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ABSTRACT

The objective of this research was to determine the best combination of extrusion process variables for the production
of a high antioxidant extruded amaranth flour (EAF) suitable to elaborate a nutraceutical beverage. Extrusion operation
conditions were obtained from a factorial combination of process variables: Extrusion temperature (ET, 70°C - 130°C)
and screw speed (SS, 100 - 220 rpm). Response surface methodology was employed as optimization technique; both the
numeric and graphical methods were applied to obtain maximum values for response variables [Antioxidant capacity
(AoxC) and water solubility index (WSI)]. The best combination of extrusion process variables was: Extrusion tem-
perature (ET) = 130°C/Screw speed (SS) = 124 rpm. The raw amaranth flour (RAF) and optimized extruded amaranth
flour (EAF) had an antioxidant activity of 3475 and 3903 pmol Trolox equivalents/100 g sample (dw), respectively. A
200 mL portion of the beverage prepared with 22 g of optimized EAF contained 3.16 g proteins, 1.09 g lipids, 17.39 g
carbohydrates and 92 kcal. This portion covers 25.3% and 16.9% of the daily protein requirements for children 1-3 and
4 - 8 years old, respectively. A 200 mL portion of the beverage from optimized EAF contributes with 15.5% - 25.5% of
the recommended daily intake for antioxidants, respectively. The nutraceutical beverage was evaluated with an average
acceptability of 8.4 (level of satisfaction between “I like it” and “I like it extremely”) and could be used for health pro-
motion and disease prevention as an alternative to beverages with low nutritional/nutraceutical value.
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1. Introduction

Amaranth is an herbaceous annual plant belonging to the
Amaranthaceae family, originally from the Tehuacan re-
gion (Mexico) and parts of South America. In pre-Co-
lombian times amaranth seeds were such an essential
product for the local diet that they became an integral
part of pagan rituals and legends. With the decline of
local cultures after Spanish colonization, amaranth fell
into disuse or was even prohibited. Nonetheless, some
small communities continued to cultivate it and enabled
it to survive and spread around the world. At present
amaranth is grown for commercial purposes in Mexico,
South America, the United States, China, Poland and
Austria. The genus Amaranthus includes about 60 spe-
cies, but only 3 are considered good seed producers: A.
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hypochondriacus, A. cruentus and A. caudatus. Interest
in its widespread consumption for human nutrition has
grown in the two last decades due to favorable reports of
amaranth nutritive value and health benefits. From a nu-
tritional standpoint, the seeds of 4. hypochondriacus L.
(the main variety grown in Mexico) contain 15% - 20%
of lysine-rich protein (3.2 - 6.4 g/100g protein compared
to 2.8 - 3.0 g/100g protein for wheat), 58% - 66% of
starch, 6% - 9% of raw fiber and 6% - 8% of highly un-
saturated lipids. There are particularly high concentra-
tions of calcium (250 mg/100g) and iron (15 mg/100
g)—10 and 4 times higher, respectively, than those found
in wheat [1-5]. Polyphenolic compounds, such as pheno-
lic acids and flavonoids, have been characterized in ama-
ranth grains [6]. In addition to its promising nutritional
qualities, amaranth grains are considered to be an impor-
tant source of food for celiac patients, since they are glu-
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ten-free [7], diabetic [8], hypercholesterolemic subjects
[9,10] and coronary heart disease and hypertension pa-
tients [11].

Amaranth has many uses: it is consumed in seed form,
after cooking or as puffed cereal; it is ground and used as
flour; it can be puffed and ground to obtain pregelati-
nized flour. In Mexico in particular, the seed is used as a
puffed cereal and mixed with honey or molasses to pro-
duce a traditional sweet product (Alegria). Amaranth
does not contain gluten and is therefore a raw material of
interest for those suffering from celiac disease [12]. Fur-
thermore, the popping process of the amaranth grain im-
proves its rheological properties [13,14] as it happens by
extrusion of other grains [15], because the similarity in
processing.

Extrusion is a high temperature/short time technology
that offer numerous advantages including versatility, high
productivity, low operating costs, energy efficiency, high
quality of resulting products and an improvement in di-
gestibility and biological value of proteins [16]. Suspen-
sions of flours precooked by extrusion are able to in-
crease their viscosity rapidly, with a low tendency to
form lumps, since starch granules have been modified
showing high swelling capacity under both cold and hot
conditions, which makes extruded flours highly recom-
mended for preparation of instant food products [17]
such as beverages.

In Mexico, instant flours from nixtamalized maize, as
well as flours from raw, roasted, germinated, and fer-
mented maize are used to elaborate beverages tradition-
ally consumed as atole, pinole, tesgiiino and pozol [18].
A dish known as “Atole” and “Pinole” is prepared with

“toasted” amaranth seeds, or ground or whole grains [19].

Nutraceutical beverages represents one of the fastest an-
nual growing markets worldwide, reaching a compound
annual growth rate of 13.6% between 2002 and 2007
[20].

Response surface methodology (RSM) is a compen-
dium of mathematical and statistical techniques that are
useful for the modeling and analysis of problems in
which a response variable of interest is influenced by
several input variables. It is an effective method for es-
tablishing models evaluating the relative significance of
variables and determining optimal conditions of desirable
responses [21]. Most applications of RSM in process and
product improvement involve more than one response
variables. For optimize several responses have suggested
the use of the optimization methods including conven-
tional graphic method, improved graphic method, ex-
tended response surface procedure and desirability func-
tion [22]. The utility of RSM for extrusion cooking opti-
mization has been previously demonstrated [23-25].
However, optimizing extrusion conditions for the pro-
duction of instant amaranth flour with high antioxidant
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activity and/or nutraceutical properties have not been
reported.

The objective of this research was to determine the
best combination of extrusion process variables for the
production of a high antioxidant extruded amaranth flour
(EAF) suitable to elaborate a nutraceutical beverage.

2. Materials and Methods
2.1. Reagents

Folin-Ciocalteu reagent, hydrochloric acid, dichlorofluo-
rescin diacetate, 2,2’-Azobis (2-amidinopropane), tri-
fluoroacetic acid, catechina and gallic acid were ob-
tained from Sigma Chemical Co. (St Louis, MO). So-
dium hydroxide, hexane, methanol, ethanol and ethyl
acetate were purchased from DEQ (Mexico). All re-
agents used were of analytical grade.

2.2. Materials

The amaranth (Amaranthus hypochondriacus) grain was
purchased at a local market in Temoac, Morelos, Mexico.

2.3. Proximate Composition

The following AOAC [26] methods were used to deter-
mine proximate composition: Drying at 105°C for 24 h,
for moisture (method 925.09B); incineration at 550°C,
for ashes (method 923.03); defatting in a Soxhlet appa-
ratus with petroleum ether, for lipids (method 920.39 C);
microKjeldahl for protein (Nx6.25) (method 960.52); and
enzymatic-gravimetric methods for total dietary fiber
(method 985.29). All determinations were made by trip-
licate.

2.4. Preparation of Extruded Amaranth Flours

The extruded amaranth flours were obtained according to
procedure recommended by Vargas-Lopez [27] and Quei-
roz et al. [28]. The amaranth grains (1 kg lots) were
mixed with lime [0.21 Ca(OH),/100g amaranth] and
conditioned with purified water to reach a moisture con-
tent of 28%. Each lot was packed in a polyethylene bag
and stored at 4°C for 8 h. Before extrusion, the grits were
tempered at 25°C for 4 h. A single screw laboratory ex-
truder Model 20 DN (CW Brabender Instruments, Inc.,
NJ, USA) with a 19 mm screw-diameter; length-to-di-
ameter 20:1; nominal compression ratio 2:1; and die
opening of 3 mm was used. The inner barrel was grooved
to ensure zero slip at the wall. The temperature in the
barrel was the same for the three zones and the end zone
was cooled by air. A third zone, at the die barrel, was
also electrically heated but not cooled by air. The feed
rate was 30 rpm. ET was defined as temperature at the
die end of the barrel. Extrusion operation conditions were
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obtained from a factorial combination of independent
process variables: Extrusion temperature (ET, 70°C -
130°C) and screw speed (SS, 100 - 220 rpm). Table 1
presents different combinations of ET and SS used for
producing extruded amaranth flours. After extrusion the
extrudates were cooled, equilibrated at environmental
conditions (25°C, RH = 65%), milled (UD Cyclone Sam-
ple Mill, UD Corp, Boulder, CO, USA) to pass through
an 80-US mesh (0.180 mm) screen, packed in plastic
bags, and stored at 4°C. The resulting extruded amaranth
flours were analyzed for antioxidant capacity (AoxC),
and water solubility index (WSI).

2.5. Antioxidant Capacity (AoxC)

Free phytochemicals in amaranth samples were extracted
as previously reported by Dewanto et al. [29] with minor
changes. A dry ground of 0.5 g was mixed with 10 mL
chilled ethanol-water (80:20, v/v) for 10 min in a shaker
at 50 rpm. The blends were centrifuged (3000 xg, 10 min)
(Sorvall RC5C, Sorvall Instruments, Dupont, Wilming-
ton, DE, USA) in order to recover the supernatant. The
extracts were concentrated to 2 mL at 45°C using a vac-
uum evaporator (Savant SC250 DDA Speed Vac Plus
Centrifugal, Holbrook, NY, USA) and stored at —20°C.
Bound phytochemicals in amaranth samples were ex-
tracted according to the method recommended by Adom
& Liu [30] and Adom et al. [31]. After extraction of free
phytochemicals, the pellet was suspended in 10 mL of
2M NaOH at room temperature and nitrogen was flushed
to displace air present in the tube headspace before di-
gestion. The samples were hydrolyzed at 95°C and 25°C
in a shaking water bath oscillating at 60 rpm for 30 and

60 min, respectively. The hydrolyzed was neutralized
with an appropriate amount of HCI before removing lip-
ids with hexane. The final solution was extracted five
times with 10 mL ethyl acetate and the pool was evapo-
rated to dryness. Bound phytochemicals were reconsti-
tuted in 2 mL of 50% methanol and stored at —20°C until
use.

Free and bound hydrophilic antioxidant capacities
were determined using the oxygen radical absorbance
capacity (ORAC) assay; extracts were evaluated against
Trolox as standard, with fluorescein as probe as de-
scribed Out et al. [32]. Peroxyl radicals were generated
by 2,2’-azobis (2-amidinopropane) dihydrochloride, and
fluorescent loss was monitored in a Synergy microplate
reader (Dynergy TM HT Multidetection, BioTek, Inc,
Winoosgki, VT, USA). The absorbance of excitation and
emission was set at 485 and 538 nm, respectively. The
antioxidant capacities were expressed as micromoles of
Trolox equivalents (TE) per 100 g of dry weight sample.

2.6. Total Phenolic Content

The phenolic content of free and bound extract ground
samples was determined using the colorimetric method
described by Singleton et al. [33]. Briefly, 20 pL of ap-
propiate dilutions of extracts were oxidized with 180 mL
of Folin-Ciocalteu reagent. After 20 min, absorbance of
the resulting blue color was measured at 750 nm using a
Microplate Reader (Synergy™ HT Multi-Detection, Bio-
Tek Inc, Winooski, VT, USA). A calibration curve was
prepared using gallic acid as standard and total phenolics
were expressed as micrograms of gallic acid equivalents
(mg GAE)/100 g sample (dw).

Table 1. Combination of extrusion process variables used to produce extruded amaranth flours and experimental results for

response variables (AoxC, WSI).

Process variables

Response variables

Treatment®

Extrusion temperature ('C) Screw speed Antioxidant capacity (ORAC) Wate_r solubility index_
(rpm) (umol TE/100 g sample, dw) (g soluble solids/100g total solids, dw)
1 70 85 2862 42.37
2 130 85 3488 57.67
3 70 220 2958 29.10
4 130 220 2997 60.70
5 57.57 152.50 2401 36.64
6 142.43 152.50 3069 58.64
7 100 57.04 3293 41.54
8 100 247.96 3149 32.15
9 100 152.50 3101 58.64
10 100 152.50 3124 50.42
11 100 152.50 3079 54.46
12 100 152.50 3019 58.25
13 100 152.50 2963 56.25

*Does not correspond to order of processing.

Copyright © 2012 SciRes.
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2.7. Water Solubility Index (WSI)

The WSI was assessed as described by Anderson et al.
[34]. Each flour sample (2.5 g) was suspended in 30 mL
of distilled water in a tared 60 mL centrifuge tube. The
slurry was shaken with a glass rod for 1 min at room
temperature and centrifuged at 3000 xg and 25°C for 10
min. The supernatant was poured carefully into a tared
evaporating dish. The WSI, expressed as g of solids/100
g of original solids (2.5 g), was calculated from the
weight of dry solids recovered by evaporating the super-
natant overnight at 110°C.

2.8. RSM Experimental Design and Statistical
Analysis for Extrusion Process

Response surface methodology (RSM) was applied to
determine the optimum conditions of process variables
for the manufacture of extruded amaranth flour with high
antioxidant capacity (AoxC) and water solubility index
(WSI) suitable to elaborate a nutraceutical beverage.
Data from a previous report [23] and preliminary trials
were taken into account to select the number and range
of process variables in the experimental design. The
process variables considered in this studies were extru-
sion temperature (X; = ET, 70°C - 130°C), and screw
speed (X, = SS, 100 - 200 rpm), while the dependent
response variables chosen were AoxC and WSI. A Cen-
tral Composite Rotatable Design (CCRD) including 13
experiments formed by 5 central points and 4 (1 = 1.414)
axial points to 22 full factorial design. Coded values cor-
responding to actual values of each variable and CCRD
are shown in Table 1. Individual experiments were car-
ried out in random order. The quadratic polynomial re-
gression model was assumed for predicting (Y) response
variables. Models of the following form were developed
to describe the two response (Y) surfaces:

Y:ﬂo""ﬂle"’ﬁzXz+ﬂ12X1X2+ﬂ11X12+1822X22 1)
where, Y is the value of the considered experimental pre-
dicted response variable (AoxC, or WSI), X; and X; are
the values of ET and SS, respectively, f, is the constant
value, f; and f, are linear coefficients, /3, is the interact-
tion coefficient, £, and f) are quadratic coefficients.
Applying the stepwise regression procedure, non-sig-
nificant terms (p < 0.05) were deleted from the second
order polynomial and a new polynomial was recalculated
to obtain a predictive model for each variable [21,35].
All statistical analyses were performed using Design Ex-
pert software Ver. 7.0.0. [36].

2.9. Optimization of Extrusion Process

During the optimization of food processes, usually sev-
eral response variables describing the quality characteris-
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tics and performance measures of the systems are to be
optimized. Some of these variables are to be maximized
and some are to be minimized. In many cases, these re-
sponses are competing, i.e. improving one response may
have an opposite effect on another one, which further
complicates the situation [37]. Several approaches have
been used to tackle this problem. One of the most com-
mon is the conventional graphical method that superim-
poses the contour diagrams of the different response
variables, while a second approach solving the problem
of multiple responses uses a desirability function that
combines all the responses into one measurement.

The conventional graphical method (CGM) is a rela-
tively straightforward approach for optimizing several
responses and it works well when there are only a few
process variables. CGM was used as optimization tech-
nique to obtain maximum AoxC and WSI. Predictive
models were used to represent graphically the system.
Contour plots for each of the response variables were
used applying superimposed surface methodology, to
obtain a contour plot for observation and selection the
zone of optimization of ET and SS for the production of
optimized extruded amaranth flour. To perform this op-
eration the Design Expert software version 7.0.0. was
employed [36].

The desirability method described by De la Vara and
Dominguez [38] was applied to find the best combination
of extrusion process variables [extrusion temperature (ET)/
screw speed (SS)] that will result in a extruded ama-
ranth flour with optimum values for the two dependent
variables (AoxC, WSI). The two fitted models can be
evaluated at any point X = (X;, X2) of the experimental
zone and as a result two values were predicted for each
model, namely Y;(X) and Y,(X). Then each Y(X) is
transformed into a value d;(X), which falls in the range (0,
1) and measures the desirability degree of the response in
reference to the optimum value intended to be reached.
In this research, we wanted all response variables to be as
high as possible. Thus, the transformation is:

0 ﬁ(x) <Y,
O e A (O e
1 zﬂ?(x) >y’

where: di(X) = Value of the desirability of the ith re-
sponse variable, Y; (X) = Estimated response variable,
Y7 = Maximum acceptable value of the ith response
variable, Y, = Minimum acceptable value of the ith
response variable.

Once the two individual desirabilities were calculated,
the next step was to obtain the global desirability for the

two response variables, using the mathematical function
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of transformation D = (d,d,)"”?, where the ideal optimum
value is D = 1; an acceptable value for D can be between
0.6 and 0.8 (0.6 < D < 0.8). This acceptable value was
found by using the Design Expert program version 7.0.0
[36]. The AoxC and WSI predictive models (Table 2)
were used to obtain individual desirabilities (Figure 1A);
which were employed to calculate a global desirability
(D) (Figure 1B) for observation and selection of superior
(optimum) combination of ET and SS for producing op-
timized extruded amaranth flour with high antioxidant
capacity (AoxC) and water solubility index (WSI).

2.10. Beverage Preparation

Optimized extruded amaranth flour was used to prepare a
nutraceutical beverage: Extruded amaranth flour (110 g)
was added with fructose (13 g), powder cinnamon (3 g),
powder vanillin (7 g) into purified water (1 L); the sus-
pension was stirred in a domestic shaker (medium veloc-
ity), refrigerated (8°C - 10°C) and sensory evaluated for
acceptability (4). All determinations were made by trip-
licate.

2.11. Sensory Evaluation

The nutraceutical beverage prepared with optimized ex-
truded amaranth flour was made and evaluated the same
day. The beverage was evaluated after 30 min of prepa-
ration, at room temperature. Sensory evaluation of the
beverage was done using a panel of 80 judges (semi-
trained panellists). The judges were seated in individual

Table 2. Regression coefficients and analyses of variance of
the second order polynomial models showing the relation-
ships among response variables (¥;) and process variables

(X).

Antioxidant capacity Water solubility index

Coefficients (Yaoc) (Yws1)
Coded Uncoded Coded Uncoded
Intercept
Bo 3057.35 472.03 55.60 -10.52
Linear
A 201.23™ 48.16™ 9.75™" 0.613™"
o —74.68" -0.96" —2.94" 0.30
Quadratic
P -136.73™"  —0.15""  —2.68%  —0.003"*
P2z 106.29™ 0.0233"  —-8.07"  —0.002""
Interaction
Pz -146.94"  -0.073" 4,08 0.002N
R?= 0.932 0.932 0.912 0.912
p= 0.0006 0.0006 0.0014 0.0014

NSNonsignificant; “Significant: p < 0.1; ~Significant: p < 0.05; ™ Significant:
p<0.01.
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Figure 1. (A) Individual desirability (4;) for response variables
(antioxidant capacity/water solubility index) and (B) global
desirability (D = 0.906) for the optimized extruded amaranth
flour for preparing a nutraceutical beverage.

booths in a laboratory with controlled temperature (25°C)
and humidity (50% - 60%), and day-light fluorescent
lights. Samples were evaluated for acceptability using a
hedonic scale of 9 points, where 9 means like extremely,
and 1 means dislike extremely [39].

3. Results and Discussion
3.1. Predictive Model for Response Variables

Two predictive models were obtained as a result of fit-
ting the second order polynomial of Equation (1) to ex-
perimental data of the effects of different combinations
of extrusion process variables on the two response func-
tions (AoxC and WSI) shown in Table 1. These predict-
tive models were tested for adequacy and fitness by
analyses of variance (ANOVA, Table 2). According to
[40], a good predictive model should have an adjusted R*
(coefficient of determination) > 0.80, a significance level
of p < 0.05, coefficients of variance (CV) values < 10%,
and lack of fit test > 0.1; all these parameters could be
used to decide the satisfaction of the modeling. The
AoxC of the extruded amaranth flours (EAF) varied from
2401 to 3488 umol Trolox equivalents (TE)/100 g sam-
ple, dw (Table 1).
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Analysis of variance showed that AoxC was signifi-
cantly dependent on linear terms of extrusion tempera-
ture [ET, p < 0.01], and screw speed [SS, p < 0.05)],
quadratic terms of ET and SS [(ET)?, p < 0.01; (SS)*, p <
0.05], and ET-SS interaction [ET-SS, p < 0.05]. Predic-
tive models for the AoxC of EAF were:

Using coded variables:

Yyoc =3057.35+4201.23X, —74.68X, —146.94X X,
-136.73X} +106.29.X;

Using original variables:
Y,oxc =472.03+48.16ET —0.96SS —0.07ET *SS
—0.15ET* +0.02SS°

The predictive model explained 93.16% of the total
variation (p < 0.05) in AoxC values (Table 2), and the
lack of fit was not significant (p > 0.05). Furthermore,
the relative dispersion of the experimental points from

the predictions of the models (CV) was found to be 2.81%.

These values indicated that the experimental model was
adequate and reproducible. The raw amaranth flour had
an AoxC of 3475 umol TE/100g sample, dw (Table 3).
Maximum values of AoxC were observed at ET = 100°C
- 142°C, SS = 58 - 100 rpm (Figures 2A and B). Quei-
roz et al. [28] studied the effect of the extrusion process
on antioxidant capacity of amaranth; they applied a com-
bination of ET = 90°C, SS = 404 rpm and did not ob-
serve changes in AoxC of extruded amaranth flour when
compared with raw amaranth flour.

WSI is often used as an indicator of the degradation of
molecular components. The WSI of the extruded amaranth
flours varied from 29.10 to 60.70 g solids/100 g original
solids (Table 1). Analysis of variance showed that WSI
was significantly dependent on linear terms of extrusion
temperature [ET, p < 0.05], and screw speed [SS, p<
0.05], and quadratic term of SS [(SS)?, p < 0.01]. Predic-
tive models for the WSI of EAF were:

Table 3. Antioxidant capacity and total phenolic content in
raw and optimized extruded amaranth flours.

Raw amaranth Extruded amaranth

Property

flour flour?

Antioxidant capacity®
Free phytochemicals 19134 13508
Bound phytochemicals 15628 25534
Total 34758 3903*

Phenolic content®

Free phenolic 23.614 8.008
Bound phenolic 32.99% 61.50*
Total 56.60" 69.50*

ABMeans with different superscripts in the same row are significantly dif-
ferent (Duncan, p < 0.05). “Obtained applying optimized extrusion operation
conditions: Extrusion temperature = 130°C, speed screw = 124 rpm. “pmol
Trolox equivalent (TE)/100 g sample, dw. “mg galic acid equivalent (GAE)/
100 g sample, dw.
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Figure 2. Response surface and contour plots for the effect
of extrusion temperature ("C) and screw speed (rpm) on
antioxidant capacity (A, B) and water solubility index (C,D)
of extruded flours from amaranth grain.

Yyg = 55.60+9.75X, —~2.94X, +4.08X, X, —2.68X]
-8.07.X?

Using original variables:
Yis =—10.52+0.61ET +0.30SS +0.002ET * SS
—0.003ET* -0.0025S>

ANOVA for the model of WSI as fitted (Table 2)
shows high significance (p < 0.01) and non-significant
lack of fit (p > 0.05). The response regression model ex-
plained 91.2% of the total variability in WSI of the ex-
truded amaranth flours. Additionally, the CV was 8.85%.
Based on this analysis, the selected model represented
adequately the data for WSI. Maximum values of WSI
were observed at ET = 110°C - 142°C, SS = 120 - 180
rpm (Figures 2C and D). The increase WSI found in
extruded products can be related to the lower molecular
weight, which separated quite easily from each other
when the processing conditions are more severe [41].

3.2. Optimization

Numerical method (desirability): Predictive models of
each one of the response variables were employed to
obtain individual desirabilities (Figure 1A) which were
utilized for calculating a global desirability (D) (Figure
1B). The common maximum values for the two response
variables were obtained at a D = 0.906, as a result of the
best combination of extrusion process variables for the
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production of extruded amaranth flour: ET = 130°C, SS =
124 rpm. The D value obtained was higher than the val-
ues that considered to be acceptable (0.6 < D < 0.8) ac-
cording to De la Vara & Dominguez [38].

Graphical method: Figures 2B and D present the ef-
fect of extrusion temperature (ET) and screw speed (SS)
on antioxidant capacity (AoxC) and water solubility in-
dex (WSI) of extruded amaranth flours, respectively.
Superposition of these contour plots was carried out to
obtain a new contour plot (Figure 3) which was utilized
for observation and selection of the best combination of
extrusion process variables for producing optimized ama-
ranth flour with high AoxC and WSI, suitable to elabo-
rate a nutraceutical beverage. Central point of the opti-
mization region in Figure 3 correspond to a combination
process variables of ET = 130°C, SS = 124 rpm.

3.3. Antioxidant Capacity (AoxC) and Total
Phenolic Content (TPC) of the Optimized
Extruded Amaranth Flour

Table 3 shows the total hydrophilic antioxidant capacity
(sum of antioxidant capacities of free and bound phyto-
chemicals), or ORAC values, and total phenolic content
(TPC, calculated as the sum of free and bound phenolic)
of raw and optimized extruded amaranth flours.
Processing of the whole raw amaranth grains using ex-
trusion cooking increased (p < 0.05) the total ORAC
value and the TPC of the optimized extruded amaranth
flour when compared with the raw flour [3903 vs 3475
pmol Trolox equivalent (TE)/100 g sample (dw), and
69.50 vs 56.60 mg gallic acid equivalents (GAE)/100 g
sample, dw, respectively] (Table 3). It was also ob-
served that the ORAC value of free phytochemicals sig-
nificantly decreased (p < 0.05) and ORAC value of
bound phytochemicals increased (p < 0.05) in optimized

250 o
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Figure 3. Region of the best combination of process variables
(extrusion temperature/screw speed) for producing of opti-
mized extruded amaranth flour with high antioxidant
capacity and water solubility index.

Copyright © 2012 SciRes.

Table 4. Nutrimental content, antioxidant capacity and
acceptability of a 200 mL portion of the nutraceutical bev-
erage from optimized extruded amaranth flour.

Nutriment (g) Nutraceutical beverage

Protein 3.16
Lipids 1.09
Ashes 0.77
Carbohydrates 17.39
Total dietary fiber 2.50
Soluble 0.84
Insoluble 1.66
Energy (kcal) 92
Antioxidant capacity (umol TE) 774
Acceptability? 8.4

*Value is between “I like very much” and “I like extremely” in a hedonic
scale of 9 points.

extruded amaranth flour (Table 3). This behavior could
be attributed to 1) Prevention of enzymatic oxidation and;
2) Darker colors of the extruded optimized mixture indi-
cating formation of Maillard reaction products having
antioxidant properties [42]. Our results show that the
bound phytochemicals were the primary contributors
(65.41%) to ORAC value and that the most of the pheno-
lic (88.5%) in optimized amaranth flour occurred in the
bound or attached to cell wall form (Table 3). Bioactive
phytochemicals exist in free, soluble-conjugated, and
bound forms; bound phytochemicals, mostly in cell wall
materials, are difficult to digest in the upper gastrointes-
tine and may be digested by bacteria in the colon to pro-
vide health benefits and reduce the risk of colon cancer
[30,43].

The ORAC method is usually employed to estimate
antioxidant activity of foods and to evaluate in vivo re-
sponses to dietary antioxidant manipulation. The ORAC
is the only method so far that combines both inhibition
time and degree of inhibition into a single quantity [44].
The United States Department of Agriculture, and the
food and nutraceutical industries have accepted the method
to the point that some manufactures now include ORAC
values on product labels [45-47].

3.4. Nutrimental Content, Antioxidant Capacity
and Acceptability of the Nutraceutical
Beverage

Raw and optimized extruded amaranth flours had similar
(p > 0.05) protein content (16.60% - 15.96%, dw) (data
not show). Other researchers [48,49] have reported simi-
lar protein content for extruded amaranth flour. The raw
amaranth flour showed the highest lipid content (7.86%,
dw) (data not show); these results are in agreement with
those reported by other authors [48-50]. The amaranth
grains contain high starch content (60% - 70%) which is
able to create complexes with lipids during extrusion
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processes. The total dietary fiber (TDF) contents of raw
and optimized extruded amaranth flours were 14.62 and
13.91%, dw, respectively (data not show). Reynoso-
Camacho et al. [51] observed that the pattern of reduced
colon cancer in Sprage-Dawley rats was influenced by
the presence of dietary fiber; extruded amaranth flour by
the TDF content could be considered as functional foods.
The extruded amaranth flour had higher (p < 0.05) ashes
content than raw amaranth flour (3.84% vs 3.17%, dw)
(data not show); this behavior is related with the addition
of lime during extrusion processes.

The formulation of a 200 mL portion of the beverage
prepared from optimized extruded amaranth flour was
based on those of traditional beverages widely consumed
in Mexico, which are produced from different grain
flours (for example, rice, barley), as well as sensorial
tests to define the proper amounts for each ingredient
(data not shown). The Mexican norm NMX-F-439-1983
for foods and non-alcoholic beverages was also consid-
ered. This norm defines a nutritious beverage when it
contains at least 1.5% protein or protein hidrolyzates
with a quality equivalent to that of Casein; it also estab-
lishes that the beverage must contain 10% to 25% of the
main ingredient used to prepare it; these beverages can
also contain up to 2% ethanol, edulcorants, flavouring
agents, carbon dioxide, juices, fruit pulp, vegetables or
legumes and other additives authorized by the Health and
Assistance Secretary of Mexico. The formulations used
in this research contained 11% of the extruded amaranth
flours and 1.58% proteins of good quality. Besides, these
beverages contained fructose to satisfy the recommenda-
tions of the Health and Assistance Secretary of Mexico,
regarding the fact that a 200 mL portion of a beverage
(food) must contain no more than 100 kcal.

The 200 mL portion of the nutraceutical beverage
prepared with 22 g of optimized extruded amaranth flour
contained 3.16 g proteins, 1.09 g lipids, 17.39 g carbo-
hydrates and 92 kcal (Table 4). This portion covers
25.13% and 16.86% of the daily protein requirements for
children 1 - 3 and 4 - 8 years old, respectively. The nu-
traceutical beverages (200 mL) from optimized extruded
amaranth flour showed a total antioxidant capacity of
774 umol TE (Table 4); which contributes with 15.5% -
25.5% of the recommended (3000 to 5000 pmol TE)
daily intake for antioxidants [47]. The semi-trained pan-
elists assigned an average value of 8.4 in acceptability to
the beverage from optimized extruded amaranth flour
(level of satisfaction between “I like it” and “I like it ex-
tremely”) (Table 4). It is expected that this acceptability
allows an adequate consumption to provide health bene-
fits.

4. Conclusion

Extrusion of amaranth grains produces extruded flour

Copyright © 2012 SciRes.

with acceptable good nutritional and antioxidant proper-
ties. Response surface methodology is a useful tool for
optimization of processes involving several processing
conditions and several response variables. The best com-
bination of extrusion process variables for the production
of extruded amaranth flour to elaborate a beverage with
high antioxidant capacity and acceptability were: Extru-
sion temperature = 130°C, Screw speed = 124 rpm. The
optimized extruded amaranth flour had an antioxidant
capacity of 3903 umol Trolox equivalents/100 g sample
(dw). A 200 mL portion of the beverage from optimized
extruded amaranth flour contributes with 15.5% - 25.5%
of the recommended daily intake for antioxidants. The
nutraceutical beverage was evaluated with an average
acceptability of 8.4 (level of satisfaction between “I like
it” and “I like it extremely”). The high nutritional, anti-
oxidant and sensory value of the amaranth beverage can
be attributed at least partially to the application of the
optimum extrusion processing conditions. The nutraceu-
tical beverage could be used for health promotion and
disease prevention as an alternative to beverages with
low nutritional/nutraceutical value.
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