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Abstract: Red cactus pear has significant antioxidant activity and potential as a colorant in
food, due to the presence of betalains. However, the betalains are highly thermolabile, and
their application in thermal process, as extrusion cooking, should be evaluated. The aim of
this study was to evaluate the effect of extrusion conditions on the chemical components of
red cactus pear encapsulated powder. Cornstarch and encapsulated powder (2.5% w/w)
were mixed and processed by extrusion at different barrel temperatures (80, 100, 120, 140 °C)
and screw speeds (225, 275, 325 rpm) using a twin-screw extruder. Mean residence time
(trm), color (L*, a*, b*), antioxidant activity, total polyphenol, betacyanin, and betaxanthin
contents were determined on extrudates, and pigment degradation reaction rate constants
(k) and activation energies (E,) were calculated. Increases in barrel temperature and screw
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speed decreased the #rm, and this was associated with better retentions of antioxidant
activity, total polyphenol, betalain contents. The betacyanins k values ranged the —0.0188
to —0.0206/s and for betaxanthins ranged of —0.0122 to —0.0167/s, while E., values were
1.5888 to 6.1815 kJ/mol, respectively. The bioactive compounds retention suggests that
encapsulated powder can be used as pigments and to provide antioxidant properties to
extruded products.

Keywords: red cactus pear powder; extrusion cooking; betalains; bioactive compounds

1. Introduction

There is a growing interest to include in diets foods that are manufactured with natural functional
ingredients. In Mexico, there are many foods that can be considered as functional products; cactus pear
is one of these. The fruit is fleshy and appears in various colors, i.e., white, yellow, and red-purple [1].
In particular, the red cactus pear (Opuntia ficus indica) has a red-purple pulp, which is due to the
presence of betalains. These pigments are betalamic acid derivatives and are divided into two structural
groups: the red-violet betacyanins, e.g., betanin, neobetanin, and isobetanin, and the yellow-orange
betaxanthins, e.g., indicaxanthin and vulgaxanthin I, II, and IV [2]. Recent studies have shown that
betalains are antioxidants and are able to delay the effects of oxidative damage [3], among other health
benefits [4,5]. In addition, the betalains are a potential source of natural dyes that can be used in the
food industry. However, the stability of these pigments is affected by factors such as temperature, pH,
water activity, and presence of oxygen, light, and metals. The temperature is the main factor that
affects the color stability and biological activity of the pigments [6—8], therefore, the degradation of
red cactus pear pigments during processing through conventional methods or new technologies should
be evaluated.

Extrusion cooking is a technology that is widely used for the development of new products. During
this process the feed is transported, mixed and cooked at a high temperature for a short time to obtain
expanded products, provoking some physical and chemical changes in the feed material [9]. The major
changes that may occur in the feed material during the process are starch gelatinization, protein
denaturation, complex formation (amylose-lipid), and degradation of heat sensitive components such
as vitamins, antioxidants, and pigments [10—12]. These changes depend upon process conditions, e.g.,
types of extruder, feed material, material moisture content, barrel temperature, and screw speed, among
other factors [13]. These operation factors are related with residence time distribution (R7D), which is a
useful tool to study physicochemical changes in feed materials. Additionally, RTD has been used to
scale-up operations [14]. Recent extrusion process studies had been focused in the development of
functional products using legumes [15], cereals [16], fruits [17-19], fruit extracts [20], and vegetables [21].
The results showed that the extrusion cooking process might cause a decrease in the concentration by
structural changes of compounds with antioxidant activity such as carotenoids [22,23],
anthocyanins [10,20,23,24], and polyphenols [22,23,25], attributed mainly to the high process
temperature. Some authors [10] studied the use of fruit powders (blueberry, grape, and raspberry) to
pigment extruded cereals. They found that although the cereals had a good color, anthocyanin and
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phenolic contents decreased up to 10-fold. Other studies reported the use of encapsulated powders in
the extrusion process to enhance the retention of these components. The use of encapsulated D-limonene
in the extrusion cooking process has been reported [26], finding a high retention for D-limonene due to
the formation of inclusion complexes with starch, obtaining products with lesser components
degradation. However, the behavior of the bioactive compounds of encapsulated red cactus pear, e.g.,
betalains, processed by extrusion cooking has not been investigated, therefore their stability on
extruded products should be evaluated due to that the pigments represent a dye alternative and source
of antioxidants in the development of food products. The aim of this study was to evaluate the effect of
barrel temperature and screw speed during the extrusion cooking process on bioactive compounds of
encapsulated red cactus pear powder.

2. Results and Discussion
2.1. Residence Time Distribution (RTD)

The RTD of the material in the extruder under different barrel temperature and screw speed
conditions is characterized by #7m, which is shown in Table 1. The #7» values obtained for the different
extrusion conditions were between 36.62 and 60.13 s. These values represent the average time that the
feed material remains in the extruder and time that it is exposed to high temperature and shear stress.
The residence time is associated with changes that occur in the feed material and that result in complex
formation or degradation of the components of interest.

Table 1. Mean residence time © of extrudates at different process conditions using red
cactus pear encapsulated.

Screw Speed (rpm)  Temperature (°C) trm (S)
80 60.13+£2.952
100 56.20+2.28%
225
120 56.18 £ 0.09 2
140 4772 +1.43°
80 47.82+£0.13°
100 4859+ 1.67°
275 .
120 48.74 £ 0.66
140 46.75+2.81"
80 40.84 + 0.82 o
100 43.12 +0.76 >4
325
120 36.62+1.63¢
140 37.53 +£0.98 4

* Mean =+ standard deviation; Values with different letter by column indicate significant difference (p < 0.05)
by Tukey’s test.

trm was significantly affected (p < 0.05) by barrel temperature, screw speed, and the interaction of
both factors (Table 1). The data shows that increases in the screw speed at the same temperature, the
material ¢t decreased (Figure 1a). This may be due to increased heat dissipation, higher shear stress,
and/or better mixing of the material during process [11,27], resulting in shorter residence times as the
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speed of the extruding screw increases. Similar findings have been reported by others authors [28,29].
Moreover, increasing the temperature in the extrusion process resulted in a decrease in trm (Figure 1b).
This can be attributed to the reduction in the viscosity of the material in transit as the temperature
increases, which produces a more fluid material through the barrel and screw [11,27]. The same effect
of temperature on tr» was reported before [27,28,30].

a 0.03
0.025 —225 rpm /80 °C

325 rpm / 80 °©
0.02 rpm /80°C

0.015

E®

0.01

0.005

0
0 20 40 60 80 100 120

Time (s)

b 0.03
—225 rpm / 80 °C

225 rpm / 140 °C

0.025
0.02

0.015

E®

0.01
0.005

0 20 40 60 80 100 120
Time (s)

Figure 1. Residence time distribution (R7D) at different conditions used in the extrusion
cooking process: (a) screw speed effect; (b) temperature effect.

2.2. Extrudate analyses
2.2.1. Moisture and Color Parameters

The extrudates had mean moisture content of 9.26% + 0.3%. The color analysis results of the
extrudates are shown in Table 2. The three parameters measured, L* (lightness), a* (greenness-redness),
and b* (blueness-yellowness), were significantly affected (p < 0.05) by the process temperature and
screw speed, as well as by the interaction of both factors.

Low L* values were obtained when the extrusion was carried out at the highest temperature (140 °C) at
225 and 325 rpm. This result may indicate the formation of some Maillard products, which cause
darkening of the extrudates. Others authors observed the same tendency [31]. This behavior can also
be related to the #r» obtained (Table 1), as the increase in temperature causes a decrease in the mean
residence time.
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Table 2. Color analyses " of extrudates at different process conditions using red cactus

pear encapsulated.

Screw Speed (rpm) Temperature (°C) L* a* b*

80 82.21+£3.73% 2329+094% 434+0.10°

205 100 83.11+£2.17% 2330+£1.54% 5424043 %
120 82.43+4.52% 22524148 6.12+0.91
140 75.67+237%  2527+091° 9.74+047°
80 84.07+2.07% 20.71+£0.44%" 502+0.11°

27s 100 85.37+£2.09% 2044+0.70° 568 +0.15%f
120 81.85+1.47% 21.47+090% 6.89+0.33°¢
140 80.81 +4.49%® 1944+125" 830+0.18°
80 83.65+2.04% 19.84+0.54¢ 521+0.17F

125 100 83.65+2.12%  19.66+0.82 f 5.87+0.36 %
120 85.44+3.28* 18.94+091" 7.81+045°
140 72.52+3.18¢ 24.78+0.79® 10.11+0.43°

8879

* Mean =+ standard deviation; Values with different letters by column indicate significant difference (p < 0.05)

by Tukey’s test.

The parameter a*, which represents the change from green to red, showed that the obtained
extrudates tended to be red, because the measured values were positive (Table 2). The highest values
were obtained at screw speeds of 225 and 325 rpm and at the highest process temperature (140 °C).
This result may be due to high color retention of components that provide red-purple colors; high
retention or reduced degradation may be due to the applied conditions, i.e., the tr» of the material in
the extruder was the shortest (Table 1). In addition, the tendency to red color can be attributed to the
increase in the formation of Maillard products; the formation of such products increases as the process
temperature increases [32].

With regard to the color parameter b*, which represents the change from blue to yellow, only
positive values were obtained, indicating a tendency to yellow (Table 2). An increase in the process
temperature at same speed screw, resulted in a marked color change to yellow; the highest »* values
were measured in extrudates obtained at the highest process temperature (140 °C). These results can be
due to the formation of Maillard products by increases in barrel temperature [32].

2.2.2. Total Polyphenol Content

The total polyphenol content is shown in Figure 2. This parameter was significantly affected
(p < 0.05) by the process temperature and screw speed. The highest values of total polyphenol content
were obtained at the highest screw speed used (325 rpm); this can be attributed at the decreasing of the
residence time reached by screw speed increase. Low values were obtained at the lowest screw speed
used (225 rpm), which can be due to the longer exposure time (Table 1) of polyphenolics compounds
to the severe conditions of temperature and screw speed in the extrusion process.

Furthermore, a significant reduction in the total polyphenol content was observed, in comparison
with the initial content of these components in the raw mixture. The retention values calculated for the
different extrusion conditions were in the range of 36% to 47%. These results indicate that the
extrusion process causes a decrease of the phenolic compounds; temperatures over 80 °C may destroy
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or alter their nature [33]. The extrusion cooking process will lead to a decrease of phenolics because of
either phenolic compound decomposition or alterations in their molecular structure caused by the high
extrusion temperature [34]. In specific the decarboxylation of free phenolic acids during the extrusion
process [35], as well as the formation of insoluble complexes with food components like proteins [35].
In addition, high temperature together with feed high moisture content, can promote polymerization of
phenols; reducing the extraction capacity, chemical reactivity [16,23,25] and quantification. The
decrease in phenolic compounds has been observed in the extrusion cooking [23,25,34-36], e.g., in beans
reductions between 10% to 70% was reported [15] and in amaranth an 80.3% reduction was reported [37].
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Figure 2. Total polyphenol content of the mixture and extrudates obtained at different
extrusion cooking process conditions. Columns with different letters are significantly
different; * indicates a significant difference between raw mixture and extrudate (p < 0.05)
by Tukey’s test.

2.2.3. Antioxidant Activity

The antioxidant activity of the extrudates showed the same behavior as the observed for the total
polyphenol content. Figure 3 shows that the antioxidant activity was significantly affected (p < 0.05)
by barrel temperature and screw speed. Antioxidant activity increased as screw speed and extrusion
temperature increased. The highest antioxidant activity values were found in extrudates processed at
the highest screw speed (325 rpm) and highest temperature (140 °C). This was associated with a low
trm of the material in the extruder (Table 1), which indicates a short exposure time of the components
could lead to a less degradation of betalains and polyphenols resulting in higher antioxidant activity of
the extrudates.

However, the antioxidant activity values of all extrudates were lower than the antioxidant activity
determined in the raw mixture. The retention of antioxidant activity at the different processing
conditions was calculated between 55% and 77%. The retention values obtained in the present study
are within the range reported by others [15]. The decrease in antioxidant activity may be related to the
degradation of polyphenols and pigments during the process, due to the fact that the antioxidant
potency of these components arises from their structure, specifically from their ability to donate
hydrogen atoms from hydroxyl groups to free radicals [36]. The extrusion cooking process will lead to
a decrease of compound due to alterations in their molecular structure caused by the high temperature [34],
thereby reducing antioxidant activity [16,34,35].
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Figure 3. Antioxidant activity of the mixture and extrudates obtained at different extrusion
cooking process conditions. Columns with different letters are significantly different;
* indicates a significant difference between raw mixture and extrudate, (p < 0.05) by
Tukey’s test.

2.2.4. Betalain Content

Betalain analyses showed that the betaxanthin content (Figure 4) was significantly affected
(»p < 0.05) by process temperature, screw speed, and the interaction of these factors. The lowest
betaxanthin contents were found under the following conditions: 225 rpm and 140 °C and 275 rpm at
80 and 100 °C. This is related to the 7 of the material in the extruder, i.e., a larger trm results in a
longer exposure time of the components to a high temperature during the process, which causes
increases in the degradation of pigments because they are sensitive to temperature [2]. Moreover, a
marked decrease in the betaxanthin content was due to the extrusion cooking process. The retention
values ranged between 46% and 63.5%, with respect to the amount of feed raw mixture.
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Figure 4. Betaxanthin content in the raw mixture and extrudates obtained at different
extrusion cooking process conditions. Columns with different letters are significantly
different; * indicates a significant difference between raw mixture and extrudate (p < 0.05)
by Tukey’s test.
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The betacyanin content was significantly affected (p < 0.05) by the screw speed and the interaction

of screw speed and temperature, as shown in Figure 5.
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Figure 5. Betacyanin content in the raw mixture and extrudates obtained at different
extrusion cooking process conditions. Columns with different letters are significantly
different; * indicates a significant difference between raw mixture and extrudate (p < 0.05)
by Tukey’s test.

The highest betacyanin contents were obtained at high screw speeds (275 and 325 rpm) and at
highest temperature (140 °C). This effect is due to the 7w, of the material in the extruder, which were
the lowest under these conditions (Table 1). This result indicates that low extrusion temperature and
screw speed result in further degradation of heat-sensitive components such as pigments. Other studies
have also reported that an increase in the barrel temperature causes an increase in the retention of
components sensitive to temperature such as certain vitamins. This is possibly due to the reduction in
shear stress as result from the reduction in melt viscosity at high extrusion temperatures [37].

In addition, pigment loss caused by the extrusion cooking process was observed. The calculated
retention values were in the range of 33% to 51%, indicating that more than half of these components
were lost during the process. The use of temperature in different process causes a degradation of
betalains [38]. During thermal treatment the main pigment in red cactus pear (betanin) can be degraded
by isomerization, decarboxylation, or cleavage [39]. Pigment loss as antocyanins, carotenes and color
loss of betalains caused by the extrusion cooking process has been reported [17,19,22,24,40]. In [40] the
authors reported retention of 50% for the beetroot pigment processed by extrusion cooking, but in that
study, only color retention was measured. Similar results were reported for total anthocyanins (33%—42%)
during cranberry pomace extrusion cooking at high temperature (160 and 180 °C) and low screw
speeds (150 and 200 rpm) [17]. Other reports have shown pigment reductions of 64% to 90% in
breakfast cereals with added berry concentrates [24], and reductions of about 90% in extruded products
with added cranberry, raspberry and grape fruit powders [10]. The influence of the temperature or
mechanical stress caused by the extrusion conditions on the betalains has not been completely
explained yet. However, has been reported that the thermal and mechanical stress during extrusion
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process causes degradation of pigments as P-carotene, result of the oxidation [22], which could be
happening in the betalain molecules.

2.2.5. Betacyanin Retention

The predominant pigments in red cactus pear are betanin and isobetanin; both pigments belong to
the red-purple color betacyanins group. To determine the betacyanin retention, betanin and isobetanin
were monitored during the extrusion cooking process. The retention values of both pigments at
different extrusion conditions are shown in Table 3.

Table 3. Betacyanins retention * of extrudates obtained using red cactus pear encapsulated.

Speed Screw (rpm)  Temperature (°C) Betanin (%) Isobetanin (%)

80 39.12+1.21%® 107.36 + 14.41
225 100 42.39+£226% 129.83 + 6.85 ¢
120 26.59+1.84°¢ 150.86 + 26.04 ¢
140 13.58 +£1.35°¢ 152.82 £ 16.62 1
80 4170+ 0.14° 98.35+£26.04 ¢
275 100 30.96+3.84°¢  135.18 + 18.29 bede
120 24.14+558°  200.23+20.50°
140 1092 +1.55°¢ 132.18 +0.90 %
80 43.54+1.62° 120.42 + 2.52 <de
125 100 31.83+2.34% 142.63 + 5.54 b4
120 17.03+3.43%  150.47 + 14.41 >4
140 15.55+2.07°¢ 166.53 + 11.64 %

* Mean =+ standard deviation; Values with different letter by column indicate significant difference (p <0.05)
by Tukey’s test.

The retention values of betanin ranged between 10.92% and 43.54%. The concentration of this
pigment was significantly affected (p < 0.05) by temperature, screw speed, and the interaction of both
factors. It was observed that an increase in the barrel temperature caused a decrease in the betanin
concentration. The highest retention values were obtained at the lowest temperature (80 °C at any
speed screw and 100 °C at 225 rpm).

The isobetanin concentration was significantly affected (p < 0.05) by temperature and the
interaction of barrel temperature and screw speed; however, it showed a trend opposite to that
observed for betanin. An increase in the isobetanin content was observed at all extrusion conditions.

The result suggests that during the extrusion process occur structural changes in the betanin by the
exposure to high temperatures. The epimerization of the betanin to isobetanin may be caused by the
heat [41]. The high temperature applied in extrusion can leads to isomerization and decarboxylation of
betanin, producing its Cis-stereoisomer, corresponding to isobetanin [42].

2.2.6. Kinetics Parameters

The decay constant (—k) and its respective determination coefficient (R?) for the different extrusion
condition were calculated by kinetic analysis; they are shown in Table 4.
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Table 4. Effect of temperature on degradation rate constant * and activation energy of red
cactus pear betalains in extrusion cooking process.

Temperature (°C) Betalain k (V/s) R? E,(kJ/mol) R?
80 —0.0206 = 0.0005* 0.9855
100 -0.0201 £0.0013* 0.9825
BC 1.5888° 0.9897
120 -0.0194 £ 0.0010% 0.9540
140 —0.0192 +£0.0033* 0.9858
80 —0.0167 £ 0.0011° 0.9491
100 —0.0145+0.0003 ¢ 0.9869
BX d 6.1815°% 0.9898
120 —0.0135+0.0013 ¢ 0.9375
140 —-0.0122 +0.0002¢ 0.9719

* Mean = standard deviation; Values with different letters by column indicate significant difference (p < 0.05)
by Tukey’s test. BC = Betacyanin; BX = Betaxanthin; k = Degradation rate constant; R> = Determination

coefficient; £, = Activation energy.

The degradation rate constants (k) for betacyanins were not significantly (p > 0.05) affected by the
barrel temperatures used in the extruder. However, the & value tended to decrease as temperature was
increased. This is due to the #r» decrease of the material in the extruder (Table 1), resulting in short
exposure times of betacyanins to high temperature and shear stress during extrusion, while, the
degradation rate constant of betaxanthins decreased significantly (p < 0.05) as the temperature applied
in the extrusion cooking process increased. This can also be related to the decrease in trm as the
temperature increase (Table 1). Furthermore, the rate constants for the degradation of betacyanins were
significantly (p < 0.05) higher than those obtained for betaxanthins.

Using the k data, the Arrhenius plot was obtained for the degradation of betaxanthins and
betacyanins and their behavior is shown in Figure 6. The activation energies for the degradation
reaction were calculated and are shown in Table 4. The activation energy for the degradation of
betaxanthins was greater than the degradation of betacyanins. This result indicates that betaxanthins
are more susceptible to temperature increases [43] during the extrusion cooking process.

4.5 .
Betaxanthins
44 y =-743.51x + 6.2092
2=
43 R2=0.98975
L
x 42 Betacyanins
S 4 | y=-1911x+4.424
' R2=0.98969 n
47 < T
e e SN
39 1 b
3.8
0.0024  0.0025 0.0026  0.0027  0.0028  0.0029

T

Figure 6. Arrhenius plot of the degradation of betaxanthins and betacyanins of red cactus
pear powder used during the extrusion cooking process.
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3. Experimental Section
3.1. Materials

Encapsulated powder of juice of red cactus pear (Puebla, Mexico) was obtained by spray drying
using soluble fiber [(1—3)(1—4) B-D-glucan] (22.5%) as carrier agent. The drying process was carried
out at 160 °C inlet temperature and 85 °C outlet temperature according to a reported method [44]. The
encapsulated powder presented the following characteristics: moisture content of 0.924% =+ 0.159%,
water activity of 0.103 + 0.02, pH of 5.53 + 0.029, bulk density of 0.622 + 0.096 g/mL, water
solubility index of 0.711 + 0.049, and color parameters of 43.27 +2.99, 38.18 + 1.74, and —5.50 + 0.2
for L*, a* and b*, respectively. The chemical characteristics: antioxidant activity and total polyphenol,
betaxanthin, and betacyanin contents are reported in the Results and Discussion Section. The food
matrix for the extrusion cooking process was native cornstarch (GPC, Muscatine, 1A, USA), which
was mixed with 2.5% (w/w) of encapsulated red cactus pear powder.

3.2. Reagents

2,2-Diphenyl-1-picrylhydrazyl (DPPH), Trolox, Folin-Ciocalteu, sodium carbonate, and gallic acid
standard reagent were purchased from Sigma-Aldrich (St. Louis, MO, USA). HPLC-grade methanol,
HPLC-grade water, HPLC-grade phosphoric acid and analytical grade methanol and potassium
dihydrogen phosphate (KH2PO4) were from J. T. Baker (Mexico City, Mexico). Deionized water was
obtained using a deionizer (Barnstead, Thermo Scientific, Waltham, MA, USA). All other reagents
used were analytical grade.

3.3. Extrusion-Cooking Process

The mixture was fed into twin-screw corotating extruder (BCTM-30, Biihler, Uzwil, Switzerland)
with a 600 mm length and L/D = 20. Die diameter was 4 mm, and the screw configuration was selected
specifically to create high levels of shear [45]. The mixture was processed at fixed amount of feed
water (0.22 kg water/kg dry matter), different temperatures (80, 100, 120, and 140 °C) which were
controlled at the final stage of the extruding chamber by using a TT-137N water heater (Tool-temp,
Sulgen, Switzerland) and at screw speeds of 225, 275, and 325 rpm. All extrudates were dried at 45 °C
in an air convection oven, bagged and stored at room temperature until tested.

3.4. Residence Time Distribution (RTD)

Cornstarch was mixed with erythrosine (3% w/w) and introduced into the extruder using the pulse
technique; effluent samples were taken from the extruder every 20 s, starting from the addition of
erythrosine (time = 0). The obtained extrudates were dried at 60 °C in an air convection oven, milled,
and passed through a No. 20 mesh (0.85 mm). The color parameter a* (greenness-redness) in the
obtained powders was evaluated using tristimulus colorimetry. The obtained data were used to
calculate the residence time distribution £(f) and #r» in the extruder [46] using the Equations (1) and
(2), respectively:
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Distribution function:

E(l‘) = OOCL
[ C(t)dt (1)
0
Mean residence time:
m,, = OFtE(t) dt (2)
0

where E() is the exit age distribution function, C(¢) is the tracer concentration (measured as a *) at time
t and dt is the time interval between successive sampling.

3.5. Extrudate Analyses
3.5.1. Moisture Content

The moisture content was determined using the gravimetric method 950.02 [47]. The analysis was
carried out in triplicate, and results were expressed in g/100 g of extrudate.

3.5.2. Color parameters

The color of the extrudate was determined using a Konica Minolta CR-400/410 colorimeter
(Minolta Co., Osaka, Japan), calibrated with a tile standard with the following values: X = 94.9,
y =0.3185, and x = 0.3124. The color was expressed as L* (lightness), a* (greenness-redness), and b *
(blueness-yellowness) values. The determination was carried out in triplicate.

3.5.3. Extract Preparation

To determine the polyphenol content and antioxidant activity, extracts were obtained according to
the reported method [48], with some modifications. Briefly, extrudate (2.5 g) was dispersed in a mixture of
methanol and deionized water (25 mL, 1:1, v/v). The dispersion was homogenized for 15 s using an
Ultra-Turrax IKA T18 Basic homogenizer equipped with a S18N-19G dispersing tool (IKA Works,
Inc., Wilmington, NC, USA). The mix was centrifuged at 3000x g for 10 min in a Centra CL3R IEC
centrifuge (Thermo Electron Corporation, Waltham, MA, USA); the procedure was repeated to ensure
complete extraction. The supernatants were collected and filtered through a polyethylene filter with a
pore size of 0.22 um (Millipore Corp., Bedford, MA, USA), and then stored at —20 °C until analysis.

3.5.4. Total Polyphenol Content

The total polyphenol content was determined spectrophotometrically using the Folin-Ciocalteu
method [49]. Mixtures were prepared by combining the extract (0.2 mL) with deionized water (1.8 mL),
Folin-Ciocalteu reagent (10 mL, 10-fold diluted), and a sodium carbonate solution (8 mL, 7.5%). The
mixtures were vortexed for 10 s and incubated in a water bath at 45 °C. After 15 min, the reaction was
stopped by transferring them to a water/ice bath and the absorbance was measured at 765 nm on a Lambda
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25 UV-Vis spectrophotometer (Perkin Elmer, Waltham, MA, USA). The measurements were
performed in triplicate and the polyphenol content was calculated from a calibration curve using gallic
acid as a standard. The results were expressed as mg gallic acid equivalent/g of extrudate.

3.5.5. Antioxidant Activity

The antioxidant activity was determined according to the spectrophotometric method [50]. This
method is based on the measurement of the absorbance of the DPPH" radical. First, extract (0.1 mL)
was added to a DPPH" radical solution (3.9 mL, 100 uM), shaken, and stored in the dark for 3 h. The
absorbance was measured at 517 nm using a Lambda 25 UV-Vis spectrophotometer (Perkin Elmer,
Waltham, MA, USA). A Trolox standard calibration curve (0.08—1.28 mM) was used to calculate the
antioxidant activity. Measurements were performed in triplicate and the results were expressed as
mmol Trolox equivalent/100 g of extrudate.

3.5.6. Betalain Extraction

Betalain pigments were extracted using a method reported [51], with some modifications. Briefly,
extrudate (2.5 g) was mixed with deionized water (25 mL) and stirred for 15 s using an
Ultra-Turrax IKA T18 Basic homogenizer equipped with a dispersing tool SI8N-19G. The samples
were centrifuged at 3600x g at 10 °C for 40 min in a Centra CL3R IEC centrifuge (Thermo Electron
Corporation, Waltham, MA, USA); this procedure was repeated to ensure complete extraction.
Supernatants were filtered through a 0.45-um nylon filter (EMD Millipore Corp, Billerica, MA, USA).
The extractions were performed in triplicate and the extracts were analyzed by photometric and
high-performance liquid chromatography methods.

3.5.7. Photometric Quantification of Betalains

The betalain content was determined photometrically following a method reported [51] using a
Lambda 25 UV-Vis spectrophotometer (Perkin Elmer). The betacyanin content (BC) and betaxanthin
content (BX) were calculated using the following equation:

B (mg/g) = (4 x DF x Mw xVai/eLWa) 3)

where A is the absorption value at the absorption maximum of 535 and 483 nm for betacyanins and
betaxanthins, respectively; DF is the dilution factor; Vz is the dried pulp solution volume (mL); Wa is
the dried pulp weight (g); and L is the path length (1 cm) of the cuvette. For the quantification of the
betacyanin and betaxanthin contents, we used the molecular weight (Mw) and molar extinction
coefficient (¢) of betanin (Mw = 550 g/mol; € = 60,000 L/mol cm in water; A = 536 nm) and
indicaxanthin (Mw = 308 g/mol; ¢ = 48,000 L/mol cm in water; A = 481 nm), respectively. The
measurements were performed in triplicate and the results were expressed as mg betacyanin/100 g
extrudate and mg betaxanthin/100 g extrudate.
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3.5.8. Betacyanin Retention

The retention of betanin and isobetanin was determined using a method reported [52]. Briefly, 20 uL of
extract were injected into Agilent Technologies Equipment 1200 Series Rapid Resolution LC system
(Santa Clara, CA, USA) equipped with a quart pump, a reverse-phase Nucleosil column (Cis 250 % 4.6 mm;
0.5 um particle size), and a UV detector. The mobile phase A was methanol/0.05 M KH2PO4 (18:82
v/v) adjusted to pH 2.75 using phosphoric acid, and the mobile phase B was methanol. The extracts
were analyzed using a gradient that started with 100% A, reaching 80% A and 20% B in 20 min at a flow
rate of 1 mL/min. Detection was performed at 536 nm. All determinations were performed in duplicate
and reported as retention (%), which was calculated as (X/Xo) x 100; where X is the area of the
extrudate and Xy is the area obtained for the starch/encapsulated mix before the extrusion-cooking process.

3.6. Calculation of the Kinetic Parameters

The degradation kinetic of betalains can be described by a general reaction rate expression [53]:
In (Ct— Co) = —kt 4)

where Cp is the initial component content, C: is the component content at the time ¢, & is the reaction
rate constant, and ¢ is the time. The temperature dependence of this constant (k) can be described by

the Arrhenius equation:
K =Ao exp (—E«/RT) (5)

where Ao is the frequency factor or pre-exponential constant, Eq is the activation energy of the reaction,
R is the universal gas constant, and 7' is the absolute temperature.

3.7. Data Analysis

The statistical design was a 4 x 3 completely randomized factorial design; extrusion temperature
(80, 100, 120, and 140 °C) and screw speed (225, 275, and 325 rpm) were considered as independent
variables. The properties of the extrudate were considered as dependent variables. The analyses of
variance and the differences between means by Tukey’s test were performed using the software
Minitab version 16 [54] at a significance level of 0.05.

4. Conclusions

The extrusion cooking process affected the retention of encapsulated red cactus pear pigments;
however, the obtained retention values were higher than those reported in other extrusion studies.
Higher screw speed and temperature result in a lower ¢ of the material in the extruder. The results
show that shorter exposure time of the components of interest to high temperature conditions,
providing greater retention of total polyphenol, betacyanins, and betaxanthins, as well as antioxidant
activity. The k values of betacyanins were higher than those of betaxanthins, whereas the activation
energy for the degradation of betaxanthins was greater than that for the degradation of betacyanins;
thus, betaxanthins are more susceptible to temperature increases during the extrusion cooking process.
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Despite the degradation of bioactive compounds contained in red cactus pear, the retention achieved
by the extrusion cooking process suggests that encapsulated cactus pear powder is a promising natural
pigment that can be used in extruded products. Furthermore, because it has antioxidant activity, it
could have beneficial effects on consumers’ health.

Acknowledgments

The authors acknowledge to the Universidad Autonoma de Chihuahua, Universidad Auténoma de
Nuevo Leon and the Centro de Biotecnologia-FEMSA of the Tecnoldgico de Monterrey for supporting
the Project. This paper is based on the postgraduate studies of Ruiz-Gutiérrez, who was supported by a
doctoral scholarship from the Science and Technology National Council of Mexico (CONACyT).

Author Contributions

M.G.R.-G., designed and performed research, analized the data and wrote the paper; A.Q.-R. and
C.A.A.-G., designed research and colaborate to write the paper; J.B.-G., colaborated in experimental
development; E.P.-C., colaborates in extrusion experiments and paper redaction; T.J.R.-A., colaborates
in extrudates analytic analysis; C.O.M.-P., colaborated in experimental phase research.

Conflicts of Interest
The authors declare no conflict of interest.
References

1. MoBhammer, M.R.; Stintzing, F.C.; Carle, R. Cactus Pear Fruits (Opuntia spp.): A Review of
Processing Technologies and Current Uses. JPACD 2006, 1-25.

2. Fernandez-Lopez, J.A.; Almela, L. Application of high-performance liquid chromatography to the
characterization of the betalain pigments in prickly pear fruits. J. Chromatogr. A 2001, 913, 415-420.

3. Galati, E.M.; Mondello, M.R.; Giuffrida, D.; Dugo, G.; Miceli, M.; Pergolizzi, S.; Taviano, M.F.
Chemical characterization and biological effects of Sicilian Opuntia ficus indica (L.) Mill. Fruit
Juice: Antioxidant and Antiulcerogenic Activity. J. Agric. Food Chem. 2003, 51, 4903—4908.

4. Lee, J.C; Lim, K.T.; Jang, Y.S. Identification of Rhus Verniciflua Stokes compounds that exhibit
free radical scavenging and anti-apoptotic properties. Biochem. Biophys. Acta 2002, 1570, 181-191.

5. Stintzing, F.C.; Carle, R. Cactus stems (Opuntia spp.) a review on their chemistry, technology and
uses. Mol. Nutr. Food Res. 2005, 49, 175-194.

6. Azeredo, H.M.C. Betalains: Properties, sources, applications, and stability—A review. Int. J. Food
Sci. Technol. 2009, 44, 2365-2376.

7. Castellar, R.; Obon, J.M.; Alacid, M.; Fernandez-Lopéz, J. Color properties and stability of
betacyanins from Opuntia fruits. J. Agric. Food. Chem. 2003, 51, 2772-2776.

8. Sapers, G.M.; Hornstein, J.S. Varietal differences in colorant properties and stability of red beet
pigments. J. Food Sci. 1979, 44, 1245—1248.

9. Harper, J.M. Food Extruders and Their Applications; Mercier, C., Linko, P., Harper, J.M., Eds.;
American Association of Cereal Chemists: St. Paul, MN, USA, 1989; pp. 1-15.



Molecules 2015, 20 8890

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Camire, M.; Dougherty, M.; Briggs, J. Functionality of fruit powders in extruded corn breakfast
cereals. Food Chem. 2007, 101, 765-770.

Ilo, S.; Berghofer, E. Kinetics of colour changes during extrusion cooking of maize grits.
J. Food Eng. 1999, 39, 73-80.

Larrea, M.A.; Chang, Y.K.; Martinez-Bustos, F. Some functional properties of extruded orange
pulp and its effect on the quality of cookies. LWT-Food Sci. Technol. 2005, 38, 213-220.

Kumar, A.; Girish, G.M.; Jones, D.D.; Hanna, M.A. Modeling residence time distribution in a
twin-screw extruder as a series of ideal steady-state flow reactors. J. Food Eng. 2008, 84, 441-448.
Dhanasekharan, K.M.; Kokini, J.F. Design and scaling of wheat dough extrusion by numerical
simulation of flow and heat transfer. J. Food Eng. 2003, 60, 421-430.

Anton, A.A.; Fulcher, R.G.; Arntfield, S.D. Physical and nutritional impact of fortification of corn
starch-based extruded snacks with common bean (Phaseolus vulgaris L.) flour: Effects of bean
addition and extrusion cooking. Food Chem. 2009, 113, 989-996.

Repo-Carrasco-Valencia, R.; Pena, J.; Kallio, H.; Salminen, S. Dietary fiber and other functional
components in two varieties of crude and extruded kiwicha (dmaranthus caudatus). J. Cereal Sci.
2009, 49, 219-224.

Khanal, R.C.; Howard, L.R.; Brownmiller, C.R.; Prior, R.L. Influence of Extrusion Processing on
Procyanidin Composition and Total Anthocyanin Contents of Blueberry Pomace. J. Food Sci.
2009, 74, 52-58.

Yagci, S.; Gogus, F. Response surface methodology for evaluation of physical and functional
properties of extruded snack foods developed from food-by-products. J. Food Eng. 2008, 86,
122-132.

Escalante-Aburto, A.; Ramirez-Wong, B.; Torres-Chavez, P.I.; Lopez-Cervantes, J.;
Figueroa-Cardenas, J.D.; Barron-Hoyos, J.M.; Morales-Rosas, 1.; Ponce-Garcia, N;
Gutiérrez-Dorado, R. Obtaining ready-to-eat blue corn expanded snacks with anthocyanins using
an extrusion process and response surface methodology. Molecules 2014, 19, 21066—21084.

Hirth, M.; Leiter, A.; Beck, S.M.; Schuchmann, H.P. Effect of extrusion cooking process
parameters on the retention of bilberry anthocyanins in starch based food. J. Food Eng. 2014, 125,
139-146.

Stojceska, V.; Ainsworth, P.; Plunkett, A.; Ibanoglu, E.; Ibanoglu, . Cauliflower by-products as a
new source of dietary fiber, antioxidants and proteins in cereal based ready-to-eat expanded
snacks. J. Food Eng. 2008, 87, 554-563.

Obradovi¢, V.; Babié, J.; Subari¢, D.; Jozinovié, A.; A&kar, D.; Klari¢, I. Influence of dried
Hokkaido pumpkin and ascorbic acid addition on chemical properties and colour of corn
extrudates. Food Chem. 2015, 183, 136-143.

Ti, H.; Zhang, R.; Zhang, M.; Wei, Z.; Chi, J.; Deng, Y.; Zhang, Y. Effect of extrusion on
phytochemical profiles in milled fractions of black rice. Food Chem. 2015, 178, 186—194.

Camire, M.E.; Chaovanalikit, A.; Dougherty, M.P.; Briggs, J.L. Blueberry and grape anthocyanins
as breakfast cereal colorants. J. Food Sci. 2002, 67, 438-441.

Brennan, C.; Brennan, M.; Derbyshire, E.; Tiwari, B.K. Effects of extrusion on the polyphenols,
vitamins and antioxidant activity of foods. Trends Food Sci. Technol. 2011, 22, 570-575.



Molecules 2015, 20 8891

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

Yuliani, S.; Torley, P.J.; D’Arcy, B.; Nicholson, T.; Bhandari, B. Extrusion of mixtures of
starch and D-limonene encapsulated with B-cyclodextrin: Flavour retention and physical
properties. Food Res. Int. 2006, 39, 318-331.

Unlu, E.; Faller, J.F. RTD in twin-screw food extrusion. J. Food Eng. 2002, 53, 115-131.
Pansawat, N.K.; Jangchud, K.A.; Jangchud, A.; Wuttijumnong, P.; Saalia, F.K.; Eitenmiller, R.R.;
Phillips, R.D. Effects of extrusion conditions on secondary extrusion variables and physical
properties of fish, rice-based snacks. LWT-Food Sci. Technol. 2008, 41, 632—641.

Plunkett, A.; Ainsworth, P. The influence of barrel temperature and screw speed on the retention
of L-ascorbic acid in an extruded rice based snack product. J. Food Eng. 2007, 78, 1127-1133.
Kumar, A.; Ganjyal, G.M., Jones, D.D.; Hanna, M.A. Digital image processing for measurement
of residence time distribution in a laboratory extruder. J. Food Eng. 2006, 75, 237-244.

Sacchetti, G.; Pinnavaia, G.G.; Guidolin, E.; Dalla Rosa, M. Effects of extrusion temperature and
feed composition on the functional, physical and sensory properties of chestnut and rice
flour-based snack-like products. Food Res. Int. 2004, 37, 527-534.

MacDougall, D.B.; Granov, M. Relationship of Ultraviolet and Visible Spectra in Maillard
Reactions to CIELAB Color Space and Visual Appearance. In The Maillard Reaction in Food and
Medicine. In Proceedings of the 6th International Symposium on the Maillard Reaction, London,
UK, 27-30 July 1997; O’Brien, J., Nursten, H.E., Crabbe, M.J.C., Ames, J.M., Eds.; Woodhead
Publishing Limited: Cambridge, UK, 2008; pp. 160—165.

Zielinski, H.; Kozlowska, H.; Lewczuk, B. Bioactive compounds in the cereal grains before and
after hydrothermal processing. Innov. Food Sci. Emerg. 2001, 2, 159—-169.

Altan, A.; McCarthy, K.L.; Maskan, M. Effect of extrusion process on antioxidant activity, total
phenolics and [-glucan content of extrudates developed from barley-fruit and vegetable
by-products. Int. J. Food Sci. Technol. 2009, 44, 1263—1271.

Dlamini, N.R.; Taylor, J.R.N.; Rooney, L.W. The effect of sorghumtype and processing on the
antioxidant properties of African sorghum-based foods. Food Chem. 2007, 105, 1412—-1419.

Devi, P.B.; Vijayabharathi, R.; Sathyabama, S.; Malleshi, N.G.; Priyadarisini, V.B. Health
benefits of finger millet (Eleusine coracana L.) polyphenols and dietary fiber: a review. J. Food
Sci. Technol. 2014, 51, 1021-1040.

Bjorck, I.; Asp, N.G. The effects of extrusion cooking on nutritional value-a literature review.
J. Food Eng. 1983, 2, 281-308.

Ravichandran, K.; Saw, NNM.M.T.; Mohdaly, A.A.A.; Gabr, A.M.M.; Kastell, A.; Riedel, H.; Cai, Z.;
Knorr, D.; Smetanska, 1. Impact of processing of red beet on betalain content and antioxidant
activity. Food Res. Int. 2013, 50, 670-675.

Huang, A. S.; von Elbe, J.H. Kinetics of the degradation and regeneration of betanine. J. Food Sci.
1985, 50, 1115-1120.

Durge, A.V.; Sarkar, S.; Survase, S.A.; Singhal, R.S. Impact of Extrusion on Red Beetroot Colour
Used as Pre-extrusion Colouring of Rice Flour. Food Bioprocess. Technol. 2013, 6, 570-575.
Fennema, O.R. Food Chemistry, 3rd ed.; Marcel Dekker Inc.: New York, NY, USA, 1996; p. 701.
Stintzing, F.C.; Kugler, F.; Carle, R.; Conrad, J. First 3C-NMR assignments of betaxanthins.
Helv. Chim. Acta 2006, 89, 1008—1016.



Molecules 2015, 20 8892

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Wei-Dong, W.; Shi-Ying X. Degradation kinetics of anthocyanins in blackberry juice and
concentrate. J. Food Eng. 2007, 82, 271-275.

Ruiz-Gutiérrez, M.G.; Amaya-Guerra, C.A.; Quintero-Ramos, A.; Ruiz-Anchondo, T.J;
Gutiérrez-Uribe, J.A.; Baez-Gonzalez, J.G.; Lardizabal-Gutiérrez, D.; Campos-Venegas, K. Effect
of Soluble Fiber on the Physicochemical Properties of Cactus Pear (Opuntia ficus indica)
Encapsulated Using Spray Drying. Food Sci. Biotechnol. 2014, 23, 755-763.

Cortés-Ceballos, E.; Pérez-Carrillo, E.; Serna-Saldivar, S.O. Addition of Sodium Stearoyl
Lactylate to Corn and Sorghum Starch Extrudates Enhances the Performance of Pregelatinized
Beer Adjuncts. Cereal Chem. 2015, 92, 88-92.

Levenspiel, O. Non ideal flow. In Chemical Reaction Engineering; Levenspiel, O., Ed.;
John Wiley & Sons: New York, NY, USA, 1972; Chapter 9, pp. 252-325.

AOAC International. Official Methods of Analysis; AOAC: Gaithersburg, MD, USA, 1998.
Pitalua, E.; Jimenez, M.; Vernon-Carter, E.J.; Beristain, C.I. Antioxidative activity of
microcapsules with beetroot juice using gum Arabic as wall material. Food Bioprod. Process.
2010, 88, 253-258.

Buci¢-Koji¢, A.; Planini¢, M.; Tomas, S.; Bili¢, M.; Veli¢, D. Study of solid-liquid extraction
kinetics of total polyphenols from grape seeds. J. Food Eng. 2007, 81, 236-242.

Kuskoski, E. M.; Asuero, A.G.; Troncoso, A.M.; Mancini-Filho, J.; Fett, R. Aplicacion de
diversos métodos quimicos para determinar actividad antioxidante en pulpa de frutos. J. Food.
2005, 25, 726-732.

Castellanos-Santiago, E.; Yahia, E.M. Identification and quantification of betalains from the fruits
of 10 Mexican prickly pear cultivars by high-performance liquid chromatography and electrospray
ionization mass spectrometry. J. Agric. Food Chem. 2008, 56, 5758-5764.

Cai, Y.Z.; Sun, M.; Wu, H.; Huang, R.; Corke, H. Characterization and quantification of betacyanin
pigments from diverse Amaranthus species. J. Agric. Food Chem. 1998, 46, 2063-2070.
Gandia-Herrero, F.; Cabanes, J.; Escribano, J.; Garcia-Carmona, F.; Jiménez-Atiénzar, M.
Encapsulation of the Most Potent Antioxidant Betalains in Edible Matrixes as Powders of
Difterent Colors. J. Agric. Food Chem. 2013, 4294—-4302.

54. Minitab 16 Statistical Software, version 16; Minitab, Inc.: State College, PA, USA, 2010.

Sample Availability: Not available.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).



