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In this contribution we have determined the effect of limited enzymatic hydrolysis on the emulsifying
capacity of amaranth proteins. The action of enzyme (alcalase and trypsin) and the pH of the continuous
phase of the oil/water emulsion (pH 2.0, 6.3 and 8.0) were the variables analyzed. The results obtained
show that amaranth protein isolates, AI, contain proteins species capable of forming and stabilizing
emulsions, mainly at acidic pH (2.0) and to a lesser extent at pH 8.0. While the emulsions obtained are
sensitive to creaming and flocculation, they do not undergo destabilization by coalescence. The emul-
sions prepared from proteins subjected to low grade trypsin hydrolysis (TH2.2) are sensitive to creaming
- flocculation, whereas alcalase-hydrolyzed proteins (AH1.7 and AH9.5) exhibited a significant destabi-
lization by creaming, flocculation and coalescence, mainly at pH 6.3. The effect of the pH of the aqueous
phase was determining on the emulsion stability beside the structural and physicochemical character-
istics of protein species utilized as tensioactive. At acidic pH (pH 2.0) the unfolding and charge of
polypeptides and the capacity of form a viscoelastic film at the interface were essential while at alkaline
pH (pH 8.0) the balance among high and low molecular mass protein species and flexibility of the
molecule fixed the emulsions properties.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

There is an increasing demand of new food products with high
nutritional quality. Protein isolates represent an interesting ingre-
dient for such food formulations to which they must contribute not
only with good nutritional properties, but also with suitable func-
tional properties.

Emulsification is a functional property widely utilized in the
food industry; many foods are totally o partially emulsified like
mayonnaise, cream, sauces, desserts, comminuted meat products
and some beverages (Dickinson & Stainsby, 1982; Friberg & Larsson,
1997; Jaynes,1983, chap. 6; Swaisgood, 1996, chap. 14; McClements,
1999). The most important emulsifiers in such foods are proteins
and low molecular weight surface active molecules (lipids, phos-
pholipids) (Lizarraga, Pan, Añón, & Santiago, 2008). Proteins having
both hydrophilic and hydrophobic regions can be adsorbed at the
oil–water interface where they unfold making the system ther-
modynamically more stable. They can form a film on the interface
.
.
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maintaining the emulsion for long periods. These protein proper-
ties depend on protein structure which can be modified by different
treatments and is sensitive to environmental conditions such as pH
and ionic strength (Turgeon, Gauthier, Mollé, & Léonil, 1992;
Pizones Ruı́z–Henestrosa, Carrera Sánchez, Pedroche, Millán, &
Rodrı́guez Patino, 2009; Zhang, Jiang, Mu, & Wang, 2009). Enzy-
matic hydrolysis has been used to change functional properties of
proteins (Damodaran & Paraf, 1997; Kim, Park, & Rhee, 1990; Mar-
tı́nez, Carrera Sánchez, Pizones Ruı́z–Henestrosa, Rodrı́guez Patino,
& Pilosof (2007); Rodrı́guez Patino et al., 2007) because it results in
the formation of peptides chains of smaller size and a remaining of
proteins with different structural characteristics. Many plant
protein isolates have been proposed as high quality ingredients
presenting different functional properties (Konishi & Yoshimoto,
1989; Marcone & Kakuda, 1999; Van Koningsveld et al., 2002;
Palazolo, Sorgentini, & Wagner, 2005; Puppo et al., 2008).

Among them amaranth proteins are an interesting alternative.
Amaranth is an ancient crop cultivated in America, which presents
many agronomic advantages. Its seeds contain 15–18% protein with
a high proportion of lysine and sulfur amino acids. Therefore, the
use of amaranth proteins as an ingredient in food formulations is
attractive given their high nutritional value (Bressani, 1989;
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Marcone, 1999; Martı́nez, Castellani, & Añón, 1997; Segura–Nieto,
Barba de la Rosa & Paredes–López, 1994).

Regarding their functional properties, it has been informed that,
similar to albumins, globulins can constitute good emulsifiers
(Marcone & Kakuda, 1999; Silva–Sánchez, González–Castañeda, De
León–Rodrı́guez, & Barba De La Rosa, 2004). Emulsifying properties
of amaranth isolates are just beginning to be studied. Fidantsi and
Doxastakis (2001) have prepared isolates which act as effective
emulsion–stabilizing agents, though its foaming properties showed
to be better than the emulsion properties. On the other hand
Tomoskozi et al. (2008) studied the functional properties of
amaranth protein fractions and protein isolates, and found that the
emulsifying properties were relatively poor in comparison legume
properties. Amaranth proteins showed a low solubility. Taking into
account the correlation between solubility and surface properties
(Vodjani, 1996); it is possible that structural modifications that
increase protein solubility would improve their emulsifying prop-
erties. It has been shown that enzymatic hydrolysis improves the
solubility of an amaranth protein isolate (Scilingo, Molina Ortiz,
Martı́nez, & Añón, 2002), and it is known that pH exerts great
influence on these proteins solubility. On these grounds we tested
the possibility of endowing amaranth proteins with good emulsi-
fying properties by means of enzymatic proteolysis. Furthermore,
the emulsifying capacity of different amaranth protein hydrolysates
and the effect of the pH of the continuous phase of the emulsion
were analyzed.

2. Materials and methods

2.1. Amaranth seeds and flour

The seeds of Amaranthus hypochondriacus cultivar Artasa 9122
were obtained from INTA, Anguil, La Pampa, Argentina. They were
ground in an Udy mill (UDY Corp., USA) 1 mm mesh and screened
by 10 xx mesh (Facultad de Ciencias Agrarias y Forestales, Uni-
versidad Nacional de La Plata, Argentina), to obtain the amaranth
flour. The latter was defatted by extraction with hexane
(1:10 w v�1) at room temperature during 24 h, under continuous
stirring during the first 5 h. After drying at room temperature, the
flour was stored at 4 �C until used. Protein content of the flour was
23.4 � 0.8% (w w�1, wb), as determined by the Kjeldahl method
(AOAC, 1984) using a factor of 5.85 (Becker, 1981; Scilingo et al.,
2002).

2.2. Preparation of amaranth protein isolate (AI)

The amaranth isolate was prepared according to Martı́nez and
Añón (1996). The defatted flour was suspended in water in
a 1:10 w v and the suspension was adjusted to pH 9.0 by adding 2 M
NaOH. The suspension was stirred during 1 h and then centrifuged
at 9 000 g for 20 min at 10 �C. The supernatant was adjusted to pH
5.0 with 2 N HCl and centrifuged at 4 �C for 20 min at 9000 g. The
pellet was suspended in a small volume of water, neutralized with
0.1 M NaOH, and freeze–dried. The protein content of the isolate
was 73.9 � 1.4% (wb) as determined by the Kjeldahl method
(N � 5.85).

2.3. Preparation of protein hydrolysates

The hydrolysates were prepared by treating the AI either with
alcalase (Protease from Bacillus licheniformis; Sigma, cat. #P4860) in
a concentration of 0.8 mL/g isolate, or with trypsin (Trypsin; Sigma, cat.
#T1426, 10 600 BAEE units mg solid) added at 10 mg g�1 isolate. The
amaranth protein isolate (AI) was dispersed to a final concentration of
10 mg mL�1 in 35 mM phosphate buffer (pH 7.8) and was stirred for 1 h
at 37 �C, before adding the enzymes. Hydrolysis was carried out for
20 min when the enzyme was trypsin, and for 20 min or 240 min when
alcalase was employed. The hydrolysis was stopped by heating at 85 �C
in a hot water bath during 10 min. Then the slurry was cooled in an ice
bath, frozen, lyophilized and stored at 4 �C until used. The degree of
hydrolysis (DH%) was analyzed by the trinitrobenzenesulfonic acid
method (TNBS–Adler–Nissen, 1979). The trypsin hydrolysate showed
a DH%¼ 2.2, and was named TH2.2. Hydrolysates obtained by alcalase
treatment during 20 min and 240 min showed DH% ¼ 1.7 and
a DH% ¼ 9.5, respectively, and were named AH1.7 and AH9.5.
2.4. Preparation of o/w emulsions

The following buffer solutions were used to make the emul-
sions: 35 mM phosphate buffer pH 2.0, 31 mM NaCl; 35 mM
phosphate buffer pH 6.3 and 35 mM tris buffer pH 8.0, 27 mM NaCl.
All the solutions had the same ionic strength (m ¼ 0.047).

The samples (1 mg protein ml) were dispersed in the buffers and
stirred for 1 h at room temperature. Emulsions were prepared by
homogenizing 4 mL of refined sunflower oil and 16 mL of the
protein suspension (20% oil v v) with an ultrasound homogenizer
(SONICS Vibra Cell VCX750) at a power level of 50%, making 2
pulses of 5 s each, with the standard tip immersed 1/3 in a glass of
28 mm diameter. At the same time it was mild stirred with
a magnetic stirrer to allow the entire mixture pass through the
emulsification zone. The temperature of the preparation did not
exceed 29 �C during the homogenization process.
2.5. Measurements of oil droplets size

The particle size distribution, mean Sauter diameters (d3,2) and
mean De Brouker diameters (d4,3) of the emulsion droplets were
determined using a Coulter LS 230 (Coulter Electronics, USA) laser
light scattering instrument. Immediately after making the emul-
sions a sample was taken and dispersed in recirculation water until
it reaches an obscuration level of 8–11% detected by the device
measuring cell. To measure the size distribution avoiding floccu-
lation 0.5 mL of the emulsions were poured in a tube containing
3 mL of 1% SDS solution and measured after 1 h of still storage.

The specific interfacial area (SIA) was calculated from the mean
d3,2 value of the emulsions containing SDS with the equation:

SIA ¼ 6� oil ratio=d3;2

Polydispersity (Pd) of the emulsion was calculated from the
information provided by the droplet size distribution as follows:

Pd ¼ ðd0:1�d0:9Þ=d0:5

where 10, 50, 90 percent of the oil volume in the emulsion is
contained in droplets with diameters below or equal to d0.1, d0.5 and
d0.9 respectively.
2.6. Dynamic light scattering measurements

The stability of the emulsions was determined through the use
of a vertical scan analyzer Quick Scan (Beckman–Coulter inc., USA).
The samples were loaded into a cylindrical glass measurement cell,
and the backscattering percentage profiles (%BS) all along the tube
were immediately monitored every 3 min for 3 h as a function of
the sample height (total height, 60 mm approximately). Then cells
were still stored for 24 h at room temperature and another indi-
vidual %BS measurement was done. These measurements were
used to plot the kinetics of the mean %BS in the lower part of the
tube (10–15 mm height) and the upper part of the tube (40–50 mm
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height). The k0,1 value and the cream destabilization percentage
(%CD) were also calculated as follows:

k0:1 ¼ ð%BSin � t0:1Þ�1

based on the mean values of %BS in the lower part of the tube
(10–15 mm height), where t0.1 is the time of diminish 10% the %BSin

(initial value of %BS). This parameter indicates the stability of the
emulsion respect of the creaming process. The increase of k0.1

suggests a decrease of the emulsion stability.

%CD ¼ 100� ð%BSmax�%BS24hÞ=%BSmax

based on the mean values of %BS in the upper part of the tube (40–
50 mm height), where %BSmax is the maximum value of %BS and
%BS24h is the value of %BS at the 24 h after the first measure.
2.7. Gel filtration chromatography (FPLC)

The samples AI, AH1.7, AH9.5 and TH2.2 were suspended in the
same buffer solutions used for making the emulsions and gently
stirred for 1 h, centrifuged for 20 min at 15 000 g 20 �C and filtered
through a 0.22 mm membrane filter. The protein concentration was
approximately 3 mg mL�1. Five hundred ml of the samples were
injected in a Superose 6B HR 10/30 column and analyzed by means
of a Pharmacia LKB, FPLC system. The elution was performed with
the buffers at a flow rate of 0.2 mL min�1; and the elution profile
(absorbance at 280 nm) was obtained. The column was calibrated
with blue dextran (V0), thyroglobulin (669 kDa), ferritin (440 kDa),
alcohol dehydrogenase (150 kDa), albumin (66 kDa), cytochrome-C
1 10 100 1000

0

5

10

15

20

V
o

l
u

m
e
 
(
%

)

Diameter (µm)

1 10 100 1000

0

5

10

15

20

V
o

l
u

m
e
 
(
%

)

Diameter (µm)

I

II
a

c

Fig. 1. Profiles of particle size distributions of o/w emulsions prepared with dispersions of no
(d) at: pH 2.0 (-), pH 6.3 (:) and pH 8.0 (B). Distributions were expressed in percentage
(12.4 kDa) and aprotinin (6.5 kDa). The protein fractions identifi-
cation was performed according to previous data obtained in our
lab (Martı́nez et al., 1997, Scilingo et al., 2002).

2.8. Solubility

Samples AI, AH1.7, AH9.5 and TH2.2 were dispersed in buffers of
different pH at 1 mg of protein/ml. Dispersions were mild stirred
with a magnetic stirrer for 1 h at room temperature and centrifuged
at 15 000 g during 15 min at 20 �C. Immediately it was carried out
the solubility analysis using the Lowry method (Lowry, Rosebrough,
Farr, & Randall, 1951).

3. Results and discussion

3.1. Emulsifying activity

Fig. 1 shows particle size distribution in the absence of SDS,
expressed as volume% for the emulsions initially obtained with AI,
AH1.7, AH9.5 y TH2.2 at different pHs of the continuous phase (2.0,
6.3, and 8.0). In every case particle size distributions were bimodal,
with two definite populations: (I) drops with a diameter � 2 mm,
and (II) drops with a mean diameter higher than 10 mm. The
contribution of the population I to the total volume of the disperse
phase was not significant, but its importance increases if the area
created during the homogenization process is considered (insert in
Fig. 1a). The distributions for the emulsions obtained with AI
exhibit a small change as the pH of the continuous phase varies: for
population II, particle size ranges from 10 to 100 mm at pH 2.0,
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Fig. 2. Relationship between d4,3 and %BSin of o/w emulsions prepared with disper-
sions of non-hydrolyzed, and hydrolysates of amaranth proteins: AI, AH1.7, AH9.5 and
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which is a wider range than those observed at pH 8.0 and 6.3
(Fig. 1a). For emulsions prepared with AH1.7, AH9.5 and TH2.2, drop
size distributions changed significantly with the pH of the contin-
uous phase (Fig. 1b–d). Drop size of population II increased mark-
edly at pH 6.3 and to a lesser extent at pH 8.0, with no important
changes detected at pH 2.0 as compared to distributions obtained
for AI. At pHs 6.3 and 8.0 the increase in drop size for population II
was more evident for emulsions prepared from AH1.7 and AH9.5,
this effect being higher for higher hydrolysis degrees (Fig. 1b–c).

Particle size distributions in the presence of SDS showed the
same trends discussed previously (Table 1). However, the particle
size distributions at pH 2.0 presented lower value drop diameters
(<10 mm) than in absence of SDS.

The most polydispersed emulsions were those obtained at pH
2.0 regardless of their formulation from the isolate or from any of
the hydrolysates under study (Table 1). A marked reduction of
polydispersity was detected for emulsions prepared with AH1.7
and AH9.5 at pH 6.3, which was also observed for AH1.7 at pH 8.0.
A reduction of polydispersity was also observed for emulsions
prepared from TH2.2 with increasing pH values of the continuous
phase.

The specific interfacial area (SIA) by AI vary significantly with pH
changes in the continuous phase of the emulsion, with values
higher for pH 2.0 (Table 1). In the case of emulsions prepared from
hydrolysates, the highest SIA was obtained with hydrolysates at pH
2.0. At pH 8.0 and 6.3 the SIA was 50% and 80% lower than that
obtained at pH 2.0 respectively. The decrease of SIA with pH for the
AI was lower than that corresponding to hydrolysates.

Initial backscattering (%BSin) profiles obtained as a function of
the length of the testing tube provide some information regarding
the microstructure of the original emulsion. While %BSin values
depend not only on the size of the drop but also on the volumetric
fraction of the disperse phase, in the case of recently prepared
emulsions the drops are uniformly distributed along the testing
tube. In this situation, %BSin values enable a qualitative determi-
nation of the drop size of the emulsion. As shown in Fig. 2, initial
%BS tends to decrease with increasing d4,3 values. Drops of smaller
size for all samples with exception of AH1.7 correspond to emul-
sions at pH 2.0, which reflect a greater proportion of incident light.
Similar relations were obtained by Márquez, Palazolo, and Wagner
(2005) and Palazolo (2006) for emulsions made of soy milk–vegetal
oil and dairy fat, and emulsions made of soy protein isolates and
native and denatured soy proteins, respectively.

The comparison of the particle size distributions at pHs 6.3 and
8.0 for the different hydrolysates obtained indicates that the action
of alcalase led to the peptides with less emulsifying activity - large
Table 1
Initial parameters of the emulsions prepared with protein samples at different pHs.
Maximum standard deviation was: d4,3: 4%, d3,2 and SIA: 6%.

Sample D4,3 av

(mm)
Polydispersity D3,2 av

(mm)SDS

D4,3 av

(mm)SDS

SIA
(m2/mlem)SDS

AI pH2 31.1 1.4 4.2 14.7 0.28
AI pH 6.3 46.4 0.9 9.8 – 0.12
AI pH 8 30.1 1.2 7.9 26.3 0.15
AH1.7 pH 2 44.7 1.6 3.6 10.0 0.33
AH1.7 pH 6.3 94.6 0.5 22.5 86.6 0.05
AH1.7 pH 8 53.4 0.6 6.9 38.9 0.17
AH9.5 pH 2 28.9 1.6 3.2 7.4 0.38
AH9.5 pH 6.3 131.0 0.6 24.6 116.3 0.05
AH9.5 pH 8 82.8 1.2 15.3 87.2 0.08
TH2.2 pH 2 18.5 1.7 3.4 8.7 0.35
TH2.2 pH 6.3 67.8 1.5 13.5 71.0 0.09
TH2.2 pH 8 32.3 1.0 9.1 37.4 0.13
particle sizes and small SIA - trend that intensified with the
increasing degree of hydrolysis.
3.2. Emulsifying stability

To evaluate the creaming–flocculation kinetics of the emulsions
under study, the %BS profiles during the first 3 h and at 24 h of still
storage were analyzed.

The migration of drops in an oil: water emulsion proceeds to the
upper part of the measuring tube, thus leading to a diminution of
drops in the lower portion of the tube and a reduction of %BS.
Therefore, creaming–flocculation kinetics were determined from
mean %BS values (%BSav) as a function of time in the zone of the
tube ranging from 10 to 15 mm. Fig. 3a shows the creaming–floc-
culation kinetics corresponding to emulsions made from AI at the
three different pH values chosen. Emulsions prepared at pH 6.3
exhibited the highest degree of destabilization due to a rapid drop
of %BSav with time, followed by emulsions made at pH 8.0. Emul-
sions prepared at pH 2.0 were stable for longer than 30 min. In
addition, in the later case the clarification of the lower aqueous
phase at 40 min of storage was significantly lower than that of
emulsions made at pH 6.3 and 8.0. Similar changes with the pH of
the continuous phase were observed for emulsions prepared from
AH1.7, AH9.5 and TH2.2. Emulsions obtained with AH1.7 and TH2.2
exhibited a higher stability, particularly at pH 2.0. The behavior of
the emulsions after 24 h (1440 min) of still storage follows the same
trend that one observed during the first hours. Fig. 4 shows the
destabilization constant k0.1 which provides data on the clarifica-
tion rate of the lower portion of the measuring tube (10–15 mm)
until yielding a 10% reduction of the initial BS value. It can be
observed that the most unstable emulsions are those prepared with
hydrolysates obtained by alcalase treatment at pHs 6.3 and 8.0.

Flocculation–coalescence kinetics of the cream phase were
determined from the variation of the %BSav in the upper portion
(40–50 mm) of the measuring tube. The results obtained for all the
assayed samples are shown in Fig. 5. For emulsions prepared from
AI at pH 6.3 and 8.0, an initial reduction of %BSav can be observed,
followed by an increase of this parameter until reaching a virtually
constant value at 28 min (pH 6.3) or 40 min (pH 8.0).
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This behavior of the %BSav is due to the variation in the number
and size of the drops present in the cream phase. The ascent of
drops from the lower phase is accompanied by an increase in %BSav,
which occurred more rapidly for the emulsions made at pH 6.3, in
agreement with the data depicted in Figs. 3 and 4. The emulsions
prepared at pH 2.0 exhibited only a slight %BSav increase with time,
evidencing its higher stability in the flocculation–creaming process.
The behavior of emulsions prepared with AH1.7 and AH9.5 was
markedly different at pH 6.3 and 8.0, since both emulsions showed
a reduction of %BSav with storage time, indicating a coalescence
process that predominates over the increase of drops in the cream
phase while in AI and TH2.2 it could be seen only a little coales-
cence at pH 6.3 within 24 h of storage. The behavior of emulsions
prepared from TH2.2 was similar to that of emulsions made from AI,
but %BSav values were slightly lower (especially at pHs 6.3 and 8.0).
Fig. 6 depicts the destabilization percentage of the cream phase
(%CD) considering the behavior of the emulsions at 24 h of still
storage. These results confirmed the tendency observed for the
behavior of the emulsions during the first 3 h after preparation. The
highest destabilization percentages of the cream phase corre-
sponded to AH1.7 and AH9.5 emulsions at pHs 6.3 and 8.0. A clear
diminution of the light dispersed by particles was observed in these
cases, which was a consequence of the reduction in the number of
particles and increase of their size due to the coalescence
phenomena detected.

The destabilization of emulsions by coalescence previously
discussed was verified by optical microscopy of the emulsions
formed recently and after 3 and 24 h of still storage. The results
showed the same trend of those obtained by Quick Scan.
De Brouker diameters (d4,3) in the presence or absence of SDS
corresponding to the emulsions initially obtained are shown in
Table 1. For all emulsions at pH 2.0, d4,3 exhibited a reduction of
mean values in the presence of SDS, suggesting the formation of
floccules between particles. However the mean diameter of floc-
cules at pH 2.0 was lower or equal than size of the individual
droplets of emulsions prepared at pH 6.3 and 8.0.

The analysis of the results at pHs 6.3 and 8.0 of the continuous
phase clearly shows that the hydrolysis of amaranth proteins with
alcalase significantly reduces its action as a stabilizer in oil - water
emulsions especially against flocculation-coalescence.

3.3. Relationship between emulsifying capability and
physicochemical characteristics of proteins

Structural characteristics of proteins and polypeptides, espe-
cially size, charge, molecular flexibility and surface hydrophobicity,
influence on their ability to form and/or stabilize emulsions.
Treatments applied to amaranth proteins in this study, together
with the pH variation in the continuous phase of the emulsions,
affected the solubility, the molecular size and the folding degree of
amaranth proteins. The low grade hydrolysis used in the current
study affected the solubility of amaranth proteins and polypeptides
at the pH values used for the continuous phase of the emulsion. The
highest solubility of the samples (63–82%) has obtained at pH 2.0,
followed by that obtained at pH 8.0 (48–66%), and finally by that
measured at pH 6.3, at which solubility values not only were the
lowest but also exhibited the widest range (24–59%) (Table 2). It is
important to point out that the isoelectric point of proteins present
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Fig. 6. Cream destabilization at different pHs corresponding to o/w emulsion prepared with dispersion of AI (a), AH1.7 (b), AH9.5 (c), TH2.2 (d).
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in the amaranth isolate is between 4.5 and 6.0 (Marcone & Yada,
1992). In every case, the samples showing the highest solubility
were those prepared from AI and those with the lowest solubility
were those obtained from AH1.7. Previous results obtained in our
laboratory indicate that at degree of hydrolysis equal to or above
16% the solubility of the alcalase hydrolysates was higher - in all the
pH range – than that corresponding to the AI. (Vecchi, 2007).

Trypsin and alcalase are members of a serine protease family.
The first one cleaves the peptide bond on the carboxyl side of
arginine and lysine (Kishimura et al., 2007) while the second
hydrolyzes peptide bonds with broad specificity liberating peptides
with hydrophobic amino acids such as Phe, Tyr, Trp, Leu, Ile, Val,
Met at their C-terminal. Condés, Scilingo, and Añón (2009) showed
that amaranth 11S and globulin P were the main targets for the
trypsin, while a polypeptide of 45 kDa from 7S globulin was more
resistant to trypsin action. Meanwhile Vecchi (2007) showed that
alcalase hydrolyzed rapidly polypeptides of molecular weight
higher than 30 kDa present in amaranth. The B polypeptides of 11S
globulin, hydrophobic in nature, presented the greater resistance to
alcalase hydrolysis. According to Chabanon, Chevalot, Framboisier,
Chenu, and Marc (2007) the hydrolysis of rapeseed proteins with
alcalse seemed to be carried out over the whole proteins also
Table 2
Solubility (%) of protein samples at different pHs.

pH 2.0 pH 6.3 pH 8.0

AI 82.2 � 1.8 28.4 � 1.2 63.6 � 2.0
AH1.7 63.4 � 2.1 23.7 � 1.5 49.1 � 1.8
AH9.5 70.2 � 1.2 36.1 � 1.0 57.1 � 1.0
TH2.2 76.9 � 3.0 59.1 � 3.0 66.4 � 1.8
leading to the appearance of high proportion of intermediary
peptides following a zipper mechanism.

According to the solubility results obtained and taking into
account the mechanism of action of alcalase is possible that during
the early stages of the hydrolysis, this enzyme release hydrophobic
peptides able to interact and form insoluble aggregates stabilized
by hydrophobic interactions. This phenomenon would be favored at
pHs closer to the average PI of these proteins.

As revealed by size exclusion chromatography (Fig. 7), soluble
fractions differed in the distribution of molecular sizes. The chro-
matography profile showed the presence of globulin-P polymers
(component I, involving a range of elution volumes with MM higher
than 500 kDa), globulin-P and 11S-globulin molecules of
280 � 7 kDa (component II), which were described elsewhere
(Martı́nez et al., 1997) and species of MM< 100 kDa (component III,
involving a range of elution volumes mainly composed by albu-
mins). At pH 8.0 the soluble fraction of AI exhibited about 18% of
high molecular mass aggregates and hexameric and trimeric forms
of 11S and 7S, about 6.5% of monomers, and the remaining
components were low molecular mass proteins and polypeptides.
The soluble fractions of alcalase hydrolysates did not contain high
molecular mass aggregates, but contained a higher proportion of
monomeric species and low molecular mass polypeptides resulting
from hydrolysis. Trypsin hydrolysates contained not only these
components, but also soluble aggregates, albeit in a much lower
proportion than that found in the AI and exhibiting an intermediate
molecular mass (corresponding to molecular masses from 68 to
14 kDa). Species found in the soluble fraction at pH 6.3 were
equivalent to those detected at pH 8.0, while at pH 2.0 only poly-
peptide species of low molecular mass were observed, even in the
case of the non-hydrolyzed isolate, thus implying the existence of
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dissociation reactions and of aggregates of very high molecular
mass not detected in this assay.

It must be noted that amaranth proteins and polypeptides are
completely denatured at pH 2.0, at variance with what happens at
pH 6.3 and 8.0 according to data obtained by DSC (results not
shown).

The above described results clearly show that AI contains
proteins species capable of forming and stabilizing emulsions,
mainly at acidic pH (2.0) and to a lesser extent at pH 8.0. While the
emulsions obtained are sensitive to creaming and flocculation, they
do not undergo destabilization by coalescence, only a little at pH
6.3. The emulsions prepared from proteins subjected to low grade
trypsin hydrolysis (TH2.2) are also sensitive to creaming–floccula-
tion, whereas alcalase–hydrolyzed proteins (AH1.7 and AH9.5)
exhibited a significant destabilization by creaming, flocculation and
coalescence, at pHs 6.3 and 8.0.

It is known that the creaming rate of a spherical particle is
primarily dictated by the Stokes law, although the latter has several
limitations for describing the behavior of emulsions, including the
existence of Brownian motion, the intrinsic polydispersity of
emulsions, the colloidal interactions between particles, the hydra-
tion degree of the drops, and the rheological behavior of the
continuous phase (McClements, 1999). The emulsions obtained at
pH 2.0 prepared with non-hydrolyzed amaranth proteins showed
the highest degree of flocculation and the lower creaming rate. In
this conditions the polypeptides present a net positive charge and
are unfolded exposing the hydrophobic residues promoting floc-
culate formation by hydrophobic interaction. Otherwise, the higher
creaming stability of emulsions obtained at pH 2.0 could be
attributed to the higher polydispersity produced under these
conditions, and also to the formation of a network opened of floc-
cules that would affect the movements of the drops.

The fact that the smaller drops and the absence of coalescence
are found in emulsion prepared at pH 2.0, which have a predomi-
nance of low molecular weight polypeptides resulting from disso-
ciation and/or hydrolysis of amaranth proteins, would indicate that
these proteins improve the emulsifying activity and are able to
form a resistant film at the interface. According to assays currently
in course in our laboratory, isolates and hydrolysates of amaranth
form films with very good rheological characteristics at pH 2.0 (not
shown). These results are consistent with those reported by Martin,
Bos, and van Vliet (2002) with soybean proteins. This authors found
that both 3S (form, predominant at acidic pH) and 11S glycinin may
form cross linkage but 3S presents an easier and higher rate of
unfolding and rearrangement in the interface due to the higher
flexibility resulting from electrostatic repulsion forces within the
molecule.

The decreased solubility and the consequent presence of
a higher amount of aggregates, together with the existence of
smaller protein species due to hydrolysis and the nature of the
polypeptides obtained – hydrophobicity and molecular size -,
would account for the coalescence phenomena detected in emul-
sions prepared from AH1.7 and AH9.5. At pH 6.3 the coalescence of
emulsions prepared with alcalase–treated isolates was prominent,
in agreement with the lower solubility measured at this pH.
Notwithstanding, the later parameter would not constitute the only
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cause of destabilization through coalescence, since AI coalesces
only a little and has a solubility equal or lower than that of AH1.7
and AH9.5. The type and quantity of interactions of molecules at the
interface are also of vital importance in the formation of an inter-
facial viscoelastic film resistant to coalescence.

In the present work the best emulsions were obtained, for all
samples assayed, at pH 2.0. In spite of the characteristic of proteins
used as tensioactives (hydrolyzed and non-hydrolyzed proteins) the
acidic pH modifies the molecule structure in a manner that allows
better penetration at the interface and greater interaction between
them favoring the stability of the emulsions obtained. At pH 2.0 the
hydrolysates showed a slightly larger emulsifying activity. The effect
of the hydrolysis degree is more important at pH 6.3 and 8.0, being
less stable the emulsions obtained with alcalase hydrolysates.
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Condés, M. C., Scilingo, A. A., & Añón, M. C. (2009). Characterization of amaranth
proteins modified by trypsin proteolysis. Structural and functional changes.
LWT – Food Science and Technology, 42(5), 963–970.

Damodaran, S., & Paraf, A. (1997). Food proteins and their applications (3rd ed.). New
York: Marcel Dekker.

Dickinson, E., & Stainsby, G. (1982). Colloids in foods. London: Applied Science
Publishers.

Fidantsi, A., & Doxastakis, G. (2001). Emulsifying and foaming properties of amaranth
seed protein isolates. Colloids and Surfaces B: Biointerfaces, 21(1–3), 119–124.

Friberg, S., & Larsson, K. (1997). Food emulsions (3rd ed.). New York: Marcel Dekker.
Jaynes, E. N. (1983)Encyclopedia of emulsion technology, Vol. 2. New York: Marcel

Dekker.
Kim, S. Y., Park, P. S., & Rhee, K. (1990). Functional properties of proteolytic enzyme

modified soy protein. Journal of Agricultural and Food Chemistry, 38, 651–656.
Kishimura, H., Tokuda, Y., Yabe, M., Klomklao, S., Benjakul, S., & Ando, S. (2007).

Trypsins from the pyloric ceca of jacopever (Sebastes schlegelii) and elkhorn
sculpin (Alcichthys alcicornis): isolation and characterization. Food Chemistry,
100(4), 1490–1495.

Konishi, Y., & Yoshimoto, N. (1989). Amaranth globulin as a heat–stable emulsifying
agent. Agricultural and Biological Chemistry, 53(12), 3327–3328.
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