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A B S T R A C T

Currently and according to the growing worldwide interest in the revaluation of agricultural by-products, the use
of legumes waste presents great potential to obtain bioactive compounds. In this context, an extract rich in
phenolic compounds was obtained from Vigna unguiculata (cowpea) pods by optimizing the high-intensity ul-
trasound conditions (10 min and 36% of amplitude) using response surface methodology. Then, the extract was
encapsulated in Ca(II)-alginate beads with the addition of arabic or guar gums or cowpea isolated proteins. A
complete morphological study by image analysis and microstructural evaluation by SAXS has been carried out.
Results showed that beads containing alginate and alginate-guar gum have the highest loading efficiency of total
phenolic compounds (47 � 5%) and antioxidant activity (44 � 3%). However, the coupled effect of the cowpea
extract and the isolated proteins (at it higher concentration) increased the antioxidant capacity of the beads due to
the contribution of the phenolic compounds and the amino acids with anti-radical activity, reaching a value of 67
� 3 % of inhibition of ABTS.þ. Finally, the microstructural analyses revealed that cowpea pod extract increased
the interconnectivity of the rods due to the presence of trivalent cations, conferring versatility, and larger co-
ordination to the network. Also, it was observed that the addition of cowpea proteins produced more inter-
connected bigger and fewer compacts rods than beads containing only alginate, increasing 12 and 49 % the
interconnection and the size, respectively, and decreasing 10 % their compactness. This research demonstrated
the use of cowpea sub-products as a source of bioactive compounds that further modulate the microstructure of
the hydrogel network, and the outstanding potential for being incorporated in techno-functional foods by using
Ca(II)-alginate as a carrier.
1. Introduction

Cowpea (Vigna unguiculata) belongs to the Fabaceae family. It is
considered as a very nutritious multi-purpose crop, which is mostly
consumed in their dry form, even though it can also be ingested as a fresh
green vegetable (immature seeds, leaves, and pods) [1, 2]. The plant
shows excellent tolerance to heat and drought, which makes it a crop of
high adaptability considering climate change [3]. Cowpea production
extends worldwide, although its primary production is concentrated in
sub-Saharan Africa, Asia, Central and South America, the Mediterranean
region, and Southern United States [2]. During 2014, the world pro-
duction of dried cowpea was around 5.589.216 metric tons, being
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Nigeria, the main producer. Argentina has great production, having
reached 406 tons in 2008 and reaching a fifth place with the highest
worldwide production in 2009. Unfortunately, nowadays, there are no
updated statistics [4, 5]. Within the framework of a bioeconomy, cow-
peas are frequently produced by small and medium farmers for personal
consumption and/or trade-in northeastern Argentina. Although the
weather and environmental conditions of this region are ideal for
large-scale cultivation, extensive bioprospecting work is needed to pro-
mote its nutritional, technological uses, and applications.

Following the FAO recommendations and the growing interest in the
revaluation of agricultural by-products as abundant, bio-renewable, and
low-cost resources, the use of cowpea waste presents great potential [6].
June 2020
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Figure 1. Doehlert experimental design showing the 9 runs.
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In this context, dried cowpea pods are considered as lignocellulosic
biomass, which contain polymerized sugar as cellulose and hemicellulose
[7] and which have high concentrations of phenolic compounds, which
tend to increase with the maturity of the plant while decreasing con-
centration in tannins [8]. According to the research carried out by Awika
& Duodu [3], cowpea has a high content of phenolic acids, flavonoids
(flavonols, tannins, anthocyanins), and bioactive peptides, although their
content varies depending on the phenotype and variety. On the other
hand, in a recent study, Avanza et al. [9] have shown that cowpea pods
have a high content of total phenolic compounds (43.8� 0.3 mgequivalents
of gallic acid g�1) and a high antioxidant activity (0.460 � 0.004 mmole-
quivalents of trolox g�1); moreover, they established that their extraction
increased significantly if they are assisted by technologies such as
extraction by pressurized liquids or high-intensity ultrasound.

In this context, ultrasound-assisted extraction (UAE) of phenolic
compounds represents a very promising tool, which has already been
applied in legume matrices. Hayta & Isçimen [10] have shown that the
optimal condition for phenolic compounds extraction in chickpeas is
using a solid/liquid ratio of 0.4, a total treatment time of 20.17 min, and
amplitude of 36.16%. Ryu & Koh [11] optimized the extraction of an-
thocyanins, total phenolic compounds, and antioxidant activity of black
soybeans using an amplitude of 81.4% for 8.59 min. The importance of
polyphenolic compounds lies in their anti-cancer, anti-hypertensive,
anti-inflammatory, anti-diabetic properties, and in that they prevent
cardiovascular diseases [3].

Despite the great benefits that these compounds provide to health,
their industrialization represents a challenge since they are generally
susceptible to the external environment, processing, and gastrointestinal
conditions [12]. In this context, the encapsulation of phenolic com-
pounds in biopolymer matrices represents a great possibility in their
incorporation and consumption in different food systems [13]. The
effectiveness of Ca(II)-alginate hydrogels in the stabilization and
controlled release of biomolecules has been widely demonstrated [14,
15, 16].

The present research is focused on giving added-value to cowpea
wastes from the optimization of extraction of the phenolic compounds
from the pod by the application of high-intensity ultrasound and its
subsequent encapsulation in Ca(II)-alginate for their conservation and
stability. Microstructural analysis by SAXS was also performed to
establish structural-functional relationships on the matrix and the effect
of the added excipients.

2. Materials and methods

2.1. Extract: obtention and optimization

2.1.1. Raw material
Cowpea pods variety Colorado harvested in 2018 were provided by

Estaci�on Experimental El Sombrero Corrientes (Instituto Nacional de
Tecnología Agropecuaria-INTA), Argentina. Pods were sun-dried and
stored in a hermetic vessel at 10 �C until processing. Cowpea pods were
grounded in a high-speed mill (ARCANO FW100, Argentina) and passed
through a 60 mesh sieve or 250 μm, to obtain uniform particle size flour
[17]. The pod flour was maintained at 4 �C until used.

2.1.2. Experimental design
To obtain the optimum conditions for UAE of phenolic compounds, a

response surface methodology (RSM) was carried out using Design
Expert® (Design Expert, Stat-Ease Inc., Minneapolis, MN). A hexagonal
design (or Doehlert design or Doehlert Uniform Shell design) has been
used to develop the RSM [18]. It consisted of 9 runs, as shown in Figure 1.
The effects of two independent variables: extraction time (X1, min) and
ultrasound extraction power (amplitude; X2, %), on the total phenolic
compounds content and the antioxidant activity were studied. The coded
and corresponding actual values are shown in Table 1, using five and
2

three levels for each variable, respectively. The experimental data were
fitted to a second-order polynomial model to obtain the regression co-
efficients. Regression analysis was performed with the following
equation:

Y ¼ βo þ
Xk

i¼1

βiXi þ
Xk

i¼1

βiiX
2
i þ

Xk

i¼1

βijXiXj (1)

where Y is the response (dependent variable); βo is the intercept, and βi,
βii and βij corresponds to the linear, quadratic, and cross-product
regression coefficients. Xi and Xj are the independent variables, and k
is the number of tested variables.

Design Expert software's graphical and numerical optimization tech-
nique was used to optimize the response following the criterion of
desirability. Three runs of the optimum solution were conducted and
introduced on the model for the point prediction.

2.1.3. Ultrasound-assisted extraction
Before RSM, the optimal relation of pod flour/distilled water and the

effect of the maceration and ultrasound post-treatment were analyzed, as
shown in Table 2, selecting 1:15 as the optimal ratio with no post-
treatment. Then, a solution with a relation of 1:15 pod flour/distilled
water was placed into 100 mL beaker and stirred for 10 min at room
temperature. Subsequently, high-intensity ultrasound was applied using
an ultrasound probe (220-B, CV334 model, Sonics, USA) with 13 mm tip
diameter connected to a high-intensity ultrasonic processor with tem-
perature control (VCX500, Sonics, USA). The probe was immersed into
the solution at a frequency of 20 kHz, and a maximum power of 500 W.
The treatments were performed according to the conditions obtained
from the experimental design (times: 10, 12.5, 15, 17.5 and 20 min;
amplitudes: 20, 50 and 80%) for the independent variables. The time and
temperature ranges were selected in preliminary experiments and
considering Hayta & Isçimen's work [10]. The overheating of the sample
was prevented by covering the beaker with ice. After the ultrasonic
treatment, the solution was centrifuged at 6000 rpm (7647 g) and 25 �C
for 15 min. Then, it was filtered through filter paper on a Buchner funnel
under vacuum condition, and the supernatants were collected and
freeze-dried (model Christ Alpha 1–4 LO, Martin Christ, Osterode am
Harz, Germany).



Table 1. Coded and actual values of the experimental design for the optimization of the extraction (assisted by ultrasound) of phenolic compounds content and
antioxidant capacity of cowpea pods.

Std Run Coded Value Real Value

time (min) US Amplitude (%) time (min) US amplitude (%)

2 1 -0.5 1 12.5 80

6 2 -0.5 -1 12.5 20

5 3 0.5 -1 17.5 20

7 4 0 0 15.0 50

8 5 0 0 15.0 50

4 6 1 0 20.0 50

9 7 0 0 15.0 50

3 8 0.5 1 17.5 80

1 9 -1 0 10.0 50

Table 2. Phenolic compounds content and TEACABTS
�þ for cowpea pods subjected to different extraction treatments.

Treatment Relation cowpea pod flour/distilled water Phenolic compounds content (mgGAE/mL) TEACABTS
�þ (mmol/L)

US (80% amplitude/15 min) 1:10 0.36 � 0.01b* 8.5 � 0.3b

US (80% amplitude/15 min) 1:15 0.37 � 0.01ab 9.7 � 0.3a

US (80% amplitude/15 min) 1:20 0.33 � 0.01c -

US (80% amplitude/15 min) þ Maceration (1 h) 1:10 0.42 � 0.04a 5.5 � 0.3c

* Standard deviation values are included. Different letters on the columns (a�c) indicate significant differences (p < 0.05).
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2.1.4. Extract characterization
Phenolic compounds content for cowpea extracts was determined as

follows: an aliquot of 800 μL of distilled water, 125 μL of the Folin Cio-
calteu reagent (Biopack®, Z�arate, Buenos Aires, Argentina) and 125 μL of
a solution of Na2CO3 (20% w/v) was added to 50 μL of the sample. After
30 min of reaction at 40 �C in the dark, the absorbance at 765 nm was
measured. Results were expressed as mg gallic acid equivalents/mL
(mgGAE/mL) through a calibration curve [19].

Antioxidant activity was determined as Trolox equivalents antioxi-
dant capacity assay (TEAC), using the method described by Re et al. [20]
with somemodifications. The ABTS�þ radical was produced by reacting 7
mM ABTS and 2.45 mM potassium persulfate in the dark at room tem-
perature (25 �C) during 16 h before use. The aqueous ABTS�þ solution
was diluted with 5 mM phosphate buffer (pH 7.4) to an absorbance of
0.70 (�0.02) at 734 nm. The samples (10 μL, 5 different concentrations
from 0.2 to 3.33 % v/v) and 1 mL of ABTS�þ solution were mixed in a
microcentrifuge tube. After incubation for 45 min, 300 μL of the mixture
was transferred into a 96-well microplate. The absorbance of initial and
endpoints was measured at 734 nm in a microplate spectrophotometer
reader (Multiskan GO Microplate Spectrophotometer, Thermo Scienti-
fic™, Vantaa, Finland). Trolox was used as a standard reference, and the
results were expressed as TEAC values (mmol of Trolox/L extract). These
values were obtained from five different concentrations of each extract
that were tested in the assay giving a linear response between 20% and
80% of the blank absorbance.

Protein content in extracts was measured by the Kjeldahl method (N x
6.25, AOAC) [21]. Iron was determined by using a microwave
plasma-atomic emission spectrometry (model 4100 MP-AES, Agilent
Technologies, Melbourne, Australia).

All determinations were done in triplicate.
2.2. Encapsulation procedure

2.2.1. Materials
Sodium alginate (Cargill S.A., San Isidro, Buenos Aires, Argentina),

molecular weight of 1.97⋅105 g/mol, mannuronate/guluronate ratio of
3

0.6, and free of proteins or other metal cations impurities that can affect
microstructure; arabic gum (AG, from Biopack, Z�arate, Buenos Aires,
Argentina), molecular weight of 250.000 g/mol and purity of 99%; guar
gum (GG, from Cordis S.A., Villa Luzuriaga, Buenos Aires, Argentina),
molecular weight of 220.000 g/mol, mannose/galactose ratio of 1.8 and
protein content of 2.1 � 0.3 g/100 g dry gum. Cowpea isolated protein
was obtained according to Peyrano et al. [22] method at a pH of
extraction of 10.

2.2.2. Gel beads generation
Ca(II)-alginate beads were generated by ionotropic gelation (drop

method) [16, 23]. Five different systems with extract (E) were obtained:
alginate (EA); alginate-arabic gum (EAAG); alginate-guar gum (EAGG);
and two alginate-cowpea protein at alginate:protein 2:1 (EAP2:1) or 1:1
(EAP1:1) ratios. Control systems without extract for each system for
comparison purposes. Due to the pH of the extract solution is � 5.5, all
the solutions were prepared in 0.1 M acetate buffer pH 5.5, to obtain an
electrostatic interaction between the alginate and the extract. A peri-
staltic pump model BT50-1J-JY10 (Baoding Longer Precision Pump Co,
Ltd, China) was used to drop 5 mL of the solutions into 50 mL of the
gelling solution. For the preparation of the beads for all systems, 1.5%
(w/v) alginate solution containing the extract was dropped into 2.5%
(w/v) CaCl2 solution (prepared in 0.1 M acetate buffer pH 5.5). 0.25%
(w/v) of arabic or guar gums were added to the sodium alginate solution
for EAAG and EAGG, respectively. For EAP1:1 and EAP2:1, cowpea
protein isolates were added to the solution at alginate:protein ratios of
1:1 and 2:1, respectively [24]. The operating conditions followed for the
encapsulation process were previously described in Traffano-Schiffo
et al. [16].

2.2.3. Beads characterization

2.2.3.1. Phenolic compounds content of the beads. Phenolic compounds
content was measured following the same protocol described above in
extract characterization (section 2.1.). However, 40 beads were previ-
ously dissolved with 200 μL of sodium citrate 20% (w/v) andmaintained



Figure 2. Response surface plots of cowpea pod flour showing the effect of the ultrasound on a. phenolic compounds content and b. antioxidant activity expressed
as TEACABTS

.þ .

Figure. 3. Countor plots of desirability, phenolic compounds content and TEACABTS
.þ as a function of time and ultrasound (US) amplitude.
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under stirring at room temperature (25 �C) during at least 40 min.
Loading efficiency of phenolic compounds on the beads was estimated as
follows [23]:

L:E:TP ¼
� ½TP�beads
½TP�extract

�
*100 (2)

where ½TP� corresponds to total phenolic compounds content in the beads
or the extract. The ½TP�beads was normalized by the size and number of

beads, considering a volume of a sphere (volbead ¼ 4
3 π

�
r3
��

for each

system, where r corresponds to the half of Feret's diameter.

2.2.3.2. Antioxidant activity. The activity of the antioxidants was deter-
mined by detecting their ability to scavenge the ABTS�þ free radical [20].
Firstly, 250 μL of sodium citrate 20% (w/v) was added to 40 beads and
maintained under stirring at room temperature during at least 40 min to
dissolve the Ca(II)-alginate beads. The measurement was conducted
following Aguirre Calvo et al. [23]. The percentage of inhibition was
4

calculated against control and compared to a gallic acid standard curve
and expressed as mg gallic acid equivalents (GAE)/mL [25].

The ABTS remaining activity was calculated as follows [23]:

R:A:A:ðABTS�þÞ¼
� ½AntA�beads
½AntA�extract

�
*100 (3)

where, ½AntA� corresponds to the antioxidant activity (beads or extract).
Antioxidant activity of the beads was normalized as was described for
L:E:TP.

2.2.3.3. Digital image analysis. Morphology (area, Feret's diameter, and
circularity) of at least 40 beads was analyzed through digital images by
ImageJ software (http://rsbweb.nih.gov/ij/) [26].

2.2.3.4. Microstructure. Microstructure analysis was carried out by
small-angle X-ray scattering (SAXS) at the LNLS SAXS1 beamline in
Campinas (Brazil), working at λ ¼ 0.1488 nm and a vector (q) range
between 0.142 nm�1< q < 5.035 nm�1. All the Ca(II)-alginate beads
analyzed showed isotropic scattering and were modeled as a fractal

http://rsbweb.nih.gov/ij/


Table 3. ANOVA for response surface models: estimated regression model of the relationship between response variables (phenolic compounds content and TEAC) and
independent variables (X1 and X2).

Sum of squares df* Mean square F-value p-value

Phenolic compounds content (mgGAE/mL)

Model 0.0047 5 0.0009 331.28 0.0003 significant

X1 - time 0.0002 1 0.0002 68.74 0.0037

X2 - US amplitude 0.0026 1 0.0026 901.16 <0.0001

X1X2 1.44✕10�06 1 1.44✕10�06 0.5040 0.5290

X2
1 0.0003 1 0.0003 97.36 0.0022

X2
2 0.0019 1 0.0019 662.83 0.0001

Residual 8.55✕10�06 3 2.85✕10�06

Lack of Fit 9.09✕10�07 1 9.09✕10�07 0.2379 0.6740 not significant

Pure Error 7.64✕10�06 2 3.82✕10�06

Total 0.0047 8

TEACABTS
.þ (mmol/L)

Model 21.29 5 4.26 23.91 0.0127 significant

X1 - time 4.39 1 4.39 24.65 0.0157

X2 - US amplitude 0.0002 1 0.0002 0.0013 0.9737

X1X2 0.6519 1 0.6519 3.66 0.1517

X2
1 11.42 1 11.42 64.11 0.0041

X2
2 2.18 1 2.18 12.25 0.0395

Residual 0.5343 3 0.1781

Lack of Fit 0.0686 1 0.0686 0.2947 0.6416 not significant

Pure Error 0.4657 2 0.2328

Total 21.82 8

* df, degree of freedom.

Table 4. Actual values of the experimental design, model values calculated from model, and experimental values (phenolic compounds content and TEACABTS
.þ ).

Run Factors Phenolic compounds content (mgGAE/mL) TEACABTS
�þ (mmol/L)

time (min) US amplitude (%) Experimental Model Error % Experimental Model Error %

1 12.5 80 0.2333 0.2329 0.2 7.83 7.94 1

2 12.5 20 0.2852 0.2848 0.1 8.65 8.76 1

3 17.5 20 0.2751 0.2755 0.1 6.85 6.74 2

4 15.0 50 0.2903 0.2884 0.7 7.58 7.98 5

5 15.0 50 0.2864 0.2884 0.7 8.52 7.98 7

6 20.0 50 0.2655 0.2651 0.2 9.75 9.86 1

7 15.0 50 0.2885 0.2884 0.1 7.85 7.98 2

8 17.5 80 0.2256 0.2261 0.2 7.64 7.53 1

9 10.0 50 0.2809 0.2813 0.1 12.38 12.28 1

Table 5. Model and experimental values obtained for the validation of the experimental design.

Run Factors Desirability Phenolic compounds content (mgGAE/mL) TEAC (mmol/L)

time (min) US amplitude (%) Experimental Model Error % Experimental Model Error %

1 10 36 0.983 0.3228 0.2873 12 10.49 12.38 15
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system composed of rod-like structures. Five parameters were analyzed,
as fully described in Traffano-Schiffo et al. [16] and Aguirre Calvo et al.
[27]. All measurements were made in triplicate. Parameters α1, α2 and α3
were evaluated from the slope of the scattering intensity averaged along
with azimuthal angles versus the scattering vector q in the log-log scale
by using log-log line fitting with Prism 6 (GraphPad Software Inc., San
Diego, CA, USA). Kratky plot was conducted as [16] using the same
software.

2.2.3.5. Physico-chemical determinations. Moisture was obtained gravi-
metrically drying the beads in a vacuum oven for 48 h at 96� 2 �C.Water
5

activity (aw) was determined by a dew point Hygrometer Decagon
(Aqualab®, series 3 TE, Decagon Devices, Pullman, WA, USA), using a
unique sample holder to reduce the size of the chamber. A calibration
curve was carried out with salts with known aw [28]. Measurements were
performed in triplicate.

2.3. Statistical analyses

One-way ANOVA with Tukey's post-test was conducted using Prism 6
(GraphPad Software Inc.) to determine significant differences among
means.



Figure 4. Formulations used for Ca(II)-alginate beads generation and image analysis (original image and outline from particle analysis).

Table 6. Water activity (aw) and water content (xw) of the beads.

Systems aw xw (kgw/kgT)

EA 0.948 � 0.003b* 0.96 � 0.003a

EAAG 0.957 � 0.004a 0.960 � 0.003ab

EAGG 0.957 � 0.003a 0.956 � 0.003bc

EAP2:1 0.956 � 0.003ab 0.955 � 0.003c

EAP1:1 0.953 � 0.003ab 0.938 � 0.003d

* E, extract; A, alginate; AG, arabic gum; GG, guar gum and P, cowpea protein. Standard deviation values are included. Different letters on the columns (a�d) indicate
significant differences (p < 0.05).
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3. Results and discussion

3.1. Ultrasound-assisted extraction

The effect of the time and the amplitude of the high-intensity ultra-
sound treatment on phenolic compounds extraction and extract antioxi-
dant capacity was studied. The objective was to maximize the antioxidant
properties of the resulting solution. The nine experiments performed
6

following a surface response methodology (Doehlert design) of two fac-
tors produced phenolic compound contents ranging from 0.23 to 0.29
mgGAE/mL. The antioxidant capacity, expressed as TEAC, ranged from
6.85 to 12.38 mmol/L. Three-dimensional response surface and two-
dimensional contour plots, which correspond to the graphical represen-
tations of the regression are shown in Figures 2 and 3, revealing a strong
relationship between the factors and the response values.
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Figures 2 and 3 show that the highest phenolic compounds extraction
was obtained at low amplitudes, being the maximum between 20 to 55%,
while the maximum antioxidant activity was obtained at the lowest time
(10 min). ANOVAwas used to analyze the significance and the suitability
of the adjusted models (Table 3). It should be taking into account that F-
value compares the mean square with the residual mean square, and p-
values were used as a tool to check the significance of each coefficient,
which might indicate the pattern of interaction between the variables
[29]. The results obtained for phenolic compounds content model were:
F-value of 331.28, the p-value of 0.0003, a determination coefficient (R2)
equal to 0.9982 and a very low coefficient of the variation (CV ¼
0.625%), which indicate a very high significance of the model and degree
7

of precision, with a good deal of reliability of the experimental values.
The linear coefficients (X1 and X2) and the quadratic terms (X2

1and X2
2 )

were significant. Similar results were obtained for TEACABTS
.þ , also with a

high significance of the model (F-value ¼ 23.91; p-value ¼ 0.0127, R2 ¼
0.9755 and CV ¼ 4.93%); however, even though the linear coefficient
(X2) for the amplitude of the US treatment was not significant (p-value ¼
0.9737), the quadratic term was (0.0395), indicating that it also influ-
enced the antioxidant activity of the extract. The validity of models was
also confirmed using the lack of fit testing, where the values obtained for
two responses were not significant (p > 0.05).

The fitted quadratic models for phenolic compounds content and
TEAC are given in Eqs. (4) and (5), respectively (for coded factors).

Phenolic compounds content
�mgGAE

mL

�
¼0:2884�0:0081 X1�0:0293 X2

þ 0:0014X1X2�0:0152 X2
1 �0:0397X2

2 (4)

TEACABTS:þ ðmmol =LÞ¼ 7:98� 1:21 X1 � 0:0087 X2

þ0:9323X1X2 þ 3:08 X2
1 � 1:35X2

2 (5)

Table 4 shows the values predicted frommodel, and the experimental
data fitted in Figures 2 and 3 obtained for the nine experiments. The error
percentage was also included, showing low values overall as a conse-
quence of the good fitting (Table 3).

The optimal extraction condition for the highest extraction of
phenolic compounds and antioxidant activity was 10 min and 36% of US-
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Figure 7. a. log-log SAXS profile plots of different formulations of Ca(II)-
alginate beads containing cowpea extract. Parameters α1, α2 and α3 were eval-
uated from the slope of the scattering intensity at low and high values of q,
respectively. b. Kratky plots, where the radii of gyration of the rods (parameters
R1) was obtained. E, cowpea extract; A, alginate; AG, arabic gum; GG, guar gum;
P, cowpea protein; 2:1 and 1:1 corresponds to alginate:protein ratio.

Figure 8. The fractal dimension of the rod network or parameter α1 of the
microstructure of Ca(II)-alginate beads with/without extract, derived from log-
log SAXS profiles. Standard deviation values are included. E, cowpea extract; A,
alginate; AG, arabic gum; GG, guar gum; P, cowpea protein; 2:1 and 1:1 cor-
responds to alginate:protein ratio. Different lowercase letters on the columns
(a–b) indicate significant differences between each system and its blank (p <

0.05). Different capital letters on the columns (A–B) indicate significant differ-
ences between different systems with cowpea extract (p < 0.05).
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amplitude (Table 5), the representative's solution of the zone observed
for the desirability function (Figure 3). According to the validation of the
optimal condition, the best condition is consistent with the results ob-
tained by Hayta, & _Işçimen [10] for chickpea (20 min and 36% of
amplitude) but employing lower time.

The extract was also fully characterized, showing a yield of 6.7 � 0.4,
7.82 � 0.02% of protein, and 18.7 � 0.7 mgiron/kgdried sample.
3.2. Cowpea phenolic compounds encapsulation

Ca(II)-alginate beads were successfully prepared and are showed in
Figure 4. Ca(II)-alginate beads are hydrogels containing the phenolic
compounds and water. Water is a small molecule that can diffuse through
the matrix affecting the structure of the hydrogel and leading the
contraction or the expansion of the beads [30]. Besides, the interaction of
the biopolymers within the matrix can change water availability. Table 6
shows the aw and the water content for all the studied systems, obtaining
aw values between 0.948 and 0.957, which are consistent with other
published works [26, 28]. The aw of EA is significantly lower compared
with the beads containing gums, probably due to the presence of the
hydroxyl groups in the structure of the biopolymers (arabic and guar
gums), which are available to interact with water molecules; while the
beads containing protein showed intermediate values, which could be
related to the hydrogen bonds established by cowpea protein and water
balanced by hydrophobic interactions of the protein [24].

The water content of the beads ranged from 0.938 to 0.962 kgW/kgT.
Beads containing cowpea isolated protein showed significantly lower
water content, probably due to the preference of the polypeptides of
cowpea to interact with each other than with water [24] or to interact
with the alginate and/or the extract.

The morphology of the beads was also studied, and the results are in
Figure 5. Feret's diameter of the beads with cowpea pods extracts
(Figure 5a) was higher than the obtained in previous works with
encapsulated enzymes, reaching values close to 1.7 mm [28, 31], but this
increment is related to their higher alginate content used in present work.
Regarding the circularity and the area of the beads, systems that contain
proteins showed significantly higher values in both parameters
comparing with the other systems (with alginate and alginate/gums).
This behavior could be due to the isolated cowpea proteins, whichmainly
contain legumins (11S-hexameric) and vicilins (7S-trimeric), both glob-
ular proteins with a molecular weight between 950 and 1300 Da [32],
generating bigger beads with more uniform shape.

One of the main objectives of this research was to encapsulate the
optimum cowpea extract to retain high phenolic compounds content and
antioxidant activity in the hydrogel. Thus, the loading efficiencies of total
phenolic compounds and antioxidant activity in the beads with different
compositions are shown in Figure 6.

As can be seen, EA and EAGG showed the highest loading efficiencies
for both parameters, while EAAG, EAP2:1, and EAP1:1 showed no sig-
nificant differences between them. It was previously observed that the
addition of GG to Ca(II)-alginate beads produced higher entrapment of
betacyanin and phenolic compounds extracted from beet stem and leaves
[23]. However, these authors observed even a diminish of the phenolic
compound encapsulation with the addition of arabic gum, which is
probably related to the chemical characteristics of the extracted phenolic
compounds. It was demonstrated that the use of US allows not only the
extraction of more phenolic compounds concerning water extraction but
also phenolic compounds which are not extracted during maceration due
to the increase of cell wall permeability by the cavitation effects [33]; in
this sense, the use of AG and proteins probably enhance their encapsu-
lation due to the intrinsic characteristics of these excipients. Besides, the
higher efficiencies produced by AG and GG are possible related to the
stabilization of the microstructure of the beads at several levels, as
further analysis may show, as already observed Traffano-Schiffo et al.
[16] for Ca(II)-alginate beads containing lactase.



Figure 9. Microstructure parameters of Ca(II)-
alginate beads with/without extract. a. Fractal
dimension at distances lower than the characteristic
size of the rods or parameter α2 of the microstructure
derived from log-log SAXS profiles. b. Rod cross-
sectional radius (R1) deduced from the maxima ob-
tained on Kratky plots. Standard deviation values are
included. E, cowpea extract; A, alginate; AG, arabic
gum; GG, guar gum; P, cowpea protein; 2:1 and 1:1
corresponds to alginate:protein ratio. Different lower-
case letters on the columns (a–b) indicate significant
differences between each system and its blank (p <

0.05). Different capital letters on the columns (A–D)
indicate significant differences between different sys-
tems with cowpea extract (p < 0.05).

Figure 10. Microstructure parameters of Ca(II)-
alginate beads with/without extract. a. Fractal
dimension at distances lower than R2 or parameter α3
of the microstructure derived from log-log SAXS pro-
files. b. Characteristic size of the Ca(II)-alginate di-
mers (R2). Standard deviations values are included. E,
cowpea extract; A, alginate; AG, arabic gum; GG, guar
gum; P, cowpea protein; 2:1 and 1:1 corresponds to
alginate:protein ratio. Different lowercase letters on
the columns (a–b) indicate significant differences be-
tween each system and its blank (p < 0.05). Different
capital letters on the columns (A–B) indicate signifi-
cant differences between different systems with
cowpea extract (p < 0.05).
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On the other hand, it is important to highlight that the antioxidant
activity for beads containing isolated proteins at 1:1 ratio (EAP1:1)
without subtraction of blank beads was significantly higher than other
systems, reaching a value of 67 � 3 expressed as the percentage of in-
hibition of the radical ABTS.þ. This is because this blank beads (without
extract) showed a very high % of inhibition of ABTS.þ of 30 � 2 (AP1:1),
while the others systems showed blank values of 4.8� 0.9, 4.8� 0.6, 5.0
� 0.8 and 11.2 � 0.4 % ABTS.þ inhibition for A, AAG, AGG, and AP2:1,
respectively, confirming the bioactive potential of cowpea proteins. It
should be noted that the beads have been generated at a pH¼ 5.5, and at
this point, the isolated proteins show a 50% solubility [34]. Thus, this
condition can produce changes in tertiary and quaternary structures of
the proteins, leaving the protons of the amino acids exposed and avail-
able to be reduced by radical ABTS.þ, supporting the antioxidant activity
of the legume proteins. The antioxidant capacity of cowpea isolated
protein was previously demonstrated by researches such as Rodrigues
Marques et al. [35] and Xiong et al. [36].

Figure 7a shows the intensity plots versus the scattering vector (q)
obtained by SAXS for Ca(II)-alginate beads containing cowpea extract.
The Log-log SAXS profile should be divided into three regions to un-
derstand the microstructural information. At low q values, from the slope
(blue lines) is possible to obtain parameter α1, which indicates the
interconnectivity of the rods. At intermediate values of q, α2 determines
the compactness within the rods, and at high values of q, α3 characterizes
the connectivity between associated polymer chains forming dimers.
Figure 7b shows the Kratky plot where the cross-sectional radius of the
rods or R1 can be obtained. The size of the polymer dimers basic units or
R2 was obtained from the crosspoint between α2 and α3 [16].

The interconnectivity of the rods (α1) for all the formulations with/
without cowpea extract is shown in Figure 8. All the blank beads showed
a significantly lower α1 than the corresponding system with the extract.
Thus, the extract favored the interconnectivity of the rods, probably due
to the presence of trivalent cations, particularly iron, which can inter-
connect the structure via pre-coordination of carboxylic groups from
three alginate chains. Similar results have been obtained by Aguirre
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Calvo et al. for beet extracts containing Fe3þ [23]. However, the system
that contained cowpea isolated protein in a 1:1 ratio with alginate did not
exhibit this behavior, changing from 1.93� 0.01 in the control system to
1.78 � 0.05 in the system with the cowpea extract (Figure 8). The high
concentration of the protein strongly affected the alginate network by
increasing the interconnectivity of rods. This microstructural change also
impacted in themorphology of the beads, giving beads of greater size and
circularity (Figure 5). AG and GG did not produce any changes at this
level, as previously observed [28].

Figure 9 shows the degree of compactness and the size of the rods (α2
and R1, respectively). As can be appreciated, the presence of the extract
in the formulation of the beads significantly increased the compactness
and the size (cross-sectional radius) of the rods, which is in concordance
with the presence of trivalent cations in the extract and with the results
obtained for α1 parameter. As was explained by Sonego et al. [37] and
reported by Aguirre Calvo et al. [23], trivalent cations confer to the
nanostructure of the hydrogels more versatility and larger coordination
environment, resulting in the expansion of the chains within the hydrogel
and the ramification of the network. Regarding the size of the rods, the
values obtained for EA, EAAG, EAGG, and EAP2:1 were between 8.53 and
8.8 nm, while the formulation with the higher isolated protein concen-
tration reached 13.2 nm. Therefore, EAP1:1 exhibited lower compactness
and a higher cross-sectional radius, which may be due to some steric
hindrance within the network by the globular structure of the proteins.
These results are in agreement with the previous results obtained by the
macrostructural analysis (Figure 5). AG and GG reduced rod size and
compactness, as previously observed [28], which is related to the steric
hindrance along alginate chains produced by the gums [28]. These
changes affect loading efficiency (Figure 6) as previously observed
Traffano-Schiffo and co-workers with lactase [28], as related to the
extent of interaction between the excipients (being involved inside the
rods, or outside of them) and the encapsulated agent.

At higher scattering intensity, the information of the smaller units can
be obtained: α3 and R2, which respectively characterizes the connectivity
between associated polymer chains and the size of the polymer dimers or
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basic units, are shown in Figure 10. Once again, there was a marked
effect for the presence of the extract by increasing R2, showing that its
presence modulates the nanostructure of the dimers, as previously
observed, Aguirre Calvo and co-workers [23], which is compatible with
the hypothesis of the extract being intercalated within the dimers. A
decrease in their compactness was observed in two systems (A and AAG)
while the others remain unmodified, which should be further clarified by
performing more measurements since the SD obtained at this scale for
this parameter are quite high and may hide the observed trend. The most
relevant change regarding the inclusion of excipients was the signifi-
cantly smaller R2 for EAP1:1 than for the other systems. Therefore,
considering the data at different scales, the addition of cowpea isolated
protein (at high concentrations) produces structures with small basic
units of dimers but highly interconnected, conforming bigger rods as well
as beads.

4. Conclusions

In the present research article, high-intensity ultrasound-assisted
extraction of phenolic compounds from cowpea waste was performed
using a Doehlert experimental design with two factors, showing that the
best condition of the US-treatment was 10 min and 36% of amplitude.

The optimum cowpea pods extract was successfully encapsulated in
Ca(II)-alginate by the ionotropic gelation method. Beads containing
isolated cowpea protein showed higher area and circularity probably
because of legumins and vicilins globular proteins. A deep microstruc-
tural analysis of the beads has been performed by SAXS. The results
showed that beads containing cowpea protein at the highest alginate:-
protein ratio had the biggest rods which are highly interconnected;
however, they are less compact than the other systems. Cowpea pod
extract favors the interconnectivity of the rods due to the presence of
Fe3þ, which confers versatility and a larger coordination environment to
the network.

EA and EAGG systems showed the highest loading efficiency of total
phenolic compounds and antioxidant activity. However, taking into ac-
count the results obtained for the percentage of inhibition of the radical
ABTS.þ, the formulation containing cowpea isolated protein at the higher
alginate:protein ratio (1:1) was significantly higher than the others. The
analysis of the control beads without extract showed that isolated
cowpea proteins present a high antioxidant capacity, demonstrating its
great potential as a bioactive ingredient for Ca(II)-alginate beads.

This research highlighted the usefulness of the cowpea sub-products
as a source of bioactive compounds, which can be incorporated in
techno-functional foods by using Ca(II)-alginate network as a carrier.
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