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The influence of drying conditions (air temperature and relative humidity) on mechanical properties, sol-
ubility in water, and color of two kinds of soy protein isolate film: a commercial one (CSPI) and other
obtained under laboratory conditions (LSPI) were evaluated using the response surface methodology
(RSM). Soy protein films were prepared by casting using glycerol as plasticizer. The films were dried in
a chamber with air circulation under controlled conditions of relative humidity (24%, 30%, 45%, 60%,
66%) and air temperature (34, 40, 55, 70, 76 �C). It was verified that mechanical properties of films made
from LSPI and CSPI are influenced in a very different way by the drying conditions due to a diverse initial
protein conformation in both materials, as was revealed by DSC and SDS–Page studies. The solubility of
the LSPI film was affected by temperature and relative humidity, being lowest (�50%) for films obtained
at high RH and temperatures ranging from 45 to 76 �C. For CSPI films, in contrast, solubility did not
depend on the drying process and it remained relatively constant (�40%). The optimal drying conditions
determined by RSM were: 70 �C and 30% RH for CSPI films and 60 �C and 60% RH for LSPI films. Dried
under these conditions, CSPI films presented a higher tensile strength, lower elongation at break, lower
solubility and better water and oxygen permeability than LSPI ones.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The wide use of petroleum-derived plastics and the negative
impact of these on the environment prompted the search for bio-
degradable materials obtained from renewable resources. The use
of agriculture-derived biopolymers, such as proteins and polysac-
charides, appears as an interesting alternative to synthetic plastics
for some applications, specially those with a short life-time, such
as food packaging, and generates new uses of higher added value
for agriculture products (Arvanitoyannis, 1999; Ribeiro et al.,
2007; Tapia-Blácido et al., 2007; Salgado et al., 2008).

In particular the use of soy proteins as film-forming agents,
alone (Gennadios et al., 1996a; Cho et al., 2007) or in blend with
other polymers (Cao et al., 2007; Su et al., 2007), can add value
to soybean besides producing environmentally friendly biodegrad-
able films. Soy protein produce more flexible, smooth, and clear
films compared to films from other plant protein sources (Guilbert,
1986). Soy protein films are usually obtained by the casting meth-
od. This technique involves the drying of a complex colloidal solu-
tion constituted by the protein, a solvent and, usually, a plasticizer,
previously poured on an appropriate support.
ll rights reserved.
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. Mauri).
The effect of a specific drying condition depends on various
characteristics of the raw material such as the presence of pre-
existing gel phase or the occurrence of thermal gelation during
drying. Besides, various phenomena may occur such as a transition
from a rubbery to a vitreous phase, a phase separation (thermody-
namic incompatibility) or crystallization. The interaction between
the physicochemical nature of biopolymers and the drying condi-
tions is very important.

Although a great deal of research has been done on edible films,
the influence of the drying process is still neglected and poorly
understood. In several works about edible films drying, variables
such as relative humidity of air and the final moisture content of
materials are usually not controlled, thus the influence of drying
conditions is not clearly shown.

In the case of protein films, drying conditions may influence the
final properties of the material as proteins can change their struc-
ture as a function of processing parameters (Tapia-Blácido et al.,
2005). In this sense, temperature is a strong denaturing factor for
proteins, although the thermal stability and conformation of each
protein depend on the amino acid composition. During the drying
period, when water is progressively eliminated, proteins confor-
mation changes, and the degree of protein unfolding determines
the type and proportion of covalent (S–S bonds) or non-covalent
(hydrophobic interactions, ionic and hydrogen bonds) interactions
that can be established between protein chains. It is known that
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chains can interact more strongly and easily, especially by disulfide
bonds, when proteins are denatured (Mauri and Añón, 2006). So
the cohesion of the final network would be a function of these
bonds and determines the properties of the films obtained.

Gennadios et al. (1996a) showed that it is possible to improve
the moisture barrier properties of soy protein films by heat curing.
Perez-Gago et al. (1999) reported that heat-denatured whey pro-
tein films had higher tensile properties than native ones. Others
studies showed that heat curing improved the toughness and
moisture resistance of cast protein films made with various pro-
teins, including soy proteins (Gennadios et al., 1996b; Rhim
et al., 2000). Jiang et al. (2007) reported that the mechanical prop-
erties of transglutaminase-treated soy protein isolate films vary
gradually with drying temperature. Jangchud and Chinnan (1999)
studied the influence of pH and drying temperature on peanut pro-
tein films, and showed that all properties improved with tempera-
ture. Working with whey proteins, Alcantara et al. (1998), verified
an increase in films strength and barrier properties at higher dry-
ing rates. Nevertheless, Menegalli et al. (1999) found different re-
sults with gelatin films. Drying at high relative humidity (RH)
and temperature led to gel melting and, consequently, to phase
separation as well as a decrease in the drying rate.

In a previous study, the effect of the pH of the initial dispersion
on the properties of soy protein films was studied (Mauri and
Añón, 2006; 2008). Some differences were observed as compared
to results previously published by Gennadios et al. (1993), which
were attributed to differences in processing temperatures and in
the initial state of the proteins.

The aim of the present study was to assess the effects of drying
conditions on mechanical properties, solubility in water and color
parameters of films produced from two different soybean protein
isolates using an experimental design procedure. Films produced
and dried on optimized conditions were also characterized regard-
ing oxygen and water vapor barrier properties, opacity, phase prop-
erties, and microstructure.
2. Materials and methods

2.1. Materials

Two kinds of soy protein isolate were used as raw materials: a
commercial one (CSPI) SUPRO 500E BATCH: E330001704, which
was supplied by The Solae Company, Brazil; and an isolate ob-
tained under laboratory conditions (LSPI). LSPI was prepared from
defatted low-heat soybean meal produced by Bunge-Ceval S.A.
(Brazil, PDI: 83.82 ± 0.143%). Soy flour was dispersed in distilled
water (1:10 w/w). The dispersion was adjusted to pH 8.0 with
2 N NaOH, stirred at room temperature for 2 h, and centrifuged
at 10,000g for 30 min at 15 �C. The supernatant was then adjusted
to pH 4.5 with 2 N HCl and centrifuged at 3300g for 20 min at 4 �C.
The pellet was washed with an aqueous solution at pH 4.6 and cen-
trifuged as above. The pellet was suspended in distilled water and
adjusted to pH 8.0. Finally SPI was frozen at –80 �C and freeze-
dried.

The protein content of CSPI and LSPI, as measured by the
Kjeldahl method, was 94 ± 2% and 91.5 ± 2% w/w, respectively, on
a dry basis (N � 6.25).

Glycerol (p.a. Anedra) was used as film plasticizer in all the
studied conditions.

2.2. Sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS–PAGE)

Both soy protein isolates were analyzed by SDS–PAGE accord-
ing to Petruccelli and Añón (1994), using a linear gradient separat-
ing gel (4–15% in polyacrylamide) under reducing and non-
reducing conditions. A continuous dissociating buffer system, con-
taining 0.375 M Tris–HCl pH 8.8 and 0.1% w/v SDS, was used for
the separating gel, while the running buffer was 0.025 M Tris–
HCl, 0.192 M glycine and 0.1% w/v SDS, pH 8.3. Electrophoresis
was carried out at a constant voltage of 200 V. Samples were pre-
pared at 1% w/v in sample buffer at pH 6.8 (0.125 M Tris–HCl, 0.1%
w/v SDS, 40% v/v glycerol, 0.05% w/v bromophenol blue with or
without 5% w/v mercaptoethanol). Protein molecular weights were
estimated using low MW markers (Pharmacia calibration kit) that
included phosphorylase b (94,000), albumin (67,000), ovalbumin
(43,000), carbonic anhydrase (30,000), trypsin inhibitor (20,100),
and a-lactalbumin (14,400). Gels were fixed, stained with R-250
Coomasie blue (0.1% w/v) in water/methanol/acetic acid (5:5:2)
overnight, and destained with 25% (v/v) methanol and 10% (v/v)
acetic acid.
2.3. Film formation

CSPI and LSPI films were prepared by casting. Aqueous disper-
sions of SPI (5% w/v) and glycerol (2.5% w/v) were magnetically
stirred for 20 min at room temperature. The pH was adjusted to
pH 10.5 with 2 M NaOH and the dispersions were stirred for other
10 min. The films were dried in an oven with air circulation and a
controlled temperature and relative humidity system (model MA
415UR, Marconi, Piracicaba, Brazil). The films were dried at 34,
40, 55, 70, 76 �C and 24%, 30%, 45%, 60%, 66% RH (Table 1) up to
constant moisture content of �25% (w.b). Previous tests on drying
conditions during soy film production have shown that the final
moisture content must be fixed at a value of approximately 25%
(w.b) to assure that the films can be easily peeled off from the
plates. To obtain films with such humidity the weight of the films
was controlled (gravimetric control) during the drying step under
the studied conditions, resulting in different drying times (Table
2). When the desired humidity was reached, films were removed
and equilibrated for 48 h at 25 �C and 58% RH prior to the
measurement of their properties. Water content of films was
determined gravimetrically by drying small pieces in a ventilated
oven model SE-320 (Fanem, Brazil) at 105 �C for 24 h in triplicate.
The thickness of the films was measured with a digital micrometer
(model FOW72-229-001, Fowler, Newcastle, CA). The mean thick-
ness of each film was determined from an average of 20
measurements.
2.4. Mechanical properties

The tensile strength and elongation at break were determined
according to the standard method D882-95 (ASTM, 1995), taking
an average of five determinations in each case. The films were
cut into 25.4 mm wide and 130 mm long strips using a scalpel,
and mounted between the grips of the texture analyzer TA.XT2i
(SMS, Surrey, England). The initial grip separation was set at
80 mm and the crosshead speed at 1.0 mm/s. The tensile strength
(force/initial cross-sectional area) and elongation at break were
determined directly from the stress � strain curves using the soft-
ware Texture Expert V.1.15 (SMS).
2.5. Solubility in water

Solubility was measured by immersion of film disks (2.0 cm in
diameter) in water containing sodium azide, at 25 ± 2 �C for a per-
iod of 24 h (Gontard et al., 1992). The amount of dry matter in the
initial and final samples was determined by drying the samples at
105 �C for 24 h.



Table 1
Tensile strength (TS) and elongation at break (E) of LSPI and CSPI films obtained under different drying conditions – temperature (T) and relative humidity (RH)

Test T(X1)a RH(X2) TS (MPa) E (%)

LSPI CSPI LSPI CSPI

1 40(�1) 30(�1) 0.3 ± 0.01 1.4 ± 0.01 54.5 ± 6.5 26.8 ± 2.3
2 40(�1) 60(+1) 0.3 ± 0.04 1.9 ± 0.05 96.9 ± 12.2 51.5 ± 6.1
3 70(+1) 30(�1) 0.7 ± 0.07 4.1 ± 0.01 45.1 ± 10.5 61.2 ± 2.8
4 70(+1) 60(+1) 0.9 ± 0.05 2.9 ± 0.1 69.7 ± 6.5 44.8 ± 11.6
5 33.8(�1.414) 45(0) 0.3 ± 0.03 1.9 ± 0.2 111.8 ± 10.8 38.5 ± 8.8
6 76.2(+1.414) 45(0) 1.0 ± 0.04 2.9 ± 0.2 57.9 ± 7.2 38.7 ± 9.4
7 55(0) 23.8(�1.414) 0.7 ± 0.01 2.7 ± 0.2 45.2 ± 9.8 53.3 ± 8.1
8 55(0) 66.2(+1.414) 1.2 ± 0.2 2.5 ± 0.08 97.3 ± 3.4 43.8 ± 7.0
9 55(0) 45(0) 0.8 ± 0.2 1.8 ± 0.4 81.4 ± 7.6 64.5 ± 10.3
10 55(0) 45(0) 0.8 ± 0.3 1.8 ± 0.2 85.9 ± 5.1 61.7 ± 11.0

TS: Tensile strength, E: elongation at break.
a Independent variables values (the values between brackets are the coded variables).

Table 2
Solubility (S), total color difference (DE) and drying time of LSPI and CSPI films obtained under different drying conditions – temperature (T) and relative humidity (RH)

Test T(X1)a RH(X2) S (%) DE Time (h)

LSPI CSPI LSPI CSPI LSPI CSPI

1 40(�1) 30(�1) 86.4 ± 6.0 42.8 ± 1.3 13.8 ± 1.4 17.4 ± 1.5 3.3 6.5
2 40(�1) 60(+1) 58.1 ± 1.8 39.4 ± 2.3 15.3 ± 3.2 15.7 ± 0.2 5.8 5.5
3 70(+1) 30(�1) 71.5 ± 4.7 41.1 ± 0.5 20.8 ± 3.7 14.4 ± 1.7 1.1 1.4
4 70(+1) 60(+1) 59.6 ± 3.1 37.0 ± 0.7 15.5 ± 1.2 15.1 ± 3.6 2 1.5
5 33.8(�1.414) 45(0) 95.5 ± 1.3 44.8 ± 0.9 15.7 ± 2.0 15.7 ± 1.7 11 8
6 76.2(+1.414) 45(0) 72.9 ± 1.7 38.9 ± 0.2 13.0 ± 0.4 18.5 ± 1.6 1.1 1
7 55(0) 23.8(�1.414) 80.5 ± 6.0 39.9 ± 0.9 13.4 ± 1.6 14.9 ± 0.7 1.7 5.5
8 55(0) 66.2(+1.414) 56.7 ± 2.5 40.9 ± 0.3 13.7 ± 2.2 15.3 ± 1.5 12 9
9 55(0) 45(0) 68.2 ± 0.9 41.8 ± 0.9 13.2 ± 1.5 15.9 ± 0.7 3 3
10 55(0) 45(0) 68.0 ± 0.8 39.2 ± 1.4 14.1 ± 1.0 19.3 ± 0.5 3 3.3

S: Solubility, DE: difference in color.
a Independent variables values (the values between brackets are the coded variables).
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2.6. Color and opacity

Color and opacity were determined with a colorimeter (Hunter-
Lab, model Miniscan XE).

The color, represented as the difference in color (DE*), was
determined according to Gennadios et al. (1996b), and it was cal-
culated as

DE� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDL�Þ2 þ ðDa�Þ2 þ ðDb�Þ2

q
ð1Þ

where DL*, Da* and Db* are the differentials between the color
parameter of the samples and of the white standard (L* = 94.83,
a* = �0.78, b* = 1.44) used as the film background.

Opacity was measured using the HunterLab method (Sobral,
1999).

2.7. Barrier properties of the films

The water vapor permeability (WVP) test was performed using
a modified E96-95 ASTM Standard method (ASTM, 1995) at
25 ± 2 �C. Film samples were sealed over the circular opening of a
permeation cell containing silica gel. The cells were then placed
in desiccators containing distilled water. The weight loss of the
cells was monitored every 24 h for 7 days.

Oxygen permeability (OP) was determined in duplicate, accord-
ing to the ASTM D3985-81 (ASTM, 1995) method. The oxygen
transmission rate was determined in an OX-TRAN 2/20, Mocon,
Inc. (Minneapolis, MN, USA) at 25 ± 1 �C and atmospheric pressure.
Oxygen permeability (OP) was calculated by dividing the oxygen
transmission rate by the oxygen pressure and multiplying this re-
sult by the mean thickness of the sample.
2.8. Differential scanning calorimetry (DSC)

The thermal properties of soy protein isolates and their corre-
sponding films were determined by differential scanning calorim-
etry, using a DSC TA 2010 controlled by a TA 5000 module (TA
Instruments, New Castle, DE, USA), with a quench-cooling acces-
sory. Prior to the determination, the films samples were condi-
tioned in desiccators containing saturated solution of NaBr (58%
RH), at 25 �C for three weeks. CSPI and LSPI dispersions at 20%
w/w were used in these analyses. The temperature range studied
was �150 to 150 �C and the heating/cooling rate was 10 �C/min.

The glass transition temperature (Tg) was considered to be the
inflexion point of the base line caused by the discontinuity of the
specific heat of the sample. The thermal stability of the protein
was considered as the maximum peak temperature of the endo-
thermic phenomenon.

All these properties were calculated with the Universal Analysis
V1.7F software (TA Instruments) (Tapia-Blácido et al., 2007).
2.9. Scanning electron microscopy (SEM)

Small strips of film (4 mm long � 4 mm wide) were cut. These
strips were fixed in a solution of 2% v/v glutaraldehyde and 0.1 M
sodium cacodylate buffer (pH 7.2) for 2 h, washed with 0.1 M so-
dium cacodylate buffer (three times 10 min) and post-fixed in 2%
w/v OsO4 (osmium tetroxide) and 0.2 M sodium cacodylate buffer
(pH 7.2) for 2 h. After washing in 0.1 M sodium cacodylate buffer
(three times 10 min), samples were dehydrated for 15 min through
a graded ethanol series: 30%, 50%, 70% and 90% v/v, and finally for
three times 15 min at 99.5% v/v, then critical point dried from
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carbon dioxide. The dried samples were then mounted on alumi-
num stubs, coated with a thin layer of gold and observed with a
JEOL Model JSM-5800LV scanning electron microscope, at an accel-
erated voltage of 10 kV.

2.10. Transmission electron microscopy (TEM)

Small pieces from the center of the films were prepared by fix-
ation in 2% v/v glutaraldehyde and post-fixed in 2% w/v OsO4. Then
samples were dehydrated for 15 min in an ethanol series (30%, 50%,
70%, 90% v/v), three times for 15 min at 99.5% v/v, and two times
for 20 min in propylene oxide. The samples were then embedded
in increasing concentrations of propylene oxide:resin (2:1, 1:1
and 1:2) for 1 h and for 48 h in pure resin (Embed 112). The poly-
merization of the resin subsequently proceeded at 60 �C for 48 h.
The embedded samples were sectioned in �70 nm thick slices
using a diamond knife. The sections were transferred onto sup-
ported gold grids and stained with uranyl acetate and Pb-citrate.
The samples were observed with a Carl-Zeiss Model LEO906 trans-
mission electron microscopy.

2.11. Experimental design

The effect of drying conditions (temperature and relative
humidity) on the mechanical properties, color and water solubility
of the films was studied with a full factorial design (22 plus star
configuration) with two replicates at the central point. The statis-
tical design considered and the values of the independent and
coded variables are shown in Table 1.

All statistical analyses, including analysis of variance (ANOVA)
and multiple comparison tests, were performed using Statistica
Fig. 1. SDS–PAGE patterns of the commercial soy protein isolate (CSPI), the one obtain
characterize soy protein polypeptides.
6.0 software. The data were fitted to a second order equation (Eq.
(2)) as a function of the dependent variables.

Yi ¼ b0 þ b1X1 þ b2X2 þ b12X1X2 þ b11X2
1 þ b22X2

2 ð2Þ

where bn are constant regression coefficients, Yi dependent vari-
ables (mechanical properties, solubility, color and drying time)
and X1 and X2 are the coded independent variables (temperature
and relative humidity).
3. Results and discussion

3.1. Soy protein isolates characterization

Both soy protein isolates were analyzed by SDS–PAGE to
examine the molecular weight distribution of their polypeptides.
Patterns of CSPI and LSPI not treated with mercaptoethanol are
shown in Fig. 1. High molecular weight aggregates (higher than
94 kDa) are observed in CSPI, together with the polypeptide spe-
cies characteristic of the b-conglycinin fraction (a of 68 kDa, a0 of
72 kDa, and b of 52 kDa polypeptides), and the acid and basic
polypeptides of glycinin (A of ffi35 kDa, and B of ffi20 kDa)
(Nielsen, 1985a,b). The band corresponding to the AB subunit of
glycinin is not observed under non-reducing conditions, and is
probably involved, together with other polypeptides, in the for-
mation of insoluble aggregates. In the case of LSPI, the AB subunit
of glycinin and acid polypetides are observed, together with
low quantities of soluble aggregates of high molecular weight
(higher than 94 kDa), polypeptides from the b-conglycinin frac-
tion, and basic polypeptides from glycinin. Under reducing condi-
tions, the characteristic patterns constituted by the a, a0, b, A and
ed under laboratory conditions (LSPI), and molecular weight markers (P) used to
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B subunits were observed for both isolates, CSPI and LSPI (not
shown).

Fig. 2 shows the thermograms of LSPI and CSPI dispersions. LSPI
dispersions showed the two typical endotherms of soybean pro-
teins, the first at 79.03 ± 1.92 �C, corresponding to b-conglycinin
denaturation, and the second at 95.06 ± 1.21 �C, corresponding to
glycinin. In contrast, no endotherms were observed in the CSPI
thermogram. The procedure for obtaining LSPI (without any ther-
mal treatment of the raw material) did not affect the native confor-
mation of soy globulins. Isolates prepared at industrial scale suffer
different process in order to obtain distinctive functional proper-
ties in the final product. Thermal treatment is the most usual pro-
cess used in the industry to modify proteins behavior provoking
the unfolding of the macromolecules and subsequent AB b aggre-
gation as described above (Añón et al., 2001).

3.2. Full experimental design

Tensile strength (TS) and elongation at break (E) of LSPI and
CSPI films obtained according to the full experimental factorial de-
sign are shown in Table 1. Data were fitted to a second order equa-
tion (Eq. (2)) as a function of the dependent variables. Eqs. (3) and
(4) represent the coded models for tensile strength (TS) and elon-
gation at break (E) for LSPI, and Eqs. (5) and (6) represent the
corresponding models for CSPI films.

TS ¼ 0:805þ 0:238X1 � 0:145X2
1 þ 0:117X2 ðR2 ¼ 0:82Þ ð3Þ

E ¼ 74:58� 14:12X1 þ 17:58X2 ðR2 ¼ 0:81Þ ð4Þ

TS ¼ 1:775þ 0:632X1 � 0:331X2
1 þ 0:428X2

2 � 0:42X1X2

ðR2 ¼ 0:82Þ ð5Þ

E ¼ 63:16� 11:65X2
1 � 6:68X2

2 � 10:30X1X2 ðR2 ¼ 0:80Þ ð6Þ

Solubility (S) and total color difference (DE) obtained under dif-
ferent drying conditions regarding temperature (T) and relative
humidity (RH) are shown in Table 2. Eq. (7) represents the coded
model for the solubility of LSPI films.

S ¼ 66:68� 5:66X1 þ 6:60X2
1 � 9:76X2 ðR2 ¼ 0:83Þ ð7Þ

According to the analysis of variance (ANOVA) the coded mod-
els represented by Eqs. (4), (5), and (7) were significant at 95% of
significance (p < 0.05) and those represented by Eqs. (3) and (6)
at 90% of significance (p < 0.1). The solubility data for the commer-
Fig. 2. DSC thermograms of (a) CSPI and (b) LSPI dispersions.
cial protein film (CSPI) and the color for both materials were not
significantly correlated (p > 0.05). The responses surfaces gener-
ated using Eqs. (3)–(7) are shown in Figs. 3–5.

Tensile strength as a function of drying conditions behaved
differently for each material (Fig. 3). At lower temperature, an in-
crease of relative humidity provoked an increase of tensile strength
for both materials. In contrast, these materials showed a differen-
tial response at higher temperatures: the tensile strength of LSPI
films increases with relative humidity while the strength of CSPI
films decreases.

At high RH, the behavior of materials is quite different: while for
CSPI films the tensile strength remains virtually unchanged with
the increase of temperature, those made with LSPI suffer a steep
increase of tensile strength with air temperature. It is worth men-
tioning that absolute values of tensile strength of CSPI films are
higher than those of the laboratory protein ones.

Elongations at break tendencies differed widely between mate-
rials (Fig. 4). For LSPI films, elongation increased with RH but de-
creased with temperature, while for CSPI films the increase of
elongation with RH was marked only at low temperatures, and
the decrease of elongation with temperature was significant only
at high RH. For LSPI films, maximum values of elongation were
Fig. 3. Tensile strength of SPI films as a function of drying temperature and relative
humidity. (a) LSPI and (b) CSPI.



Fig. 4. Elongation at break of SPI films as a function of drying temperature and
relative humidity. (a) LSPI and (b) CSPI.

Fig. 5. Solubility of LSPI films as a function of drying temperature and relative
humidity.

Table 3
Barrier and optical properties of optimized films**

Properties LSPI CSPI

Moisture content (%d.b.) 25.96 ± 1.2a 24.46 ± 0.3a

WVP (g m�1 s�1 Pa�1) (1.54 ± 0.12)
10�10a

(1.25 ± 0.05)
10�10b

Oxygen permeability (cm3 lm
m�2 d�1 kPa�1)

47.6 ± 9.5a 18.2 ± 9.5b

a (ao = �1.90) �5.5 ± 0.3a �3.2 ± 0.07b

b (bo = 2.50) 16.6 ± 1.6a 16.2 ± 1.1a

L (Lo = 95.1) 90.0 ± 1.5a 87.1 ± 0.9b

DE 15.5 ± 1.7a 15.9 ± 1.4a

Opacity 9.5 ± 3.06a 12.6 ± 1.02a

Thickness (mm) 0.076 ± 0.08a 0.060 ± 0.06b

Average ± standard deviation. Different superscript letters (a or b) denote signifi-
cant difference (p < 0.05) between averages obtained by Tukey’s test.
** Films were conditioned at 25 �C and 58% relative humidity for 48 h.
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verified at high RH and low temperature, while for CSPI films, were
measured at medium temperature (�60 �C) at a RH range of 35–
55%. Moreover, for the CSPI films E values ranged from 45% to
60% for nearly all conditions, while for the LSPI more extreme
changes were observed (45–112%) (Table 1 and Fig. 4).

The solubility data for LSPI films was adequately correlated as a
function of drying conditions (Eq. (7) and Fig. 5) but no correlation
was obtained for CSPI films. For the latter, solubility does not de-
pend of drying process and it maintains nearly constant (�40%).
The minimum solubility of the LSPI films (�50%) was verified at
high RH and temperatures ranging from 45 to 76 �C. In almost all
conditions LSPI was more soluble than the CSPI films (Table 2).
The higher solubility of LSPI films may be attributed to their higher
hydrophilicity and their higher amount of solubilizing materials
and their lower cross-linking (Rao et al., 2002).

Regarding the color parameters of the films (Table 2), no corre-
lation was observed between them and the drying conditions
studied, indicating that the thermal treatment of film-forming
solutions during the drying step was not severe enough to produce
color changes. Altered colors as a consequence of treatment have
been reported in previous studies on soy protein films. Increased
yellowness was reported for heated soy films, for protein reacted
with the cross-linking agent dialdehyde starch, and for films ob-
tained under alkaline conditions (Rhim et al., 2000; Kim et al.,
2002; Mauri and Añón, 2008). Kim et al. (2002) explained that
the lower moisture content contributed to the increased yellow-
ness of heat-cured films. Such effect could not be observed in the
present study because the final humidity of films was kept con-
stant (�25%) under all the conditions evaluated.

3.3. Physical properties of optimized films

3.3.1. Barrier and optical properties
Films dried under optimal conditions: 60 �C and 60% RH for

LSPI, and 70 �C and 30% RH for CSPI were characterized by their
optical, barrier and thermal properties (Table 3). LSPI and CSPI
films differed significantly in permeability to water vapor and to
oxygen, according to the Tukey test (p < 0.05). LSPI films were more
permeable to these agents than CSPI. This difference in barrier
properties can be attributed to the different state of the proteins
in each material as a result of the extraction procedures employed.

Although LSPI and CSPI films were not subjected to thermal
treatment before drying, in contrast to film preparations exten-
sively reported in the literature, the thermal treatment used during



Fig. 6. DSC thermograms of SPI films obtained at the optimized drying conditions
and conditioned in NaBr (58% RH) for three weeks. (a) CSPI and (b) LSPI.
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drying under alkaline conditions caused the disruption of the
quaternary structure of proteins accompanied by a partial protein
denaturation (unfolding) (Mauri and Añón, 2006). Denaturation of
soy proteins promoted the intra- and intermolecular cross-linking
of amino acid residues, as well as the formation of disulfide cross-
links and hydrophobic bonds (Kim et al., 2002), resulting in a better
barrier to water vapor than films reported in the literature (Cho
et al., 2007; Kim et al., 2002).

Table 2 also shows the values obtained for color parameters (a*,
b* and L) and opacity of CSPI and LSPI films. No significant differ-
ence was found between CSPI and LSPI films regarding difference
in color (DE*) and opacity (Tukey test, p > 0.05). Both films were
yellowish (greater value for b*), which is typical of protein films.
CSPI and LSPI films obtained in the present study were more yel-
lowish and exhibited a higher DE* (�15.50) than films prepared
by Cho et al. (2007) from SPI (DE* = 9.09 ± 0.15) and concentrated
soy proteins (DE* = 10.21 ± 0.13), which were dried at room tem-
perature but subjected to thermal treatment (90 �C, 10 min) before
drying.

3.3.2. Phase properties
Fig. 6 shows the films thermograms obtained by DSC. A glass

transition (Tg) was observed at very low temperature in both ther-
mograms (�78.8 ± 0.75 �C for CSPI and �82.36 ± 0.58 �C for LSPI).
This Tg must be related with a plasticizer rich fraction and has been
observed in films produced with other proteins. A glass transition
eventually associated to the protein rich fraction, usually observed
for various kinds of proteins, was not visible in this case (Sobral
Fig. 7. SEM micrographs (�1500 magnification) of cross-sections of SPI films o
et al., 2002; Tapia-Blácido et al., 2007). Also, for LSPI film two
endotherms were observed at 105.46 ± 0.2 �C and 124.46 ± 0.4 �C
corresponding to the b-conglycinin and glycinin denaturation,
respectively. These results agree with that presented in Fig. 2.
The shift of denaturation temperatures to values higher than those
depicted in Fig. 2 is due to the lower water content of films (Mauri
and Añón, 2006). Consequently, although some denaturation oc-
curs by the alkaline pH of the filmogenic solution and the drying
process, some protein structure is preserved in the film of LSPI,
whereas CSPI proteins are totally denatured (their thermogram
did not show any endotherms).

The optimal drying conditions for CSPI were found at the high-
est drying rates that provoke higher shrinkage of the protein net-
work. This is evidenced by the thinner films obtained with CSPI
(60 lm) than with LPSI (75 lm), although the same methodology
was used for both preparations and both films were prepared with
the same dried mass per unit area.

The main difference between the two raw materials is the initial
structure of their proteins which results from the method of prep-
aration. In the case of LSPI, a process milder than the commercial
one was used, which allowed to maintain the globular conforma-
tion of soybean proteins. It must be kept in mind that no thermal
treatment was performed on the casting suspension before drying.
Thus, as CSPI proteins presented a greater degree of unfolding dur-
ing drying, their chains can interact with each other through a
higher number of interactions than LSPI proteins (mainly covalent
S–S links). These facts can explain why CSPI films were tougher and
presented a lower solubility, and why their water and oxygen per-
meability were lower than those of LSPI.

When the films are prepared from the laboratory soy protein
isolate, the drying process acts like a thermal treatment for the
protein where the unfolding of the molecule must proceed. The
best properties are obtained at higher RH and temperature, which
allow a little longer time of process.

These results agree with those determined by Kim et al. (2002)
working with SPI films plasticized with glycerol and dried in mild
conditions. These authors demonstrated that even after the drying
step, a heat treatment improved film properties. Using vacuum and
temperatures ranging from 60 to 85 �C they obtained films with
higher tensile strengths, and with lower elongations at break, sol-
ubilities and water permeabilities.

3.3.3. Microstructure
The microstructures of CSPI and LSPI films analyzed by SEM and

TEM are presented in Figs. 7 and 8. Both films presented a dense
structure, typical of protein films, as has been also reported for
films prepared with amaranth proteins (Tapia-Blácido et al.,
2007). The microstructure of the cross-sectional area of films
revealed that LSPI film structure is dense, with a fibrous formation
parallel to the film surface. Notwithstanding, some porous
btained at the optimized drying conditions of CSPI (a) and LSPI (b) films.



Fig. 8. TEM micrographs of SPI films obtained at the optimized drying conditions:
(a) CSPI and (b) LSPI.
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formation is also detected (Fig. 7), although these cavities seem to
be closed porous.

As revealed by TEM, the internal microstructure of LSPI films
was dense and porous, these pores probably constituting plastici-
zation zones homogeneously distributed within the film matrix.
Such pores or plasticization zones were less abundant in CSPI films.
Since drying conditions were different for both films, the differ-
ences observed in film structure could be due to interactions pro-
moted by the temperature and humidity conditions employed.
CSPI films were dried at high temperature (70 �C) and low relative
humidity (30%), which could have promoted the formation of a
higher number of hydrophobic interactions within the film struc-
ture, while LSPI films were dried at 60 �C and high relative humid-
ity (60%), which would promote a higher number of hydrophilic
interactions. Thus, the higher number of hydrophobic interactions
in the CSPI film would hamper water diffusion through the film
and would confer it better barrier properties to water vapor and
lower solubility than LSPI films (Tables 2 and 3). On the other hand,
the presence of a higher number of pores in the structure of LSPI
films (Fig. 8b) would explain the higher oxygen permeability of
such films (Table 3).
4. Conclusions

This study has shown that the functional properties of soy pro-
teins films can be modified by the temperature and relative humid-
ity used in the drying step. It also showed that the effects of the
drying conditions on the properties of soy protein films differed
according to the initial structural state of the proteins. Thus, when
the casting method is used, two different soy isolates with similar
polypeptide composition but different unfolding of their constitu-
ent molecules (CSPI and LSPI), produce edible films with different
properties even when the same drying conditions are applied for
both isolates.

The analysis performed using RSM yielded the optimal drying
conditions to obtain soy protein films with good mechanical prop-
erties and low solubility, these conditions being 60 �C and 60% RH
for LSPI and 70 �C and 30% RH for CSPI. When obtained under these
conditions, CSPI films were more resistant to break, less elongable,
less soluble and less permeable to water vapor and oxygen than
LSPI films. This correlated with the more dense microstructure of
CSPI films compared to LSPI films, which in turn can be attributed
to the greater unfolding degree of CSPI proteins which allows them
to establish a higher number of interactions (mainly covalent S–S
links) than in the case of LSPI proteins.
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