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Abstract The objective of this study was to determine the
best combination of extrusion process variables for the
production of whole quality protein maize (EQPMF) and
common bean (ECBF) flours to prepare a high antioxidant
activity mixture (EQPMF + ECBF) suitable to produce a
nutraceutical beverage with high acceptability elaborated
with a traditional Mexican formulation. Processing condi-
tions were obtained from a factorial combination of barrel
temperature (BT=120–170 °C) and screw speed (SS=120–
200 rpm). Response surface methodology was applied to
obtain maximum values for antioxidant activity (AoxA) of
the flour mixture (EQPMF + ECBF) and acceptability (A) of

the nutraceutical beverage. The best combinations of
extrusion process variables for EQPMF and ECBF to prepare
an optimized mixture (60%EQPMF+40%ECBF) were
BT098 °C/SS0218 rpm and BT0105 °C/SS083 rpm, re-
spectively. The optimized mixture had AoxA014,320 μmol
Trolox equivalent (TE)/100 g sample dry weight (dw) and a
calculated protein efficiency ratio (C-PER) of 2.17. A
200 ml portion of a beverage prepared with 25 g of the
optimized flour mixture had AoxA03,222 μmol TE, and
A089 (level of satisfaction “I like it extremely”). This
nutraceutical beverage could be used as an alternative to
beverages with low nutritional/nutraceutical value, such as
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those prepared with water, simple sugars, artificial flavoring
and colorants, which are widely offered in the market.

Keywords Antioxidant activity . Extrusion . Quality protein
maize . Common bean . Cereal/legume mixture .

Nutraceutical beverage

Introduction

The consumption of whole grains has been recommended
because they are associated with the prevention of cardio-
vascular disease (CVD), type-2 diabetes, and some types of
cancer [1, 2]. Maize (Zea mays L) is the most highly pro-
duced cereal in the world representing a major source of
energy, protein and other nutrients for both human and
livestock; however, the quality of maize proteins is poor
because they are deficient in the essential amino acids lysine
(Lys) and triptophan (Trp) [3]. Maize breeders of the Inter-
national Maize and Wheat Improvement Center (CIMMyT)
and the National Research Institute for Forestry, Agriculture
and Livestock (INIFAP) in Mexico developed 26 hybrids
and cultivars of quality protein maize (QPM), which have
yields and other important agronomic traits similar to those
of normal maize, but they almost double the Lys and Trp
content and therefore the protein quality [4]. Phytochemi-
cals such as phenolic compounds have also been reported in
several maize genotypes and they have been associated with
antioxidant activities [5, 6] and anticarcinogenic effects [7].

Common bean (Phaseolus vulgaris L) plays an important
role in the diet of Latin American people, providing 20–
40 % proteins, essential fatty acids, complex carbohydrates,
vitamins and minerals; its consumption has been associated
with reduced risk of cancer and heart diseases and these
physiological effects may be due to some abundant phyto-
chemicals, including polyphenolics [8, 9].

The proteins of maize and common bean complement one
another by providing to each other significant amounts of the
respective limiting amino acids [10]. Paredes-López et al. [11]
reported the highest protein efficiency ratio (PER) value for a
60:40 mixture of maize and common bean; the PER value
increased from 1 in maize and 1.4 in common bean to 2.4 in
the mixture. Cuevas-Martínez et al. [12] determined the effect
of white common bean addition on certain nutritional proper-
ties of tortillas of nixtamalized maize; they reported that after
addition of 25 % common bean, the lysine and tryptophan
content in tortillas increased from 56 to 36 % of the FAO
profile to 95 and 84 %, respectively.

Extrusion is a high temperature/short time processing
technology that offers versatility, high productivity, low
operating costs, energy efficiency, high quality products
and improved protein digestibility and biological value [4].
This technology has been used to elaborate several food

products, including breakfast cereals, snacks, infant foods,
and precooked flours [4, 13]. The use of extruded flours has
several advantages since the extrusion process is accompanied
by pre-gelatinization of starch granules, resulting in loss of the
molecular order and the complete degradation of polymers
with formation of highly soluble fragments. Therefore, sus-
pensions of precooked flours by extrusion are able to increase
rapidly their viscosity, with a low tendency to form lumps
since starch granules have been modified showing high swell-
ing capacity under both cold and hot conditions, which makes
extruded flours highly recommended to prepare instant food
products [14], such as beverages.

Some researchers have extruded maize using lime to pro-
duce instant flours to elaborate tortillas as an alternative to the
traditional nixtamalization process [4, 6, 12, 15, 16]. In Mex-
ico, instant flours from nixtamalized maize, as well as flours
from raw, roasted, germinated, and fermented maize are used
to elaborate traditional beverages such as atole, pinole, tes-
güino, and pozol [11]. Precooked legume flours have also
been produced using the extrusion technology [17]; legumes
are previously soaked in salt solutions (softening) to decrease
the cooking time and the levels of some antinutritional factors.

Nutraceutical beverages represent one of the fastest an-
nual growing markets worldwide with a compound annual
growth rate of 13.6 % between 2002 and 2007 [18]. The
main criterion for acceptance of this kind of drinks is taste;
thus, formulation of high quality beverages with good taste
is important for an adequate level of consumption, which is
required for health promotion and disease prevention.

The objective of this study was to determine the best
combination of extrusion process variables for the produc-
tion of whole quality protein maize and common bean flours
to prepare a high antioxidant activity mixture suitable to
elaborate a nutraceutical beverage with high acceptability
elaborated with a traditional Mexican formulation.

Materials and Methods

Materials

Quality protein maize (QPM) cv V-537C and common bean
cv Azufrado Higuera were provided by the National Re-
search Institute for Forestry, Agriculture and Livestock
(INIFAP), Culiacán, Sinaloa, México.

Methods

Production of Extruded Quality Protein Maize (EQPMF)
and Common Bean (ECBF) Flours

Extruded flours were prepared as reported by Gutiérrez-
Dorado et al. [4] and Milán-Carrillo et al. [17]. Whole
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QPM or common bean kernels (1 kg lots) were grinded to
obtain grits that passed through a 40-US mesh (0.425 mm)
screen. QPM grits were mixed with lime (0.21 g lime/100 g
grits) and water, while common bean grits were mixed with
a salt solution [(0.25 g NaCl+0.75 g NaHCO3)/100 ml
distilled water], until both reached a moisture content of
28 g H2O/100 g wet grits. Each lot was packed in a poly-
ethylene bag and stored for 12 h at 4 °C, followed by 1 h at
25 °C. Extrusion cooking was performed with a single-
screw laboratory extruder model 20 DN (CW Brabender
Instruments, Inc., NJ, USA) equipped with a 19 mm diam-
eter screw, 20:1 length/diameter, 1:1 nominal compression
ratio, and 3 mm die opening. Extrusion conditions were
selected from a factorial combination of process variables:
barrel temperature (BT=120–170 °C) and screw speed
(SS=120–200 rpm) (Table 1). Extrudates were cooled,
equilibrated (25 °C, 65 % RH), milled to pass through an
80-US mesh (0.180 mm) screen, and packed in plastic bags.
Extruded whole QPM (EQPMF) and common bean (ECBF)
flours were stored at 4 °C until use.

Beverage Preparation

Each flour mixture (25 g) was added with 6.4 g of low
calorie sweetener (Azúcar BC Metco®), vanillin powder
(1 g) and water (168 ml); the suspension was stirred with a
domestic shaker (medium velocity), refrigerated (8–10 °C)
and sensory evaluated for acceptability (A).

Proximate Composition

The official AOAC [19] methods 925.09B, 923.03, 920.39C
and 960.52 were used to determine moisture, ashes, lipids
and protein content, respectively. Carbohydrates were esti-
mated by difference.

Extraction of Free and Bound Phenolic Compounds

Free phenolic compounds were extracted as reported by
Dewanto et al. [20] with minor modifications. Briefly, 1 g
of ground sample was blended with 10 ml of 80 % chilled
ethanol for 10 min and then centrifuged at 2,500 g for
10 min; the supernatant was concentrated under vacuum at
45 °C and stored at −20 °C until evaluation. Bound phenolic
compounds were extracted from the residue according to
Adom and Liu [21] and Mora-Rochín et al. [6]. The residue
was digested with 10 ml of 2 M NaOH at 95 °C for 30 min
with previous removal of O2 using N2, followed by 1 h at
25 °C. The mixture was acidified (pH<2) with 2 ml of 2 M
HCl and extracted with hexane to remove lipids. The final
solution was extracted five times with 10 ml of ethyl acetate;
the fractions were pooled and dried under vacuum at 35 °C.
Bound phenolic compounds were reconstituted in 2 ml of

methanol–water (50:50, v/v). The extracts were frozen and
stored at −20 °C until evaluation. All extractions were made
by quadruplicate.

Table 1 Combination of extrusion process variables used to produce
whole quality protein maize and common bean flour mixtures (60 %
EQPMF+40 % ECBF) and experimental results for response variables
(AoxA, A)

Treatmenta Process variables Response variables

BTQPMb SSQPMb BTCBb SSCBb AoxAc Ad

1 120 120 120 120 13,475 70

2 170 120 120 120 12,217 87

3 120 200 120 120 13,299 80

4 170 200 120 120 12,582 72

5 120 120 170 120 12,103 40

6 170 120 170 120 11,202 40

7 120 200 170 120 12,986 56

8 170 200 170 120 10,217 56

9 120 120 120 200 13,495 60

10 170 120 120 200 11,435 84

11 120 200 120 200 13,755 67

12 170 200 120 200 11,928 70

13 120 120 170 200 11,553 37

14 170 120 170 200 10,092 52

15 120 200 170 200 11,566 47

16 170 200 170 200 11,221 40

17 95 160 145 160 13,174 50

18 195 160 145 160 10,710 67

19 145 80 145 160 11,372 58

20 145 240 145 160 11,805 66

21 145 160 95 160 13,220 84

22 145 160 195 160 10,745 40

23 145 160 145 80 12,066 56

24 145 160 145 240 11,518 56

25 145 160 145 160 12,735 62

26 145 160 145 160 12,341 59

27 145 160 145 160 11,900 67

28 145 160 145 160 12,850 64

29 145 160 145 160 12,307 62

30 145 160 145 160 12,635 60

a Does not correspond to order of processing
bBTQPM Barrel temperature for quality protein maize (°C), SSQPM
Screw speed for quality protein maize (rpm) used for producing ex-
truded whole quality protein maize flour (EQPMF), BTCB Barrel
temperature for common bean (°C), SSCB Screw velocity for common
bean (rpm) used for producing extruded whole common bean flour
(ECBF)
c AoxA Antioxidant activity (μmol TE/100 g sample, dw); it was
determined in the mixtures (60%EQPMF+40%ECBF)
dA Acceptability; it was determined by 80 non-trained panelists in the
beverages prepared from each mixture.
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Determination of Total Phenolic and Antioxidant Activity
(AoxA)

Phenolic contents of free and bound compounds extracts were
determined using the colorimetric method described by
Singleton et al. [22]. Briefly, 20 μl of each extract was oxi-
dized with 180 ml of Folin-Ciocalteu reagent (Sigma Chem-
ical Co., St Louis, MO, USA). After 20min, absorbance of the
resulting blue color was measured at 750 nm using a Micro-
plate Reader (Synergy™ Multi-Detection, BioTek, Inc.,
Winooski, VT, USA). A calibration curve was prepared using
gallic acid (Sigma Chemical Co., St Louis, MO, USA) as
standard and total phenolics were expressed as milligrams of
gallic acid equivalents (mg GAE) per 100 g of sample (dw).
All determinations were made by triplicate.

Free and bound hydrophilic antioxidant activities were
determined using the oxygen radical absorbance capacity
(ORAC) assay. Extracts were evaluated against a standard of
Trolox with Fluorescein as a probe as described by Ou et al.
[23]. Peroxyl radicals were generated by 2,2-azobis (2-amidi-
nopropane) dihydrochloride, and fluorescent loss was moni-
tored in a Micro-plate reader (Synergy™). The excitation and
emission were set at 485 and 538 nm, respectively. Data was
expressed as μmol of Trolox equivalent (TE)/100 g of dry
weight sample. All measurements were made by triplicate.

Essential Amino Acid Analysis, in Vitro Protein Digestibility
(IVPD), Chemical Score (CS) and Calculated Protein
Efficiency Ratio (C-PER)

Essential amino acid composition was determined using the
method described by López-Cervantes et al. [24] using an
analytical scale (4.6 mm×250mm) hypersil ODS C18 colum
(SGE, Dandenong, Australia) kept at 38 °C and connected to
an HPLC system (GBC, Dandenong, Australia) equipped
with a fluorescence detector >LC 5100 set at 270 and
316 nm for excitation and emission, respectively. Tryptophan
was detected at 280 nm with an ultraviolet detector. The IVPD
was determined according to Hsu et al. [25] using a multi-
enzyme system. The chemical score (CS) was calculated as
follows:CS ¼ content of the most limiting EAA=REAARð Þ
�100; where EAA is the essential amino acid and REAAR is
the recommended amino acid requirement for 10–12 year old
children [26]. C-PER was calculated as described by Satterlee
et al. [27] and summarized by the AOAC [19]. This procedure
is based on the IVPD and the EAA composition of the opti-
mized mixture. All determinations were made by triplicate.

Sensory Evaluation

The total number of beverages tested was 30, based on the
different extrusion conditions used (Table 1). A different
beverage (20 l) was prepared every day and evaluated after

30 min by a panel of 80 non-trained judges (25 °C, 50–60 %
relative humidity, day-light fluorescent lights). Samples
were rated for acceptability (A) based on a 100 mm bidirec-
tional scale LAM (labeled affective magnitude) [−100 (max-
imum value of imaginable dislike) to +100 (maximum value
of imaginable like); zero (like me or dislike me) is the
central point]. These values were transformed to a scale
from zero to 100 [00maximum value of imaginable dislike,
1000maximum value of imaginable like; 500I do not like,
nor dislike]. This transformation was performed to obtain a
predictive mathematical model for A [28].

Response Surface Methodology (RSM) Experimental
Design, Statistical Analysis and Optimization

A central composite experimental design was chosen for
RSM, with four factors (BTQPM 0 Barrel temperature for
QPM, SSQPM 0 Screw speed for QPM, BTCB 0 Barrel
temperature for common bean, SSCB 0 Screw speed for
common bean) and five variation levels [barrel temperature
(BT=95, 120, 145, 170, 195 °C) and screw speed (SS=80,
120, 160, 200, 240 rpm)] (Table 1). Applying the stepwise
regression procedure, non-significant terms (p>0.1) were
deleted from a second order polynomial and a new polyno-
mial was used to obtain a predictive model for each response
variable [29].

The desirability method described by De la Vara and
Domínguez [30] was applied to determine the best combi-
nation of extrusion process variables (BTQPM, SSQPM,
BTCB, SSCB). The two fitted models for the two depen-
dent variables (AoxA, A) were evaluated at any point X0

(X1, X2) of the experimental zone; two values were pre-
dicted for each model, Ŷ1 (X) and Ŷ2 (X). Each Ŷi (X) was
transformed into a value di (X), which falls in the range (0,
1) and measures the desirability degree of the response in
reference to the optimum value intented to be reached. In
this case, we wanted all response variables to be as high as
possible. The global desirability for the two response var-
iables was determined from the two individual desirabili-
ties with the mathematical function D 0 (d1d2)

1/2, where
the ideal optimum value is D01; an acceptable value for D
can be between 0.6 and 0.8. The statistical software Design
Expert version 7.0.0 (Stat-Ease, Minneapolis, MN, USA)
was used for the RSM analyses.

Results and Discussion

Predictive Models for Antioxidant Activity (AoxA)
and Acceptability (A)

The AoxA experimental values of the flour mixtures (60 %
EQPMF+40 % ECBF) varied from 10,092 to 13,755 μmol
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TE/100 g sample (dw) and the A values of the nutraceutical
beverages prepared from these mixtures varied from 37 to
87 (Table 1). Analysis of variance showed that AoxA was
significantly (p<0.1) dependent on linear terms of BTQPM,
BTCB and SSCB, and the quadratic term of SSQPM. Awas
significantly (p<0.1) dependent on linear terms of BTQPM,
BTCB, and SSCB, and BTQPM-SSQPM, SSQPM-BTCB,
and SSQPM-SSCB interactions. Predictive models using
uncoded variables for the response variables (AoxA, A) were:

AoxA ¼ 17941:98�27:11BTQPMþ 31:92SSQPM�26:99BTCB

�4:30SSCB�0:09SSQPM2

A ¼ 44:33þ 0:810BTQPMþ 0:496SSQPM�0:937BTCB

þ0:179SSCB�0:00425 BTQPMð Þ SSQPMð Þ
þ0:00262 SSQPMð Þ BTCBð Þ � 0:00141 SSQPMð Þ SSCBð Þ

The regression models explained 85 and 90.8 % of the
total variability (p<0.0001) in AoxA and A, respectively, and
the lack of fit was not significant (p>0.05). These values
indicated that the experimental models were adequate and
reproducible.

Optimization

The common maximum values for the two dependent response
variables were obtained at a global desirability (D) value of 1,
as a result of the best combination of extrusion process varia-
bles for the production of QPM (EQPMF: BTQPM098 °C/
SSQPM0218 rpm) and common bean (ECBF: BTCB0

105 °C/SSCB083 rpm) flours to prepare a mixture
(60%EQPMF+40%ECBF) with high antioxidant activity and
suitable to elaborate a beverage with high acceptability (Suppl.
Fig 1). The D value obtained was higher than that considered to
be acceptable (0.6<D<0.8) [30]. The mixture was recognized
as the optimized mixture and it was used to determine physi-
cochemical, nutritional and antioxidant properties.

Nutritional Properties of the Optimized Mixture

The EAA content of the optimized mixture was higher than
the requirements for 10–12 year old children (Table 2); its
EAA score was 100, and did not present limiting EAA. The
mixture had IVPD and C-PER values of 80.2 % and 2.17,
respectively (Table 2). These values are close to those reported
by Serna-Saldívar et al. [16] for extruded maize and decorti-
cated sorghum tortillas fortified with defatted soybean and
sesame meals; these authors recommended the use of in vitro
techniques as fast, accurate indicators of protein digestibility
and protein efficiency ratio. Milán-Carrillo et al. [13] prepared
an infant food based on a mixture of extruded QPM (21.2 %)
and chickpea (78.8 %) flours; this food had IVPD and C-PER
values of 84.5 % and 1.85, respectively.

Total Phenolic Content and Antioxidant Activity
of the Optimized Mixture

The total phenolic content (free and bound) of unprocessed and
optimized mixtures was 393.96 and 358.31 mg GAE)/100 g
sample (dw), respectively. Most of the phenolics (79–80 %)
occurred in the bound or attached to cell wall form. Extrusion
cooking decreased in 9.05 % the total phenolic content of the
unprocessed mixture. The optimized mixture of extruded
whole QPM and common bean flours retained more than
97 % the antioxidant activity measured by ORAC in the
unprocessed mixture (Table 2). Özer et al. [31] studied the
effect of screw speed, feed moisture content and feed rate on
the total phenolic concentration and antioxidant activity of an
extruded snack (chickpea + corn + oat + cornstarch + carrot +
raw hazelnut) processed at 110 °C; the extrusion conditions did
not change the total phenolic concentration in the samples but
the total antioxidant activity decreased (33.8–45.11 %) as the
screw speed increased (280–330 rpm) and the moisture content

Table 2 Chemical composition, nutritional properties and antioxidant
activity of the optimized mixture

Property Optimized
mixturea

Requirements for 10–12
year old children [26]

Chemical composition (%, dw)

Proteins 15.64

Lipids 4.32

Ashes 2.75

Carbohydrates 70.83

Nutritionalb

EAA (g/100 g protein)

Ile 3.15 2.8

Leu 7.95 4.4

Lys 5.13 4.4

Met + Cys 3.71 2.5

Phe + Tyr 8.23 2.2

Trp 1.06 0.9

Thr 3.50 2.8

Val 4.50 2.5

EAA score 100 —

Limiting EAA — —

IVPD (%) 80.2 —

C-PER 2.17 —

Antioxidant activityc

(μmol TE/100 g sample, dw) 14,320

a Optimized mixture060 % Extruded whole quality protein maize flour+
40 % Extruded whole common bean flour
bEAA Essential amino acid, IVPD In vitro protein digestibility, C-PER
Calculated protein efficiency ratio
c Antioxidant activity of unprocessed mixture014,658 μmol TE/100 g
sample, dw
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decreased (13–11 %). Delgado-Licon et al. [32] evaluated the
influence of extrusion on the bioactive compounds and the
antioxidant activity of bean + cornmixtures. The best extrusion
procedure was achieved using feed moisture content, barrel
temperature and screw speed of 16.3 %, 142 °C and 90 rpm,
respectively, resulting in the highest contents of polyphenols
and flavonoids, and antioxidant activity. Mora-Rochín et al. [6]
produced extruded pigmented Mexican maize flours for pre-
paring tortillas; they used a feed moisture content of 28 % (w/
w), BT085 °C/SS0240 rpm and found that extruded tortillas
lost 6.21–23.8 % and 6.28–24.8 % of the total phenolic and
antioxidant activity associated with raw grains, respectively.

Formulation, Nutrimental Composition, Energy Content
and Antioxidant Activity of the Nutraceutical Beverage

The formulation of 200 ml portions of 30 different bever-
ages prepared from different flour mixtures (Table 1) and the
beverage prepared from the optimized flour mixture was
based on those of traditional beverages widely consumed
in Mexico, which are produced from different grain flours
(rice, barley, etc.). The preparation of these traditional bev-
erages consists of adding about 150 g of toasted barley or
rice (grains must be soaked and grinded) to one liter of water
(sometimes could be added with a small amount of milk),
sugar, some drops of vanilla (optional), and then mixed to
homogenize the ingredients; these beverages are usually
refrigerated (4–8 °C) before consumption. They present a
considerable amount of precipitated flour at the bottom of
the recipient, but they are very demanded in Mexico despite
the fact they need to be shaken before drinking. For prepa-
ration of the beverage from the optimized flour mixture,
sensory tests were conducted 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 considered. 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 establishes 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, jui-
ces, fruit pulp, vegetables or legumes and other additives
authorized by the Health and Assistance Secretary of Mexico.
All the formulations used in this study contained 12.5% of the
flour mixture and 1.8 % proteins of good quality. Besides,
these beverages contained low calorie sweetener for two rea-
sons: 1) to satisfy the recommendations 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, and 2) to maintain a high sensory acceptance.

The 200 ml portion of the beverage prepared with 25 g of
the optimized mixture contained 3.52 g proteins, 0.97 g
lipids, 18.8 g carbohydrates and 98 kcal. This portion covers

27.1 % and 18.5 % of the daily protein requirements for
children 1–3 and 4–8 years old, respectively. The nutraceutical
beverage (200 ml) showed a total antioxidant activity of
3,222 μmol TE, equivalent to 64–105 % of the recommended
(3,000 to 5,000 μmol TE) daily intake for antioxidants [2].
The non-trained panelists evaluated the acceptability of the
beverage with an average value of 89 (“I like it extremely”). It
is expected that this acceptability allows an adequate beverage
consumption to provide health benefits.

Conclusions

The best combinations of extrusion process variables for the
production of extruded whole quality protein maize (EQPMF)
and common bean (ECBF) flours to prepare a mixture (60 %
EQPMF+40 % ECBF) with high antioxidant activity, and
suitable to elaborate a beverage with high acceptability using
a traditional Mexican formulation were 98 °C/218 rpm and
105 °C/83 rpm, respectively. The optimized mixture had a C-
PER value of 2.17 and 14,320 μmol TE/100 g sample (dw). A
200-ml portion of the beverage prepared with the optimized
mixture contributed with 64–105% of the recommended daily
intake for antioxidants. This nutraceutical beverage could be
used as an alternative to beverages with low nutritional/nutra-
ceutical value, such as those prepared with water, simple
sugars, and artificial flavoring and colorants, which are widely
offered in the market.
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