG-based film shows higher

samples was observed. The sigmoidal shape of the sorptionmonolayer moisture content compared to all starch films, which
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_ 80 125 0.06%; this value allows us to suggest that AG-based film is
e insoluble in water. In reality, the film was swollen but remains
i 50 | W o intact even under moderate stirring during 24 h. Conversely,
S, [y the solubility of CAS-based film was 79.33%; this film was
S a0 | & " considered to be partially soluble and is completely disinte-
= 5 grated. No particle of the film could be observed in water. For
‘"‘é A g’:‘s NRS-based film and WRS-based film, the solubilities are 0.84
g% H - © o and 17.99%, respectively; they were also partially soluble but
% LIS much less than that of CAS-based film. NRS-based film was
2 20 | 2 %5 3 disintegrated, but numerous big particles were observed, whereas
£ . g very small particles were shown in the case of WRS.
E 10 & g Surface Hydrophobicity and Wettability. Contact angle
3 (surface hydrophobicity) and water adsorption rate (wettability)
Loy 0 of the films were used to estimate the resistance of the films to
AG CAS NRS GRS liquid moisture transfer. The values are givenTiable 2, and
Figure 5 shows the initial shape of the deposited water droplet
[J Moisture content at 57% RH & permeability at ARH : 57-22% on which the contact angle was measured. Except the LDPE, a
— HOKHIIR POt AR e T o Pefmemtilty gl A o= hydrophobic film used as reference, which displays the highest
Moisture content at 99% RH A permeability at ARH : 99-22% value of contact angle, WRS- and NRS-based films exhibit a
Figure 4. Relationship between equilibrium moisture content and higher value compared to CAS-based film. This difference may
permeability of AG-, CAS-, NRS-, and WRS-based films. be attributed to the fact that rice starch contains more lipid than

cassava starch (0.28, 0.13, and 0.04% in WRS, NRS, and CAS,

indicated that the monolayer moisture content and moisture respectively) and eventually the migration of lipid to the
sorption were attributable to the nature of the film-forming evaporation surface as observed Debeaufort et38) for
substance. Combined with sorption isotherm curveSigure emulsified films when the drying temperature is higher than
3, it could be deduced that the AG-based film is more the melting point of lipid component. Besides this, the initial
hygroscopic than starch-based films, whereas no significant contact angle of AG-based film was found to be higher than
difference is observed between starch films in terms of moisture that of HPMC film and AX film (the two other films based on
sorption. Thus, the AG-based film absorbs higher amounts of fihrous film-forming substances). In this case, the contact angle
moisture than starch films in the same RH conditions. This trend ¢qyid be affected by the solubility in cold water of HPMC film
is due to the more hydrophilic characteristics of AG compared ang AX film. Moreover, the sensitivity of films to the liquid
to starch. moisture transfer was evaluated by the determination of the

Related to the WVPFigure 4 gives the equilibrium moisture  adsorption rate of the water droplet. However, this characteristic
contents of films at 57, 84, and 99% RH and their WVP of might be affected when the excess water evaporates during the
films studied at 5722, 84—22, and 9922% RH conditions. measurement; thus, the “adsorption” rate of LDPE was deter-
It could be assumed that although the WVP depends on themined to estimate the evaporation rate of the measurement,
RH gradient, adsorbed moisture has a plasticizing effect on considering that LDPE does not significantly absorb water
films, thereby WVP tends to steady when one side of the film during the measurement. The results show the liquid water
is exposed to high environmental RH. This sensitivity to the adsorption rate varies inversely with contact angle except for
environmental humidity confirms the hydrophilic nature of film-  the case of WRS film. The higher the contact angle is, the lower
forming polymers. However, AG-based film was recognized the adsorption rate is. The WRS film does not obey this trend,
as the most hydrophilic film, but its WVP was comparable with  probably due to its disintegrative property in cold water and its
that of CAS film and significantly lower than that of NRS and  partial solubilization in the droplet. The contact angle and water
WRS films. The hydrophilic nature of the film-forming sub-  adsorption rate of cellophane film were not determined because
stance limits their ability to form films with good moisture  the surface of the film is so hydrophilic that the water droplet
barrier ability; however, the results obtained do not confirm that spreads out as soon as it is depositeidure 5 displays the
the more hydrophilic the film is, the poorer its water vapor changes in volume of the water droplet deposited on the films
barrier is. as a function of time after the deposition. Differences in the

It can be also observed that tikevalue of WRS is clearly ~ overall wetting behaviors of the films could be observed. In
higher than that of CAS- and NRS-based films. According to the case of AG-based film, the film is flexible and hygroscopic
Timmermann et al.33), C is the energy constant, related to  but insoluble in cold water, which displays a hydration at the
the difference of chemical potential of the adsorbed molecules first time followed by a regular adsorption rate. Inversely, CAS-
in the monolayer (first sorbed state) and in the upper sorption based film exhibits at first time a very short steady step, then a
layers. Moreover, water molecules are associated with each typepromptly declining step, probably due to the solubility of the
of biopolymer by different mechanism&d). Thus, the value  film in cold water and a stability in final step. The liquid water
of C constant for WRS film may be attributed to the high adsorption rate of the NRS-based film was nearly linear, whereas
amylopectin and protein fractiongdble 1), for which water ~ WRS displays a high rate the first time and becomes constant
attraction is more important than amylose chains in the low in the following step. The low rate observed in the final step of
range ofa,. Moreover, Al-Muhtaseb et al3¢) show that in  liquid water adsorption of some films could suggest that after
the case of sorptiorC constant for high-amylopectin starch is  the liquid water adsorbed, the physical state of the film surface
always higher than that of high-amylose starch in the temper- js drastically changed, especially when the film was dissolved
ature range from 30 to 6TC. or completely hydrated. Indeed, when a polymer matrix in a

Solubility in Water. Solubility in water of the films was glassy state is transformed into a rubber state by adsorbing water,
determined at 25C. AG-based film shows a solubility of the loss of molecular arrangements occurs spontaneously. This
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Figure 5. Water drop shape and chages in volume of water drop deposit on AG-, CAS-, NRS-, and WRS-based films as a function of time after the drop
deposition.

phenomenon for g|assy p0|ymers is genera”y referred to as Table 4. Tensile Strengthland Percentage of EIongation of AG-, CAS-,
network relaxation and directly affects physical attributes of the NRS-, and WRS-Based Films and of HPMC, AX, Cellophane, and
materials (36). Then, the disposal water for the sorption was LDPE Films®

restricted, and this phenomenon can only occur at the periphery

t the d let Th bv. th | td ited d et film tensile strength (MPa) elongation (%)
geco%ersoﬁn?teafr?d thee;?js)cl)’rpti(e;r:/ (r)aLtj(ran reegch(:spgspl)lgteaao\?a?ue AG + 15% glycerin 42.11+3.27d 651 +096c
i . CAS + 15% glycerin 35.17 + 4.60c 2.64 +0.73ab
corresponding to the evaporation rate. NRS + 15% glycerin 28.85 + 3.530¢ 2.07 +0.49
Mechanical Properties.Tensile strength (TS) and percentage ~ WRS + 15% glycerin 851+312a 0.72+0.16a
of elongation (%) at the break point of the films studied are HPMC + 15% glycerin 31.89+4.3%c 11.08 +3.70d
presented ifable 4, andFigure 6 displays their typical force AX+15% glycerin 2230297 5.46 + 1.89bc
deformation curves. It could be noted that when the effective  cellophane® 55-124 16-60
dimension of the film sample before the stretching is constant, ~LPPE® 9-17 500

it is evident that the load of break is directly proportional to . —
initial film thickness. For this reason. TS values are normalized 2Values in the same column followed by the same letter are not significantly
by dividing the strength at breaking by the initial cross-section dfferent at p<0.05 level. *Taylor 1986. ©Briston 1986.
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Figure 6. Typical force—deformation curves for AG-based (a), CAS-based
(b), NRS-based (c), and WRS-based (d) films.

area of film samples. Therefore, the value should not be affected
by film thickness. Starch and agar films exhibit a stronger tensile
resistance compared to most protein filr33,(38). Except for
WRS film, all of the films tested have higher TS than the LDPE
film. Especially, AG-based film appears to have TS as high as
cellophane and significantly higher than that of starch-based
films. On the other hand, the TS of CAS-based film and NRS-
based films was comparable to that of HPMC film. Only the
WRS film displays a weak mechanical resistance. Values
obtained for starch films allow us to note that TS of the films
tends to increase with the amylose content. CAS-based film with
27% amylose has an average TS of 35.17 MPa, NRS-based film
containing 19.5% amylose displays a TS close to 28.85 MPA,
and the TS of WRS-based film is 8.51 MPa with 3.6% amylose.
Published mechanical results give similar values: Rindlav-
Westling et al. 28) and Lourdin et al.39) indicated that TS of
the films increases linearly with the amount of amylose.
Distinguished by physical properties of film-forming raw
materials, films made of fibrous materials such as AG or HPMC
offer stronger TS relative to films made of granular materials

Phan et al.

and HPMC-based film. Particularly, AG-based film exhibits a
high flexibility and is easy to handle. ESEM observations of
cross section allow, to some extent, explanation of the differ-
ences in mechanical properties of the films; the better mechan-
ical properties of AG-based film could be due to its more
compact and homogeneous structure compared to that of NRS-
and WRS-based films.

Conclusion. The moisture barrier properties of edible films
made of AG, CAS, NRS, and WRS are comparable to those of
other polysaccharides and their derivatives or some protein films.
The WVP of the films depends on the water vapor pressure
gradient and reaches a constant value at high environmental
RH above 84%. Among these films, because AG-based film
displays a higher moisture sorption at the same RH conditions,
it seems to have better moisture barrier properties than CAS
film. Due to their relatively high WVP values and their
hygroscopicity, the potential use of these films as moisture
barrier packaging or coating is restricted. However, some
polysaccharides, when used in the form of a high-moisture
gelatinous coating, will retard water loss from some foods during
short-term storage; the above studied films could be used in
the same way.

Except the WRS-based film, which exhibited poor mechanical
properties, AG-, CAS-, and NRS-based films display interesting
mechanical properties. Especially AG- and CAS-based films,
plasticized with glycerin, are transparent, clear, homogeneous,
flexible, and easily handled. Such mechanical properties give a
promising utility for their use as packaging or coating because
they can preserve not only the integrity of the products but also
other functional properties of the films themselves. It should
also be noted that the AG-based film was heat-sealable;
however, an accurate study would be required to evaluate this

property.
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associated with distribution and density of intermolecular and
intramolecular interactions allowed by the primary and spatial
structures40). For AG-based film, a three-dimensional network
is formed by the association of the small domains in which
double-helix linkages of the polymer chains were observed.
During the preparation of starch films, retrogradation of

gelatinized starch, a phenomenon in which molecules reassociate

into double-helix structure to retrieve a crystalline order, could
occur. According to Mylldrinen et al29) the crystallinity was
partial in amylose-based film; 23% of crystallinity was found
in amylose containing 10% glycerin and stored at 54% RH. It
could be suggested that the density of intramolecular interactions
is more important in AG-based film than in starch films;
consequently, film made of AG shows higher TS compared to
starch films.

Percentage of elongation (%E) of samples was determined
to estimate the stretchability of films. All of the films have lower
%E than synthetic ones and protein films such as soy protein,
wheat gluten41), or corn zein42) based films. FronTable
4, physical properties of film-forming raw materials also
influence %Eof films. AG, HPMC, and AX films, composed
of a fibrous biopolymer, are more stretchable than films made
of starch. Indeed, CAS-based film, NRS-based film, and WRS-
based film were stiffer and more brittle than AG-based film

mechanical properties of edible films and the chemical analysis
of film-forming materials.
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