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Amaranthus cruentus  Flour Edible Films: Influence of Stearic
Acid Addition, Plasticizer Concentration, and Emulsion Stirring
Speed on Water Vapor Permeability and Mechanical Properties
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Films forming solutions composed of Amaranth (Amaranthus cruentus) flour (4.0 g/100 mL), stearic
acid (5—15 g/100 g of flour), and glycerol (25—35 g/100 g of flour) were prepared by an emulsification
process, with varying stirring speed values (6640—13360 rpm). The influence of these parameters
(stearic acid and glycerol concentrations and stirring speed) on the water vapor barrier and mechanical
properties of films was evaluated using the response surface methodology (RSM). Other characteriza-
tions, including microstructure, water solubility, and oxygen permeability, were performed in optimized
films. According to statistical analysis results, the optimized conditions corresponded to 10 g of stearic
acid/100 g of flour, 26 g of glycerol/100 g of flour, and a stirring speed of 12 000 rpm. The films
produced under these conditions exhibited superior mechanical properties (2.5 N puncture force, 2.6
MPa tensile strength, and 148% elongation at break) in comparison to those of other protein and
polysaccharide composite films, low solubility (15.2%), and optimal barrier properties (WVP of 8.9 x
101 g m~1 s71 Pa! and oxygen permeability of 2.36 x 10713 cm3 m~1 s~1 Pal).
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INTRODUCTION mixture and consequently an interesting source of raw material

The potential of edible films made from a variety of materials for edible film technology (8). _ ) _
to control water transfer and improve food quality and shelf ~Amaranth (Amaranthusspp.) is a tiny grain 1 mm
life has been extensively reviewed in the past decagey ~  diameter) typical from South America, one speciesfuentuy
Polysaccharides and proteins derived from several sources ar@f Which is composed of £522% protein (rich in lysine), 3:0
the mainly studied materials, and the addition of lipid com- 11.5% fat, and 816% dietary fiber, depending on the cultiva-
ponents to improve the water vapor barrier of the films has been tion technique and environmental effects. The Amaranth main
the focus of a number of studie3«5). constituent is the starch (4852_%), which ha_s an amylose
The interest in combining polysaccharides, proteins, and lipids content of~10—19% (depending of the variety) and small
is due to the advantages and disadvantages of these componenf§@nule size (1 xm), characteristics that allow easier dispersion,
(6). Polysaccharides and proteins have good gas, aroma, an@nd hence, it may yield good properties in resultant fildi, (
lipid barriers and can also adhere to fruits or vegetable cut 11).
surfaces, but they are inefficient against water transfer because A composite film made of a protein or polysaccharide (or
of its hydrophilic characteristics. Lipids, on the other hand, offer from a mixture of both) and lipids can be divided into laminates
high water barrier properties; however, they form brittle films (lipid as a distinct layer within or atop the biopolymeric films)
causing anaerobic conditions at higher storage temperatures an@nd emulsions (lipid uniformly dispersed throughout the film
not sticking to hydrophilic cut surfaces (4). structure) 12). In the case of emulsified films, lipid particle
The use of natural blends of protein, polysaccharides, and Size has a great influence on the water vapor permeability.
lipids directly obtained from agricultural sources takes advantage According to Debeaufort and Voilley.8) and Perez-Gago and
of each component in the original system and appears to be aKrochta (14), the barrier efficiency increases with the decrease
new opportunity for material in the area of edible filng 9). in lipid globule size and with the distribution of homogeneous

The Amaranthus cruentufour can be considered such a natural hydrophobic substances. Therefore, the stirring speed during
the emulsification process can be considered as an important

* Corresponding author. Telephone:55-19-37884088. Fax:55-19- factor in obtaining homogeneous films and had a great influence
37884027. E-mail: fcm@fea.unicamp.br (F.C.M.) or pjsobral@usp.br on their performance (15).
(P'T‘];:déﬁ'fjh,CAMp. The aim of this work was to produce composite filmsfof

¥ ZEA-FZEA-USP. cruentusflour and stearic acid, to provide an additional water
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Table 1. Central Composite Design Matrix with Code and Real Values of the Variables and Responses to Water Vapor Permeability (WVP) and
Mechanical Properties (PF, TS, and ELO)?

[stearic acid] (x1)? [glycerol] (x,) stirring speed WVP
run (9/100 g of flour) (9/100 g of flour) (x3)? (rpm) (x1000gm-1s~1pPal) PF (N) TS (MPa) ELO (%)
1 7(-1) 27 (1) 8000 (1) 197 18 20 120.1
2 13 (+1) 27 (-1) 8000 (-1) 153 18 17 210.0
3 7(-1) 33 (+1) 8000 (1) 210 1.2 21 269.3
4 13 (+1) 33 (+1) 8000 (~1) 1.80 12 0.8 344.3
5 7(-1) 27 (-1) 12000 (+1) 211 21 30 74.2
6 13 (+1) 27 (-1) 12000 (+1) 1.03 1.9 1.4 280.7
7 7(-1) 33 (+1) 12000 (+1) 153 14 11 4707
8 13 (+1) 33 (+1) 12000 (+1) 156 13 0.9 510.0
9 5 (-1.68) 30 (0) 10000 (0) 1.97 17 18 502.0
10 15 (+1.68) 30(0) 10000 (0) 1.25 15 14 620.0
1 10 (0) 25 (-1.68) 10000 (0) 1.25 21 2.3 1130
12 10(0) 35 (+1.68) 10000 (0) 1.67 11 08 4200
13 10 (0) 30 (0) 6640 (~1.68) 1.44 16 1.2 230.0
14 10(0) 30 (0) 13360 (+1.68) 1.33 2.0 20 3716
15 10 (0) 30(0) 10000 (0) 119 17 12 284.1
16 10(0) 30 (0) 10000 (0) 117 17 11 2772
17 10 (0) 30 (0) 10000 (0) 1.19 16 1.2 267.7

2PF, puncture force; TS, tensile strength; ELO, elongation at break. ? Independent variable values (the values in parentheses are the coded variable values).

vapor barrier to the films. The stearic acid was used because ofthe pH was adjusted. The heating process was maintained ur@,80

its highly regarded characteristics reported in the literature, when glycerol and stearic acid were added. After the lipid had melted,
especially the melting point (67—6%), which is compatible ~ the hot solution was immediately emulsified using an Ultra-Turrax
with the denaturation temperature of the proteins present in E(r)aTz(i)l)g?grlzs?rmi(rrpg?g:)ezjs\_/iﬁjseg dlg‘ﬁ]e\(ljvg;/kfhfgzgri?gr?tnggsuign
amaranth flour,~70 °C according Martinez et al16). The )

response surface methodology was applied for the optimization(664o’ 8000, 10 000, 12 000, and 13 360 rpm). The solution was cooled

. . . . -~~~ "in an ice bath and kept under vacuum for the removal of air bubbles or
of stearic acid and plasticizer concentrations and the stirring any dissolved air, for approximately 3 h. Afterward, the filmogenic

speed of the suspension in the step of lipid emulsification. Other sojution was poured and spread evenly over a Teflon surface (18 cm
process parameters (temperature, pH adjustment, and dryingx 21 cm). The weight was controllee-0.01 g) with a semianalytical

conditions) were previously determined (8). balance (AM5500, Marte, Sdo Paulo, Brazil) to obtain a constant
thickness. The film-forming solutions were dehydrated in an oven with
MATERIALS AND METHODS air renewal and circulation with temperature and relative humidity

system controls (model MA 415UR, Marconi, Piracicaba, Brazil) at
Film Constituents and ReagentsMature seeds of Amaranth (A. 40 °C and 55% relative humidity (RH) for 1618 h, when the
cruentus) cultivar BRS Alegria were provided by Embrapa Cerrados equilibrium moisture was reached. Dried films were peeled off the
(Brazilian Company of Agropecuary Research, Federal District, Brazil). casting surface, cut into adequate samples, and conditioned°a 25
After being harvested, the seeds were cleaned up and stored’@t 20 and 58% RH in desiccators with a saturated solution of NaBr for 72 h
in sealed containers until they were tested. Glycerol, stearic acid, NaOH, prior to characterization. The film thickness was measured using a
and HCl were analytical reagent grade and were purchased from Synthmicrometer (model FOW72-229-001, Fowler, Newcastle, CA) with a
(Sao Paulo, Brazil). range of 6-1 in. and an accuracy of 0.0001 in. The mean thicknesses
Amaranth Flour Production. The production of amaranth flour  (micrometers) of the films were determined from the average of 15
was performed according to the methodology described by Perez et al.measurements made at five different locations.
(17) regarding minor modifications. Amaranth seeds (200 g) were  Experimental Design.A 23 full-factorial central composite design
steeped for 24 h in 1.0 L of a 0.25% (w/v) NaOH solution and were (star configuration) with 6 axial and 3 central points (triplicate only at
further washed with distilled water and milled with enough NaOH the central point), resulting in 17 experiments, was used to obtain a
solution at 5°C to avoid heating during milling. The ground slurry  second-order model for prediction of water vapor permeability and
was screened through three sieves: 80-, 200-, and 270-mesh. Themechanical properties (puncture force, tensile strength, and elongation
milling—sieving procedure was repeated four times until there was no at break) (dependent variable) as a function of three variables
more starchlike color in the ground slurry. The suspension containing (independent variables): stearic acid) (@nd glycerol (¥ concentra-
the amaranth flour was neutralized with 0.2 N HCl to recovery proteins, tions and stirring speedd). The statistical design and the coded and
which are soluble at alkaline pH values (reaching a maximum at pH real values of these variables are givenTable 1. All experiments
10), according to Salcedo-Chéavez et al. (18), and centrifuged at 840gwere performed randomly, and data were treated with the aid of
for 20 min. The precipitate was resuspended in distilled water and STATISTICA 5.0 from Statsoft Inc.
freeze-dried at-52 °C under vacuum for 48 h in a laboratory scale Characterization of Amaranth Flour Films. Amaranth flour films
freeze-drier (model FD3, Heto, Allerod, Denmark). The obtained flour were characterized by determinations of water vapor permeability
was passed through an 80-mesh sieve to standardize the final granu{WVP) and mechanical properties. The films obtained under optimized
lometry and stored at 5C in sealed containers until it was used. conditions (stearic acid and glycerol concentrations and stirring speed)
Preparation of Films and Conditioning. The amaranth flour were also analyzed by scanning electron microscopy (SEM), and the
concentration (4.0 g/100 mL solution) and pH (10.7, adjusted with 1.0 oxygen permeability and solubility in water were determined.
N NaOH) of the suspension for protein solubilization was previously Watervapor permeability (WVP{ests were conducted using ASTM
established, in a preliminary stud8)( The studied levels of glycerol (19), method E96-95, considering the modifications proposed by
(plasticizer) were 25, 27, 30, 33, and 35 g/100 g of flour, and for stearic Gontard et al. Z0). Each film sample was sealed over the circular
acid, the concentrations were 5, 7, 10, 13, and 15 g/100 g of flour, opening of a permeation cell containing silica gel. These cells were
defined according to the experimental design that was UBailé 1). placed on desiccators with distilled water kept at Za After the
Films were prepared using a solution of amaranth flour and distilled samples had reached steady-state conditiof®0(h), the cell weight
water, which was mixed until the temperature reached®G0when was measured each 24 h, for 7 days, using a semianalytic balance
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(AM5500, Marte). The WVP was calculated as RESULTS AND DISCUSSION

The films obtained from amaranth flour and stearic acid

(1) presented moderate opacity (yellowish color) with homogeneous

and smooth surfaces, and their thickness was in the range of
wherex is the average thickness of the amaranth flour fildss the 85_100/””.' According tp th.e 2central compos!te design, the
permeation area (0.00092°nAP is the difference between the partial results of film Characterlnglon are presented’able 1.
pressure of the atmosphere over silica gel and over pure water (3.168 Water Vapor Permeability. The lowest value of WVP,
kPa, at 25°C), and the ternw/t was calculated by linear regression among the results obtained for all formulations, was 103
using data of weight gain as a function of time. All tests were performed 1071°g m~1s™1 Pa'! (Table 1), referent to the film containing
in triplicate. 13% stearic acid and 27% glycerol, at a stirring speed of 12 000

Mechanical propertiesvere determined by puncture tests (puncture rpm (run 6). The highest WVP value (2.3110°°g m ! s1

force, PF) and tensile t.ests (tensi.le strength, TS, and elongation at breakpafl) was observed for the formulation obtained at the same
ELO) using a TA-XT2i Stable Micro Systems texture analyzer (SMS, - girring speed values and glycerol concentration; however, the

s oo e 5 e e ro, . SGATC acid conceriraion was. 7% (un ). Suggesiing an
Y - important effect of this fatty acid on the WVP.

moving at 1 mm/s (2021). Tensile strength and elongation at break ) ) )
measurements were acquired following the procedure outlined in ASTM ~ The WVP values obtained in this work were lower than those

method D882-97 (22). Sample films were cut into 2.54 cm wide strips Observed by other researches which worked with other biopoly-

at least 10 cm in length. The initial grip separation was set at 80 mm mers. Yang and Paulso24) reported values of 3.6% 1010

and the crosshead speed at 1.0 mm/s. The PF (newtons), TS (megag m~1 s1 Pa! for edible gellan films, emulsified with a 20%

pascals), and ELO (percent) were calculated using Texture Expert stearic/palmitic acid blend, while Anker et all%) observed

version 1.15 (SMS). At least five samples from each film were \yater vapor permeabilities 0£1.81 x 10°° g m ! st Pa'?

evaluated. . for whey protein isolate films with 11% acetylated monoglyc-
Oxygen permeabilityneasurements were performed on a Mocon o iqye 'Eor the films produced with corn starch emulsified with

Ox-Tran 2/20 instrument equipped with a Coulox sensor (Modern . . N -
: A : : 2.0 g/L of sunflower oil, Garcia et all§) indicated permeability
Control, Inc., Minneapolis, MN) operating according to ASTM standard !
P ) op 9 9 values of~1.94 x 10°1°g m1s1 Ppal

method D3985-8123) at atmospheric pressure and room temperature )
(25°C). The test cell was composed of two chambers separated by the The low values for WVP can be explained not only by the
films (5 cn®), one of them containing 100% oxygen and the other one amaranth flour composition but also by the use of stearic acid.
containing nitrogen, which induced the transfer of oxygen through the Considering that the amaranth flour used in this study exhibited
film to the coulometric sensor. The measurements were taken at 253 natural fat content of10% and that these native lipids are
°C, when oxygen flux had already stabilized, indicating that steady natyrally structured to the protein chair5], this condition
state was reached. The oxygen permeability (OP) was calculated byq\;|g perform one of the factors that improve the water vapor
dividing the oxygen transmission rate by the oxygen pressure and o jer of resultant films. Other important values determined

multiplying this result by the mean thickness of the sample. for amaranth flour composition were, on a dry basid,5%

Solubility in Water.The solubility was calculated as the percentage . . .
of dry matter of the film solubilized after immersion for 24 h in water Protein and~11% amylose. Taking into account the use of

at 25°C (20). Discs of film (2 cm diameter) were cut, weighed, —Stearic acid, among the carboxylic acids, many authors reported
immersed in 50 mL of distilled water, and slowly and periodically ~that stearic acid ({Hs¢O), followed by palmitic acid (GHz202),
agitated. The amount of dry matter of initial and final samples was exhibited the lowest water vapor permeability, which increases
determined by drying the samples at 15 for 24 h. according to the carbon number, since the nonpolar part of the
SEManalyses were performed using a Leica (Cambridge, England) molecule becomes larger (24).

model LEO440i sgannjng e_Iectron r_nicroscope op_erating at15kV.Fim  giatistical Analysis and Model Fitting to WVP. The effect
Sﬁmples Vl"ere ma'”ta'”e? ina ses'ccator with S"'Cﬁ gelfor 7 days and ggtimated for each variable, as well as the interactions between
then gently and randomly broken to investigate the cross section of them, was determined with the aid of STATISTICA version

the samples. A cylindrical aluminum stub cut like a straight chair, upon . . .
which the film was fixed using a double-sided cupper tape, was used 5.0, and the results are listed Trable 2. A regression analysis

in a specific way to permit the observation of the morphology of the Was performed to obtain a second-order model equation (eq 2)
cross section and the surfaces. Further, the stubs with films were coatedor WVP as a function of stearic acid and glycerol concentrations
with gold in a VG Microtech (Cambridge, England) model SC7620 and stirring speed. The statistical significance of this model was
sputter coater for 180 s at 4 mA. checked with ar test (ANOVA), and the results are given in

X

WVP =5

~|=

Table 2. Main Effects and Interaction Analysis for the Response of Water Vapor Permeability and Mechanical Properties of Puncture Force, Tensile
Strength, and Elongation at Break

Wvpa puncture force tensile strength elongation at break
effect (x10~10 standard effect  standard effect  standard effect standard
factor gm~ls~tPa) error pvalue (N) error pvalue  (MPa) error pvalue (%) error pvalue
[stearic -0.44 0.008 0.0003*  -0.14 0.022 0.0242  -0.60 0.039 0.00420 89.21 4.470 0.0025°
acid] (x1)
[glycerol] 0.15 0.008 0.0030*  -0.62 0.022 0.0012° —-0.83 0.039 0.0022° 208.77 4.470 0.0005°
(%)
stirring -0.20 0.008 0.0020° 0.20 0.022 0.0111° 0.16 0.039 0.0541 92.29 4.470 0.0023°
speed (x3)
X1X2 0.32 0.011 0.0011° 0.01 0.028 0.8724 0.12 0.050 0.1451 —45.52 5.840 0.0160°
X1X -0.08 0.011 0.0157*  -0.10 0.028 0.0727 —-0.04 0.050 0.5566 20.21 5.840 0.0743
XoX3 -0.11 0.011 0.0089®  —0.05 0.028 0.2279 -0.41 0.050 0.0151° 85.55 5.840 0.0046°

aWater vapor permeability. © Significant factors (p < 0.05 or 95% confidence interval).
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Table 3. Analysis of Variance (ANOVA) for the Quadratic Model Description of WVP and Mechanical Properties

source of WVP puncture force tensile strength elongation at break
variation Ss? Df  Ms¢  Fratio?  Ss? D  Ms®  Fratio? Ss@  Dft Ms¢  Fratio? Ssa Dfb Ms¢ F ratiod
regression 1.60 7 0.229 5.87 1.53 4 0.38 54.28 4.42 6 0.74 5.30 331560 8 41445 9.70
residual 0.35 9 0.039 0.09 12 0.007 1.37 10 0.14 36684 8 4285.5
lack of fit 0.34 7 0.048 0.08 10 0.008 1.36 8 0.17 36547 6 6092.2
pure error 0.005 2 0.003 0.003 2 0.002 0.01 2 0.005 136 2 68.22
total 1.95 16 1.61 16 5.80 16 368244 16
R?2=10.83 R2=10.95 R2=0.76 R2=10.90
Fogs70 = 3.29 Fogs,412 = 3.26 Fo.gs;6110 = 3.22 Foosgs = 3.29

aSum of squares.  Degrees of freedom. ¢ Mean square. 9 F ratio is the model significance (regression/residual).

35
- 1 1.200 x 10,
5 [J 1.380x 10, 40
e 1 1.560 x 10,, a2 L] 1220 x10,
-3 [ 1.740 x 10,, [ 1.400 x10,,
S Bl 1.920 x 10, 4 £ 1.580 x10,,
® B 2.100 x 10, 2 44 B 1.760 x 10,
= B 2.280 x 10, o B 1.940 x 10,
B EE 2.460 x 10, é 29 2120 x 10,
S 27 E 2640 x 10 2,6 I 2300 x10,
3 Hl above f:Pﬂ 2 Il 2480 x 10,
- BTl _ N 2660 x 10
5 7 10 13 15 % s ’g"g;?- above
Stearic Acid (g/100 g flour) B, &
Figure 1. Contour diagram for WVP (grams per meter per second per 5 e
pascal) as a function of stearic acid and glycerol concentrations (g/100 g ‘°¢q,/ > P ¥
of flour). =
Figure 3. Response surface for WVP (grams per meter per second per
13360 pascal) as a function of stearic acid and glycerol concentrations (g/100 g
) 1280 x 10, of flour).
T 12000 [ 1.480 x 10,
£ [ 1.680 x10,,
%‘ E ;;323 :13“ were greater than the others. Stearic acid showed a negative
£ 10000 B 2280 x10) effect on WVP, due to its hydrophobicity; consequently, a
A — g decrease in WVP values was observed with the increase in
£ B 2880 x10° stearic acid concentration, which can be confirmed by contour
<§ 8000 El above plot responses shown iRigures 1 and 2. However, by the
response surfacé-igure 3) analysis, it was possible to verify
" 10 %5 i that this effect tends to change with the increase in glycerol
Stearic Acid (g/ 100 g flour) content, confirming that the interaction between stearic acid and
. _ g glycerol concentrations plays an important role in the WVP of
Figure 2. Contour diagram for WVP (grams per meter per second per the films obtained in this work. When the glycerol concentration
pascal) as a function of stearic acid concentration (g/100 g of flour) and was fixed at 25 g/100 g of flour, the values of WVP decreased
stirring speed (revolutions per minute). continuously with the increase in the amount of stearic acid

added; however, at high levels of glycerol (35 g/100 g of flour),
WVP was enhanced at stearic acid concentrations 12%.
Sapru and Labuza26) explained that the increase in the
permeability for lipid concentrations higher than a critical value
is due to the formation of large fat crystals, allowing interstitial
zones free of lipids, which favor moisture migrations.

As expected, the glycerol concentration had a positive effect
on WVP (Table 2 and Figure 1), since this plasticizer is
WVP = 0.42— 0.08x - 0.03% — 0.04x% - 0.07x2 + hygroscopic and increases the mobility of the molecules through

) J8X V9% R ! the film structure 20), and it is possible that this increase in
0.05%° + 0.04%> + 0.06xx, (2) molecular mobility caused crystallization of the fatty acid.

As for the stearic acid concentration, the stirring speed had
wherex; is the stearic acid concentratioxy is the glycerol a negative effect on WVP (Table 2). According to Péroval et
concentration, ands is the stirring speed. al. (4), the particle size of added lipids in the final film structure

It can be seen ifable 2that all factors exhibited statistically  is an important factor for WVP; the authors have also reported
significant effects at the 95% confidence level. The most that the decrease in lipid particle size correlates well with the
relevant variables, with regard to the WVP, are the stearic acid reduction of WVP, which can be explained by the presence of
concentration and the interaction between this variable and a large number of spherical particles uniformly dispersed in the
glycerol concentration, since the effects of these factors on WVP film matrix.

Table 3. The pure error found was very low, indicating a good
reproducibility of the experimental data. According to tRe
test, this model is predictive, since the calculafedtio value
(5.87) for the regression related to the residuals is higher than
the critical value (3.29) and was used to generate contour plot
responses (Figures and2) and response surfacEigure 3)

for WVP.
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On the basis of these observations and statistical analysisELO = 282.59+ 44.60x + 104.38x% + 46.15x% +

results, the best water vapor permeability wak2 x 107109 2 2 2

m~1 571 Pal for the optimum conditions defined as follows: 79.06%" — 25.06%" — 12.93" — 22.76p, + 42.78%%

11.5% stearic acid, 28.5% glycerol, and 11 000 rpm stirring ®)

speed. wherex; is the stearic acid concentratior is the glycerol
gly

Mechanical Properties.Under conditions of stress that would ~ concentration, anel is the stirring speed.
occur during processing, such as handling and storage, the The results of theF test (ANOVA) used to verify the
expected film integrity can be indicated by its mechanical Statistical significance of these models are listedrable 3.
properties. The resistance and flexibility of films can be According to theF test, these models are predictive, since the
described by its tensile strength (TS), puncture force (PF), and calculatedF ratio for the regression related to the residuals is
elongation at break (ELO) (27). These results are listekhinle higher than the critical value for puncture force and tensile
1. As can be seen, the film elaborated according to run 5, with Strength, and elongation at break.
7% stearic acid and 27% glycerol at a stirring speed of 12000  The coded models (eqs-5) were used to generate contour
rpm, showed the highest PF (2.1 N) and TS (3.0 MPa). plot responses for the mechanical proper@gdrgs 4-8). The _
However, under these conditions, the lowest ELO (74.2%) was negative effects of the glycerolland stearic acid concentration
observed, whereas the higher ELO (620%) was detected for the®n the puncture force and tensile strength could _be confirmed
films produced with the highest concentration of stearic acid through the contour plot responses representeérigyres 4
(15%) (run 10 inTable 1). This behavior can be more and®, since there was a trend of the increase in these.p_ropertles
effectively explained by the analysis of the effects of the as both component levels dgcrea;e. The glycerol add|t|o.n effect
variables studied over these properties, obtained by the statisticalVas greater than the stearic acid _effect, results of Wh'.Ch are
analysis given infable 2. Both the stearic acid concentration confirmed |nTabIe'2. Statistically similar data were optamed
and the glycerol concentration had negative effects on puncturefor punctqre force in the range of 5-12g qf stearic acid/100 g
force and tensile strength but a positive effect on elongation at of flour (Flgure 4), while _for the glycerol, this range was more
break. This behavior observed for stearic acid is in agreementrE(_juced,4W|t_=_1hcon(;$ntratlofns pe_tween 25 dand ZE_g/ 10?0 Qr?f f:\our
with other works and can be explained by a plasticization effect gtelgrjif a C)Id ef?eft :rcet?isc;egtglgnu%esgee combined with the
of this low-molecular weight componer, (28, 29). According Stiring speed was not a signifiéant factor (at a 95%
to Péroval et al.4), the lipids are unable to form a cohesive confidence level) over tensile strengfidure 7), since the use
and continuous matrix. Therefore, the attainment of suitable !

hanical ties is directly related to th o i of any condition in the range studied resulted in statistically
mechanical properties is directly related to the protein matrix, G u-w oo for tensile strength.

polysaccharide, or the mixture of both and also the way the The plasticizer effect of the stearic acid addition is shown in

lipids are incorporated into this mairix. _ Figure 8, since it was possible to verify that when the level
The positive effect of stearic acid on elongation at break can

probably be explained by its plasticizing effect on the film 35

structure. Pommet et aB() studied the wheat gluten plasticiza- ] 0.950
tion with fatty acids and observed that their plasticizing abilities 3 33 E :-g?g
were intermediate between water and glycerol, in the tested % 1.340
molar range. b Il 1.470
AC_C(_)rding to Sobral et al.2Q) and \_/anin et al. 31), E e = ::?gg
plasticizers such as glycerol weaken intermolecular forces @ El 1.860
between the adjacent polymer chains, reducing the glass &27 Il 1.990
transition temperaturerg) of the material. As a consequence, © B sbov
film flexibility and extensibility increase at the same time the
material resistance decreases. In this way, the films obtained in 5 7 10 13 15
this work exhibited reductions in puncture force and tensile Stearic acid (g/100 g flour)

strength with major levels of glycerol addition; on the other Figure 4. Contour diagram for puncture force (
hand, the films acquired more flexibility under this condition,
presenting more elongation before the breaking.

newtons) as a function of
stearic acid and glycerol concentrations (g/100 g of flour).

Stirring speed had a positive effect on the mechanical 13360
properties Table 2), probably due to the better distribution of
the film components in the polymeric matrix, especially the § 12000 % S e
stearic acid distribution, avoiding the formation of pores and £ 3 1.620
regions where fatty acid can accumulate. -g' E :.gzg

Models Fitting to Mechanical Properties.As for the WVP, 2 10000 Em 1.800
a regression analysis was performed to obtain second-order & B 1.860
model equations (eqs 3—5) for mechanical properties as a £ = 1'323
function of stearic acid and glycerol concentrations and stirring & 8000 — g
speed.

6640
) 5 10 13 15
PF=1.66—0.07x — 0.31x + 0.10% — 0.05%" (3) Stearic acid (gl 100 g flour)

TS=1.16— 0.30x — 0.42% + 0.16>32 + 0_13)&2 + Figure 5. Contour diagram for puncture force (newtons) as a function of

) stearic acid concentration (g/100 g of flour) and stirring speed (revolutions
0.16%" — 0.20%X; (4) per minute).
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Figure 6. Contour diagram for tensile strength (megapascals) as a function
of stearic acid and glycerol concentrations (g/100 g of flour).
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Figure 7. Contour diagram for tensile strength (megapascals) as a function
of stirring speed (revolutions per minute) and stearic acid concentration
(9/100 g of flour).

35
[171.400
T 33 [1133.400
Bt [ 195.400
o [ 257.400
8 [ 319.400
= 30 [ 381.400
k) I 443.400 -
s Il 505.400 Figure 9. SEM micrographs of amaranth flour films surfaces formulated
E e = :i:::" with (a) 10% stearic acid and 26% glycerol, stirred at 12000 rpm
o (optimized conditions); (b) optimized conditions for stearic acid and glycerol
concentrations, stirred at 8000 rpm; and (c) optimized conditions for stearic
25 - : :
5 7 10 13 15 acid and glycerol concentrations, stirred at 6000 rpm.
Stearic acid (g/ 100 g flour)
Figure 8. Contour diagram for elongation at break (percent) as a function water vapor permeability and mechanical properties, we defined
of stearic acid and glycerol concentrations (g/100 g of flour). an optimized formulation to obtain a formulation that is able to

provide acceptable mechanical resistance, good flexibility, and,
especially, low water vapor permeability, since the main
objective of addition of stearic acid to the amaranth flour films
was to increase the water vapor barrier. By the analysis of
contour plot responses for each property studied, the following
optimized conditions were defined: stearic acid concentration
plasticizer effect to the film structure. On the other hand, the of 10 g/100 g of flour, glycerol concentration of 26 g/100 g of
importance of glycerol could be confirmed when stearic acid is fI0Ur, @nd stirring speed of 12 000 rpm.
fixed at the lowest level that was studied (5 g/100 g of flour). ~ Amaranth flour films were elaborated according to these
Under this condition, the increase in the glycerol concentration optimized conditions. Film microstructural analysis and physical
is very important for providing more elongation to films, since characterizations results are givenFigures 9and10 and in
in the range of 33:35 g of glycerol/100 g of flour, the greatest  Table 4, respectively. Microstructural analysis were also carried
elongation was observed. out for films prepared at stirring speeds of 6000 and 8000 rpm,
Definition and Characterization of an Optimized Formu- to confirm the effect of this parameter on the film structure and
lation. After analyzing individually the responses obtained for to compare with the 12 000 rpm stirring.

addition of stearic acid was fixed in 15 g/100 g of flour (major
level of addition), statistically similar results for elongation were
obtained with the increase in glycerol concentration. In other
words, the presence of glycerol is less important to the film’'s
flexibility when sufficient stearic acid is added to provide a
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Quintero and Sobral3@) also observed microporous in the
structure of films based on fish myofibrillar proteins and
explained that by the phase-separated glycerol loss during the
vacuum preparation of films.

On the other hand, the micrographs of fractured surfaces
(Figure 10) revealed that the stirring speed affects the internal
microstructure of films, which are formed by a spongy structure,
probably composed by an emulsified phase of lipids and
proteins, cemented by another most dense structure, probably
formed from a starch rich non-emulsified phase. Also, it is clear
that the increase in the emulsifying speed resulted in a better
distribution of both phases. Because of this, these phases are
more visible in the condition where a lower speed was used
(Figure 10c). The better distribution of the lipids with the
increase in emulsion stirring speed was also observed by
McHugh and Krochta34), working with whey protein/beeswax
emulsion films. This could explain the effect observed of the
stirring speed on WWP of the films studied in this work (with
an increase in stirring speed we observed a decrease in WVP).
According to Martin-Polo et al. 32), an increase in the
uniformity of film microstructure implies a decrease in WVP.

The low solubility (15.2%) obtained for the films prepared
according to the optimized conditionggble 4) was probably
a consequence of the dense matkig(re 9) of the denatured
proteins present in the amaranth flour, since the temperature
used for preparing the filmogenic suspension was °82
According to Martinez et al16), the denaturation temperatures
of albumin and globulin, two proteins present in amaranth grains,
were 64 and 70C, respectively. Beyond that, the presence of
stearic acid has also contributed to this lower solubility of films,
due to its hydrophobicity.

Mechanical properties were in the expected range for the
optimized formulation, on the basis of the statistical models
obtained for each property, except for the elongation at break.
The result obtained (148%) was lower than the maximum
elongation obtained in the step of optimization (620%). How-
ever, it was considered as a long elongation, since this value is
greater in relation to those observed by other authors: 2.5%
for whey protein films with 20% beeswax, according to
Shellhammer and Krocht8%), and~6% for arabinoxylan films
emulsified with 30% hydrogenated palm oil, observed by Phan
The et al. (28).

The values of WVP obtainedléble 4) for the optimized
formulation (8.9x 10711 g m1 s! Pa’l) are still higher than
those of synthetic films [e.g., 8.4 10711 g m1 s Pa! for
cellophane, 3.6< 1073 g m1 s Pa! for LDPE, and 2.2x
102 g m! st Patl for PVDC (35)] but lower than those
found for similar edible films, such as arabinoxylan-based films

The surface of the film based on the optimized formulation (1.8 x 107°g m™! s Pal) studied by Péroval et al4) and
was homogeneous and regulBigure 9a), suggesting that the  gelatin films (1.1x 107%%g m™* s Pa?) reported by Sobral
emulsification was very efficient, contrary to the results observed et al. (21).
by Martin-Polo et al. (32) that described a clearly irregular ~ The film produced under the optimized conditions exhibited
surface of films based on methyl cellulose and paraffin wax a lower oxygen permeability (2.36 10713 cm® m~! s~1 Pa’l)
not well incorporated into the bulk of films. It can also be than LDPE (2.16x 1071 cm® m~1 s™! Pa'l) and edible films
observed irFigure 9 that film surfaces presented a considerable based on corn starch plasticized with glycerol (4:6110-10
amount of microporous, probably due to the presence of air cm® m~1s™1 Pal) (15). This behavior could be a consequence
bubbles formed during the emulsification process, and that the of the dense biopolymeric matrix formed by starch and
surfaces were not affected by the emulsifying speed. Monterrey-denatured proteins of the amaranth flour, resulting in a system

Figure 10. SEM micrographs of a cross section of amaranth flour films
(raise of 2500) formulated with (a) 10% stearic acid and 26% glycerol,
stirred at 12 000 rpm (optimized conditions); (b) optimized conditions for
stearic acid and glycerol concentrations, stirred at 8000 rpm; and (c)
optimized conditions for stearic acid and glycerol concentrations, stirred
at 6000 rpm.

Table 4. Characterization of the Composite Film from Amaranth Flour and Stearic Acid-Elaborated According to the Optimized Formulation (10 g of
stearic acid/100 g of flour, 26 g of glycerol/100 g of flour, stirring speed of 12 000 rpm)

solubility (%) WVP (gm~ts~1Pal) oxygen permeability (cm3m—ts~1Pa?) PS (N) TS (MPa) ELO (%)
15.20 8.9x10°1 236 x 10713 2.53 2.60 148.0
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with a small free volume and, consequently, inhibiting the
diffusion process.

The presence of stearic acid (10% under the optimized
conditions) is another factor that could have influenced the low

oxygen permeability that was obtained, since it decreases the

hydrophilic characteristics of the film. Nevertheless, the low

oxygen permeability appears to be due to amaranth flour itself,

since Tapia-Blacido et al8(9) determined an oxygen perme-
ability value of 2.54x 10713 cm® m~1 s~1 Pa ! for films made
from A. cruentusflour (without lipid addition), which was
similar to the result observed in this work (2.3610713 cm?®
m~1s 1 Pa?l) and the value of 6.5 10038 cmd m~1s1pPatl
for films made fromAmaranthus caudatus.

Ayranci and Tunc (pstudied the effect of addition of stearic
acid on the oxygen permeability of films made from methyl
cellulose and observed a reduction (~7—%210° g day !
Pa® m™) in the rate of Q transmission when an addition of

5% stearic acid was performed. However, increasing the stearic

acid content of the film (15 g/100 g of methyl cellulose)

Colla et al.

(8) Tapia-Blacido, D.; Sobral, P. J. A.; Menegalli, F. C. Development
and characterization of edible films based on amaranth flour
(Amaranthus caudatus).Food Eng.2005,67, 215—223.

(9) Tapia-Blacido, D.; Sobral, P. J. A.; Menegali, F. C. Effects of
drying temperature and relative humidity on the mechanical
properties of amaranth flour films plasticized with glyceiraz.

J. Chem. Eng2005,22, 249—256.

(10) Tosi, E. A.; Ré, E.; Lucero, H.; Masciarelli, R. Dietary fiber
obtained from AmaranthAmaranthus cruentus) grain by dif-
ferential milling. Food Chem2001,73, 441—443.

(11) Sugimoto, Y.; Yamada, K.; Sakamoto, S. Some properties of
normal and waxy-type starchesAaranthus Hypochondriacus.
Starch/Staerkd 981,33, 112—116.

(12) Anker, M.; Berntsen, J.; Hermansson, A.; Stading, M. Improved
water vapor barrier of whey protein films by addition of an
acetylated monoglyceriddnnovations Food Sci. Emerging
Technol.2002,3, 254—260.

(13) Debeaufort, F.; Voilley, A. Effect of surfactants and drying rate
on barrier properties of emulsified filmdnt. J. Food Sci.
Technol.1995,30, 183—190.

enhances the oxygen permeability, and the authors attributed (14) Perez-Gago, M. B.; Krochta, J. Lipid particle size effect on the

such an increase to the formation of holes in the crystal structure

of edible films as the stearic acid content increases.
Conclusions.Our results indicate thaA. cruentusflour is

an interesting source of raw material for edible film production,

following the actual trends in the use of natural mixtures of

protein, starch, and lipids to reach the desired properties for

edible films. Besides that, incorporation of stearic acid into a
polymeric matrix provided an additional water vapor barrier to
the films. The statistical methodology allowed us to find the
optimal conditions for studied variables, which were stearic acid
and glycerol concentrations of 10 and 26 g/100 g of flour,

respectively, and a stirring speed at 12 000 rpm. The mechanical
properties of the films obtained under these conditions were a
2.53 N puncture force, a 2.60 MPa tensile strength, and a 148%

elongation at break. The solubility value that was found was
around 15%, and barrier properties were & 9011 g m™!

s™1 Pa! for water vapor permeability and 2.4 10713 cm?®
m~1 s71 Pal for oxygen permeability.
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